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Regions (gray) of DM-neutron scattering cross-section in which ac-
cumulated scalar ADM forms a black hole. We have px = 0.1 cm?/s
along the dotted red lines, which is approximately the DM density in
the solar neighborhood. In the left panel, we assume a Bose-Einstein
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Bose-Einstein condensate (BEC) does form and DM particles in the
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Regions (colored) excluded by the nearby pulsars J0437-4715 (left)
and J2124-3358 (right). The shaded, diagonal and square cross-
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the bounds are lifted. . . . . . . . .. ... 0oL
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CHAPTER I

Introduction

[ am writing this thesis during a time of great excitement within the field of particle
physics, and I carry a new but well-founded optimism that exciting discoveries are
around the corner. We are poised on the edge of great advances in two primary
fields: we may soon understand the nature of the dark matter, and we can hope
to fully characterize the Higgs field. These fields offer unprecedented windows into
different facets of the natural universe, and they provide exciting opportunities to
probe previously inaccessible physical effects. This thesis will focus on some advances

in both of these areas.

1.1 Dark Matter

Understanding and constraining the dark matter has in many ways been my pri-
mary focus throughout my graduate career. Fritz Zwicky’s first observations of the
effects of dark matter are now eighty years old, and we have been waiting since that
time to make more substantive contact with it on terrestrial scales. All of the extant
support for the dark matter hypothesis is indirect, though quantitative: Zwicky’s
first arguments derived from charting the rotation curves of galaxies in the Coma
cluster [1], and Vera Rubin collected convincing supporting evidence by focusing on

stellar motion within the Andromeda galaxy [2] several decades later.



Since that time, our understanding of these indirect arguments has deepened. We
now understand the entire history of the assembly of the components of the visible
universe as demanding the assistance of a large dark component. This dark matter
affects the types of large-scale structures that we see around us, and, although the
dark matter is believed to be a kind of particle, it has been convincingly proven
not to have many of the ordinary properties that we take for granted in the particles
around us. These arguments are given weight by direct observations of dark matter in
environments where particle scattering is greatly enhanced, such as the observation of
the Bullet Cluster [3]. Even more powerful support is given by comparing predictions
of how the universe would look with and without dark matter, as quantified by the
baryonic power spectrum [4]. Taken together, the circumstantial evidence for the
existence of a dark type of matter is essentially overwhelming.

Still, our understanding of dark matter will remain unsatisfying until we are able
to see its effects at local distances and on local timescales. The tests mentioned above
all require the action of gravitational forces, which accumulate over long periods of
time and over very large distance scales; on these scales, other forces cancel, and the
details of the theory that fully describes dark matter is washed out. Although none of
the arguments given above require it to be true, we hope that there are interactions
of the dark matter besides those mediated by gravity. These interactions may simply
couple the dark matter to itself in much the same way that electrons are repelled by
other negatively charged electrons and attracted to positively charged atoms. The
possibility of this kind of self-interacting dark matter is intriguing, but will not be
considered in more depth in this thesis.

The more promising possibility is that dark matter interacts non-gravitationally
with the standard model. For this to happen, the dark matter would need either to
interact directly through the standard model force carriers like the W or Z bosons,

the gluon, the higgs, or the photon, or to be joined by some kind of messenger particle



that could transmit forces to the standard model. The former possibility is all but
excluded by direct searches, so the second possibility is the only one that remains. We
hope to discover these interactions in any of three search channels: we can detect the
deposition of a dark matter particle’s kinetic energy in direct detection experiments;
produce and observe it as distinctive “missing energy” at high energy accelerators;
or witness what is produced when two dark matter particles annihilate, known as
“indirect detection” on local scales. Until this happens, we cannot be certain of
many of the detailed properties of the dark matter particles, and thus we cannot
know the underlying theory that ties dark matter to rest of the well-understood
physical universe.

A precondition of being able to find the dark matter is knowing where to look.
Thus, before we can realistically hope to discover dark matter, it is critical to consider
all other indirect evidence in favor of and against otherwise acceptable dark matter
properties. The a priori admissible parameter space is dauntingly large for exhaustive
dedicated searches, so we must look to as wide a variety of physical systems as possible,
both terrestrial and beyond, to see what they can already tell us about the dark
matter. It is possible that a very generic subset of theoretically consistent dark
matter properties are already effectively precluded by the existence or other behavior
of certain extreme physical systems. By narrowing the window of the dark matter
searches in this way (or by finding good reasons to focus their scope), we increase our
chances of actually finding convincing evidence of dark matter.

Chapters II, III, IV, V, VI, and VII of this thesis will focus on some novel ideas
for understanding and constraining the dark matter in a variety of ways. These
chapters individually concentrate on specific, technical ideas for placing bounds on
the ways that dark matter can behave. Taken together, I hope they convey a certain
imaginative sense regarding the possible ways that dark matter may eventually be

discovered. Here, I will briefly summarize each chapter:



Chapter II: Turning Off the Lights: How Dark is Dark Matter?, with
Hai-Bo Yu and Kathryn M. Zurek. Published in PRD [5].

In this paper, we considered the possibility that dark matter carries a small but
non-zero electric charge. These types of models are generally referred to as “mil-
licharged dark matter.” The charge of the dark matter is given by the value €, which
is the ratio of the dark matter charge to the electron charge, ¢ = gpy/e. Aside from
the mass of the dark matter, € is the only free parameter, and together these suggest
a well-defined parameter space to look for dark matter. In practice, mpy and € set
the dark matter scattering and annihilation cross sections, and thus control all of the
dark matter phenomenology.

The major qualitative difference between millicharged and regular dark matter is
that, because millicharged dark matter scatters through the photon, the propagators
scale like 1/¢* and 1/m?2 _,, respectively. Thus, millicharged dark matter is endowed
with a large rate enhancement at low-momentum transfer. This could in principle
have striking implications in the local galaxy, where the dark matter velocity is con-
strained by the size of the galactic gravitational potential. Locally, dark matter is
highly nonrelativistic, and thus the low-momentum scattering dominates. In this way,
small couplings could still mediate large event rates at direct detection experiments.

However, we found that astrophysics precludes this kind of dark matter scattering
across the entire range of parameter space that may be probed by direct detection
experiments. Specifically, supernova shock fronts efficiently remove the dark matter
from the disk of the galaxy at the same time that the plane-parallel component of the
galactic magnetic fields prevent the halo dark matter from being carried back in by its
perpendicular velocity. Moreover, the parameters required for dark matter to be able
to freeze out from annihilations in the early universe with the correct relic density
are large enough that they are prohibited by ensuring that it has also decoupled from

scattering off standard model particles at the time of recombination and structure



formation.
For these reasons, the millicharged dark matter scenario is, in the absence of other

theoretical structures, disfavored from being the only kind of dark matter particle.

Chapter III: Constraints on Scalar Asymmetric Dark Matter from Black
Hole Formation in Neutron Stars, with Hai-Bo Yu and Kathryn M. Zurek.

Published in PRD [6].

This study examined the effects the existence of a certain class of dark matter
models could have on a certain class of stars. If enough dark matter mass could build
up inside the star, it could collapse to form a black hole, which would in turn destroy
the star. To illustrate how this hypothesis can give us insight into the nature of the
dark matter, we chose a type of dark matter particle that has special properties which
prevent it from annihilating when concentrated in large densities, and also prevent
it from attaining a large pressure that could prevent gravitational collapse. Next,
we selected a type of star with extreme gravitational features that would help to
encourage dramatic responses from these types of particles.

The class of dark matter theories we studied is known as Asymmetric Dark Matter.
The dark matter in this theory, like all of the ordinary matter around us, is not its
own antiparticle. One especially appealing feature of these models is that the dark
matter will accumulate and thermalize within a star rather than annihilating, so large
quantities of the dark matter can build up over time. As this dark matter builds up,
it can wreak havoc on the host star.

The stars we chose as standard targets are pulsars, which are rapidly rotating
neutron stars that emit extremely regular pulses of electromagnetic radiation. All
neutron stars have very deep potential wells and exceptionally high densities of stan-
dard model particles, so they serve as extreme but still representative examples of the
way that dark matter could interact with matter on earth. Moreover, the spectra,

the rate of pulsation, and the rate of change of this pulsation are well understood



to indicate pulsar age and temperature. In this way, pulsar observations can give us
detailed information about the nature of dark matter scattering in their environment.

For a given dark matter mass, we can calculate the critical quantity of Asymmetric
Dark Matter that will be unstable against gravitational collapse. Then, given some
details of the pulsar environment and the scattering cross section of dark matter off
regular matter, we can calculate what mass of these particles will build up over the
lifetime of the pulsar. The existence of old pulsars in regions speculated to contain
large densities of dark matter therefore allows us to bound the scattering cross section
of dark matter with regular matter.

For a broad range of dark matter masses, the bounds extracted from this procedure
exceed the current and the projected scope of dark matter direct detection experi-
ments by many orders of magnitude. Thus, these kinds of astrophysical constraints

are a promising method of constraining new physics.

Chapter IV: The Dark Matter Inverse Problem: Extracting Particle Physics
from Scattering Fvents, with Hai-Bo Yu and Kathryn M. Zurek. Published
in PRD [7].

Most of my work focuses on the prospects of finding dark matter and learning
as much as possible in the absence of explicit detection. In contrast, this paper
considers the prospects for learning detailed information about the particle physics
content of the dark matter interactions with the standard model under the assumption
of observation in a variety of detectors. The resulting complementarity between the
different detectors can remove some of the degeneracies in the dark matter model
space and help select between competing theories of the dark sector.

We were specifically interested in the power of multiple direct detection exper-
iments to discriminate between the momentum or velocity dependence of different
operators. Aside from the standard dependence on the number of nucleons or on the

total spin of the nucleus, dark matter may couple to the standard model in a way



that scales with integer powers of momentum or velocity. Momentum dependence in
the scattering cross section with the scaling ¢", n = 0,£2, +4, or v? are simple to
construct even at the basic level of dimension-six contact operators connecting the
dark and the visible sectors. Thus, momentum dependence is a generic effect that
we may need to empirically choose between. We were interested in the ability of
different experiments to discriminate between these different hypotheses given only
the Poisson-smeared energy spectra.

We found that the inclusion of experiments with different target nuclei is essential
for the ability to extract this kind of information. The distinctive kinematics of
the dark matter scattering in each target encodes enough information to allow the

extraction of the momentum dependence in a robust way.

Chapter V: Neutrino Phenomenology in a 3+1+1 Framework, with Eric
Kuflik and Kathryn M. Zurek. Published in PRD [8].

One specific theory of dark matter maintains that an extra species of neutrino with
enough mass can be the dark matter. This new neutrino is called the sterile neutrino,
and it interacts with the standard model via mass mixing with the conventional
neutrinos. Aside from allowing interactions with the dark matter, this mixing is
also capable in principle of explaining some anomalies observed in various neutrino
experiments.

These anomalies refer to the high rate of appearance of neutrinos and antineutrinos
of one flavor in beams which have started as neutrinos of a different flavor. This
appearance phenomenon may be aided by the presence of a sterile neutrino. However,
this sterile neutrino would similarly enhance the probability for particular flavors
to disappear from other experiments, which seems not to occur at a high enough
rate. Moreover, these rates seem to be considerably different between neutrinos and

antineutrinos.



Adding in a second neutrino at a mass scale far above the one probed by these
experiments offers the possibility of reconciling this discrepancy. This idea, referred
to as the 3 + 1 4+ 1 neutrino model [9], relies on the additional CP violation to
disentangle the neutrino predictions from the antineutrino ones, and also utilizes
effective low-energy non-unitarity induced by the heavy state to decouple appearance
and disappearance experiments.

Unfortunately, we discovered that even with the additional neutrino state, there
is poor agreement in global fits to all available neutrino and antineutrino data. This

makes the 3+ 1+ 1 model unlikely to represent the final picture of the neutrino sector.

Chapter VI: Constraining Light Dark Matter with Diffuse X-Ray and
Gamma-Ray Observations, with Rouven Essig, FEric Kuflik, Tomer Volan-
sky, and Kathryn M. Zurek. Published in JHEP [10]. This work was

completed during my term as a Fermilab Fellow in Theoretical Physics.

Cosmological photons provide a compelling route for dark matter searches. Pho-
tons are produced directly as the final state of many dark matter decays or annihila-
tions, but they are also generically produced if dark matter decays or annihilates to
charged particles. By choosing a specific mass range for the dark matter, one can en-
sure that the only final products are photons, neutrinos, and electrons and positrons,
all of which are stable. Thus, the bounds from these mass ranges can be absolutely
robust against any modeling uncertainty.

In this work, we considered very broad classes of dark matter models that would
lead to dark matter candidates in this mass range, and studied the observable photon
signals they would produce. To pick a particularly rich example, a massive sterile
neutrino of the sort that would enter the 3+ 1+ 1 framework has two decay modes: a
two-body radiative decay, vy — vv; and a three-body tree-level decay, v, — vpfT0~.
The first decay gives a monochromatic photon line while the second gives a spectrum

of bremsstrahlung photons. Our results indicate that if the sterile neutrino is all of



the dark matter, it is forced to have a lifetime exceeding the age of the universe by
many orders of magnitude.

We considered several other classes of dark matter models and found bounds of
similar strength over the mass range spanning from a few keV to a few hundred MeV.
Because we did not model the astrophysical backgrounds in any way, nor consider the
propagation of the stable charged particles after productive, these bounds are more
conservative than necessary, but also absolutely robust against any updates in the

details of astrophysics.

Chapter VII: Dissecting the Gamma-Ray Background in Search of Dark
Maitter, with Ilias Cholis and Dan Hooper. Published in JCAP [11]. This
work was undertaken and completed during my term as a Fermilab Fellow

in Theoretical Physics.

As in the preceding paper, this work focuses on constraints derived from obser-
vations of cosmological photons. In contrast to that paper, however, the objective in
this case was to extract aggressive constraints that represented more realistic bounds
on the dark matter properties. We were specifically interested in the isotropic diffuse
gamma ray background as a place to test these claims.

To do this, we built up an entire model of the background emission of various
cosmological and astrophysical objects. For objects with well understood spectral
features in other energy ranges, we correlated their brightness in those ranges with
their brightness in gamma rays. We found that within the uncertainties of these fits,
the astrophysical objects could quite plausibly account for all of the isotropic diffuse
emission. Including dark matter in the fit then allowed us to place upper limits on
the amount of acceptable annihilation in galaxies.

Dark matter annihilation proceeds in three distinct ways in this model. First,
we required the use of statistical halo mass functions and subhalo boost factors up

to the redshifts around the age of structure formation in order to understand the



contribution of distant galaxies and galaxy clusters to the diffuse component. Next,
we needed to add in a component of unresolved Milky Way subhaloes that would not
appear as bright point sources in the galactic observations. Finally, the smooth part of
the Milky Way halo would also give a large contribution to this emission. Depending
on the assumptions that we made about the size and statistical properties of the
substructure, both locally and cosmologically, any one of these three components
could dominate the putative dark matter contribution.

We discovered no evidence for dark matter annihilation, but we forecasted that,
under certain assumptions about the substructure functions, the bounds from this
procedure would be among the strongest possible with a few more years of data

taking.

1.2 Higgs Physics

In contrast to the null searches for dark matter, the particle physics community
has recently been able to celebrate the positive results of a different search: namely,
the discovery of the long-sought Higgs boson. This has prompted a burst of activity in
both the theoretical and experimental communities, and also a surge of collaboration
between the two. The search for the Higgs was long and tortuous, and its culmination
closed a chapter in modern physics by completing the Standard Model. Now that the
Standard Model has been finalized, we are for the first time in the position that the
consistency of the best theory we have for terrestrial physics demands no additional
particles.

The Standard Model is in some sense complete, but even if more detailed studies
of the Higgs boson reveal no inconsistencies between the observations and the Stan-
dard Model predictions, the Standard Model will remain theoretically unfulfilling.
This is because the Standard Model bears some worrisome theoretical baggage, cen-

tered on the Higgs boson, that we hope to understand more deeply. This theoretical
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discomfiture goes by the name of the “naturalness problem”

All fundamental particles bear a few inalienable properties. At a classical level,
these are understood simply as the mass and the strength with which the particle in-
teracts with other particles. At the deeper quantum level, these properties and others
are encoded as charges or “quantum numbers.” The Higgs is the first fundamental
particle we have found with a quantum number of spin that is exactly zero. For this
reason, the Higgs lacks some of the symmetry properties endowed to other particles
that would allow us a deep understanding of precisely how it acquires mass. These
symmetry properties indicate certain “natural” ranges for the mass parameters of the
other particles, and the values we predict match up well with the values we observe.
In the case of the Higgs, where this symmetry property is lacking, our principled
guess for the Higgs mass is in gross violation of the observed value. We say that the
Higgs mass is therefore unnatural. One of the most compelling questions in Higgs
physics is why this guess is so far from the actual value.

The resolution to this problem may indicate the existence of new particles. Be-
cause the Higgs lacks the symmetries that ensure the natural values of other particle
masses, a new symmetry may have profound implications for how the Higgs mass
is set. This sensitivity to new symmetries means that we generally expect that its
properties are quite sensitive to new kinds of physics. The lack of symmetries found
in the Higgs boson also allow it to couple much more promiscuously than other par-
ticles, and for this reason our hopes are high for finding new physics in the Higgs
sector in the form of entirely new particles. The Higgs serves as a kind of portal to
new physics that we otherwise would be unable to probe. Hence, detailed studies of
the Higgs offer substantial possibilities to reach far beyond our current theory and
to learn about additional particles or new scales that could hint at the existence of
physics beyond the Standard Model. For this reason, the task of understanding the

Higgs in detail is now of paramount importance.
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Chapter VIII of this thesis deals with some new ideas regarding the structure of

certain observable properties of the Higgs sector.

Chapter VIII: Inspecting the Higgs for New Weakly Interacting Particles,
with Clifford Cheung and Kathryn M. Zurek. Published in JHEP [12].

This paper takes the viewpoint that there are two primary particle classes that will
be discoverable primarily through Higgs precision data rather than direct searches.
These new particles are uniquely able to alter the detailed properties of the Higgs.
We expect to see effects that fall into two separate categories: tree-level rate sup-
pression, induced by new neutral electroweak singlet particles; and loop-induced rate
enhancement or suppression, mediated by new electroweak charged doublets. The
interplay between these can deliver complex phenomenology which may be hinted at
by the preliminary Higgs data.

Specifically, the early Higgs data confirmed the baseline expectation for produc-
tion and decay rates due to the Higgs couplings to the W and Z vector bosons.
Intriguingly, the data also pointed toward a non-negligible excess in the rate of decay
through photons. The most naive analysis indicates that it is difficult to decou-
ple these two rates because the Higgs couplings to photons is dominated by a loop
of virtual W’s. However, the amount of freedom allowed in the model with both
the tree-level and loop-induced modifications was enough to allow this decoupling at
roughly the observed rate.

This phenomenology naturally fits into a popular framework that makes the Higgs
mass natural and also furnishes some new particles beyond those in the Standard
Model. We were able to demonstrate large enhancements to the photon rate paired
with only minor deviations from the standard expectation for the W and Z rates. We
were also able to provide a direct outline for matching underlying theory parameters

with observational values.
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1.3 Looking Forward

Particle physics right now is so exciting because we appear to be on the threshold
of some major advances. We have found the Higgs boson at long last, and we are
seemingly starting to narrow our focus on the way that dark matter can interact
with the Standard Model. An exploration of these subjects will form the bulk of this
dissertation.

In addition to these advances, we have lately started to see a steady stream of
new, positive, and unexpected results. Among other things, these results prove that
we cannot predict ahead of time where the next exciting discovery will be made. In
only the last few months, several unforeseen surprises have invigorated the particle
physics community. These include the observation of an unexplained monochromatic
X-ray photon line with the data of the Chandra and XMM-Newton spacecraft, [13] as
well as the discovery of a large signature of tensor modes in the data of the BICEP2
telescope [14]. The new X-ray observations, if they are confirmed over time, would
point to new physics in the dark sector, which might be richer and more varied than
we have been expecting. The BICEP2 observations are commonly interpreted as a
signal of a large energy density of gravitational waves in the early universe. This very
large energy density implies that, in contrast to indications from recent experiments,
the age of cosmological inflation may have taken place at extremely high energy scales.
With additional observations, we may look forward to the possibility of advancing
our understanding of cosmological inflation. These observations would represent our
only plausible probe of physics at the extremely high scales that inflation now points
to. Because of the fast-developing nature of the field, this thesis will not touch on
these exciting topics, but these experiments or searches like them will undoubtedly
shape the way we view physics in the next decade.

The most pressing issues in the field of particle physics right now are on the border

of observation and pure theory. Synthesizing the two requires being able to imagine all

13



of the ways in which theories may be incarnated and all of the observations they can
predict. It also requires the imagination of seeing how data can impact theories, and
what sorts of constraints the theories must obey if they purport to be the explanation
of the natural world.

Moving forward, we are in the midst of an immense opportunity to advance our
understanding of the natural world. This will come primarily in the form of new
developments in dark matter physics and increasingly precise measurements of the

Higgs. I am excited about being poised on the edge of this exciting time.
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CHAPTER II

Turning Off The Lights: How Dark Is Dark

Matter?

We consider current observational constraints on the electromagnetic charge
of dark matter. The velocity dependence of the scattering cross-section
through the photon gives rise to qualitatively different constraints than
standard dark matter scattering through massive force carriers. In par-
ticular, recombination epoch observations of dark matter density pertur-
bations require that €, the ratio of the dark matter to electronic charge,
is less than 107 for myx = 1 GeV, rising to € < 107* for mx = 10 TeV.
Though naively one would expect that dark matter carrying a charge well
below this constraint could still give rise to large scattering in current
direct detection experiments, we show that charged dark matter particles
that could be detected with upcoming experiments are expected to be
evacuated from the Galactic disk by the Galactic magnetic fields and su-

pernova shock waves, and hence will not give rise to a signal. Thus dark

Written in collaboration with Hai-Bo Yu and K. M. Zurek. Originally published as Turning off
the Lights: How Dark is Dark Matter?, Phys. Rev. D 83, 063509 (2011). arXiv:1011.2907 [hep-ph],
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matter with a small charge is likely not a source of a signal in current or

upcoming dark matter direct detection experiments.

2.1 Introduction

The nature of the dark matter (DM) remains a mystery. For DM in the MeV to
TeV range, a wide variety of probes constrain the DM to be a Weakly Interacting
Massive Particle (WIMP) which interacts with ordinary matter through suppressed
couplings. These probes include direct detection of DM through nuclear recoils in
underground detectors as well as indirect detection through DM annihilation to SM
states in the sun (to neutrinos), in the Galactic center (to photons), and in the
Galactic neighborhood (to charged particles). There are also significant constraints
on DM couplings to ordinary matter through production and escape as missing energy
at colliders. For a review, see [1].

Many of the most popular DM candidates naturally meet these stringent require-
ments. The neutralino from supersymmetry, for example, carries no electric charge
and can interact only sub-weakly, via the Higgs or through small couplings to the
Z boson, evading the most stringent constraints from LEP, Tevatron, and direct de-
tection experiments such as CDMS [2] and XENON10 [3]. Its thermal annihilation
cross-section is below the bounds for indirect detection through neutrinos, photons,
or charged cosmic rays. While WIMP DM has escaped direct and indirect detection
thus far, it may be within reach. Direct detection experiments are scaling up, the
reach of the LHC will begin to encompass weak scale DM candidates soon, and Fermi
will continue to constrain DM annihilation in dwarf galaxies, the Galactic center, and
in the halo.

At the same time, it is desirable to take as model-independent an approach as
possible when constraining the nature of the DM. While in most popular models the

DM carries no electromagnetic charge, periodically the notion of CHArged Massive
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Particle (a CHAMP) has reappeared in the literature [4-8]. In some of the earliest
discussions of CHAMPs, the DM carried a full unit of charge, but it was realized
that this runs into a wide range of very stringent constraints from searches for heavy
hydrogen to direct detection in underground labs. Some of these constraints may not
apply if the CHAMPs are expelled from the disk via shock waves from supernova rem-
nants and screened from re-entry by the Galactic magnetic fields [9]. More recently,
the possibility that DM carries a fractional or epsilon-charge has been considered and
constrained via the CMB acoustic peaks [10]. Radio observations also constrain the
electronic charge of the dark matter [11]. In addition, the notion that the DM carries
a “dark charge” has recently been considered [12-17]. In these latter models the DM
does not couple to the photon, but to a massless gauge force in the hidden sector.

In light of the current understanding of structure formation and cosmological
history, we determine how large the DM charge can be while remaining consistent with
current constraints. We also consider direct detection signals from epsilon-charged
DM, and determine whether it is possible to give rise to the signals in DAMA [18]
and CoGeNT [19] as discussed recently in [20]. Because we are answering a general
question about the coupling of DM to the photon, we leave our discussion of models
to a minimum. We note that the discussion encompassed by this paper does bring
to light a number of constraints that strongly disfavor some recent models in the
literature. We comment on these models below where relevant. DM may also have
a magnetic or electric dipole; this has been thoroughly considered recently [21], and
we do not discuss it here.

The outline of this paper is as follows. We begin with a brief discussion of models
and the implications of this study for the viability of these models. We then review
the relic density calculation before turning to constraints. We discuss halo shape
constraints and the bound from scattering at recombination times. We discuss direct

detection of charged particles in light of the signals from CoGeNT and DAMA, and the
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implications of the bounds discussed here for these experiments and models designed

to fit them. Finally, we conclude.

2.2 Models and General Considerations

Since DM that carries an electric charge must conserve U(1)gy, it must be a
Dirac particle. There are a number of models in the literature where the DM carries a
fractional or epsilon-charge. If a dark photon is massive and kinetically mixes with the
photon, an epsilon-charge arises in Stueckelberg models [22] on account of the unique
form of Stueckelberg mass term. If, on the other hand, the dark photon is massless,
kinetic mixing between the dark and visible photons induces an electric charge for
the DM (or equivalently, a dark charge for visible states) [74]. This mechanism is
utilized for example in the Mirror Charged DM model proposed by [20] to generate
the signals in CoGeNT and DAMA. We will see that the constraints we discuss here
strongly disfavor such a model as the explanation for these signals. In either case, we
denote the charge of the DM as ee.

When determining the constraints on the DM charge, the essential features will
be the irreducible coupling to the photon (and charged SM particles), and, more
importantly, the velocity dependence of the scattering cross-section. For example,

the Rutherford Scattering cross-section of DM oftf DM through a photon is

dO’XX 042 64

= l 2.1
dQ,  miul, sin®(6,/2)’ (2.1)

where my is the DM mass, v, is the DM relative velocity, and 6, is the scattering
angle in the center-of-mass frame. Likewise, the scattering cross-section of DM off

baryon is

doxy, a? €

dQ.  4pdvi; sin?(6,/2)’

(2.2)
where 11, is the DM-baryon reduced mass.
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The important point phenomenologically is the very large enhancement in the
scattering cross-section at low velocity, giving a hint for where to look for strong
constraints on DM charge. Galactic constraints, where the DM has been heated
through collapse and virialization, as we will see, tend to give weak constraints. In
contrast, the tightest constraints come primordially, before collapse and heating occur,
when the DM is highly non-relativisitic. In particular we will find that constraints
on DM coupled to baryons at the time of recombination and DM coupled to baryons
in protohalos can be very important, and this constraint will eliminate models whose
charges are larger than about 107, dependent on the mass of the DM. This constraint
eliminates a broad class of models.

On the other hand, this constraint does not eliminate DM with epsilon-charges
that can give rise to a signal in direct detection experiments. We will find, however,
that in the region where the DM could give rise to a signal in direct detection, one
expects the DM to have been evacuated from the disk via supernova shock waves, and
its re-entry to have been prevented by Galactic magnetic fields. Therefore, although
direct detection experiments are extremely sensitive to small charges, we will find
that charged DM, such as suggested in [20], could not plausibly give rise to a signal

in a direct detection experiment. We now go through these constraints in detail.

2.3 Relic Density Constraints

We begin by discussing the constraints from the relic density. If the DM is non-
thermally produced, its relic density depends on the production mechanism (for ex-
ample, if the DM particle is produced via the decay of a mother particle, its relic
density depends on the number density of the mother particle). In this scenario,
constraints from the current relic abundance are highly model dependent. On the
other hand, in the case of thermal relics, the DM density is simply determined by the

thermally averaged annihilation cross section. As we will discuss explicitly, a charged
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DM consistent with all cosmological constraints must be non-thermally produced,
unless it has additional interactions. We now review the relic density considerations.

The DM can annihilate to photon pairs and to charged fermion pairs through
the photon. In general, the charged DM can also carry other SM or hidden sector
quantum numbers and annihilate through these channels as well. In our analysis
we will not specify these additional interactions in detail; instead, we maintain a
less model-dependent view. We assume DM is in thermal equilibrium in the early
universe and require the irreducible annihilation processes not overly deplete DM. By
considering only the annihilation channels induced by the electromagnetic charge of
the DM, we can derive upper bounds on the charge € for a given mass mx.

The annihilation cross sections of XX — vy and ff at tree level are given by

mo? e
(Uanvrel) = E (23)
Y m%{
and
2 2 2 2
_ T €™ o mf mf
(Uanvrel)ff - m%{ Qch 11— m%( (1 + 2m§( ) (24)

respectively, where gy is the charge of the SM fermion in units of electron charge and
N, is the color multiplicity of the fermion. The total annihilation cross section of the
DM particle at tree level is (0anUrel)ior = (TanUrel)yy + 2 f (Tanirel) ;7

The tree level annihilation cross section is enhanced by the Sommerfeld effect in
the low velocity dispersion [24-27]. DM freeze out with Sommerfeld enhancement
has been discussed in [28,29]. Since the mediator of the Sommerfeld enhancement is
the standard model photon with zero mass, this enhancement never saturates. The
enhancement factor for the tree level S-wave annihilation cross section is given by

o (Qem€?m) [V

o 1— e—(aemeQTr)/v’

(2.5)
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where v = /2 is the DM velocity in the center of mass frame. The thermally
averaged total annihilation cross section including the Sommerfeld enhancement is
given by

3/2 oo
T
<Uanvre1>t0t - (Uanvrel) X Svfele_mxvil/éldvreh (26)

tot m 0

where we assume a Maxwell-Boltzmann distribution for DM particle and xzx =
mx/Tx with T as the DM temperature. The Sommerfeld enhanced annihilation
tends to deplete DM particles with low velocity, which may distort the thermal dis-
tribution of the DM after kinetic decoupling. However, as we will show in the next sec-
tion, the charged DM can couple to the thermal bath even during the recombination
epoch, and therefore the Maxwell-Boltzmann distribution is a good approximation.

Following the standard procedure to calculate the abundance of a thermal relic [30,

31], freeze out occurs when

5 ~ lnf—%ln(lnf) (2.7)

€ = 0.038k(2 + K)mpmx (9/v/9%) (TanVrel)tots (2.8)

where x = mx /T, T is the temperature of the thermal bath, and ¢ is the number of
degrees of freedom of the DM particle; we take g = 4, for a Dirac particle. The value
of k is chosen to match the numerical solution; we set x = 1.

The present number density of the DM is the solution of the Boltzmann equation,

which can be written as

1 1 T Ts (g*s/\/ g*> <0-anvrel>t t
= — d 2.9
Y(z) Y(z,) +4/ 45 e /xf 2 Z, (2.9)

where Y = nx /s with s the entropy density, and xz, = T, /mx with T, = 1 eV, where

we stop the integration. Here we assume X and X have the same number density,

nx = ng, and the total number density of the DM is their sum, nx+ns. Before
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Figure 2.1: Constraints from various sources, from top to bottom: (i) Scattering in
the bullet cluster and NGC720, (ii) DM as a charged thermal relic, and
(iii) DM virial processes, and (iv) recombination epoch.

kinetic decoupling, the DM temperature is the same as the thermal bath temperature

1

and drops as a~', where a is the scale factor. After kinetic decoupling, the DM

2

temperature drops as a~~. !

Therefore, the enhancement factor scales as S ~ z~
and S ~ 7% with respect to x before and after kinetic decoupling, respectively [28].
Since DM is tightly coupled to baryons through the massless photon until after the

recombination epoch, S ~ z7!

over the entire range of integration of Eq. (2.9). As
we will show in Section IV, the elastic scattering rate rises as the temperature drops
so that the DM may still be coupled to the thermal bath when the temperature is

below 1 eV, even if € is chosen to satisfy the relic density bound.
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2.4 Structure Formation and CMB Constraints

2.4.1 Decoupling at the Recombination Epoch

Charged DM particles interact with the Standard Model via a small coupling
through the photon, so that Coulomb scattering can couple the charged DM to the
baryon-photon plasma tightly even at low temperature. If the DM is still in kinetic
equilibrium with the baryon-photon plasma during recombination, the DM density
fluctuations can be washed out due to the radiation pressure and the photon diffu-
sion (Silk damping [32]). The baryon acoustic peak structure will also be directly
altered through the coupling. The effects of millicharged particles on CMB acoustic
peaks have been discussed in Refs. [10,33]. It was found that if the millicharged
particles couple to the baryon-photon plasma tightly during the recombination epoch
they behave like baryons, and CMB observations put an upper limit on their abun-
dance Queph? < 0.007 (95%) [10]. Here we assume that the DM is made of epsilon-
charged particles and derive the relaxation time scale for the DM to reach kinetic
equilibrium with baryons. To avoid damping effects on DM density fluctuations and
CMB anisotropy constraints, we require that DM have completely decoupled from
the photon-baryon plasma at the recombination epoch, and derive a bound on € for
a given DM mass.

We consider a DM particle that has momentum px in its comoving frame. After
each scattering event the magnitude of the DM momentum changes by an amount

O0px. The momentum transfer rate is thus given by

_d(apR)/dt

b=

(2.10)
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The thermally averaged momentum transfer per unit time is

do
=X adp% (2.11)

d(op%)/dt = > m, / Popd®ox f(vp) flvx)dS, -0

b=e,p

where dox,/dS, is given by Eq. (2.2), n, is the number density of the baryon, and

dp% is the momentum transfer after one collision:
6p% = 2uiv2, (1 — cosb,). (2.12)

Note that this quantity is reference frame independent. The thermally averaged

momentum squared of the DM particle in its comoving frame is

W) = [ duxflox)maox)? = Smked = 3maT .13

for a DM particle in a thermal Maxwell distribution. To evaluate the thermal average

2

for vy,

we derive a general formula. For a given function of g(v.e), we have

4 1 7ﬁ+ v?elv(z)a
?el " e U btV g(vrel) ,
ﬁ (U(Z)a + Ugb)

/dgvad:gvbf(/Ua)f(vb>g(vrel) = /dvrelv

N|w

(2.14)
where we assume f(v,;) are Maxwellian distributions and v, are the most probable
velocities for the a and b particles, respectively. By using this general formula, we

have
8V 2yl €
e I

b=ep (L 4 T
g <mX + mb)

where 6™ is the cutoff in the ), integral. Its value is set by the maximum impact

In (6" /2) (2.15)

N[

parameter due to Debye screening effects in the plasma. This maximum impact
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parameter is related to the minimum scattering angle through

« € :
brnax = ——=— cot (™™ /2), 2.16
Gy U2 (2.16)

where (uyv2;) = 3T and cot(0™™* /2) ~ 2/6™" for small ™. The impact parameter
of the scattering must not be larger than the Debye screening length, so we have

b < bpax = Ap. Thus
min 2EOZem

Y 3T\’

(2.17)

where \p = /T/(4aemmne) is the Debye length for the baryon plasma. Using Eq.

(2.13), we then have a momentum transfer rate of:

1
2 2,3
r Z 8V 2mnpal, € 14 In [3T)\D1 . (2.18)

3
B=e,p 3mxT2 €Qlem

If the DM is tightly coupled to the baryon-photon plasma during recombination, DM
density fluctuations will be damped. CMB observations also place strong constraints
on the total abundance of charged particles in the tightly-coupled regime. Here we
require that the relaxation time of the momentum transfer rate is larger than the

Hubble time at the recombination epoch; i.e.,
L' (TR) > tr, (2.19)

where tr ~ 3.8 x 10° years [34], and T ~ 0.26 eV is the temperature at the recom-
bination epoch. We take the baryon number density at recombination n, = n, =
Yypeay® /m,, where Q, =~ 0.023h72, p. = 8.0992h2 x 10747 GeV*, ap ~ 1/1091, and
h ~ 0.71 [34]. This constraint is plotted in Figure 2.1. In the above analysis, we
have implicitly assumed that photons couple to baryons efficiently during the recom-

bination epoch despite the presence of charged DM. We checked that electron-photon
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Compton scattering can keep baryons and DM particles in the kinetic equilibrium
with photons. This is because the DM density is not far from the baryon density.
The same Compton drag force also suppresses the growth of the DM density pertur-
bations.

Here we ignore the process of DM-photon Compton scattering. Since the cross

2

em

section ox., = 8ra? €!*/(m%) is proportional to €* and the momentum transfer rate
through this process is also highly suppressed kinematically at low temperature, we
expect that the bound derived from the DM-photon decoupling is weak. As shown
in Ref. [35], CMB anisotropies and matter power spectrum requires oy.,/myx <

10732 cm? GeV~!. We can translate this limit to a bound on € as € < 0.49 (my /(1 GeV))*/4,

which is much weaker than the bound derived from the DM-baryon decoupling.

2.4.2 Effect on the Dark Matter Virialization

After recombination, radiation damping suppression is absent, but the efficient
energy transfer between baryons and charged DM particles will modify the virializa-
tion process of the DM. Since baryons decouple from the thermal bath much later
than DM particles, baryons are hotter than DM particles at redshift z ~ 30 when pro-
tohalos start to form. If there is a tight coupling between DM particles and baryons
at this epoch, baryons will transfer energy to DM particles and heat them up. We
can derive a bound on € by requiring the energy transfer time be longer than the DM
virialization time.

Eq. (2.18) is no longer valid for charged particles with slow motion in a neutral
medium. At these late epochs, although it appears that the Born approximation
condition €2en, /vy < 1 may still be satisfied due to the smallness of ¢, the charged
DM particle typically has a wavelength larger than the Bohr radius of the hydrogen
atom, and one must take into account the screening effect. This effect is analogous

to the energy loss of a slow-moving ion in the neutral medium, a result first derived
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by Lindhard and Scharff [36]. Lindhard’s approximation is valid when the impact
parameter is larger than the Bohr radius. When the protohalo forms at redshifts
z ~ 30, the DM velocity dispersion is O(107%¢). Its de Broglie wavelength is much
larger than the Bohr radius under these conditions, and we expect that Lindhard’s
formula applies. We calculate the energy exchange of the charged DM in the hydrogen

medium using Lindhard’s formula,

(2.20)

- 2.7183 mx + My

dEX n_H 7'('26 mx
dl me

where ngy is the hydrogen number density, and we ignore the negligible effects of

electron recoil [36] and other elements. The relaxation time scale is estimated as

1 dl 3 x 2.7183m.(mg +m T T
TXZ<EX>< >_ (mpy x) H X

- T 2.21
Urel AEx 4/273/2n, € myg My (221)

where Ex = mxv2,/2. We take \/Ty/my ~ 107%, and \/Tx/mx ~ 107%¢ at
z ~ 30.

In the usual cold DM scenario, DM collapses and virializes at a redshift of z ~ 30.
In over-dense regions the density is about 178 times larger than the average density

at the same epoch [37], and the violent relaxation time scale is
Tyvir ™~ (Gptot>71/2> (222)

where piot = px +px and proy ~ 178por = 1780 x pe(1+42)3. Now we demand 7x > Tyir

and obtain an upper bound on e,

(2.23)

€<2.9x10°° (w) ,

1 GeV

which is shown in Fig. 1.
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2.5 Dark Matter Halo Constraints

The strongest constraints on the coupling of DM to the photon come from scat-
tering considerations rather than annihilations because of the large scattering cross-
section enhancement at low velocities. In the previous section, we explored the effects
at high redshift from observations of universe at recombination temperatures. The
constraints are particularly strong in this regime. However, lower redshift observa-

tions can also be used to test the charged DM hypothesis.

2.5.1 Elliptical galaxies

If the DM self-interaction through Coulomb scattering is strong enough to create
an O(1) change in the momentum of DM particles within the age of galaxies, it will
isotropize the velocity dispersion and lead to more spherical halos. The collisions also
cause heat conduction from the hot outer parts to the cooler inner parts of DM halos,
giving rise to the formation of a core with a shallow density profile. These expectations
have been confirmed by simulations in the hard sphere scattering limit [38-43]. In
addition, observations of elliptical DM halos in clusters constrain self-interactions [44],
while observations of elliptical DM halos in galaxies provide the strongest constraints
on self-interacting DM models [14,43,46]. In this paper, we will follow the analysis
of Ref. [14,43,46] and use the ellipticity of NGC 720 to derive the upper bound of
the electric charge of the DM.

To estimate how the ellipticity of NGC 720 may be used to constrain the charge
of the DM, we calculate the relaxation time due to momentum transfer. We then
assume the relaxation time scale is the same as the time scale for isotropizing the mass
distribution of the DM halo. By using Eq. (2.1), the thermally-averaged momentum

transfer rate inside the halo can be evaluated from as

2 4 Ptot 2 (21 _23821 1 min
[, = —16mal €' ——5— [ dvavigy/——e >0 —In (61"/2), (2.24)
3mXU0 T Vg Urel



where pyor = px + px is the total DM density of the halo, and the minimal scattering
angle 0™ is given by 0™ ~ dagne/(3mxviAp) with A\p = m% 02 /(872 Qempior) as
the Debye screening length of the DM halo.

The elliptical galaxy NGC 720 is well-studied [47,48]. In Ref. [48], X-ray isophotes
were used to extract the ellipticity of the underlying matter distribution, and the DM
halo of NGC 720 was found to be elliptical at 5 kpc and larger radii. At 5 kpc, the
DM density is po = 4 GeV/cm?, and the radial velocity dispersion v2 = v2(r)/2 ~
(240 km/s)? [43]. To derive the constraints on € for the given my from the observed

halo shapes, we require

o' > 10" years. (2.25)

That is, the average time scale to create O(1) change in the DM particle momentum
must be greater than the galaxy’s lifetime. This bound, weaker than the constraint

derived from decoupling at the time of recombination, is depicted in Fig. 2.1.

2.5.2 The Bullet Cluster

In the Bullet Cluster system, a subcluster has collided with and moved through
a larger cluster. These clusters have three major components that each behave very
differently during the collision: stars, gas, and DM. The visible stars pass through
without colliding, but the highly collisional X-ray gas slows down significantly. Gravi-
tational lensing shows that the DM tracks the stars, which are effectively collisionless.
These observations have been used to place stringent bounds on the self-interaction of
the DM [49]. These bounds are derived through different considerations including the
offset between the gas and DM, the high velocity of the subcluster, and the survival
of the subcluster after the collision. It turns out that the survival of the subcluster

puts the strongest bound on the self-interaction of DM [49].
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We follow the approach of Ref. [49] to derive bounds on the DM charge. The
analysis of Ref. [49] is based on a hard sphere scattering cross section, but we relax
this assumption. For Rutherford scattering, the subcluster experiences a net loss of
DM particles if particles in both the main cluster and the subcluster have velocities
larger than the escape velocity of the subcluster. We define the scattering angle 6 to
be measured in the rest frame of the subcluster, which implies 6 = 6, /2, where 6, is
the scattering angle in the frame of the center mass of two colliding particles.

The particle loss condition detailed above can be satisfied if sin 6 is in the following

2
Lo <G < 41— —ee (2.26)

where vy ~ 4800 km/s is the velocity of the main cluster incoming particles before

range:

the collision and v, ~ 1200 km/s is the escape velocity of the subcluster. We
assume that the subcluster sees the main cluster with a surface number density >, ~

0.3 g/cm? [49], and demand that the particle loss fraction f be smaller than 30%, i.e.

dra2 e [ 1 1
fo 2 [ g, d0xx 2 AT (— - —) < 30%. (2.27)

2,2 2
mx 9. " mx mkof \Z, oo,

The Bullet Cluster bound is given in Fig. 2.1.

2.6 Direct Detection of Charged Dark Matter

Because of the large enhancement of the scattering cross-section at low velocity,
even DM with a very small charge can give rise to a large scattering cross-section
in direct detection experiments. In [20], it was found, for example, that a charge of
€ ~ 1079 was sufficient to give rise to the relatively large signals in CoGeNT and
DAMA. Thus, if correct, direct detection experiments have a potential to give rise

to even tighter constraints on epsilon-charged DM with mass in the range myx ~
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Figure 2.2: CoGeNT (blue), DAMA (green) allowed regions at 99% C.L. The CDMS-
Si (yellow) line is included as a sample exclusion at 99% C.L. In the gray
area, the charged DM is evacuated from the Galactic disk. Also shown the

bound from Recombination epoch (red). Below the dotted line (black),
charged DM may diffuse to the disk.
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10 GeV — 1 TeV. We find, however, that in the range of charges where DM could
give rise to a signal in a direct detection experiment the DM will necessarily have
been efficiently evaporated from the Disk, and thus one expects no signal. We begin

by a review of the signal in direct detection experiments.

2.6.1 Direct Detection Basics

The rate for scattering is

do

Px 3 R
— NpEx d ) iy 2.28
. /| ) (2.28)

dR

2mNER

where v, = o

, and py is the reduced mass of the nucleus-DM system. We

take the velocity distribution f(¥,¥,) to be a modified Boltzmann distribution

€sc

£(7,3,) o (e*MeV/v% - e*visc/vé) O(v2, — (7 +1.)2), (2.29)

where explicit expressions for the velocity integrals from this distribution can be found
in [50]. The additional term is to allow for a smooth cut-off of the velocity distribution
near the Galactic escape velocity v.s.. The Earth’s speed relative to the Galactic halo
1S Ve = Vg + Vopp cO8 7y cOS|w(t — tg)] With vy = vy + 12 km/s, v, = 30 km/s; cosy =
0.51, to = June 2nd and w = 27 /year. We take as a standard case vy = 220 km/s,
and we fix v.s. = 500 km/s and the local DM density 0.3 GeV/cm?®.

A standard calculation relates the differential rate for scattering off nuclei to the

scattering rate off a nucleus oy,

do myoN

= ) 2.30
dEr 2302 (2:30)

For the standard spin-independent case, this rate is related to a scattering off protons,
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op, through
2 Z + fuA= 2))
TN = ap’;—g[f” ff(2 W p2), (2.31)
n D

where p1,, is the DM-nucleon reduced mass and f, and f,, are the DM couplings to

the neutron and proton. We set f,, = 0 since the coupling is assumed to be through

3j1(gqro) ef(qs)zfrnz/Q

(aro) , where

the photon. We make use of a Helm form factor F(Eg) =
ro = ((1.24Y3)2 — 552)1/2 fm, with s = 1. The scattering cross-section off nuclei

through the photon is
_ 16ma’e 2%y

7 : (2.32)

ON

which is to be inserted in Eq. (2.28) to obtain the total rate as a function of energy.
As an example of the typical DM charge € that can be probed with direct detection
experiments, we show the constraints one obtains from the CDMS, DAMA and Co-
GeNT experiments in Fig. (2.2). One can see that the viable region is well below
the structure formation constraints labeled in the figure. Note that in Ref. [20], the
mirror DM velocity dispersion depends on the particle mass, and is typically smaller
than the rotation speed vy = 220 km/s, so the allowed regions for both DAMA and
CoGeNT as well as the excluded region for CDMS shift to larger DM mass (larger
than 20 GeV) compared to the fitting presented in Fig. 2.2. Since the shift is more
significant for the light target nuclei, the mirror DM model features a DAMA re-
gion which is not excluded by CDMS, as depicted in [20]. We next discuss how DM
with charges in this range will have been evacuated from the disk at the present day,

eliminating any possible signal in a direct detection experiment.

2.6.2 Evacuation of Charged DM from the Disk

The charged DM interacts with the magnetic fields of the Galaxy in addition to
baryons in the disk. Since the large-scale magnetic field in the Milky Way is mostly

parallel to the plane of the Galactic disk, the charged DM particle in the halo may
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not be able to penetrate the disk if its gyroradius is smaller than the height of the
disk. This magnetic shielding effect for the millicharged particle has been discussed

in the Ref. [9]. The gyroradius is given by

_ 1 v 5 pG
~ 5.4 x 10711 TX (= X H 2,
Ry 5.4 107 pe (5 Gev> ¢) \270kmys )\ "B ) =T (2:33)

where Hy ~ 100 pc is the typical height of the Galactic disk. So the Galactic magnetic

field prevents charged DM from entering the disk if € > 5.4 x 10713 (my/GeV).

It is possible that some quantity of charged DM can remain in the disk from
the time when the disk formed. Subsequently, however, shock waves generated by
supernova (SN) explosions can blow these particles out of the disk if the acceleration
time scale (Taee = 107 years) is shorter than the cooling time scale [9]. The cooling

time scale due to the scattering with electrons is given by

3 2 -1
o mxmety [m (@)} | (2.34)

8mraZ, e*n. Qo €

where we take n. ~ 0.025/cm?, the Coulomb logarithm In (u.v%Ap/eme) ~ 30
for the parameter range of interest. By demanding 7.,o1 < Tace, We get € < 3.4 X
1074 \/m . Here we assume the epsilon-charged DM is efficiently accelerated
by the Fermi mechanism. This is true when the gyroradius of the charged DM is
smaller than the length of shock waves. Since the length of the shock wave can
be ~ 100 pc [51], as long as € > 5.4 x 10713 (mx/GeV), the charged DM will be
accelerated along with baryons over a time scale T,.. ~ 107 years.

Hence, if the DM charge is in the range 5.4 x 1071 (mx/GeV) < € < 3.4 x
10*4\/W , the number density of the DM is negligible in the disk. We note
that this constraint strongly disfavors the charged DM explanations of DAMA and
CoGeNT experiments, because the experimentally preferred value is € ~ 1079 and

mx ~ O(10 — 20) GeV. One possible way to relax this constraint is to consider the
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diffusion of DM into the disk. The Galactic magnetic field is not perfectly parallel,
and in fact has a large nonperturbative turbulent component. The charged DM
particles may diffuse into the disk as they interact with the turbulent magnetic field.
The diffusion time scale can be estimated as Tair ~ 5H3/(3Rgvx) [52]. If the Taig is
smaller than the acceleration time scale 7,.., the charged DM may be able to diffuse
to the vicinity of the earth and leave a signal in direct detection experiments. This
signal is sensitive to the DM number density, which highly depends on the diffusion
process and will in general be smaller than 0.3 GeV/cm?. We find that the charge
has to satisfy € < 9 x 1072 (mx/GeV) with vy = 270 km/s and B = 5 uG, which is
too small to fit DAMA and CoGent data.

2.7 Conclusions

We have discussed the cosmological and direct detection constraints on charged
DM. We considered in particular relic density, halo shape, large scale structure,
recombination-era coupling, and direct detection constraints. We found that charged
DM must have additional annihilation modes or be non-thermally produced if it is
to satisfy the CMB constraints on DM couplings to baryons, which require the DM
charge be smaller than € ~ 107% for 1 GeV DM (weakening to € ~ 10™* at 10 TeV).
We discussed the possibility that one or more of these constraints is nullified by su-
pernova shock waves blowing charged DM out of the disk, and showed as a result
that DM with epsilon charge 107 cannot be an explanation for the CoGeNT or
DAMA excesses, though the DM-baryon interaction cross-section is large enough. In
addition, no signal in direct detection experiments could be expected in future exper-
iments, as DM with large enough charge to generate a sizable DM-nucleus interaction
cross-section would have been evacuated from the disk.

While the idea of charged DM is in many ways an elegant one, its feasibility as

a DM candidate, it appears, is strongly constrained. Further, these tight constraints
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also apply to any model where a massless dark photon kinetically mixes with the
visible photon, so that fields charged under U(1)gy pick up a dark charge. This
study presents constraints on a wide variety of hidden sector models that may be

useful in the continued hunt for DM.
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CHAPTER III

Constraints on Scalar Asymmetric Dark Matter

from Black Hole Formation in Neutron Stars

We consider possibly observable effects of Asymmetric Dark Matter (ADM)
in neutron stars. Since dark matter does not self-annihilate in the ADM
scenario, dark matter accumulates in neutron stars, eventually reaching
the Chandrasekhar limit and forming a black hole. We focus on the case
of scalar ADM, where the constraints from Bose-Einstein condensation
and subsequent black hole formation are most severe due to the absence
of Fermi degeneracy pressure. We also note that in some portions of this
constrained parameter space, non-trivial effects from Hawking radiation
can modify our limits. We find that for scalar ADM with mass between 5
MeV and 13 GeV, the constraint from nearby neutron stars on the scatter-

ing cross section with neutrons ranges from o,, < 107 cm? to 10~*"cm?.

~

Written in collaboration with Hai-Bo Yu and K. M. Zurek. Originally published as Constraints
on Scalar Asymmetric Dark Matter from Black Hole Formation in Neutron Stars, Phys. Rev. D 85,
023519 (2012). arXiv:1103.5472 [hep-ph], MCTP-11-16.

45



3.1 Introduction

The characteristics of dark matter (DM) and the nature of its production mech-
anism have so far eluded description. While cosmological observations provide com-
pelling evidence for its existence, its mass and the nature of its interactions with
the standard model remain unknown. Omne popular hypothesis holds that the DM
interacts with standard model particles via the weak interaction and is also self-
annihilating. In this weakly interacting massive particle (WIMP) scenario [1], the
correct relic density of DM is a natural consequence of the thermal history of the
early Universe.

Alternatively, DM may carry a conserved charge, analogous to baryon number.
This Asymmetric DM (ADM) scenario is motivated by the fact that the DM and
baryon densities are of the same order of magnitude. The earliest models attempting
to relate the DM to the baryon asymmetry made use of electroweak sphalerons [2] or
out-of-equilibrium decay [3]. The former often run into tight constraints from LEP
measurements. In contrast, the modern incarnation of ADM makes use of higher
dimension operators to transfer the asymmetry in a robust way that is relatively
free of electroweak constraints [4]. ADM models prefer to have DM mass around
a few GeV (see for example [5,7,77]), which is consistent with hints from recent
direct detection experiments [5,8]. It is also possible for ADM to have weak scale
mass [10,11], or mass well below a GeV [8].

The DM mass and its scattering cross section with nuclei have been constrained
by various underground direct detection experiments [3, 14, 15], as well as by par-
ticle colliders [16-19]. In this article, we study the properties of ADM through its
impacts on stellar systems. It has long been appreciated that a finite DM-nucleon
cross section would result in DM capture in stars [20-22]. In the WIMP scenario,
DM annihilation can generate an additional heat source, which may affect stellar for-

mation [23] and evolution [24], or cause anomalous heating of white dwarfs [25, 26]
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and neutron stars [27-29]. In the ADM case, DM particles do not annihilate and
hence provide no additional power for stars. However, since there is no annihilation
to deplete ADM particles, stars can accumulate far more ADM particles than usual
WIMPs, which can lead to different effects. For example, it could have implications
for solar physics [30-32], or change the mass-radius relation of neutron stars [33-35].
The most extreme possibility is that captured particles can become self-gravitating,
forming a black hole that will eventually destroy the host stars [36-38].

Recently, constraints on fermionic ADM through the survival of compact stars
have been discussed in [29,39]. In a certain class of ADM models, the DM candidate
is a boson [7,77]. In this paper, we study constraints on this scalar ADM from
compact stars. Scalar DM particles differ from fermions by spin statistics, which
has a significant impact on black hole formation conditions. Black hole formation
occurs only when the total number of self-gravitating DM particles is larger than
the Chandrasekhar limit [40]. Fermions obey the Pauli exclusion principle, and the
Chandrasekhar limit is set by the balance between gravity and the Fermi pressure,
while scalar particles have no Fermi pressure to hinder gravity. In this case, the lower
limit for gravitational collapse is determined by the balance between gravity and the
pressure induced by the zero point energy, which is much smaller than the Pauli
pressure experienced by fermions. Therefore, we derive much stronger constraints
on scalar ADM from compact stars. Since neutron stars have much higher matter
density and escape velocity than any other stars, we will mainly focus on neutron
stars. Note that neutron star constraints on scalar DM has been discussed in [36].
In this early work, the cross section for the DM capture is set by the geometric cross
section, and the DM mass range is between 1 GeV and 100 TeV. In this work, we treat
the DM-neutron cross section as a free parameter and use neutron stars to constrain
it. Other important considerations that we treat here are the effect of Bose-Einstein

condensation, which significantly alters the constraint derived on the DM-neutron
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scattering cross-section, and Hawking radiation, which modifies our constraints for
high mass DM. We also explore a wider DM mass range and use the most recent
neutron star data.

This paper is organized as follows. In Sec. II, we discuss the Chandrasekhar
limit for fermions and bosons. In Sec. III, we discuss ADM capture in neutron stars.
In Sec. IV, we discuss thermalization, condensation and black hole formation of
captured scalar ADM in neutron stars. In Sec. V, we discuss Hawking radiation and
destruction of the host neutron star. In Sec. VI, we discuss observational constraints.

We present our conclusions in Sec. VII.

3.2 Chandrasekhar Limit

First, we review the derivation of the Chandrasekhar limit for a system of fermions.
Suppose there are NV fermions of mass m distributed in a sphere with radius R, so that
the number density of fermions is approximately N/R3. Due to the Pauli exclusion
principle, the average distance between two fermions is ~ R/N'/3. The uncertainty
principle requires that each fermion have Fermi momentum p ~ N'/3/R. If the total
number N is small and m > p ~ N¥/3/R, the system is in the non-relativistic limit.

The average energy per fermion is

E~—

2 1/3\ 2
GNm 1 (N ) | (3.1)

2 m\ R

where G is Newton’s constant. Once the gravitational and Fermi pressures reach

equilibrium, the system can have a stable spherical configuration with radius

1

R~ G
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As N increases, the radius shrinks and the Fermi momentum increases; eventually

fermions become relativistic with total energy

If the total number of the fermions increases beyond the limit

‘ 1 3/2 M 3 100 GeV ’
Néi;mzon ~ <Gm2) — (_pl) ~ 1.8 % 1051 (—e> , (34)

m m

where M, = 1.2211 x 10" GeV is the Planck scale, the gravitational energy will
dominate the total particle energy and gravitational collapse will occur. This is the
famous Chandrasekhar limit [40].

Now we discuss bosons. Similar to the fermion case, the gravitational collapse
occurs when particles are relativistic. But the bosonic system is significantly different
from the fermionic system because it has no Fermi pressure to hinder gravity. Since
the bosons are confined inside a sphere with radius R, they have zero point energy
1/R due to the uncertainty principle in the relativistic limit. Therefore, the typical

energy for a boson in a sphere of radius R is

Nm? 1
GNm” 1 (3.5)

E~—
R R

Again, the radius cancels in the critical limit. In this case, the Chandrasekhar limit

18
M\ 100 GeV'\ >
NEgson ~ (_pl) ~ 1.5 x 10* (—e) : (3.6)
m m

Comparing Eq. (3.4) and Eq. (3.6), we can see that for a given particle mass,
a particle that obeys Bose-Einstein statistics will experience gravitational collapse
much more readily than a particle that obeys Fermi-Dirac statistics.

When the total number of DM particles accumulated in a neutron star surpasses
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the Chandrasekhar limit, the captured DM particles collapse to a black hole and
destroy the host neutron star. Therefore, observations of old neutron stars can be used
to constrain the DM-neutron scattering cross section. Since bosons have much smaller
Chandrasekhar limit than fermions, we can obtain stronger limits on bosonic DM. In
this work, we take typical neutron star parameters M, = 1.44 My, R, = 10.6 km

and the central density pp = 1.4 x 10'° g/cm? [29,41].

3.3 Capture of Asymmetric Dark Matter in Neutron Stars

The accretion of DM onto stars has been studied in [20-22]. In this section, we
review the basic formulae for the capture of asymmetric DM in neutron stars.
In the absence of annihilation, the number of DM particles in a star is determined
by the differential equation
dNx

7 = CBa (37)

where Ny is the total number of DM particles in the star and C'z is the DM capture
rate through scattering with baryons. In this study, we assume there is no symmetric
component and neglect DM annihilation completely. In some ADM models, a portion
of the symmetric component can be regenerated by oscillation effects [8,11]. For those
models, bounds derived from the survival of the neutron stars can be weaker.
Additionally, we ignore the self-capture effect. Dark matter may have a sizable
self-interaction that leads to self-capture [42]. However, the self-capture saturates
when the sum of the individual self-scattering cross sections becomes larger than the
geometrical area over which the DM particles thermally distribute. As we will show
in the next section, due to the large baryon density the captured DM particles are
thermally distributed in a very small region of radius ~ 1 m in the core of the neutron
star. We have checked that the baryonic capture always dominates the DM accretion

process in neutron stars for the parameter space of interest, even if we take the upper
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limit of the self-scattering cross section allowed by the elliptical halo shape bound [43].

3.3.1 Capture rate

The number of DM particles in the neutron star is set by Cp. Since neutrons
are degenerate in the neutron stars, capture can occur only when the momentum
transfer is larger than the difference between the Fermi momentum and the neutron
momentum. As we will show, this will affect the capture efficiency significantly for
DM with mass less than 1 GeV. For larger DM mass the effect is negligible, because
the momentum transfer is always sizable.

The accretion rate Cz is given by [21]

Bn dCp(r
Cp :47T/0 r? dE\}/( )dr, (3.8)

where R,, is the radius of the neutron star and the capture rate per unit volume for

an observer at rest with respect to the DM distribution is given by

SR \/anO’)nB(T)é%T?y(TJUXB) [1 -, (3.9)

av B2

Here nx(r) is the ambient DM number density; np(r) is the number density of the
stellar baryons; v is the DM velocity dispersion around the neutron star; v(r) is the
escape velocity of the neutron star at the given radius r; ox g is the effective scattering
cross section between DM particles and nucleons in the neutron star; and & takes into
account the neutron degeneracy effect on the capture. The factor B? is given by

_3u(r)? p

B? .
2 02 p?’

(3.10)

where = mx/mp and p_ = (u—1)/2.

Now we specify the factor £. All energy levels below the Fermi momentum pg



have been occupied. During the scattering process, if the momentum transfer to
the neutron is larger than pg, the scattered neutron can be excited above the Fermi
surface. In this case, all neutrons can participate the capture process, and the capture
efficiency is £ = 1. On the other hand, if the momentum transfer dp is less than pp,
only those neutrons with momentum larger than ~ pr — dp can participate in the
capture process. The fraction of these neutrons is ~ dp/pp, so we can approximate &

as £ ~ dp/pr. Depending upon the momentum transfer dp, we can parameterize £ as

¢ = Min [5_]97 1} . (3.11)
Pr

When the DM particle approaches the surface of the neutron star, its velocity is close
to the escape velocity. Hence, the typical momentum transfer is 6p o~ v/2m, ves., where
m, = mxmpg/(mx + mp) is the reduced mass, and typically ve, ~ 1.8 x 10°> km/s.
The Fermi momentum is pr ~ (372pg/mp)*? ~ 0.575 GeV for pg = 1.4x10'° g/cm?.
Therefore, £ >~ 1 for all mx = 1 GeV. In contrast, the capture rate is suppressed by
a factor ~ mxves./pr if the DM mass smaller than the neutron mass.

To estimate the capture rate, we take the conservative limit that v(r) = v(R,) =
Vese, and we assume that nx(r) and ng(r) are independent of the radius; thus, the
total capture rate can be simplified to

6 px vi., 1 —exp (—B?)
Cp ~ 1\ ———=5(voxp)éNp |1 — 2 ,

Tmyx U2

(3.12)

where Np is the total number of neutrons in the host star. When B? >> 1, the term
in the square bracket is close to one; for typical values v, ~ 1.8 x 10° km/s and
v =~ 220 km/s, and a DM mass smaller than 9.4 x 10° GeV, this condition is obtained.
If DM has mass larger than ~ 9.4 x 105 GeV, a lower probability to lose enough kinetic
energy to be captured after single scatter results [29]. In our numerical work, we use

the full expression of Eq. (4.1).
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3.3.2 Total Number of ADM in Neutron Stars

Here we only consider DM particles captured by the neutron star itself and neglect
those the neutron star can inherit from its progenitor. Compared to the neutron
star phase, the progenitor usually has much lower density and shorter lifetime which
results in lower capture efficiency. The total number of DM particles captured by the

neutron star is given by the solution of Eq. (3.7)

Ny = Cjpt. (3.13)

To evaluate Cg, we note that if the sum of individual nucleon-DM scattering cross
sections is larger than geometric surface area of the star, the capture rate will saturate.
Therefore, the capture rate increases with the cumulative nucleon-DM scattering cross
section 04,s = Npgo,, where o, is the DM-neutron elastic scattering cross section, as
long as o4, is smaller than ogeom = WR?L; that is, we can constrain the individual
scattering cross-section o,, as long as o, is less than or equal to 0., = TR2/Np.
Taking typical neutron star parameters M, = 1.44 M, and R, = 10.6 km, we

estimate the maximum cross section as [29]

R, \°[144 M
max — 2.1 1 —4 2 = © .14
7 <1077 em <10.6 km) ( M, ) (3:-14)
and the effective cross section is given by
oxp = Min [0, Omaz] - (3.15)

Note that since we consider scattering off only one nucleon, this scattering can be
regarded as either spin-dependent (SD) or spin-independent (SI).
Now we can estimate the total number of ADM in the neutron star at a given time,

using generic parameters v, = 1.8 x 10° km/s, v = 220 km/s, and N ~ 1.7 x 10°".

23



In the regime myx = 1 GeV, we have £ ~ 1, which gives

100 GeV Px OXB l
Nx ~ 2.3 x 104 :
X x ( Mx ) (103 GeV/cm3) (2.1 % 10-%5 cm? ) \ 1010 years

(3.16)

When the DM mass is less than ~ 1 GeV, the degeneracy effect is important on the

capture process so that & ~ v/2m xVese /pr, and we have

t
Ny = 3.4 x 10 Px IxXp . BaT
* 8 <103 GeV/ecm3 / \ 2.1 x 104 c¢m? ) \ 1010 years (3.17)

It is interesting to note that the DM number does not depend on the DM mass in
the second case.

In the above derivation of Ny, we have assumed that the evaporation effect is neg-
ligible for the DM. Now we estimate the DM mass scale below which the evaporation
is relevant. Since energy states below the Fermi surface are occupied, only those neu-
trons with momentum above pg can transfer kinetic energy to the DM. Since T' < pp
for the neutron star, the number of these free neutrons is order ~ 10~® smaller than
that of the neutrons in the Fermi sea. So the scattering probability for the DM evap-
oration is highly suppressed. Furthermore, compared to the sun, neutron stars have
much higher density and deeper gravitational wells, so it is much more difficult to
accelerate trapped DM above the escape velocity through interactions with neutrons.
To evaporate from the neutron star, the DM has to gain enough energy such that
its velocity is larger than the escape velocity of the neutron star. Because of the
degeneracy effect, the typical energy transfer from the free neutron is ~ T'; so the
evaporation effect is relevant only when the DM mass is less than ~ 27 /v2, ~ 48 eV
for T = 10° K, which is much below the lower mass limit of our constraints ~ 2 keV

in the most optimistic case. Therefore, we can safely ignore the evaporation process.
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3.4 Asymmetric Scalar Dark Matter in Neutron Stars

3.4.1 Thermalization

When DM particles are captured by the neutron star they lose energy via scat-
tering with neutrons, and soon attain thermal equilibrium with the star. To estimate

the thermalization time scale we calculate the DM energy loss rate:

dE

= = —éngo,v OF, (3.18)

where np is the neutron number density in the center of the neutron star, 0 F is the
energy loss of the DM particle during each scattering event, and we use & defined as
in Eq. (3.11) to parameterize the neutron degeneracy effect on the DM thermalization
process. The typical velocity and the momentum transfer 6p = v/2m,v fully determine
¢. However, unlike the capture case, where the velocity is set by the escape velocity
Vese, the thermal equilibrium of DM particles and neutrons now sets v ~ \/m ,
where Ey, ~ 3T/2 is the energy after thermalization. In the case of myxy 2 1 GeV,
6p ~ V2mpv ~ 2.1 x107° GeV(T'/10° K)/2(100 GeV /mx)'/2, which is much smaller
than pr ~ 0.575 GeV. For my <

~Y

1 GeV, the momentum transfer is given by
6p ~ V2mxv ~ 6.8 x 107°(T/10° K)/2(mx /0.1 GeV)'/? which is again less than pp.
Therefore, the neutron degeneracy effect reduces the DM thermalization efficiency
over the entire DM mass range, and £ is everywhere given by £ ~ dp/pp.

To estimate the thermalization time scale, we solve Eq. (3.18) and get

2
mymppr 1

by 0 —————— ——. 3.19
h 4 2npo,m? E, (3.19)

In the limit of myx 2 1 GeV, the thermalization time scale can be further simplified
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to ty, =~ V2m%ipr/(12m%ingo,T). Taking typical values, we see

mx 2 /2.1 x 107 cm? 10° K
£~ 0.054 ( ) . 3.20
th YOS \100 Gev ( o T (3.20)

If DM mass is less than 1 GeV, the thermalization time scale is given by

0.1 GeV 2.1 x 107 c¢m? 10° K
to, =~ 7.7 x 1077 years ( ° ) < . . ) ( > . (3.21)
mx On T

To derive constraints on scalar ADM from black hole formation, we will assume the
captured scalar ADM follows the thermal distribution in the neutron star. This is
only true when t,, is less than the neutron star age ~ 10 years. As we can see
from Egs. (3.20) and (3.21), light DM easily satisfies this condition. For heavy DM,
ty, is not always less than the neutron star age. In the following discussion we first
assume the DM reaches thermal equilibrium with neutrons, and then we check the
consistency of this assumption.

After attaining thermal equilibrium, captured DM particles drift to the center of

the star and form an isothermal distribution with the typical radius

9T 1/2 T 100 GeV\ 2
—(—— ) ~2u - . 3.22
o (47TGPBmX) o (105 K mx ) ( )

We can see that the captured DM particles very quickly occupy a very small region

near the neutron star core.

3.4.2 Self-gravitation and Black Hole Formation

If the DM density is larger than the baryon density within the thermal radius 7,

the DM particles can become self-gravitating. For a total DM mass Mx = Nxmx
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within a thermal radius r,, this condition is

3Mx
4ard,

2 PB- (3.23)

Therefore, the DM becomes self-gravitating once the total number of DM particles is

larger than a critical number

100 GeV\>2 /T \*?
-~ 41
Nself ~ 48 x 10 <m—X> (105 K) . (324)

Recall the upper limit for the bosonic system given in Eq. (3.6) above which the zero

point energy cannot prevent gravitational collapse:

(3.25)

1 2
NEson ~ 1.5 x 103 (OO—GGV) :

mx
Thus, if the scalar ADM thermalizes and the mass satisfies mx < 1017 GeV (T/10° K)®,
we always have Ny p = N0, In this case, gravitational collapse occurs as soon as

DM particles become self-gravitating in neutron stars.

3.4.3 Bose-Einstein Condensation

In the above discussion, we implicitly assumed that all captured scalar ADM
particles followed a Maxwellian velocity distribution. At the extreme densities we
are considering here, however, this minimal assumption is not necessarily satisfied.
In particular, ensembles of bosonic particles at high densities exhibit novel statistical
properties. If the central temperature of the neutron star falls below the critical
temperature to form a Bose-Einstein condensate (BEC), the particles in the ground
state condense and no longer follow the thermal distribution. We will now show that
for light ADM this condensation increases the density and reduces the restriction

on self-gravitation to such an extent that the number of ADM particles necessary
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for self-gravitation is less than the bosonic Chandrasekhar limit. Thus, gravitational
collapse is set by NZsom.
To check this sequence of events, we begin by noting that for a given bosonic DM

number density ny, the critical temperature to form the BEC is given by

C

2_”{ nx r/g, (3.26)

mx §(3/2)

where ( is the Riemann-Zeta function, ((3/2) ~ 2.612, and nx = 3Nx/(4wr},). To
see how likely it is that the captured ADM will form a BEC in the neutron star, we

can estimate the critical ADM number as

3\ (mxT\>? 4rrd T \°
Ny =(|[= th ~1.0x10% [ —— 2
X <(2)(%) 3 ST (3:27)

where we have used Eq. (3.22). Therefore, if the total captured ADM in the neutron

star is larger than 1.0 x 10% (7/10° K)*, some of captured ADM particles go to the
ground state and form a BEC. This condition can be satisfied for a neutron star with
relatively low central temperature as indicated by Eqs. (3.16) and (3.17) .

For T' < T,, the BEC forms and the number of particles in the condensed ground

T 3/2
NY = Ny [1 — (T)

Since these ground state particles effectively have zero temperature, they sink deep

state is

T 3
~ Nx — 1.0 x 10* (105—K> : (3.28)

into the core of the neutron star. We can estimate the radius of distribution of the

ground state by requiring the zero point energy equal the gravitational energy:

3 1/4 100 GeV'\ /2
S ~15x107° - . 3.29
<8wam%(p3> ' m( my ) (329)

This is much smaller than ry, which indicates a much higher DM density. Thus,

the ground state itself may become self-gravitating. The critical number for the
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self-gravity of the DM particles in the condensed state is

4 3 100 GeV '\ /2
NS, = ?”W—BEC ~ 1.0 x 10% (—e> . (3.30)
mx mx

Once the number of DM particles in the ground state is larger than N_,;, these

ground state particles become self-gravitating. Since N2,

7 is less than Ngef, the
onset of self-gravity is marked by N, instead of N,y in conditions where a BEC

forms. As indicated above, this leads to qualitatively different behavior as compared

to the case when a BEC does not form, since now N2,

s can be less than Ngper. If
this is the case, as soon as a condensed ADM system reaches the Chandrasekhar limit
it will undergo gravitational collapse.

For this effect to be important, N% has to grow larger than the Chandrasekhar
limit for a bosonic system, so that the condition for black hole formation of the BEC
becomes N$ > Ngson. By using Eq. (3.28), we get a lower limit on the total DM
number Ny,

T 3
Npge = NZZ©™+1.0 x 10% (105—K)

1 2 T \°
1.5 x 10** <00—Gev> + 1.0 x 10% (—K) : (3.31)

12

mx 105

We can see that the value of the right-hand side of Eq. (3.31) is less than N if the
DM mass mx < 1.9 x 10* GeV (4.7 x 103 GeV) for a central temperature 7' = 10° K
(10° K). In the situation where this condensation can occur, the BEC shortens the

time scale for the black hole formation for the scalar ADM in the low mass range.

3.5 Hawking Radiation and Destruction of the Host Star

During the collapse process, the gravitational contraction releases energy which

can be absorbed by neutrons through DM-neutron scattering. This cooling mech-
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anism is so efficient that eventually the DM sphere collapses to a black hole [36].
Once a black hole is formed at the center of the neutron star, it will rapidly capture
the baryonic matter of the neutron star. Hawking radiation will also be active, re-
ducing the mass of the black hole and possibly heating the remaining DM. Finally,
the black hole may also consume the ambient DM particles, which can be crucial for
the stability of the black hole. Here, we analyze the relative contributions of these
effects, and we see that in the majority of our parameter space the black hole will
grow and eventually consume the host neutron star. Once the physics of the accretion
is properly considered, we find that Hawking radiation could be important for high-
and intermediate-mass ADM.

For a black hole with mass Mgy, the differential equation that governs the rate

of change of mass is

dMpy GMpr\’ 1 dMpy
~drd, (1) ppu, — . 32
a - ( 2 ) P T 5360nGE MR,y ( di )DM (3.52)

S

The second term of Eq. (3.32) represents the Hawking radiation rate, while the third
term is the accretion rate of ambient DM particles. The first term of right-hand side
of Eq. (3.32) is the Bondi-Hoyle accretion rate, in which v, = \/W is the sound
speed and A, is the accretion eigenvalue for the transonic solution. To determine v,
and A;, we characterize the equation of state of the neutrons by P = Kp”, where
K and v are constant. For a non-relativistic degenerate neutron gas, which is a
good approximation for neutrons in the neutron star, we have v = 5/3 and K =
32/374/3 /(5m3/*) [40]. We estimate the sound speed as v, = /Kyp71 ~ 10° km/s,
where we take p ~ 1.4 x 10 g/ecm3. The accretion constant is given by \, =

(1/2)0+D/27=2)[(5 — 3) /4]~ =31/(27=2) = (.25 [40].

60



3.5.1 Black Hole Mass without Bose-Einstein Condensation

For large ADM mass, we found above that Ny,r < Nppc and a black hole forms
without the assistance of a BEC. After formation of the black hole, the neutron star
continues capturing DM particles. These newly captured DM particles eventually sink
to the center of the neutron star and distribute themselves within r4,. In principle,
the black hole can increase its mass by capturing these additional DM particles.
However, we find that this capture rate is very small and (dMpgy /dt)pys is negligible.
This is because, for a non-relativistic particle moving towards the black hole, its
impact parameter must be less than b,,,, = 4GMppy /vs [40] to penetrate the angular
momentum barrier and fall into the black hole. Here, v, is the particle’s velocity when
it is far away from the black hole.

Taking Mppy ~ mx Ny and ve ~ /3T /mx, we can estimate by,q, as

10 T T
bnaw ~ 1.6 x 107 cm ( y ev) ( ) , (3.33)

mx 1_05

which is much smaller than the thermal radius 74, ~ 2.4 cm(7/10° K)(10 TeV /mx)"/2.
Therefore the majority of DM particles captured after formation of the black hole do
not fall directly into the black hole. The remaining DM particles orbit the black hole
at a distance of order r4,; the black hole gains mass from these particles at a rate
set by the collisionless spherical accretion approximation [40]. We find that the DM
accretion rate is much less than the baryon accretion rate, so we can safely ignore the

(dMpy /dt)pys term in this case, and we obtain a critical initial black hole mass:

Mg ~1.2 x 10°7 GeV., (3.34)

Without a BEC, the initial black hole mass is Mgy ~ Nggrmx. If we demand

Neaymx 2 Mg, we find that for my < 2.6 x 10° GeV (7/10° K) the Hawking

~Y ~Y

61



radiation has a longer time scale than the accretion process. Hence in this mass
range the black hole will continuously accrete baryonic matter until the neutron star

is consumed entirely.

3.5.2 Black Hole Mass with Bose-Einstein Condensation

For low-mass ADM, particles in the BEC ground state form a black hole. We
must check the mass above which the black hole evaporates. If we naively ignore the
term (dMpg/dt)py and demand Mpy ~ mx NEom > M we find that the black
hole mass increases only for the DM mass less than ~ 13 GeV. If so, the constraint
is valid for mx < 13 GeV. But in contrast to the non-BEC case, (dMpy /dt) ppr may
have an important effect on the black hole mass evolution, and we find that the bound
can be sensitive to masses higher than ~ 13 GeV. We detail our reasoning below.

Since the black hole forms only from ADM particles in the ground state, the
remaining ADM particles follow an isothermal distribution with a radius ry,. As
discussed above, the thermally distributed DM particles do not fall into the black hole,
and so the phase space of the non-BEC state is still completely occupied. Hence, if any
more ADM particles are introduced to the thermal region, a new BEC ground state
must form in the center of the star. In this way, the introduction of more DM particles
into the thermal radius essentially forces the formation of a BEC ground state. Before
and after the mini black hole forms, the neutron star continuously captures ADM
particles. All of the captured ADM particles will eventually thermalize, sink to the
center of the neutron star, and prompt the formation of a new BEC state.

If the thermalization time scale is shorter than the evaporation time scale of the
mini black hole, the black hole can always efficiently accrete ADM particles in the
new BEC state. Taking the initial black hole mass as Mpy ~ mxNZ:m = 1/(Gmx),
we can conservatively estimate the black hole evaporation time scale in the absence

of particle accretion as tpq, =~ 15360mG*M3;/3 ~ 5 x 10* years (100 GeV/mx)3.
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This is much longer than the thermalization time scale given in Eq. (3.20). Since all
newly-captured ADM particles eventually go to the ground state after the amount of
time it takes them to thermalize, the rate at which ADM particles fall into the BEC
ground state per unit time is given by the capture rate Cz. To check whether or not
the ADM particles in the BEC state feed the black hole efficiently we calculate the
maximal impact parameter b,,,, and compare it with the distribution radius rggc.

With MBH ~ 1/<Gmx) and Voo ™~ 1/<mXTBEC)7 we have

bmax ~ 4TBEC’7 (335)

where rgpe is given by Eq. (3.29). Since byae 2 rBEC, We see that the black hole can

efficiently consume the BEC. This occurs at a rate given by (dMpg/dt)pyr ~ mxCp:

dMBH 36 PX OXB
~ 2.3 x 10°° GeV (336
( dt )DM - eV/year 103 GeV/em? / \ 2.1 x 10=%° c¢m? (3.36)

This new source of accretion overwhelms the Hawking radiation, which is emitted at
the rate (dMpg /dt),,, ~ 10*" GeV /year (my /100 GeV)?. Thus, in the BEC case our
constraints can be sensitive to scalar ADM with mass much higher than the naive
estimate, my ~ 13 GeV.

In this discussion, we have assumed that the black hole formation and Hawking
radiation do not destroy the BEC state. However, one may note that the black hole
radiates as a blackbody at a very high temperature, Ty = (87GMpy)™t ~ mx /8.
If this Hawking radiation is emitted solely as relativistic particles of the standard
model such as photons and neutrinos, these particles will heat the neutrons which
in turn heat the ADM. We may estimate the change in neutron temperature by
assuming that all of the initial rest mass energy of the black hole goes into heat. We
see that in this case equipartition of energy requires that AT ~ mxNZ&:"/Np ~

1.0x 1077 K (10 GeV/mx), and there is no change in the thermal ADM distribution.
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On the other hand, if the energy produced by the Hawking radiation is efficiently
transferred to DM particles, the situation may change. For example, the DM may
couple to some light mediator particles, which can be produced by the Hawking
radiation. These light mediators may heat the ADM directly and transfer the black
hole energy to the thermal energy of ADM particles. In this case, the calculation is
rather complicated and a detailed analysis is beyond the scope of the current paper.
Here we give a conservative estimate by assuming that all of the initial black hole
mass goes to the thermal energy of DM particles. The equipartition of energy gives
AT ~ my NEon /Ny, ~ 1.7 x 101 K (10 GeV /mx) (T/10° K)~°, where the number
of remaining non-BEC particles is Ny, = 1.0 x 103 (7/10° K)®, from Eq. (3.31).
This heating will greatly affect the thermal distribution of the scalar ADM particles.
Since 1y, o VT, the phase space will expand greatly, and the newly-captured ADM
particles do not form the BEC state. Thus, the black hole constraints are lifted in
this case.

In practice, for the heating process to occur ADM particle must couple to some
light mediator particles, because the black hole can only produce particles with mass
much less than Tjq,, ~ mx /8m. On the other hand, the presence of the light mediator
may also mediate DM self-interactions, and the observed ellipticity of DM halos places
a lower bound on the mediator mass [43]. As an example, if myx ~ 13 GeV, the halo
shape constraint requires the mediator mass larger than ~ 40 MeV [44]. Thus, for the
scalar ADM with mass mx ~ 13 GeV the existence of a mediator with mass in the
range ~ 40 MeV — 0.5 GeV may help avoid the black hole formation constraints while
remaining consistent with the halo shape bound. We can see that the constraints for
myx 2 13 GeV in the BEC case are rather model-dependent, and we specify these
regions in our plots.

Now we estimate the destruction time scale. If the initial black hole mass exceeds

the critical value Mg, the time scale to destroy the neutron star is set by the Bondi-
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Hoyle rate:

U3

M
t~v—— ~23x107°5s <—®) , 3.37
1G?ppMpn Mgy (3:37)

where we take vs ~ 10° km/s and M, is the mass of sun. Therefore, the characteristic
time scale is t ~ 17 years (my /100 GeV)*? (10° K/T)3/2 and 5.4x 10° years (mx /GeV)
for the non-BEC case and BEC case, respectively, which we note is much shorter than

the typical old neutron star age ~ 10'° years.

3.6 Observational Constraints

So far, we have gone through the conditions for the captured scalar ADM parti-
cles to form a black hole. Such a black hole can destroy the host neutron star. We
can see that these conditions are easily satisfied if the ADM particles have a sizable
scattering cross section with neutrons. However, we observe many old neutron stars
near the solar system and in globular clusters. Therefore, these observed old neutrons
stars constrain the ADM-neutron scattering cross section. In this section, we proceed
to derive upper bounds on ADM-neutron scattering cross section for a given ADM
mass. In Sections 3.6.1 (3.6.2), we first derive the constraints on o, by assuming
fiducial neutron star parameters for the case without (with) Bose-Einstein condensa-
tion. In Section 3.6.3, we apply these bounds to observed neutron stars in the solar

neighborhood and in the globular cluster M4.

3.6.1 Constraints on DM-neutron cross section without Bose-Einstein

condensation

We first discuss constraints in the absence of BEC formation; this gives rise
to conservative constraints in the low mass range but is more stringent for high
masses, where BECs do not readily form. Since in this case Nygp > NEgson for

myx < 1017 GeV(T/10° K)3, gravitational collapse occurs as soon as DM particles
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start self-gravitating. In order to avoid the destruction of neutron stars, we demand
Nx < Ny and get an upper bound on DM-neutron scattering cross section o,. For
DM with mass myx 2 1 GeV we derive the following bound on o, using Egs. (3.16)
and (3.24) and requiring that the host NS is not destroyed over the course of its

lifetime t:

10> GeV/em® 10% years) (100 GeV T )3/2 (3.38)

< 4.4 % 107" cm? .
“ o PxX t mx 105 K

For mx <1 GeV, the bound on o, is

Px t mx 100 K

03 % 1046 op? (106 GeV/em?® 100 years) (0.1 Gev)5/2 ( T >3/2
On . .

(3.39)
Since the capture rate saturates when the DM-neutron scattering cross section is
larger than 0,4, =~ 2.1 x 107% cm?, the upper bound on ¢, is only valid when the
value of the right-hand side of Eq. (3.38) and Eq. (3.39) is smaller than o,,,,,. Because
the capture and thermalization processes do not distinguish between spin-dependent
and spin-independent cross sections, the bound on o, applies to both cases.

We depict the constraints from requiring the NS survival in the left panel of
Fig. (3.1) with various values of the DM density. We take the central temperature as
10° K and neutron star age to be 10! years. The most prominent qualitative feature,
the sharp vertical cutoff, corresponds to cross sections o, ~ 2.1 x 107*® cm?. Here,
the geometric cross section limits the capture of DM particles, so we cannot constrain
the interaction cross section for the mass below the cutoff. Furthermore, without
a BEC, we can constrain scalar ADM with mass mx < 100 MeV only if the DM
density px = 10° GeV/cm?. One may find regions with such high DM density near
the galactic center. As we discussed before, if the DM mass is less than ~ 1 GeV,
the capture rate is reduced due to the neutron degeneracy effect, which is indicated

by the change in slope of the curve with px = 10° GeV/cm?® when my < 1 GeV.
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For DM mass mx 2 10° GeV, the factor B* in Eq. (4.1) falls below one and the
capture probability through a single scatter becomes lower, as shown by the bump in
the left panel of the figure. In the hatched region, DM particles cannot thermalize
with the surrounding neutrons within the age of neutron star as discussed in Section
IV A. In this region, the captured DM does not necessarily distribute within the
small thermal radius of the neutron star core, and the bound does not apply. In the
cross-hatched region, the initial black hole mass is so small that it can evaporate due
to the Hawking radiation as shown in Section V A. In the square-hatched region, the
Hawking radiation may interfere with DM accretion, and the black hole will evaporate
in some case as discussed in Section V B.

We can also estimate the analogous bound from white dwarf stars. Typical
white dwarf parameters are [45]: mass ~ 0.7 Mg, radius ~ 6.3 x 103 km, density
~ 10% g/cm?, central temperature ~ 107 K and escape velocity ~ 6 x 10% km/s.
White dwarfs are composed of carbon and oxygen; we make the conservative assump-
tion that the white dwarf is entirely composed of carbon. We find that the white
dwarf bound on o,, is about nine orders of magnitude weaker than the limit derived

for typical neutron stars.

3.6.2 Constraints on DM-neutron cross section with Bose-Einstein con-

densation

If the captured scalar ADM does form a BEC, the constraints on the DM-neutron
cross section become stronger. This is because Nppc S Ny for the DM mass less
than a few TeV, dependent on the central temperature T'. In this case, self-gravitation

and gravitational collapse will occur more quickly due to the heightened density of

the ADM.
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Figure 3.1: Regions (gray) of DM-neutron scattering cross-section in which accumu-
lated scalar ADM forms a black hole. We have px = 0.1 cm3/s along the
dotted red lines, which is approximately the DM density in the solar neigh-
borhood. In the left panel, we assume a Bose-Einstein condensate (BEC)
does not form and all captured DM particles become self-gravitating and
collapse. In the right panel, we assume a Bose-Einstein condensate (BEC)
does form and DM particles in the BEC ground state collapse and form
a black hole. We take the neutron star age to be 10'° years with a cen-
tral temperature 10° K. In the diagonally shaded regions, DM particles
cannot thermalize with neutrons within the age of neutron star. In the
diagonally cross-hatched region, the black hole can evaporate due to the
Hawking radiation. In the square-hatched regions, Hawking radiation
may interfere with DM accretion by heating the thermalized DM, and in
some cases the black hole can evaporate (see discussion in Section V).
In these hatched regions, the bounds are lifted. The black regions are
excluded by recent CDMS results (SI) [3].
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For mx 2 1 GeV, the requirement Nx < Npgc gives:

<01 %10~ em? (103 GeV/cm?® 101 years) < my >
o, <. cm :

Px t 100 GeV

100 GeV'\? T \°
—2
In the case of mx < 1 GeV, the upper limit on o, is given by
o0 <62 % 10°5 cm? (103 GeV/em® 10" years)
pPx 3
0.1 GeV\? T\
4

Again, we derive bounds by requiring that the host star is not destroyed by the
gravitational collapse of the ADM.

In the right panel of Fig. (3.1), we display the DM-neutron scattering cross section
with various values of the DM density that satisfy Nx = Npgc. For mx < 10 GeV,
the BEC forms before the Chandrasekhar mass is reached, while for my 2 10 GeV,
the Chandrasekhar mass is reached before the BEC forms, so that collapse of the DM
to a black hole occurs as soon as the BEC forms. The change in the slope of the
curves around mx ~ 1 GeV is a combination of this effect with a decreased capture
efficiency below mx ~ 1 GeV. We can see the formation of the BEC significantly
improves the bound for light ADM. As an example, we see that for pxy =1 GeV/cm?,
BEC formation strengthens the constraint as long as mx < 13 GeV, while for higher

masses the entire mass of ADM becomes self-gravitating before BEC formation occurs.

3.6.3 Constraints from observed pulsars

Now we consider the observations of a few relatively cold and old neutron stars
that can provide tests of this effect. PSR J0437-4715 is a nearby pulsar at a distance

of about 139 + 3 pc from the solar system. The surface temperature is T, = 1.2 x
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Figure 3.2: Regions (colored) excluded by the nearby pulsars J0437-4715 (left) and
J2124-3358 (right). The shaded, diagonal and square cross-hatched, and

black regions are as in Fig. (3.1). In hatched regions, the bounds are
lifted.

10° K [46]. When its secular motion is accounted for, calculations indicate its age is
6.69 x 10% years [47]. Another nearby pulsar is PSR J2124-3358, located 270 pc away
from us with a surface temperature T, < 4.6 x10° K [46]. Its age is 7.81x 10 years [47].

For these nearby pulsars, we can calculate the central temperature from the surface

temperature T, by using the analytical formula [48]

0.455
T~ 1.288 x 108 K

10M cm/s( T. )4

p R : (3.42)

where g, = GM,,/R? is the surface gravity and we take g, ~ 1.7 x 10! cm/s? for
M, = 1.44 M and R,, = 10.6 km. We find the central temperature is 2.1 x 10 K and
2.5 x 107 K for J0437-4715 and J2124-3358, respectively. We take the ambient DM
density to be 0.3 GeV/cm?, because these pulsars are in our relative neighborhood.
In Fig. (3.2), we show the constraints on the DM-nucleon scattering cross section of
the scalar ADM from the nearby pulsars J0437-4715 (left panel) and J2124-3358 (right
panel). We can see that J0437-4715 can constrain scalar ADM with my 2 10 TeV

without a BEC. With the formation of a BEC, it is also sensitive to the mass range
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mx ~ 5 MeV — 13 GeV. The captured scalar ADM cannot form a BEC in the pulsar
J2124-3358. This is because it has a relatively high central temperature, and the
formation of a BEC requires a DM-nucleon cross section larger than the saturation
cross section gz =~ 2.1 x 1074 cm?.

Since the bound is sensitive to the DM density, we also consider neutron stars
in regions with high px. Globular clusters possibly offer this type of environment,
and observations of Pulsar B1620-26 place it in the globular cluster M4 [49] with an
age of 2.82 x 10® years [46]. Since it is far away from us, its surface temperature is
unknown, and we are not able to calculate its central temperature. In our analysis,
we take 7' = 10° K as a reasonable approximation due to its advanced age. We take
px = 10° GeV/cm? for the DM density and © = 20 km/s, motivated by discussions
in Refs. [25,38]. Note that the exact value of DM density in globular clusters is
unknown. Globular clusters are baryon-dominated systems, and currently there is
no evidence that DM is present in these systems; see Ref. [50] for simulations of DM
content in globular clusters. In Fig. (3.3), we show the constraints on the DM-nucleon
scattering cross section of scalar ADM from the pulsar B1620-26 in the globular cluster

M4. Note that when the DM mass is larger than ~ 4.7 x 10® GeV, Nggc = Nerf

and all captured DM particles collapse before a BEC forms.

3.7 Conclusions

We have studied the consequences of scalar ADM accumulation in neutron stars.
Neutron stars have high density and are ideal objects for capturing DM at high rates.
Since ADM does not self-annihilate, a high mass of DM can accrete in the neutron
star, and, lacking Fermi degeneracy pressure, rapidly self-gravitate and exceed the
Chandrasekhar limit. Furthermore, the formation of a BEC increases the density
of the ADM by several orders of magnitude, which greatly accelerates the onset of

gravitational collapse and considerably strengthens the constraints in certain regions
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Figure 3.3: Regions (colored) excluded by the pulsar B1620-26 in the globular cluster
M4. Note the globular cluster M4 is a baryon-dominated system, and
there is no evidence for the presence of dark matter. Here, we take px =
10? GeV /cm?® motivated by numerical results in Refs. [25,38]. The shaded,
diagonal and square cross-hatched, and black regions are as in Fig. (3.1).
In hatched regions, the bounds are lifted.

of parameter space. For high dark matter mass, which corresponds to a low initial

black hole mass, Hawking radiation can weaken the constraints. In the absence of

light messenger particles, this effect is quite limited in scope, but if the black hole
can heat the ADM directly it may affect a larger range of parameters.

We have computed the size of all of these effects and found that some presently
observed pulsars constrain scalar ADM far more tightly than what is currently pos-
sible with direct detection experiments. These constraints are stronger even than
the upcoming generation of experiments. We also note that these constraints can be

significantly improved in the future with observations of old pulsars in regions of DM

density greater than 103 GeV/ cm®.

Note: Since the first version of our paper appeared, [51] was written. In the case
where a BEC forms and Hawking radiation is important, the authors of [51] find that
scalar ADM with mass ~ 0.75 MeV — 16 GeV is excluded by nearby neutron stars if

the scattering cross section with neutrons is sizable. Our results exclude scalar ADM
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in the mass range ~ 5 MeV — 13 GeV in the same scenario. The discrepancy in the
low mass limit comes about because we take into account the degeneracy effects on

the capture rate. This is important for DM mass below ~ 1 GeV.
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CHAPTER IV

The Dark Matter Inverse Problem: Extracting

Particle Physics from Scattering Events

The primary observable in dark matter direct detection is the spectrum of
scattering events. We simulate multiple positive direct detection signals
(on germanium, xenon, and argon targets) to explore the extent to which
the underlying particle physics, manifested in the momentum dependence
of the operator mediating the scattering, can be extracted. Taking into
account realization (Poisson) noise, a single target nucleus with 300 events
has limited power to discriminate operators with momentum dependence
differing by ¢*? for a wide range of dark matter masses from 10 GeV to
1 TeV. With the inclusion of multiple targets (or a factor of several more
events on a single target), the discrimination of operators with different
momentum dependence becomes very strong at the 95% C.L. for dark
matter candidates of mass 50 GeV and above. On the other hand, op-
erator discrimination remains poor for 10 GeV candidates until multiple

experiments each collect 1000 or more events.

Written in collaboration with Hai-Bo Yu and K. M. Zurek. Originally published as The Dark
Matter Inverse Problem: FEuxtracting Particle Physics from Scattering Fvents, Phys. Rev. D 85,
123507 (2012). arXiv:1110.4281 [hep-ph], MCTP-11-34.
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4.1 Introduction

Dark matter (DM) dominates the dynamics of matter on large scales in our uni-
verse, yet the theory which describes its underlying interactions, both with itself and
with the Standard Model (SM) sector, remains hidden. Viable, testable models that
are capable of both describing the DM and satisfying the observed constraints abound
in the literature. The most popular DM candidate is the weakly interacting massive
particle (WIMP). A well-studied example of a WIMP is the lightest supersymmetric
particle in the minimal supersymmetric standard model (see e.g. [1] for a review).
This candidate satisfies the observational constraints that it is long-lived, cold, and
weakly interacting. Its mass is typically predicted to be between 10 GeV and 1 TeV,
and its interaction with ordinary particles is mediated by an operator that gives rise
to momentum-independent interactions.

Direct detection experiments, such as XENON100 [2] and CDMS-IT [3], have
achieved a high level of sensitivity to a WIMP in this mass range. In general, the
focus has been on ruling out DM candidates with the most standard characteristics
— momentum independent scattering in the mass range well above 10 GeV. How-
ever, some recent experimental hints have led to more detailed investigations of other
possibilities. In particular, the DAMA-LIBRA [4], CoGeNT [5], and CRESST-II [6]
experiments have excesses which may be consistent with a DM mass of order 10
GeV, leading to a renewed theoretical interest in DM candidates with mass in this
range. However, these results are in tension with the null results of XENON10 [7,8],
XENON100 [2], and CDMS [9]. This has revitalized interest in DM candidates that
have non-standard features that might allow one to evade the constraints from the
null experiments. In particular, operators that mediate interactions that give rise
to momentum-dependent scattering rates, first considered in [10-12], have received
renewed interest [13-18].

Independent of these results, direct detection experiments with increasing sensi-
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tivity are continuing to probe the WIMP DM hypothesis. The XENON collaboration
will soon begin construction on a XENONIT phase [19]; a 3.6 ton liquid argon detector
operated by the DEAP/CLEAN collaboration, DEAP-3600 [20], is under construc-
tion; and 100 kg and 1 ton cryogenic germanium detectors are being planned [21] by
the Super-CDMS/GEODM collaborations. If there is a positive signal from one of
these experiments, the signal must be confirmed by multiple experiments with dif-
ferent targets. Furthermore, one would like to determine experimentally whether the
scattering is in fact mediated by a standard spin-independent operator or whether the
underlying particle physics is more complex, with non-standard types of momentum
dependence in the scattering. Additionally, recent theoretical work has focused on the
feasibility of extracting different types of information from scattering events [22, 23].

In this paper we explore the dark matter inverse problem; that is, the capability
of direct detection experiments to extract the underlying particle physics mediating
the scattering of a DM particle. In practice this question boils down to how well the
momentum dependence in an operator can be mimicked by other operators for a given
target and DM mass. We simulate detection events using different types of interac-
tions with varying momentum and velocity dependence, then we fit these events by a
wide variety of interactions. In principle, one can distinguish interaction types by just
checking the recoil spectra for an individual target. For example, if DM scatters with
the target nucleus through an interaction with a positive momentum dependence, one
would expect events to drop in low recoil energy bins, while the event rate increases
exponentially towards low recoil energy for a standard momentum independent in-
teraction. However, if only one target is available, the capability for distinguishing
operators through the spectra in this way is limited by the experimental noise and
detector threshold. With multiple nuclear targets one may also compare the overlap
of the DM preferred regions on different target nuclei to determine the correct opera-

tor. We find that, for similar cross-sections, analysis of high mass DM particles leaves
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distinctive qualitative imprints that allow one to extract the momentum dependence
in the scattering. When two operators cannot be distinguished between each other,
it is because they have a very similar momentum dependence. On the other hand,
operator discrimination for a 10 GeV candidate is poor. We conclude that a signif-
icantly lower threshold, or much improved statistics, than is available for the next
generation of experiments will be necessary in order to extract the particle physics
mediating the scattering for a light DM candidate.

We begin the paper by briefly reviewing direct detection basics. In Section III we
discuss our methodology, including detector effects, analysis methods, and conven-
tions. In Section IV we go over our results. Finally, we summarize our conclusions in

Section V.

4.2 Preliminaries

We compare the spectra for standard spin- and momentum-independent scattering
against operators with momentum dependence. We call operators with n additional
powers of momentum transfer ¢"-type scattering, where n = +2, +4. We also con-
sider scattering via anapole and dipole operators, which feature mixed momentum
dependence (constant and ¢? dependence for the former operator, and ¢? and ¢* de-
pendence for the latter). In this section we review the rate relations for the various
types of operators and define our conventions for reporting results.

For generic scattering the observed differential rate of observation of DM particles

may be written

dR
—(Eg) = _ P

dER mpvmmn

dopym-nN

50 A Er). (41)

/dg’(_f v f(U(], 1_):3; Umins Uesc)eeff(ER>

Here, pg is the local DM density; mpy is the DM mass; my is the detector nucleus

mass; the velocity distribution is given by f(vo, Ue; Umin, Vese); €ei(E'r) is the detector
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efficiency, which may depend on the energy of recoil; and the differential cross-section
dopm-n/dER describes the interaction. The total number of events is given by inte-

grating the differential rate as

Emaz,i

- R dR
Ni(Egnn, E'félax) — / o dER_EeXp> (42)
E’rénn,z dER

where €y, is the exposure, generally given in terms of kilograms of exposed material
multiplied by the days of duration of the experiment.

All of the particle physics information present in Eq. (4.1) is contained in the fi-
nal term, dopy— y/dER, while the astrophysical considerations are reflected in py and
f (vo, Ue; Umin, Vese). The remaining effects, such as e (ER), €exp, and my, are detector-
specific. The objective of this paper is to extract information about the operator con-
tent of dopy—y/dER based solely on observables. We fix the astrophysical parameters
by the best current observations and assume the detector effects are well understood.
In particular, we take pg = 0.4 GeV/cm? and assume a Maxwell-Boltzmann velocity

distribution with a smooth exponential cutoff at the escape velocity:

<€_(17e+77DM)'('Ue+"7DM)/U(2) — e_Ugsc/U(Q)> v < Uesc
f(UOa 178; Umin, Uesc) = s (43)
0 V > Vese

Z|-

where we take vese = 544 km/s, vg = 220 km/s, and v, = 232 km/s. The normaliza-
tion N for this distribution can be found in the appendix of [16]. We find that our
results are insensitive to changes in these velocity parameters. Note here that we are
only interested in extracting the correct particle physics interaction. This differs from
recent work where the goal was to marginalize over astrophysical uncertainties while
extracting the basic physical parameters [23]. Astrophysical uncertainty will enlarge
the preferred region in the relevant parameter space for a single experiment, but our

results involve a comparison of multiple experiments for which the astrophysics are
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the same. We have checked that our results are unchanged as long as we use the
same inputs for the different experiments and do not marginalize over the unknown
quantities.

The differential scattering cross-section is related to the DM-nucleus scattering

cross-section oy via

dopm-nN mnonN
= 4.4
dEg 20302’ (4.4)

where py is the reduced mass of the DM-nucleus pair and v is their relative velocity.

For standard spin- and momentum-independent scattering, which we denote “std”,

std.
-

the results are quoted in terms of the cross-section for scattering off a nucleon, o
2
std sth?V [pr + fn(A - Z)]
ON =0n T3 2
Wi Iy

F2(A, ER), (4.5)

where f1,, is the reduced mass of the DM-nucleon pair. We take f, = f, = 1 here,
and assume a standard Helm form factor, Fy (A, Er) = 31 (qro)/(qro)e 4™ /2 with

s =0.9 and ro = ((1.23413 — 0.6)2 + 7/3(0.527)% — 552)"/*

fm [25].
For spin-independent, momentum-dependent scattering, the results will be re-

ported according to the convention [13]:

ol = (2) o5, (4.6)
do

In this work, we take gy = 50 MeV for all values of n!. We allow o, to float for both
the standard and ¢" type operators to satisfy normalization conditions described
below. In general, this will lead to o, ~ O(107%°) cm?. Note that the momentum-
transfer dependence of the ¢"-type operators serves to introduce extra powers of the

recoil energy, not extra powers of the DM velocity.

!Particle physics realizations of momentum-dependent scattering cross sections are discussed
in [13]. Note that [13] assumes that the mediator mass is heavier than the momentum transfer so
that n = 2,4 are positive. If the mediator mass is smaller than the momentum transfer, we can have
n=-2—4.
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Lastly, we define our conventions for operators with mixed momentum depen-
dence, the anapole (xv*ysxA,) and dipole (xo**xF),) operators. The scattering

cross-sections for these operators are [16]

1 J+1 b%
o = A {4UZZQF12(A, Egr) - ¢* [M Z*FE(A, Bg) — 2A%—— 37 m2 b2F 2 (4, ER)} }
N

i 4p3
oy = WMijp {4Q2UQZZF12(A7 ER)

2 1 J+1 b
—q4[< + >22F2(A Eg) —2A*~—— 27 QNb2F2(A,ER)] }

mpvmn mN

(4.7)

Here, M is the mass of a mediator particle that couples an off-shell photon to the DM
particle, while A is a confinement or compositeness scale that describes the magnetic
dipole moment physics; we take it to be 100 MeV in all of our analysis. The mediator
mass M is a priori unknown. In general, it floats around a fiducial value of a few
hundred GeV. J is the spin of the target nucleus, by is the magnetic moment of the
target nucleus, and b, = e/2m, is the Bohr magneton. The form factor Fy(A, Eg)
for the spin coupling term is important for spin-odd nuclei and is taken from [26].
Since the isoscalar and isovector couplings are model-dependent, we choose to take
a, = a, in this work. We find that the results are qualitatively insensitive to these
exact values.

The normalized interaction strength that we display on the plots for both anapole

and dipole moment operators is

p2 w\o (M N\
Go= 105107 () (2 2, 4,
I = g = 10510 (mn> (400 GeV) cm (4:8)

The fiducial value of M and thus of &, differs depending on the type of interaction
and the mass of the DM, but these values are chosen to obey the same normalization

conditions alluded to above. Our normalization conventions are described in greater
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detail in the next section.

4.3 Methodology

We simulate mock experimental (“input”) data, and compare the goodness-of-
fit of theoretical (“fit”) spectra against the input data. Ideal experimental data is
first generated via a model, then smeared according to both Poisson statistics and the
finite energy resolution of the experiment. We then fit theoretical models (convoluted
to take into account detector resolution) to the input data using a log-likelihood ratio

test. We describe our methodology in this section.

4.3.1 Detector and Statistical Effects

In order to fully simulate a direct detection experiment, one must fold detector
effects into the rate given in Eq. (4.1). A convolution integral (accounting for the fi-
nite energy resolution of the detector) and Poisson noise (expected in a counting type
experiment) are the most important of these effects. For low mass DM in particular,
these considerations are equally important in drawing conclusions. We describe here

how we take these effects into account.

Convolution. In order to compare a theoretical model against an input data set,
the rates must be smeared to take into account detector effects and noise. Both the
input data and the theoretical spectra are smeared according to the energy resolution,
because a realistic detector does not have perfect energy resolution. The observed
rate is well modeled by convolving the expected rate with an approximately Gaussian
distribution whose width is a function of detector element and true recoil energy:

dR JdR 1 (Ep — E')? }
M a4k E _\BR— B
dEn / JE, )\/27r can(A B P { 202 (A, E)

(4.9)
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Element Al Z J | by /b, | Abundance
Germanium | 73 | 32 | 9/27 | —0.879 7.73%
Xenon 129 | 54 | 1/2% | —0.778 26.4%
Xenon 131 | 54 | 3/2% | +0.692 21.2%

Table 4.1: Physical properties of stable spin-odd nuclei present in detectors. The
dominant argon nucleus has A = 40, and there are no spin-odd isotopes
with appreciable abundance.

For all isotopes present in a given detector we define the detector energy resolutions

to be

04et(Ge, E) = 1/(0.3)2 + (0.06)2E /keV keV, (4.10)
04et(Xe, E) = 0.64/ E/keV keV, (4.11)
04et(Ar, E') = 0.74/ E /keV keV. (4.12)

In all cases we take a flat efficiency. The isotopic abundances are crucial for extracting
information in the anapole and dipole cases. We list the spins, magnetic moments,
and abundances of the important spin-odd nuclei for each element in Table 4.1, and
take the abundances for the spin-even nuclei to be set by naturally occurring levels.
Integrating the convoluted rate in Eq. (4.9) over the recoil energy range in each
bin ¢ gives rise to binned observation numbers
_ ' Egba:c,i dé
N;(ER™, ERe) :/ AdER——€cap- (4.13)
These binned observation numbers produce the observable quantities that make up

both our input data and the data used in our fits. We will refer to the vector of data

points generated by Eq. (4.13) as the “convoluted spectrum.”

Poisson Noise. We expect that our input data are one of an ensemble of many

other data that could be produced by the expected model. Since the input data that
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come from any given experiment are produced by counting, we expect that the input
data will deviate from the convoluted spectra given in Eq. (4.13) at a level determined
by Poisson statistics. To simulate the observed events, we thus introduce stochastic
Poisson noise distributed about the spectrum given in Eq. (4.13).

We have checked that, as expected, the average CLC generated by many noisy
data sets converges on a CLC described by data generated by inputs from Eq. (4.13)

with no noise.

Log-Likelihood Ratio Test. We use a log-likelihood ratio to provide an estimate
of the fit parameters that best reproduce a set of input data. For input data n; in
the i-th energy bin (which has been smeared in energy as described above and in the
number of events according to Poisson statistics) and theoretical parameters 6 that

produce a convoluted spectrum with values v;, the log-likelihood ratio is

N
L=2 vi(0) —n; +n;In —= | + const., 4.14

[ 0 (4

where if n; = 0 the last term in the brackets is set to zero.? The parameters of inter-
est are the DM-nucleon cross section and DM mass. The parameters that minimize
Eq. (4.14) provide the point of best fit, and contours of constant L values give con-

fidence level regions. To define the 95% confidence level regions we take the region

inside of which L < Ly + ALZY% where for instance ALZ30f = 5.99 [38].

4.3.2 Defining the Spectra

We generate a vector of input data in the 7 energy bins, n;, for all three target nuclei
assuming interactions derived from standard, anapole, dipole, ¢?, and ¢~* operators.

Recall that the input data are smeared in energy as well as with Poisson noise. These

2The value of v; should never be exactly zero because even at high energy the convolution integral
will receive some contribution from events in the low energy tail of the convolution.
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spectra are obtained for DM masses of 10, 50, and 250 GeV. This is then compared
to the vector of theoretical data in the ¢ energy bins, v;, which are the convoluted
spectra for standard, anapole, dipole, ¢*2, and ¢** operators.

For xenon and germanium experiments, we take the energy range of the experi-
ment to be 5-60 keV, binned in a 1 keV interval from 5 to 13 keV, 2 keV from 13 to
25 keV, and 5 keV from 25 to 60 keV. For the argon experiment, a higher threshold
is assumed, taking the energy range of the experiment to be 20-60 keV, binned in 1
keV from 20 to 28 keV, 2 keV from 28 to 40 keV, and 5 keV from 40 to 60 keV. These
bins are moderately coarser than current and upcoming experimental capabilities,
but we find that the results are insensitive to bin size. We have checked that more
than doubling the number of allowed bins and using bins as narrow as 0.4 keV does
not affect our results. In all cases, properly accounting for the effect of the noise and
the energy resolution are more important than binning choices for reaching robust
conclusions.

Our conventions for the total rate may be fixed in two ways. First, we take
the exposure of all targets to be 2 ton-years and fix the total number of events on
germanium to be 300 for 50 and 250 GeV DM candidates and 100 for a 10 GeV DM
candidate. We allow o,, and 7,, to vary so as to achieve the desired number of events
on germanium. For a fixed exposure more events are observed on a xenon target
due to the higher atomic number, while fewer are observed on an argon target. To
check the robustness of our results and their sensitivity to statistics, we also calculate
results when an equal number of events are obtained on all targets (300 events for 50
and 250 GeV DM test masses, and 100 events for 10 GeV DM test mass). This will
allow us to disentangle the effect of statistics from the effects of particle physics. We
find that while the constraining power of individual experiments changes, we are able
to obtain good discrimination in both cases.

Due to threshold effects, fewer events are expected to result for 10 GeV DM
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candidates for a given scattering cross-section. As a result of these fewer events,
noise is an important limiting factor in our ability to definitively extract the correct
operator mediating the interaction. For light DM, kinematics is also very limiting.
For these reasons, our conclusions for light DM are less sensitive to the total number
of events: even with as many as 1000 events on a single target (which for a germanium
target corresponds to 20 ton-years of exposure for a cross-section o, ~ 107 cm?) we

do not obtain good discrimination for a 10 GeV candidate.

4.4 Results

There are two possible measures for operator discrimination that will be obvious
from our results: the absolute goodness-of-fit per degree of freedom, Zmin/ d.o.f., and
the overlap of the 95% preferred regions from fits to spectra generated by different
target nuclei. A mismatch of the input data and theoretical model should give high
log-likelihood values, and comparing the Zmin /d.o.f. values for different trial operators
can provide a clue to nature of the interaction that generated the data. Similarly,
different operators will give rise to different preferred regions as observed on multiple
targets. Overlapping confidence level curves (CLCs) can indicate that the momentum
dependence scales with target nucleus as expected for the hypothesized interaction
and disjoint CLCs can indicate the converse. As detailed below, considering the value
of Zmin for the combined data from all targets gives a test that is sensitive to both of
these measures.

Two subsets of the results are shown in Figs. (4.1) and (4.2) for input data cor-
responding to standard and dipole mediated scattering. More complete results are
available in the appendix and online [27]. The subsets shown in Figs. (4.1) and (4.2)
are chosen to represent illustrative contrasts to the input data; we describe our par-
ticular choices in more detail below. Each figure corresponds to one set of input data

(labeled by n;) generated according to the methodology described in the previous
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section. The individual panels of each figure correspond to fits of a theoretical model
(labeled by v;) to the input data. We divide the plots in Figs. (4.1) and (4.2) so that
the left panels show our results for the 10 and 50 GeV DM candidates for scattering
on all three targets: xenon, germanium and argon.® The right panels show the same
information for 250 GeV candidates. In the appendix, all CLCs are shown on the
same plot. The colors on the curves correspond to the minimum log-likelihood per
degree of freedom® for the fit of each operator to the data, with darker colors rep-
resenting the better fits. We have checked that different realizations of noise do not
change our ability to extract information about the particle physics.

In this section, we will start by going through a simplified analysis of the scattering
kinematics that explains the shapes of the CLCs in Figs. (4.1) and (4.2). Next, we will
explain how the tests discussed here allow one to extract the correct particle physics
that underlies direct detection events. We will do this both when all exposures are
the same and when the number of observed events is the same on all targets. This
allows us to determine the effects of statistics on our results. Finally, we will compare
models using the p-value test. This test will be a quantitative measure of both of the

qualitative tests described above.

4.4.1 Contour Shapes from Scattering Kinematics

We discuss the shapes of the CLCs that we observe in Figs. (4.1) and (4.2). The
kinematics of elastic scattering between DM particles and detector target nucleus
provides a straightforward handle on the shape of these preferred regions. For the

purpose of illustration, we take standard scattering and simplify the differential event

3We omit the argon curves in the 10 GeV case because argon events generated for the 10 GeV
analysis were essentially compatible with zero. Our argon curves are therefore closer to exclusion
curves than preferred regions. In all cases the germanium and xenon CLCs fit safely underneath the
argon “exclusion curve.”

4For high mass, d.o.f.(Ge, Xe) = 19, while d.o.f.(Ar) = 16, corresponding to the number of Er
bins minus the two fit parameters, mpjy; and o,,. For low mass candidates we have many fewer
degrees of freedom because fewer bins are filled: d.o.f.(Ge) = 6 and d.o.f.(Xe) = 1 — 5, depending
on the operator.
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rate given in Eq. (4.1) with the limit v.s, — 00, ignoring solar motion, terrestrial

motion, detector efficiency, and detector resolution. This recovers the result [1]

dR PoON Ermy
—(FR) ¥ —————— —— . 4.15
dER( 2) N T ( 20305 (415

The balance between the exponential term and the linear term on the right-hand
side of Eq. (4.15) gives most of the important kinematic information. This balance
is the key to understanding the basic content of our plots. To better understand the
implications of scattering kinematics on the operator discrimination, we consider two
extreme limits first.

If the DM mass is much less the target nucleus mass then puy ~ mpy and we can

approximate the differential rate by

dR POON < ERTTLN ) (4 16)

—(Fp) ~ ———— _
PToTAS o U R e pe

We can immediately see that this rate is very sensitive to the DM mass. If we increase
the DM mass the scattering rate will increase sharply because of the exponential term.
Our numerical results clearly reflect this sensitive dependence. From fits of the 10
GeV case shown in Figs. (4.1) and (4.2) we can see that all the 10 GeV contours are
very narrow. By contrast, the event rate is linearly proportional to the scattering
cross section and the shift has a rather mild dependence on the target mass. Hence,
detectors have poor cross-section discrimination capabilities for the low mass case.
At the other end of the mass range, if the DM is much heavier than the detector

nucleus mass then the differential event rate is given to first order by

dR POON ER
—(FEp) ~ ————— . 4.17
dER( R) \/ETI’LDMTTL?VUO eXP ( 2) ( )

2myvg

The exponential term is independent of the DM mass in this limit, and it becomes
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an overall factor for any given large DM mass. The differential event rate now just
scales as dR/dEr «x 0,/mpy. In this limit the target nucleus is not able to determine
the DM mass because one always can rescale o, to compensate the change of DM
mass while keeping o, /mpy unchanged. This so-called high-mass degeneracy [23] is
observed in Figs. (4.1) and (4.2). The allowed mass range can be unbounded for all
three targets when high-mass degeneracy is important.

These features explain certain coarse aspects of the CLC plots. Now we examine
the physics that leads to the separation of the CLCs in the parameter space, and we
investigate what this can tell us about the particle physics underlying the data. We
do this analysis first with equal exposures on all targets. We will also present results

with the same number of events recorded by all targets.

4.4.2 Operator Discrimination with Equal Exposures on All Targets
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Figure 4.1: 95% CLCs for a 10, 50, and 250 GeV particle interacting through an
n; = standard operator with equal exposures, such that there are 300
events on a germanium target and more (fewer) on a xenon (argon) target.
Comparisons are made to v; = standard, ¢*, and ¢~* operators. The
colors represent the value of Ly, /d.o.f. The standard interaction can be
distinguished from the q*™* operators via both CLC overlap and the values
of Lyin/d.o.f. As can be seen in Fig. (10) in the appendix, Ly, /d.o.f. is
less powerful for distinguishing n; = standard from v; = ¢*2, though
overlap remains robust.
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Figure 4.2: As in Fig. 4.1, but with an n; = dipole operator compared to v; = stan-
dard, ¢?, and ¢* operators.

95



For operator discrimination with equal exposures, the most important feature
of Figs. (4.1) and (4.2) is that, when the input data and theoretical model match
(n; = 14), the CLCs overlap regardless of candidate mass. When the theoretical model
is mismatched with the input data, the 50 GeV and 250 GeV CLCs separate, though
much less separation is apparent in the 10 GeV case. Thus for low mass candidates
the overlap test does not strongly discriminate between models, while for high mass
candidates the overlap test allows strong discrimination. Much of this power is derived
from the strong statistics gained from scattering off of a xenon target. By contrast,
we see in Fig. (4.2), where the momentum dependence of the operators differs by
q?, that, for scattering off a single target nucleus, the log-likelihood per degree-of-
freedom test can be limited by noise and does not provide a very good discriminant
between theoretical models — the fit can be just as good on a single target with the
incorrect theoretical model as it is with the correct theoretical model, even for high
mass candidates. This is especially true for argon, which has the fewest number of
events and smallest energy range. Xenon, however, has sufficient statistics to be
able to extract the correct operator mediating the scattering on its own. The good
discrimination of xenon is what makes the overlap between the xenon, germanium,
and argon CLCs a sensitive test.

We now investigate how CLC separation occurs. In Fig. (4.1) we compare input
data corresponding to standard momentum independent scattering to scattering from
g™ interactions. We specifically choose ¢** because these operators have the most
exaggerated kinematic effects. These comparisons will lead to the largest separations
in parameter space and show the widest disparity in the values of Lunin /d.of. The

differential event rate of the mismatched operators is given by

AR A2pyostd <\/2ERmN)i4 ex ( ERmN)

—(Ep) ~ — 4.18
dER( r) VTMpm Ao o 2u3v5 (4.18)
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Figure 4.3: Effect of momentum dependence and DM mass on fit spectra. The data
are from an n; = standard interaction and are depicted with Poisson error
bars. The best fit spectrum for v; = standard is shown as a green solid
line. We also show two v; = ¢* spectra. The ¢* spectrum in blue is at
the best fit point and the ¢* spectrum in red is taken at high mass to
illustrate the improvement in goodness of fit from reducing mpy. We can
also see the effect of xenon’s higher event rate and lower energy threshold
on its ability to determine the correct operator.

The most noticeable effect of the additional momentum dependence, as shown in the
second and third rows of panels of Fig. (4.1), is that on all targets the incorrect oper-
ators prefer different DM mass ranges than the value chosen by the correct operator:
q* scattering chooses low mass and ¢—* scattering prefers high mass.

This behavior is driven by the shape of the event distributions. As seen in
Fig. (4.3), the ¢™™ operator with a lower mass candidate can mimic the scattering of
a higher mass candidate with a standard spectrum. This occurs because as one de-
creases mpy the event number increases at low energy and decreases at high energy.
Likewise, we can consider a ¢~% operator, shown in the bottom row of Fig. (4.1). In
this case the event rate is suppressed at high recoil but increased at low recoil. In
Fig. (4.4) we see that larger DM masses are necessary to suppress the divergent low
energy tail of the ¢~* operator.

Changing the momentum dependence by only two powers, e.g. comparing n; =
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250 GeV, Argon spectra: nj—std, vi—»q™* 250 GeV/, Xenon spectra: m—std, vi—»q~*
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Figure 4.4: Effect of momentum dependence and DM mass on fit spectra. The data
are from an n; = standard interaction and are depicted with Poisson error
bars. The best fit spectrum for v; = standard is shown as a green solid
line. We also show two v; = ¢~ spectra. The ¢~* spectrum in blue is
at the best fit point and the ¢~* spectrum in red is taken at low mass
to illustrate the improvement in goodness of fit from increasing mpy.
We can also see the effect of xenon’s higher event rate and lower energy
threshold on its ability to determine the correct operator.

std with v; = ¢™2, offers less contrast. In this case, fits for individual elements can
in general be acceptable (with Ly,/d.o.f. < 1), and the overlap test seems to be
an important discriminant. This can be seen for the n; = dipole case displayed in
Fig. (4.2), where we compare the dipole input data to standard, ¢?, and ¢* interac-
tions. We see that discrimination is marginal for an individual target (since Linin /d.o.f
can be good), but the overlap appears to provide conclusive discrimination against
the standard and ¢*-type interactions. By contrast, ¢> and dipole interactions look
nearly identical. This is because the ¢* term in Eq. (4.7) dominates the ¢* term
for the elements and DM masses examined here, as seen in Fig. (4.5). As expected,
the standard spectra are discrepant with the dipole spectra due to a divergent low
mass tail, the ¢* operator suffers from being overly suppressed at low energy, and

the ¢? operator provides very good fits. For the same reason, we see in the appendix

that there is a degeneracy between the standard and anapole operators. Although
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Figure 4.5: Fits of v; = std, ¢, and q* operators to n; = dipole data. The data are
shown as points with Poisson error bars. The dipole best fit spectrum is
shown as a solid line and the other operator best fit spectra are shown as
dotted lines. Xenon is red, germanium is blue, and argon is green.

the anapole operator has a non-standard velocity-dependence, its spectrum is very
similar to momentum independent scattering. Since the velocity dependence does
not affect the spectrum and the ¢? piece is subdominant, the anapole and standard
operators may be said to have the same momentum dependence. Likewise, the dipole
and ¢? operators share their own momentum dependence.

Based on the collected plots in the appendix, we can extend these conclusions.
For example, on argon, which has a high energy threshold and small event number,
several incorrect operators can give a decent global fit to the data and a low value
of Zmin /d.o.f. Even on germanium the wrong operator can mimic the true operator
if the momentum dependence of the operator differs by a power of ¢? or less. This
is not true for xenon, which has a good Zmin/ d.o.f. only for the correct operator.
Thus the Ly /d.o.f. test works for xenon but not for argon. Additionally, it appears
evident from the figures collected in the appendix that the overlap test, combining
data from all targets, also works very well for high mass candidates. Nonetheless,
the overlap test described here is in some sense another manifestation of the Emin
test. This comes about because of the relatively large number of events on the xenon

target, which increase its value of Ly, (since, for large event numbers, L, scales
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with the number of events) and shrink its CLC relative to the other CLCs. The small
xenon CLCs are in turn more precise in selecting a preferred region in parameter
space, and thus are the single most important factor in the overlap test. In this way,
the overlap and Emm tests are linked. This can even be seen in the 10 GeV case, for
example, by comparing the CLCs in the appendix from the n; = ¢* and standard data
sets. In the former case the xenon cross section is enhanced relative to germanium
by the ratio of the xenon and germanium atomic ratios Ax./Age, which increases
the xenon sensitivity, shrinks its CLCs, and allows modest CLC separation. In the
n; = standard case there is no such enhancement and no CLC separation is evident.
Now we turn to investigating the impact of statistical effects on our conclusions by

considering the case where all targets observe the same number of events.

4.4.3 Operator Discrimination with Equal Event Numbers on All Targets
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In Figs. (4.6) and (4.7) we show the CLC plots for 50 GeV and 250 GeV candidates
with 300 events on all targets to see if any discriminatory ability is lost. We omit
the 10 GeV case because of the poor discrimination; we have checked that even
by increasing the number of events in the 10 GeV candidate case by an order of
magnitude, little improvement occurs. To achieve these event numbers we simply
reduce the exposure for xenon; for argon we increase the exposure in addition to
lowering the energy threshold from 20 keV to 5 keV. This “equal event number”
normalization is less physically motivated than the “equal exposure” normalization
adopted above, but is necessary for understanding the robustness of our results.

Compared to the figures from the equal exposure scenario it is apparent that for
high mass candidates the simple overlap test loses much of its capability to distinguish
operators. There is no overlap when n; = standard and v; = ¢*, but there is overlap
for v; = ¢~*. This problem is even more noticeable in the case with n; = dipole where
with equal events there is mutual overlap in almost every instance. This loss of power
is expected since the precision of the xenon CLCs has greatly diminished.

However, the Linin /d.o.f. test remains generally strong and even increases in rel-
evance for some combinations of operators. Previously, only xenon and germanium
were capable of differentiating operators on the basis of the me /d.of. test. By
increasing the number of events on an argon detector we have a third viable test of
the Lin /d.o.f. of each operator. This compensates for the weakening of the overlap
test that is a consequence of decreasing the number of events on xenon. Yet, even
though we are still able to extract the correct operator, it seems that our standards
for discrimination have been changed by the statistics.

We would like to be able to use the same test on any combination of operators,
elements, and exposures. The fact that the overlap test is powered by the high Emin
values of xenon is an important clue. We will show that what seems to be a qualitative

difference in how we draw conclusions in the equal exposure and equal event scenarios
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is just an illusion.

4.4.4 Comparison of Models

In this subsection, we present significance tests for different trial operators. We

tot
min

combine all three data sets and define L't to be the minimum log-likelihood value

from this global fit.
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Figure 4.8: The p-values of trial operators for n; = standard and ¢* operators for
candidate masses of 50 and 250 GeV. We display the equal exposure and
equal event bar charts side by side to underscore the robustness of the
discrimination. For the visual purpose, the plot is normalized so that
each bar starts at 5% significance level.

Here we make the approximation that Lt values follow a x? distribution. This

min

is valid when there are a large number of events, as in the cases studied here. Thus,
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we may derive a p-value for any given trial operator by defining [38]
~ 00 ng/2—1 ,—xz/2
P(Ligins 1) = / o (4.19)

x?
Eisltn 2"d/2F(nd/2)
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where nq is the number of degrees of freedom; this is the total number of nonzero
bins for all three experiments minus the number of fit parameters. For a given trial
operator, the p-value describes the probability of producing a fit that has a Lot larger

than Ltot

min?

so that a high p-value for an operator indicates that the relevant model is
able to fit the data well.

We display results for the standard, anapole, dipole, ¢?, and ¢~* data sets in
Figs. (4.8) and (4.9). We omit the 10 GeV data from this comparison because the
discrimination is obviously quite poor, and we are primarily interested in seeing if
the higher mass candidates are sensitive to the statistical effect of changing the event
numbers seen by the argon and xenon targets. One immediately notices that the
scattering of 50 and 250 GeV candidates typically provides very good differentiation
between correct and incorrect operators. In most of cases, we can reject the trial
model at much better than 5% significance level if operators do not match. Also as
expected, we see that the standard and anapole operators are hard to distinguish, as
are the ¢®> and dipole operators. This is a consequence of the fact that the velocity-
dependent contribution to the composite operators’ spectra has weak momentum
dependence, and thus the anapole and standard operators have approximately mo-
mentum independent spectra just as the dipole and ¢? operators have the same ¢?
momentum dependence.

Modulo this degeneracy, we see that it is possible to extract the particle physics
nature of the dark matter scattering events given that future ton-scale direct detection
experiments observe O(100) dark matter events. Moreover, the p-value is capable of
extracting the momentum dependence of the operator equally well for the two event
normalizations (equal exposures or equal event numbers on all targets) studied here.
Finally, we also have checked that the results obtained from the p-value test derived

from the global-fit Lt

min

agree with the conclusions we would draw from calculating

the p-values for each element individually, but the result from the global-fit has a
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better discrimination ability.

4.5 Conclusions

We have discussed the capability of direct detection experiments to extract the
particle physics underlying DM scattering events. We found that Poisson noise limits
the ability of a single detector to determine the momentum dependence of the operator
mediating the scattering. When the exposures are equal for different elements and the
data are from observations of high mass candidates, only xenon, due to its high atomic
number, is capable of determining the momentum dependence of the interaction on
its own. Under these conditions, examining the preferred regions from data generated
by more than one element allows one to extract the correct momentum dependence;
this can be seen in Figs. (4.1) and (4.2). When two operators give a similarly good
fit to the data, it is because they have a very similar momentum dependence. We
found that much of the power of this “overlap test” is derived from xenon’s capability
to discriminate operators. When all event numbers are held constant, so that the
xenon exposure is decreased and the argon exposure is scaled up, we found that the
overlap test is less powerful, but the combination of data from all three targets still
provides good operator discrimination. We found that the minimum log-likelihood
value for the global fit summarizes all of this information succinctly and robustly. The
minimum log-likelihood value for the global fit is sensitive both to overlap and to the
individual goodness of fit information, and can be put in one-to-one correspondence
with the p-value, allowing us to make quantitative statements about the ability of
each operator to fit the data. For a light DM candidate on the other hand, the effects
of the energy threshold, the energy resolution, and the scattering kinematics combine
in such a way that the operator mediating the scattering cannot be extracted even
for very high event numbers.
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CHAPTER V

Neutrino Phenomenology in a 3+1+4+1 Framework

Evidence continues to grow in the MiniBooNE (MB) antineutrino mode
supporting a low-energy excess compatible with the MB neutrino mode
and possibly also confirming the results of the LSND experiment. At least
one sterile neutrino is required to explain the anomalies consistent with
the observations of other experiments. At the same time, there is a strong
tension between the positive signals of LSND and MB and the null re-
sults of v, and v, disappearance experiments. We explore a scenario, first
proposed in [1], where the presence of an additional heavy sterile neu-
trino (with mass well above an eV) can alleviate tension between LSND,
MB and the null results of disappearance experiments. We compare and
contrast this 34+1+41 scenario with the more standard 341 scenario and
carry out global fits to all oscillation data including new 2011 MB v data.
We find that the tension can be somewhat alleviated and that a phe-
nomenologically viable window for the heavy neutrino, consistent with

rare decays and BBN constraints, can be found if the fifth neutrino has a

Written in collaboration with Eric Kuflik and K. M. Zurek. Originally published as Neutrino
Phenomenology in a 3+1+1 Framework, Phys. Rev. D 86, 033015 (2012). arXiv:1205.1791 [hep-ph],
MCTP-12-11.
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mass of order 0.3 — 10 GeV. We also find, however, that the 2011 MB v
data exacerbates the tension with null experiments in both the 3+1 and
3+1+1 models when the lowest energy bins are included, resulting in lit-
tle improvement in the global fit. We also discuss the implications of an
additional neutrino for the reactor and gallium anomalies, and show that
an oscillation explanation of the anomalies is disfavored by cosmological

considerations, direct searches, and precision electroweak tests.

5.1 Introduction

Neutrino masses imply the presence of new states that can generate neutrino
mass terms consistent with the standard model (SM) SU(2) gauge symmetry. Since
the observed neutrino mass splittings are tiny, the standard way to implement the
new states is to decouple them by giving them large masses. At energies relevant
for neutrino experiments, this gives rise to a new higher-dimension operator which
generates neutrino masses, presumably at the scale of grand unification. Since the
dynamics of the new physics is decoupled, however, this mechanism for neutrino mass
generation can never be directly tested.

Recent experimental hints have, on the other hand, suggested that there may be
new dynamics in the neutrino sector at a much lower scale, leading to the possibil-
ity of probing the neutrino mass generation mechanism directly. The LSND [2] and
MiniBooNE (MB) [3-5] experiments both have reported results consistent with oscil-
lations through a new sterile neutrino mass eigenstate with a splitting that is larger
than the splittings that control the oscillations of the SM neutrinos. The SM mass
splittings are fixed by the observations in atmospheric and solar neutrino experiments
to be O(1072eV?) and O(107°eV?), respectively. By contrast, the results from the
LSND and MB v, — ¥, and v, — 1, searches are consistent with a mass-squared

splitting roughly between 0.1 and 1eV?, which would require a new, heavier neutrino
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mass eigenstate.

The simplest extension of the SM that can satisfy these requirements is a single
sterile neutrino (the 3+1 scheme). The existence of such a neutrino in the LSND and
MB preferred mass region is, however, disfavored by global fits to the data [6], since
null searches for neutrino disappearance tightly constrain the mixing angles needed to
produce the LSND and MB signals. Measurements of 7, fluxes from nuclear reactors
and v, fluxes from beam dump experiments can be combined to reject the relatively
large mixing angles required by LSND and MB. As we show below, this statement
remains true even using the new reactor flux predictions as inputs. Thus, a new
neutrino capable of explaining the combined neutrino oscillation data enters a very
constrained parameter space.

In addition to these considerations, there are more complications facing the 3+1
hypothesis. Early results from MB [3,5] suggested that such a 341 scheme might not
have been compatible with the MB data alone, since the parameters needed to fit
v, — V. and v, — v, appeared to be different: at high energy the MB anti-neutrino
mode favored oscillations and was in better agreement with the 7, — 7, LSND data,
while v, — v, data was consistent with a null result.! The addition of a second sterile
neutrino (the 3+2 scheme) allows for CP violation which can reconcile differences in
v, — Ve and v, — v.. However, this scheme suffers from a similar tension between
the null data and the positive signals and does little to ameliorate the difficulties
of the 3+1 scheme [6,7]. In addition, new v data [8] from MB, shown in Fig. 5.1,
indicates that the apparent difference between the v and 7 modes is disappearing,
thereby obviating one of the primary appeals of the 3+2 framework.

Still, the tension between the null results and the LSND and MB data persists.
In this paper we consider a simple scheme, proposed in [1], designed to alleviate

the tension between the LSND and MB positive signals and the null results from

LA low-energy excess in the v,, channel was initially suspected of being a systematic effect [3] and
was reported to be incompatible with a neutrino oscillation interpretation [4].
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Figure 5.1: Comparison of 2010 (upper panel) and 2011 (lower panel) MB v L/FE
data with MB v and LSND v L/FE data. In both panels, the MB v data
is taken from [4]. In the upper panel, the MB 7 data is taken from [5],
while in the lower panel the MB v data has been updated with the results
of [8]. We show the best fit lines in the 3+1 scenario (black), the 34+1+1
scenario (green) using all data points, and the 3+1+1 scenario (orange)
dropping the three low-energy data points so that the data is in the range
FE, > 475MeV. In all plots, v lines are dotted and 7 lines are solid.

reactor and short baseline experiments. This scenario requires a single light sterile

neutrino with mass splitting in the MB and LSND range between 0.1 and 1 eV? and
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a second much heavier (Am? >> 1000eV?) neutrino whose oscillations are averaged
over. The heavier neutrino participates directly or indirectly in both disappearance
and appearance experiments. Because most disappearance experiments have their
first detector relatively far from the neutrino production point the heavy neutrino
has undergone many oscillations before reaching the detector, and the effect of the
heavy neutrino is to change the flux of the initial flavor neutrinos. If this flux is not
precisely known, as is true in many reactor experiments, the experiment is relatively
insensitive to oscillations through the heavy neutrino. Appearance experiments, by
contrast, look for the appearance of a new flavor in a pure initial flavor beam, so they
are sensitive to oscillations through the heavy neutrinos. In this way, if the initial
neutrino flux is not very well known in the disappearance experiments, new parameter
space may open for the appearance experiments, giving rise to the possibility that the
positive signals from LSND and MB are no longer in conflict with the results from
otherwise null experiments.

The purpose of this paper is two-fold. First, we examine the 3+1 scenario in light
of the new MB 7 data. This improves the compatibility of the combined appearance
data within the 3+1 framework, but we find that the best fit region shifts considerably
to larger mixings and smaller mass splittings, which increases the tension with the
null experiments. Second, we explore the phenomenology of, and present constraints
on, the “34+1+1” framework of [1,9]. We will examine exactly how and to what
extent the fifth neutrino is able to have an effect on the allowed parameter space of
the fourth neutrino.

The outline of this paper is as follows. We begin by establishing our notation and
conventions. We then carry out fits for the 3+1 scenario in light of new data from
MB, complete with constraints from a diverse set of null experiments. We then turn
to discussing the parameter space for the 3+1+41 scenario with respect to neutrino

experiments, before analyzing in detail the constraints from BBN, astrophysics and
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rare decays, which constrain the fifth neutrino to have a mass ~ 0.3 — 10GeV. In
section IV we present aspects of some models that explicitly realize the features of

the 3+1-+1 scenario, and we conclude in section V.

5.2 Phenomenology Of Sterile Neutrino Models

We establish our notation and contrast the 3+1 framework (see e.g. [6,7,10,11])
with the 3+1+1 scheme [1,9]. We will lay out some conventions for discussing these
models, leaving a more complete discussion of statistical methods and derivation of
the oscillation formulae in the 3+141 scenario to the appendix.

We aim to examine the oscillation appearance and disappearance data in depth,
with a specific emphasis on the new conclusions to be drawn from some recently
presented preliminary MB data [8]. This new data is in better agreement with the
LSND data and prefers a sterile neutrino with lower mass and more substantial mixing

than indicated by the earlier MB data.

5.2.1 Conventions

We parameterize the mass mixing by

N
Vo = ZUainia (5]‘)
=1

where v, are the neutrino flavor eigenstates, which include the 3 left-handed (active)
neutrinos of the SM plus any SU (2)-singlet (sterile) neutrinos; U,; are the elements of
a unitary N x N matrix that diagonalizes the neutrino mass matrix and causes mixing
between the neutrino flavor eigenstates; and n; are the neutrino mass eigenstates with
mass m; ordered by increasing mass.

Since we are focusing on a 341 scheme (with a single light neutrino) and a 34+1+1

scheme (with one light and one heavy neutrino) we are generally interested in oscil-
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lation probabilities where all but one of the mass eigenstates are easily kinematically

accessible. From Eq. (C.3), the probability of detecting v in a v, beam is

Py = Oag[1+2(a = 1)|Uas||Uss|] + (1 — a) [Uas|*|Uss ?
=43 5ein; UL UsiUsUs } sin® z;; — 4a 2?21 R{U5UpsUa;Up, } sin® 255

— 23 i S{UEUsUai Uz b sin 22y — 20575 S{UUssUsi Uy, } sin 2as;.
(5.2)

m2—m?
Here Tij = Amsz/ZlE — 127( i J)L/E

T eV where L is the distance the neutrino has

traveled and E is the neutrino energy. Since ns will be much heavier than the
other neutrinos, accounting for the possibly suppressed production of and oscillation
through n; requires a phase space factor a that interpolates from 0 (kinematically
forbidden) to 1 (phase space fully accessible) as a function of the neutrino energy.
For the short baselines and high energies of the experiments under consideration it
will be a good approximation to take x;; >~ 0 for ¢ and j = 1,2,3, and this formula

simplifies considerably. For instance, the probability for disappearance of flavor « is

1
1— P, ., =sin®20sin? 245 + 2|Uys)? <1 — “;L ]Ua5|2) : (5.3)

where we define sin®20,y = 4|Uqs|?(1 — |Uaa|?> — |Uas|?) and we assume that the
characteristic oscillation length associated with Am2, is so short that sin® x5 — 3
holds over the volume of the detector. Experiments that probe disappearance of v,
are carried out at reactors and in solar neutrino searches, while v, disappearance is
probed by beam dump and atmospheric neutrino experiments.

Following [1], the probability for v, appearance in a v, beam, measured by LSND

and MB among others, simplifies. From Eq. (C.4)

P, ) =) = SIN* 20, sin® (x4 £ B) + &, (5.4)
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with the definitions

sin? 20, = 4|Uu)* |Ual*r (55)
Kk = |Uu4|2 |Ue4|2 {(1 —r)?+a [(1 —7)% + 4r sin? ﬂ]}
where +(—) is for v () oscillations,
ro= |UnUe + UisUs| / Uy Ued]
in ¢|Ues |Us| (5:6)
— 1 —1 S eb ©5
B = ztan (|Ue4|\Uu4|+cos¢\ues||Uu5|)
and ¢ = arg (?i—?:) S is the CP-odd parameter that can account for differences in

v and v oscillations. The 3+1 model can be recovered in the limit U, and U, 5 — 0,
orr=1and Kk = = 0. We emphasize that the sensitivity to the mixings with njs is
such that even the limit a — 0 produces nontrivial oscillation effects.

The 3+141 model is capable of opening parameter space closed by 3+1 models
because of the possibility of CP violation and because in general we can have r > 1.
In the small mixing, CP-conserving limit the effect of r is multiplicative because we
may make the approximation sin? 20, ~ rsin? 26,4 sin? 20,,4/4, and the limits from
disappearance experiments can be made compatible with larger appearance mixings
if one has r > 1. However, we will show that because of the presence of the term
that depends on |Ugs|? in Eq. (5.3) the constraints on the mixings with ns are almost
as strong as the constraints on the mixings with ny. This forces r to be close to
1 for most of the interesting parameter space, and r is not effective in practice for

reconciling the appearance and disappearance experiments.

5.2.2 Fits to Neutrino Appearance Anomalies

Fits to the 3+1 and 3+1+1 frameworks with all relevant data are shown in Fig. 5.2;
we display them side by side to enhance comparisons of the fits. In each panel we

superimpose the results using the 2010 [5] and 2011 [8] 7 data from MB. We use
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the 2009 data [4] for the ¥ mode for all fits. The best fit to the data, using either
the 2010 or 2011 MB 7 data, indicates a new sterile neutrino described by a mass
splitting Am?2, ~ O0(0.03eV?) and a mixing angle roughly of size 1, although the x? is
relatively shallow and is consistent with mass splitting Am?, ~ O(0.5eV?) and mixing
angle ~ O(3 x 1073). These values differ from those we would find if we omitted the
low-energy MB v and v points. As we discuss in more detail below, dropping these
points reduces the significance of the signal so that the data are compatible with no
oscillations at the 99% level, as noted in [8]. Because much of the significance of the
fit to oscillations is derived from events with F,, < 475MeV, we do not omit these
points in our fits.

In principle, both appearance and disappearance oscillation experiments can bound
the LSND and MB preferred region. We consider null appearance searches at KAR-
MEN [12], E776 [13], NOMAD [14], CCFR [15], and NuTeV [16], and we find that the
preferred region using the new MB 7 data is no longer in tension with these searches,
due to the lower-mass preferred region. Although the LSND and MB oscillation re-
sults are not strongly constrained by the null appearance searches, the mixing angle
probed by the appearance experiments can be tightly constrained by combining the
results of v, and v, disappearance experiments. The disappearance experiments inde-
pendently constrain sin® 26,4 and sin® 26,4, and in a 3+1 scenario with small mixing
angles we can approximate sin’ 20, ~ sin® 26, sin? 260,,4/4, so we obtain limits on the
LSND and MB parameter space by combining the two sets of constraints. Details of
how these constraints are combined are given in the appendix. The v, disappearance
constraints include short-baseline reactor experiments with new reactor flux predic-
tions [17]* as well as constraints from the ratio of flux observed in the Bugey 40 m and

15 m detectors [18]. Disappearance of v, is constrained by CDHS [19] and CCFR [20]

2The new reactor flux has been reported to reflect oscillations of a sterile neutrino, but we find
that it is not consistent with our preferred region, and we use the reactor data as a constraint. We
discuss a possible resolution to this anomaly below.
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at high mass. We also take into account mass-independent unitarity constraints aris-
ing from the maximal measurement of the atmospheric () [21] disappearance mixing
angles made by the Super-Kamiokande experiment. In the appendix we show that

this leads to |U,4|* + |Uus)? < 0.0175 (0.0274) at 90% (99%) confidence.
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Figure 5.2: Fits in the 3+1 (left) and 3+1+1 (right) neutrino models. We also con-
trast the allowed regions using the 2010 (light-orange) and the 2011 (dark-
orange) MB v data. In both panels we show the appearance allowed region
at 99% as well as the appearance null result and disappearance null result
exclusion curves at 99%. There is significant tension with the disappear-
ance experiments and oscillations reported by LSND and MB for both
the 3+1 and 3+1+1 scenarios with the 2011 data.

The best fit oscillation statistics for the 3+1 scheme are given in Table 5.1, where
we show the x2. values for the disappearance and appearance data sets individually
as well as the x2. for the global data set. The value of the x2, /DOF for the global
fit does not indicate a bad fit to the data (as noted in, e.g., [10]) but the x5y [22]
value for the different data sets is very high, which indicates that the data as a whole
are not compatible. This is reflected in Fig. 5.2, which shows the “disappearance”
curve ruling out the “LSND & MB” allowed region. The new data play an important
role in shifting the preferred region and increasing the tension between appearance

and disappearance: we find that the appearance data on its own is marginally more
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2010 Data 2011 Data

X2, Dins X2, Dbins
Disappearance 25.4 49 Disappearance 25.4 49
Appearance 0.20 5 Appearance 0.20 5
LSND + MB  32.1 30 LSND + MB  24.0 30
Everything 75.4 84 Everything 72.9 84

XbG = (2 X i = 2 X = 177 Xba = (2 X ) in — 22 Xiwin = 23.3
p-value = 5.02 x 107* (3.48 o) p-value = 3.44 x 107° (4.14 o)

Table 5.1: Fits to the 3+1 framework using 2010 and 2011 v data. With the new MB
data, the appearance and disappearance experiments disagree at more than
the 40 level.

self-consistent when incorporating the 2011 MB 7 data (X%, rsnpimpaonr = 24-0)
instead of the 2010 data (X}, rsnpsmp2oio = 32-1), while the parameter goodness
of fit becomes slightly worse (xpg o010 = 17.7 and Xpg o011 = 23.3). This is a result
of a more significant departure from the null oscillation hypothesis at large L/FE in
the 2011 data, which is compatible with the excess at low energy found in the MB
v data, as can be seen in Fig. 5.1. Due to the increased power at large L/E, our
global appearance region is at somewhat lower mass and higher mixing than shown
by previous global fits (e.g., [6]). We conclude that the tension between the positive
signals and the null searches indicates that a single sterile neutrino is very unlikely
to explain the entirety of the collected data.

In the right panel of Fig. 5.2 we show the results of a similar analysis performed
in the 3+1+1 framework, where the fit region differs from the the 341 case because
of the CP-odd phase 8 and the multiplicative factor r. The parameter r represents a
potentially significant handle in the 3+141 framework, since it can give a multiplica-
tive enhancement of the appearance angle compared to the disappearance angles. For
small 3, r effectively measures the magnitude of the mixings with ns, and to obtain
the desired enhancement over the 3+1 scheme we need the mixings with ns, and thus

the value of r, to be greater than 1. However, as shown in the left panel of Fig. 5.3,
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Figure 5.3: Constraints on r as a function of |Ug|?|U,4)? for 0.04eV? < Am32, < 6eV>.
We see that r is close to 1 in the appearance preferred region, and has
limited ability to reduce the tension with null experiments.

we find that r is bounded by the null experiments to be very close to 1 for most of
the values of |Ug|? and |U,4l|* favored by LSND and MB. This is a consequence of
the “zero-distance” effect [23], which allows for the oscillation of neutrino flavors at
arbitrarily low distances. The zero-distance effect can manifest itself in two ways in
the experiments in consideration. First, disappearance experiments bound the sum
of the mixing angles due to this effect, as in Eq. (5.3), which forces either |Uy,s|* or
|Uqs]? to be small. Thus, disappearance experiments constrain 7 to be very close to
1 for large |Ua4l?, as is true in the appearance preferred region. This effect is shown
in the left panel of Fig. 5.3, where r is seen to be essentially compatible with 1 in the
entire appearance preferred region. The second way the zero-distance effect would be
visible is as a positive offset in the appearance probability. However, the appearance
experiments exhibit transition probabilities roughly of order 0.5%, which allows them
to place their own firm upper bound on |Ue|?|U,s|?, as is visible in the right panel

of Fig. 5.3. In other words, we find that r is negligibly effective in reconciling the
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Figure 5.4: x? as a function of the CP-odd parameter 3, with (left) and without
(right) the MB v and v data for 200 MeV < E, < 475MeV. We show
fits utilizing both the 2010 and 2011 MB 7 data, and we show the 90%
or 99% allowed value from the Ax? test that we use.

appearance and disappearance data sets.

The other potential advantage of the 34+141 framework is the possibility of CP
violation, but we also find that this is not very effective in reducing the tension with
the null experiments. As shown in the left panel of Fig. 5.4, the x? has a pronounced
preference for a small nonzero value of 3, and the sharpness of this feature means
that the extra parameter freedom is largely unimportant in defining our preferred
region. When we drop the MB v and v data points below 475 MeV, as advocated in
the initial MB data release [3], we find that CP violation has a much more significant
impact on the fit. This is because the y? is substantially flatter as a function of 3
and exhibits two rather broad and nearly degenerate minima, as shown in the right
panel of Fig. 5.4. This in turn is a result of the mostly flat spectrum of the v and v
data points in the region F, > 475 MeV, which can be made compatible at the 1 o
level for a wide range of low-mixing-angle oscillations when CP violation is allowed.

The ultimate effect of the shallower x? is to reduce the preference for a particular
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mass or mixing, which opens up a wider range of parameter space and broadens the
preferred region. When we perform fits analogous to those in Fig. 5.2 for the data
with E, > 475MeV, we find that the significance of the signal drops so drastically
that the remaining data are consistent with no oscillations at the 99% level, as noted
in [8]. We show the CP-violating best fits to the E, > 475MeV data alongside the
best fits to the E, > 200 MeV data in Fig. 5.1.

2010 Data 2011 Data
X2, Dbins X2, Dbins
Disappearance 24.6 49 Disappearance 24.6 49
Appearance 0.20 5 Appearance 0.20 5
LSND + MB 283 30 LSND +MB 194 30
Everything 74.4 84 Everything 73.2 84

XbG = 2 X min = 2= Xawin = 213 Xba = (22X ) min — 22 Xinin = 29.0
p-value = 1.6 x 1073 (3.16 o) p-value = 6.0 x 107 (4.00 o)

Table 5.2: Results of fits to the 3+1+1 framework using 2010 and 2011 MB ¥ data.
With the new data, the appearance and disappearance data sets still dis-
agree at about the 4o level, with only slight improvement over the 3+1
case.

Finally, we give the best fit statistics for the 3+1+1 model in Table 5.2, taking
E, > 200 MeV as usual. As in the 341 case, the 2011 MB 7 data provides slightly
more agreement in the combined appearance data than the 2010 data. Again, the
global fit to the data gives an acceptable x?/DOF, but the PG test underscores the
point that the data sets are incompatible. The p-value for the x35 in the 3+1+1 case
is slightly lower than in the 3+1 model for both the 2010 and 2011 MB © data. This

suggests some improvement in agreement, but with the new data the tension remains

at the 40 level in both the 3+1 and 34141 cases.
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5.3 Phenomenology of the Heavy Neutrino n5 in the 3+1+41

Scheme

We discuss the parameter space of interest for the heavy neutrino, ns, that appears
in the 3+1+1 framework. If ns is a Majorana neutrino the neutrinoless double beta
decay constraints are extremely restrictive [24], so we will take ns to be a Dirac state.

We begin by showing how some experimental anomalies recently reported at low
significance could plausibly be explained by the existence of this heavy mass eigen-
state. Then we proceed to place constraints on its parameter space. Tension with
BBN constraints forces us to the regime where ms; 2> 1MeV. Above this region
constraints from SN1987A, pion and kaon decays, beam dump experiments, and
nonobservation of u — ey enter. We find that if one wishes to use ns to explain
experimental anomalies, only a small window with ms ~ O(1GeV) and mixing

\Ues||Ups| ~ O(1072) is allowed, with the additional requirement that ns be stable on

collider timescales or decay to non-SM final states.

5.3.1 The Gallium and Reactor Anomalies

In recent years, several experiments have reported observing anomalously low
neutrino fluxes. Since these anomalies include many different energy and distance
scales and exhibit no L/E dependence, we do not include them in the fits to nu,
whose mass splitting will cause visible oscillations at these experiments. Instead, we
fit to this data with the heavy neutrino ns; whose oscillations are averaged over in all
experiments. A somewhat more detailed discussion of the anomalies we fit with nj
oscillations is given in the appendix.

The most statistically significant of these position- and energy-independent anoma-
lies is the reactor antineutrino anomaly [17,25] (RAA), where the global average of

the observed 7, flux is less than anticipated by a factor Rgaa = 0.943 £ 0.023. In
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addition, anomalously low measurements of the v, scattering gallium cross-section
[26], the gallium anomaly (GA), may indicate disappearance of v.. The deficit
based on four measurements of the average v, scattering cross section from the pro-
cess Ve + "Ga — ™Ge + e is, with correlated errors taken to be those in [17],
Rga = 0.86 £+ 0.06. Independent measurements of the strength of the relevant
Gamow-Teller transitions [27] supports the conclusion that this deficit might be due
to averaged oscillations of a heavy neutrino. Finally, measurements of the energy
dependence of the scattering cross section in the process v, + 2C — 2Ny + e [28]
are very mildly discrepant with the cross-section predictions [29] and might also be
due to a similar reduction of flux of v,. This was originally presented as a constraint
on the GA parameter space in [30], but the shallowness of the respective Ax?’s and
the similarity in the parameter space leads us to consider the possibility of reconciling
this data with the RAA and GA data.

Since the disappearance formulae are not sensitive to CP violation, the probability
for both v, and 7, disappearance is given in Eq. (5.3). In all of the experiments in
consideration, the neutrino energy is less than what we will find is the allowed range
for ms, so we set a — 0 in all cases. It is clear from Eq. (5.3) that ns can reduce the
v, flux by a fixed amount with no energy or distance dependence whether or not ns
is kinematically accessible. To extract the most conservative limits on the mixings
with ns we will set sin? 26,4 to 0 in these fits. We fit to all of the available data using

correlation information as in the literature. We find a preferred value of

|Ues)? = 0.036 & 0.013. (5.7)

Thus, we find that the RAA and GA may be consistently reconciled with the carbon
data in the presence of a very heavy neutrino with averaged oscillations and a mixing

angle of the magnitude indicated by Eq. (5.7). However, we will show below that for
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a very massive sterile neutrino, a mixing angle of this magnitude is disfavored by a
combination cosmological considerations, direct searches, and precision electroweak

tests.

5.3.2 Big Bang Nucleosynthesis

Depending on the mixing and mass, additional light sterile neutrino(s) (with mass
< 1MeV) can be thermalized in the time leading up to big bang nucleosynthesis
(BBN). The presence of additional neutrinos at BBN can drive a faster expansion rate,
modifying the abundance of the light elements, and in particular of helium. Thus,
detailed observations of primordial elemental abundances from BBN can constrain
the properties of sterile neutrinos. To set bounds, we require that the total number
of neutrinos at BBN is less than 4.4 [31], or AN, < 1.4. With potentially two sterile
neutrinos with masses below 1 MeV in the 34141 scenario, BBN constraints must
be carefully checked. While constraints from BBN can be alleviated by the inclusion
of a large lepton asymmetry (which effectively delays the time when an MSW-like
coherent conversion can occur) [32], this mechanism becomes ineffective for the large
mass splittings of interest for the 3+1+1 model. We review the constraints in this
section and apply them to the 34141 scenario.

We begin this discussion by reviewing the calculation for one active plus one sterile
neutrino. With this result in hand, we will be able to easily see how the result extends
to two sterile neutrinos (with widely separated masses) mixed with more than one
active neutrino. We follow the density matrix formalism of [95]. Assuming that the
active neutrinos are always in a fully thermalized state, the evolution equations for

an arbitrary number of neutrinos N is

ip=[H,p] —ilp, (5.8)
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where the Hamiltonian Hag = Vo + Zfil UaiUEimf/ZE, and we take the production
rate to be I'ys = (I'n + ') /2, with Vs = I'y = 0 for all 4. Specializing to the case of

one active and one sterile neutrinos, the relevant equations are

Hmaxpss = Z.Has(pas_psa) (59)

Hxa:r;pas = _i[(Haa - %ss) - Z"Yas]pas + Z‘7-[(1s(paa - pss)a

with x = m/T, and m fixed to be 1 MeV. The effect of interactions encapsulated in
Yas 1S to damp away the coherent off-diagonal element, p,;. Thus if 7, is large we

are forced into the stationary point where 0,p.s =~ 0 [95], so that

. Has
Pas = (Haa - Hss) - Z.'Yas

(Paa = Pes)- (5.10)

Substituting this in the differential equation for ps, we obtain

sin’ 20

A1
c0s20 — Voo /OE)? + 2 /40 E%’ (5:11)

Ya
Hxaxpss - Z(paa - pSS)(

where 0FE = Am?/2E, v, = ga%ﬁ?’)G%T‘lp and V,, ~ —C,G%T"p/a, with g,, ~ 4,
G =29, C,, ~0.61, C,,, ~0.61. If we neglect the 72 term in the denominator,
which is valid for the non-resonance case, this is easily soluble analytically, since the

result takes on the simple form:

8

_ - ’ya(T = m) ) /1 r
In(1 — AN,) ~ 4H(T = m) sin™ 26 0 de (26 cos20 — Vo (T =m)/E(T = m))?’

(5.12)

Doing the integral analytically or numerically, we see that the result scales as ~

VOE(T =m)/Vao(T =m) ~ VAm?2. The physical meaning of this result is clear.
The rate with which the sterile neutrino is populated is suppressed at late time because

the interaction rate is dropping as 1/x°. At the same time, the sterile neutrino is most
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likely to be populated when the mass splitting between the active and sterile states is
smallest. The medium dependent mass splitting, however, is also dropping with V,,.
Altogether, the integral is dominated by when x% cos 20 ~ |V,,(T = m)/SE(T = m)|,

so that the total result (squared) is [95]

(Am3, /eV?)sin?26,, = 3.2x107°In*(1 — AN,) (5.13)

(Am3, /eV?)sin®20,,, = 1.7x107°In*(1 — AN,).

With these physical insights, it is easy to see how the results generalize to the
cases with more than one sterile or active neutrino. First, we can see that because
the sterile neutrino is populated around when V,,/dF ~ 1, at any given temperature
only one of the sterile neutrinos will be populated if the masses of the sterile neutrinos
are widely separated in mass from each other and from the active neutrinos. Thus,
if we make the assumption that m, < m4 < ms, we can decouple the fourth and
fiftth neutrinos from each other and treat them as being populated only through their
interactions with the active neutrinos.

The other complication to consider is mixing between the active neutrinos them-
selves. However, if the active neutrino mass splittings themselves are negligible in
comparison to the sterile neutrino mass splittings, Am?, < Am3, < Am3, < Am3s,
then the SM mixing angles 615, 613, #23 can be rotated away, and as a result the
mixing between the active neutrinos itself decouples. Thus we conclude that the

constraints on active-sterile mixing can be decoupled accordingly, and we have

(Amf, 5, /eV?)sin* 2045 = 3.2x107°In*(1 — AN,) (5.14)

(Amf, 5, /eV?)sin* 20, 45 = 1.7x107°In*(1 — AN,).

Now LSND and MB, in the standard 3+1 scenario, probe sin® 26,,. = 4|Ue4|?|U,4|? ~

1

i sin® 20,4 sin® 20,4, which is a good approximation in the small mixing angle limit.

130



Thus we are able to conclude that
A(Am, 5, /eV?)sin® 260, = /3.2 X 1.7 x 107°In*(1 — AN,)), (5.15)

so that we learn that the sterile neutrino is thermally populated if it has mixing angles
large enough to explain LSND plus MB in the 341 scenario.

Now these results are easily extended to the 3+1+1 scenario. Then we have
constraints on rsin®20,. = 4|U%U4||U%U,.s + UsU,5| from LSND plus MB. To
alleviate the constraints from the disappearance experiments, we require |U5U,5| 2
|UUpal. Since ms > my, we conclude from Eq. (5.15) that if v4 is populated, then
vs is also populated at BBN temperatures, unless ms = 1 MeV. Since AN, < 1.4, we
thus conclude that most of the my parameter space proposed in [1] is not consistent
with the constraints from BBN, eliminating the entire region of parameter space with
33eV <ms < 1MeV.

Above the upper end of this mass range production of heavy sterile neutrinos may
be inefficient at BBN temperatures, and the additional neutrino ns may not represent
a fully populated degree of freedom. Because the state n, is fully populated, we require
the fractional population of the state ns to satisty AN < 0.4 as calculated from
Eq. (5.15). After their production is frozen out, the remnant ns will decay through
charge- and neutral-current interactions at rates suppressed by the mixing parameters.
If these decays proceed through SM channels, the decays of ns; can add entropy and
ionizing energy to the thermal bath at the time of BBN, spoiling predictions of the

relic helium abundance. These considerations allow us to rule out the range

-1 -3.5
6.2 x 10710 (%) < |UusUs| < 101 (%) : (5.16)

where the upper bound is a rough fit to the numerical analysis conducted in [34] (we

display the numerical values in Fig. 5.5). These bounds extend up to ms ~ m,, at
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which point new decay channels open which have not been analyzed numerically.
In the next section we consider further constraints from colliders on such heavy
neutrinos. We will find that to satisfy the constraints, ns; must have exotic invisible

decays which are not via its SM mixing with the active neutrinos.

5.3.3 Supernova 1987A

The duration of the observed neutrino burst from Supernova 1987A (SN1987A)
constrains the mass and couplings of any massive sterile neutrino. If the sterile
neutrinos mix strongly enough that they are produced but are coupled weakly enough
that they are not tightly bound to the supernova core they will allow too much energy
to escape from the core, reducing the observed duration of the blast.

There are both lower and upper bounds on the neutrino coupling [96]. The lower
bound comes from requiring that ns are efficiently produced in the interior of the
supernova. If these neutrinos are efficiently produced and have low enough mixing,
they will free stream out of the supernova and conduct energy away from the core too
quickly. With larger mixing angles, the neutrinos will have a short mean free path and,
for large enough mixing, they will be trapped in the supernova. If they are trapped
but their mean free path is larger than the supernova core they will cause anomalous
cooling of the star: blackbody radiation will be emitted from a region larger than
the supernova core, and the supernova will cool too quickly. Because production of
neutrinos in supernovae are dominated by charge-current processes, we find that v,
production dominates v, production [36]. This gives slightly weaker bounds on the
mixing angle U5, and, because maximal mixing angles are in principle allowed by
these arguments, we find that the lower bound on U, (which is approximately 5
times weaker than the lower bound on U,s) is in fact the lower bound on the product
|UesUps|. For ms 2 0.1 MeV, where the matter effect becomes unimportant, we find

that mixing angles 3.0 X 107° < |UesU,s| < 5.0 X 1072 are ruled out by these energy
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considerations. These bounds apply to ns regardless of its couplings.

The trapping argument given above will not apply for large mixing angles if ns
decays invisibly to products with no SM interactions, as naturally considered in the
model building section below. This is because, for the widths calculated below, we
find that the decay length L ~ 107! m (10 MeV /my;) is much shorter than the mean
free path Apg, =~ 0.1 m /sin?26,, for the masses and mixings of interest. Therefore
ns will decay well before it is trapped, and the bounds can no longer be lifted at very
large mixing angles. These exclusions are model-dependent because they rely on the
unknown couplings of the decay products, but since it is possible that n5 evades the
upper bounds described at large mixing angles we shade this region gray in the left
panel of Fig. 5.5.

These bounds are also lifted for lighter sterile neutrinos since the relevant pro-
duction mechanism is matter-enhanced flavor transitions. For m < O(0.1 MeV) the
bounds weaken and go to zero around m ~ O(100eV) [96], so SN1987A bounds do

not constrain ny.

5.3.4 Bounds from Light Mesons

There are a variety of searches for exotic meson decays that produce strong bounds
on the mass and mixing of ns. We group these into a few categories as follows and

display the collected results in Fig. 5.5.

Measured m meson branching fraction: The pion branching ratio to p and e

is R, = M2,/ IM|? At tree level, the matrix element |M|? goes like

T—ur” TV

Ng
M2 o< D Unil® (me +m3) [m2 — (ma +my)?] (5.17)

i=1
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where m, is the mass of the charged lepton ¢,. In the SM, where m; = 0 for
all neutrinos and U,,; = d,,;, R, simplifies considerably. The most current SM
calculation of this quantity to two loops is ROMt = (1.2352 4 0.0001) x 10~* [37],
while the best experimental bounds give R, = (1.230 & 0.004) x 10~* [38].

In the 34141 framework R, will differ depending on the mass range, so the
constraints are piecewise. They simplify at high mass, where ms 2 m, —m, > m.,

which is near where the SN1987A bounds stop. We find

1—|Ues|? Ues | m2 m2—m? _ < <
RBe ) T00F T 10 mimi—mz M = M S M5 3 M (5.18)
RSM7th - 1—|U, ‘2 )
w [Ues ms 2 m
1_|Uu5‘2 5~ g

The measured ratio is R,/RM™ = 0.996 £ 0.003, so at 99% confidence we require
that R,/R5M®™ < 1.004. Thus, the mixing angles U and U,s are bounded fairly
strongly in the intermediate mass range. We do a scan over the full parameter space
and for each value of ms we find the maximum product of the mixing angles consis-

tent with this constraint.

Muon lifetime: For nonzero Ug and U,s, the total charged current interactions
with the muon and electron below the muon mass will be reduced. The muon life-
time 7, will be increased relative to the SM prediction due to the non-unitarity in
the neutrino mixing matrix. In practice, Fermi’s constant, Gg, is measured most
precisely from measurements of 7, [39], so one can derive constraints by comparing
to an independent measurement of G. Following [40], we relate My, My and « to

GF by
, TaM?

Gn = )
TVRME(ME — M) (1 — Ar)

(5.19)

where Ar = 0.0362 £ 0.0005 [38] is the correction to the tree-level relationship. The

values of My and My, used should be taken from purely kinematic measurements
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since other fits to My, include the measurements of Gy from muon decay. We take
My = 80.387 £ 0.016 GeV [41] and M, = 91.1875 £ 0.0021 GeV [42]. Plugging in
these values, we find G, = (1.1679 & 0.0013) x 10~°> GeV 2. Comparing this to the
value extracted from measurements of 7,, Gp = 1.166353(9) x 107> GeV 2 [39], we

find for ms > m,,

G
G_’i = (1 — |Uas>)(1 = |U,s|*) = 0.9987 + 0.0011, (5.20)
resulting in an upper limit

|U55Uu5| < 0.0021 (521)

at 99% CL. We mark this line as 7,,.

Searches for lines in 7 and K meson decays: Measurements of 7, K — {,n
give important bounds on the mass and mixing of ns with v,. These are summarized
in Figs. (2-4) of [24]. Bounds are given by null searches for peaks in the spectra
of the leptonic products of these decays. For ns produced by the decay of a heavy
parent particle M of mass mj; with a decay partner ¢, of mass m, we expect to see a
monochromatic line in the lepton spectrum at E, = (m3; + m2 — m2) /2mys. These
lines are generically not found, and limits on n; mixing are based on the specifics of
the given experiment.

For the electron neutrino sector, the decay m — ev [43] is strongest below m, and
K — ev [44] is strongest between m, and mpg. For the muon neutrino sector, the
important decay is K — pv [45]. In the region ms > m, — m,, muons cannot be
produced in 7 decay so there are no muon bounds in that range. Thus, line searches
of 7 decays do not provide strong constraints on the product |UesU,5| in the mass

range ms > m, — m,, since experiments cannot set any bounds on U, in this range.
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Decays of ns: If ns is heavy and can decay to SM products, these decays will
be seen in dedicated searches such as, e.g., the PS191 [46], CHARM [47], and DEL-
PHI [48] experiments. PS191 looked for the decay of a heavy neutrino through a
variety of weak interaction channels; it is constraining from ~ 1 MeV? to 138 MeV.
CHARM searched for decays ns — £T¢~ v, where { = e, u, with constraints from 500
MeV to 2.8 GeV. DELPHI also looked for a wide variety of n; decays, and it provides
limits from 2 GeV to 90 GeV. We show these excluded regions as well as the limits
from ns decays in dileptonic K decays [38]. Note that, as pointed out previously [49],
the PS191 and CHARM collaborations considered ns decays through charge-current
channels only. When the necessary neutral-current contributions are added [24], the
bounds are strengthened somewhat compared to the published results [49]. We pro-

vide bounds including both the charge- and neutral-current contributions.

Non-observation of ;1 — ey: For the decay p — ey, we have the standard re-
sult

Br(p — ev) : (5.22)

Z UaUs g

where g(m;) is a kinematic factor given in [24]. This is not constraining below O(1

GeV) and by 300 GeV the bound asymptotes to [UgsU,s| < 5.25 x 107° using the
current measurement Br(u — ey) < 2.4 x 107! [50]. At high mass, this is the most
important constraint. In particular, measurements at the Z-pole are weaker than

i — ey, so we do not show these bounds on our plots.

5.3.5 Combined Bounds on ns

In Fig. 5.5, we show bounds on the product |UesU,s|, which in the CP-conserving

limit is the product that sets the value of r in the appearance probability formula,

3The PS191 experiment did not publish limits for mixing angles above 1074, so we extrapolate
the bounds down to ms = 2m,. as a power law with oc \/m3.
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Eq. (5.4). There are several model-independent bounds: as described above, BBN
is most constraining below ~ 1MeV; there are universally constraining bounds for
masses 0.1 MeV < mj < 100 MeV from SN1987A; the NuTeV oscillation search [16]
rules out mixing angles |U,5U.s| > 1.3 x 1072 for the entire mass range; and for masses
ms > 64 GeV, the bounds from pu — ey are most stringent. In the range 100 MeV
< mg < 64 GeV the constraints bifurcate depending on whether n; decays to charged

leptons or remains invisible on collider timescales.

Invisible decays: When ns remains invisible on collider timescales there are con-
straints from line searches, the pion branching fraction, and precision electroweak
measurements of Gp. From m, —m, < ms < m, the strongest bound is from the
measured branching fraction of pion decays, R,. For m, < ms < myg — m, searches
for leptonic lines in kaon decays are constraining for both e and p products. For
m,, < ms, comparing the values of Gy from measurements of 7, and the W and Z
masses as described above gives tight constraints. We show these bounds in the left
panel of Fig. 5.5.

Between the K line searches and the yu — ey curve, where 387 MeV < mg <
10 GeV, the most constraining bounds on ns; come from the precision electroweak
measurements of Gg. Although this is the least constrained region, we find that
these measurements still disfavor large values of r. Assuming no CP violation and

taking |UeaU,4| = 0.023, which is the smallest value of |U.4U,4| for which |UesU 5| can

take on arbitrarily low values in the MB and LSND region, we find that » < 1.09.

Visible decays: In addition to the SN1987A and p — ey bounds and the low
mass constraints on BBN, we find that the direct searches at PS191, CHARM, and
DELPHI are very constraining if ns; decays to SM particles on detector timescales,

and we also find that the BBN constraints can be extended to ms ~ m,, as described
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Figure 5.5: Exclusion regions from BBN [34] (right frame) and SN1987A [96] (both
frames), as well as bounds from the NuTeV oscillation search [16] (red
dotted, right frame), R, [37,38] (left frame), measurements of 7, [38-
42] (left frame), collider and line searches [38,43-49] (both frames), and
searches for p1 — ey [50] (both frames). The left panel shows lines of
constant values of r from 1.05 to 2.4 (for the calculation of r, we assume
no CP violation and take |U.4U,4| = 0.023, as explained in the text). To
avoid clutter, we avoid repeating the 7, and NuTeV lines in both plots,
although each is valid in both cases.

above. These give the most powerful constraints from < 1MeV to 64 GeV. Above
this range, the u — ey constraints become powerful. These bounds are in the right

panel of Fig. 5.5.

We see in Fig. 5.5 that the bounds are prohibitively strong if n; decays to SM prod-
ucts. We find that ns is phenomenologically more viable provided the decays of ns are
invisible and the mass satisfies 387 MeV < mj5 < 10 GeV. However, when restricting
the range of |UsU,s| from the muon lifetime, the LSND and MB results strongly

favor r ~ 1. Furthermore, the combination of constraints from SN1987A and the
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muon lifetime restricts |Ugs]? < 0.004 for ms = 100 MeV, which seriously constrains
the parameter space for solving the RAA and GA data, as indicated by Eq. (5.7).
In the next section we construct models of neutrino mass that naturally allow for

invisible decays.

5.4 Neutrino Models

The 3+1+1 scenario relies on the presence of a heavy neutrino with a substantial
mixing with the light neutrinos. Within the standard see-saw scenario, with one
active neutrino v, and one sterile neutrino v,,, this is not possible to achieve. The

mass matrix

0 mp
M = (5.23)
mp M

connects the mixing to the mass hierarchy, so that a heavy sterile neutrino necessarily
has a small mixing with the SM neutrino: 6 ~ mp/M, which is small for a sizable
neutrino hierarchy.

A large mass hierarchy and a large mixing can, however, be achieved for a Dirac
sterile neutrino. Taking a single active neutrino v, and a sterile neutrino v, with

Dirac partner 7y, we can write a general mass matrix in the (v, vy, 7g) basis as

Defining M? = m? + m3, and expanding to second order in the small ratio m; /ms we
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find the eigenvalues

2 2 2 4 2
)\1:M+<mD> t {mD(mDJF m5>}mf+...

IVEN VE
m? m2, (m2, + 4m2)
>\2:—M+(2]\/1[)2)m1—[ D 81])\45 5]m§+... (5.25)
2
m
Az = M‘Zmb

57 (1+52) —5p (1= 54) —
K, = 1 K, = 1 K3 = 1
ms _ms M2

M M mims

K, and K5 correspond to the components of the mostly sterile fifth mass eigenstate
ns, whereas K3 corresponds to a mostly active light state. The mixing between ns
and the light state is controlled by mp /M. This ratio need not be very small since the
mass of the light neutrino is fixed independently by m;. The small mixing scenario
is recovered in the limit mp < mjs, which corresponds to ms — M, while maximal
mixing corresponds to the limit mp — ms.

This type of scenario can be extended to encompass the fourth neutrino, as well

as the needed invisible decays of ns. Consider adding to the Lagrangian a term

Ly = AUgtm + N v, (5.27)

Neglecting Majorana mass terms for illustration, we find that a mass matrix in the
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(Va, Va, Vg, Vi) basis with the desired phenomenology is given by

M = : (5.28)

0 my 0 0O

where mg = Avg. This matrix has two zero eigenvalues, with the other two set

by i\/ m7 +mp +mZ. In a hierarchy where my < mp < ms, the massive states
are mostly v4 and their mixing with the active neutrino is controlled by mp/ms.
The massless states are predominantly composed of v, and v,,, and their mixing is
controlled by mg/mp. Of course, these masses should not exactly vanish, and the
masses can be lifted from being zero by appropriately small Majorana mass terms.
The new state ¢ allows both for large vy — v, mixing and for invisible decays
of vy (via vy — ¢v,, with subsequent decays ¢ — v,,v,,). This decay, with width
Iy ~ ﬁ)\Qm& should be compared to the decay derived from mixing with active
ms

4
states, which scales as I'gy; ~ ﬁ@iveg% (m—z> ms. Since my is in the GeV range, the

SM decay channel is naturally suppressed with respect to the invisible decay.

5.5 Conclusions

We have studied fits to the LSND and MB experiments within the context of 341
and 3+1+1 [1] scenarios. Compared to the 341 scenario, the 3+1+1 framework posits
that the presence of an additional heavy neutrino which is not directly probed by
most disappearance experiments lifts some of the constraints of the null disappearance
experiments. However, using the new 2011 MB 7 data, we find there is still significant
tension between positive and the null results, even with the additional very heavy

neutrino. We went on to explore the phenomenology of the massive neutrino that
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appears in the 3+1-+1 scenario, and we found that a heavy mostly sterile neutrino
could be consistent with a variety of cosmological and collider constraints if the sterile
neutrino has a mass around a GeV and does not couple primarily to the SM. We also
showed that in the face of BBN, direct search, and precision electroweak bounds,
even a heavy state that decays invisibly might not be suitable for reconciling the
anomalous measurements of v, fluxes made by gallium and reactor experiments.

If the larger mixing angle required by the 2011 v data for the LSND and MB
anomaly persists, other types of scenarios will be required in order to obtain a con-
sistent global explanation of the neutrino oscillation data. One possibility, which was
explored in [52], is to make use of medium dependent neutrino masses [53]. In this
case, Bugey (whose oscillations would mostly occur through air) would be weakened
relative to LSND and MB (whose oscillations mostly occur through earth), and a
wide swath of parameter space would remain. We leave this possibility for future
consideration.
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CHAPTER VI

Constraining Light Dark Matter with Diffuse

X-Ray and Gamma-Ray Observations

We present constraints on decaying and annihilating dark matter (DM) in
the 4 keV to 10 GeV mass range, using published results from the satellites
HEAO-1, INTEGRAL, COMPTEL, EGRET, and the Fermi Gamma-ray
Space Telescope. We derive analytic expressions for the gamma-ray spec-
tra from various DM decay modes, and find lifetime constraints in the
range 10%* — 10?® sec, depending on the DM mass and decay mode. We
map these constraints onto the parameter space for a variety of models, in-
cluding a hidden photino that is part of a kinetically mixed hidden sector,
a gravitino with R-parity violating decays, a sterile neutrino, DM with
a dipole moment, and a dark pion. The indirect constraints on sterile-
neutrino and hidden-photino DM are found to be more powerful than
other experimental or astrophysical probes in some parts of parameter

space. While our focus is on decaying DM, we also present constraints on
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servations, JHEP 1311, 193 (2013). arXiv:1309.4091 [hep-ph], MCTP-13-27, FERMILAB-PUB-13-
377-A-T.
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DM annihilation to electron-positron pairs. We find that if the annihila-
tion is p-wave suppressed, the galactic diffuse constraints are, depending
on the DM mass and velocity at recombination, more powerful than the

constraints from the Cosmic Microwave Background.

6.1 Introduction

A wide variety of precision astrophysical and cosmological observations have cor-
roborated the existence of dark matter (DM), without providing any conclusive indi-
cations of its nature or its non-gravitational couplings to the Standard Model (SM).
For the past 30 years, a broad experimental program has attempted to uncover the
DM properties. However, the vast majority of the existing experiments search either
for Weakly Interacting Massive Particles (WIMPs) or for axions, overlooking other
theoretically viable and motivated possibilities. One interesting possibility is light
dark matter (LDM) in the keV to 10 GeV mass range. In this paper, we focus on
such DM and study constraints from existing indirect searches.

A large class of models can accommodate DM with sub-GeV masses, see, e.g., [1—
9]. Such DM can be probed at colliders [10-15], at direct detection experiments [9, 16,
17], and at proton- and electron-beam dumps [18-23]. Constraints from the Cosmic
Microwave Background (CMB) already limit the s-wave DM annihilation cross section
to SM matter to be below that of a thermal WIMP, for DM masses below ~ 7 GeV [24-
27).

While DM decays are less constrained by early Universe cosmology, stringent
constraints can be placed on decaying DM from observations of the galactic and
extra-galactic diffuse X-ray or gamma-ray background. The lifetime of Weak-scale
DM is constrained from observations with the Fermi Large Area Telescope (Fermi
LAT) to 7 2 10% sec [28-32], many orders of magnitude larger than the age of the

Universe. For DM below O(100 MeV), the usual gamma ray constraints from the
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Fermi LAT do not apply, although the instruments on several other satellites (listed
in Table 6.1 below) are sensitive to photons with energies well below a GeV. The
available data cover a photon energy range from 10’s of GeV down to a few keV,
providing the possibility of exploring a much broader range of DM candidates than
WIMPs. Indeed, some of these data have already been utilized to constrain LDM, see,
e.g., [18,33-42,44]. Sterile neutrinos with a mass ~ O(1 — 10KeV) are a particularly
popular candidate and their constraints have been explored in, e.g., [36,38-40,45-51,
51-57]. Below a few keV, thermal DM candidates become too warm to adequately
explain the formation of structure in the Universe, so that such candidates necessarily
have a mass above the lower energy bound accessible by these satellite experiments.

The goal of this paper is to derive constraints on light DM candidates in the keV to
10 GeV mass range, using the diffuse photon spectra data listed in Table 6.1. We up-
date and extend several results in the literature. Taking a largely model-independent
approach, we discuss a wide range of DM decay topologies. We consider photons
that are produced directly in the decay or from final state radiation (FSR) of charged
particles that are produced in two- or three-body decays. We map our results onto
several known LDM models, and show limits on the corresponding model parameter
space. For example, we consider constraints on a kinetically mixed supersymmetric
hidden sector (with the hidden photino decaying to G~ or Gete™, with G the grav-
itino) and a sterile neutrino (with the sterile neutrino decaying to a neutrino and a
photon). While the constraints we derive are robust, they are based on published
data. Consequently, they can easily be improved by optimizing the search regions
and taking better account of the signal and background fitting.

While our focus is on decaying DM, we also consider annihilating DM. A thermal
relic with a p-wave (or velocity suppressed) annihilation cross section is less con-
strained from CMB data than s-wave annihilation, since DM is cold at the CMB

epoch. For this case, we find that the limits from the diffuse background can be more
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NFW JMoore JjlsoT JEin,0.17 JEin,O.IZ JEin,0,2O

Experiment Emin Emax Q ‘]D(A) D(A) D(A) D(A) D(A) D(A)
58 < £ < 109°U 3.88 1.06 1.33 3.79 3.76 3.8
HEAO-1 [63] 4KeV 30 KeV 238 < £ < 289°, | (2.16) (2.22) (2.24) (2.09) (2.05) (2.11)
20° < [b] < 90°
Te) < 30°, 3.65 3.80 2.77 1.20 1.73 3.95
INTEGRAL [64] 20KeV L MeV [b| < 15° (18.4) (24.4) (5.08) (30.9) (59.9) (23.2)
’ [7] < 60°, 6.82 7.03 5.91 7.48 8.10 7.19
COMPTEL [65] 1MeV | 15MeV 5] < 20° (23.1) | (20.1) | (5.69) (36.4) (66.0) (28.3)
y 0< (< 360°, 13.0 3.5 14.0 12.9 13.0 12.9
EGRET [66] 20 MeV 6 GeV 209 < [b] < 60° | (10.9) (11.0) (10.1) (11.5) (12.0) (11.3)
- 0< €< 360°, 21.9 22.8 23.3 22.0 22.3 21.9
Fermi [67] 200 MeV 10 GeV 8° < |b] < 90° (22.0) (22.5) (17.9) (25.4) (28.5) (24.0)

Table 6.1: Energy ranges, solid angles, and values of Jp (J4) for various DM density
profiles. The NFW profile is taken from [58,59], the Moore profile from [60],
and the cored isothermal profile can be found in [61]. The profiles “Ein,
o” are Einasto profiles [62] with slope parameter «.

constraining than the CMB.

The outline of the paper is as follows. In Sec. 6.2, we review both the expected
signals resulting from DM decays and annihilations as well as the relevant gamma-ray
and X-ray observatories (HEAO-1 [63], INTEGRAL [64], COMPTEL [65], EGRET
[66], Fermi [67]). We further discuss our methods for placing the limits on such DM.
In Sec. 6.3, we discuss models of decaying light DM such as decaying gravitinos, sterile
neutrinos, and hidden photinos. For each model we map the lifetime constraints onto
constraints of the model parameter space. In Sec. 6.4, we take a model-independent
approach and constrain the lifetime for various decay topologies. Sec. 6.5 is devoted

to constraints on the annihilation cross-section of light DM to electron-positron pairs.

We conclude in Sec. 6.6.

6.2 Constraining Light Dark Matter with Diffuse Photons

In this section, we discuss the data and the statistical methodwe use to place
constraints on decaying and annihilating LDM. We begin with a brief review of the

expected signal rate.
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6.2.1 Flux from Dark Matter Decays and Annihilations

Given a DM annihilation or decay spectrum, dN.,/dE,, and a galactic DM density
profile, p(r), the galactic contribution to the differential photon flux per unit energy

is given by,
d(P,%G . 1 T@ pQ dNA/J
dE 20 ldgmpy OV dE “PA

(6.1)

Here 1 ~ 8.5 kpc is the Sun’s distance from the Galactic center, p, = 0.3 GeV /cm?
is the local DM density, & = 1 (2) for DM decays (annihilations), I'p is the decay

rate, 'y = (po/mpm){ov) is the thermally averaged annihilation rate, and

o L Po

is a dimensionless quantity that describes the density of decays or annihilations along
the line-of-sight (l.o.s.) and over the solid angle 2. We will present results assuming
p(s) follows the NFW DM density profile [58,59], but in Table 6.1 we also list values
of Jp 4 for other DM density profiles for each experimental survey region. Our results
can thus be easily rescaled. Note that the choice of p(s) becomes less important for
survey regions farther from the galactic plane and also less important for decaying
compared to annihilating DM.

In addition to the contribution to the photon flux from DM decays in the Milky
Way halo, there is a contribution arising from the smooth distribution of DM through-
out the whole Universe (see, e.g., [37,45-47]). A photon produced at redshift z that
is detected with energy E was emitted with energy E(z) = E(1 + z). Such a photon

was emitted at a comoving distance, x(z), with

dx(z) _ 1 1 (6.3)

=~ (2P agHo AL+ R+ 2) )

where kK = Qp/Q,, ~ 3 and a flat Universe, Q,, + 2, = 1, is assumed. The extra-
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galactic photon spectrum arising from DM decays at redshift z is given by dN/dE(z),

so that the measured flux is

d2q)'y,EG o 1 FQDM,OC ee dN 1 1

= — d . (64
dQUdE 47 mDMaoH()\/ Qm 0 : dE(Z) (]. + Z>3/2 \/1 + I{(]_ + Z)_3 ( )

Because the photon flux from DM decays scales linearly with the DM density, this
contribution is not very model dependent. For dN,/dE(z) = 6(E(z) — mpm/2), this
reduces to the case that is usually considered, namely DM decaying to a redshifted

monochromatic gamma-ray line,

(6.5)

mpwm

dQ(I)%Eg_ 1 FQDMPC ( 2 > 2F 1
dQUE 41 mpyHov/Om mom /1 + &(2E /mpy)®

This effect implies that the spectral shape of a photon “line” from DM decays is
smeared to receive contributions from a continuous range of energies.

In principle, similar extragalactic contributions exist for the annihilating DM case.
However, the smooth part of extragalactic DM annihilation is subdominant compared
to the galactic contribution and may be safely ignored. On the other hand, extra-
galactic annihilations resulting from DM substructure at low redshift may contribute
a significant amount to the photon flux since it scales as the square of the DM den-
sity [20]. Since this contribution is not well known [69], we conservatively omit it
from our analysis below.

For DM decay or annihilation to final states that include electrons or positrons,
there are other potentially important contributions to the diffuse photon flux. The
electrons and positrons can inverse Compton scatter (ICS) starlight, infrared, or CMB
photons, or produce synchrotron radiation. The precise contribution to the diffuse
flux, however, is model dependent and requires detailed knowledge of the galactic and
extragalactic magnetic fields as well as the diffusion properties of the electrons in our

Galaxy. In order to present conservative bounds and to avoid significant systematic
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uncertainties, we do not include these contributions.
When stable charged particles (like electrons) appear as decay or annihilation
products, photons will be emitted through final state radiation (FSR). We use the

Altarelli-Parisi splitting function,

dl'rsr apml'poa 9 / 1+ (1 — E’,Y/E'f)2 dN
= =1 dE .
dE or (@/my) E de; (6.6)

v v

to estimate the photon spectrum, where () is the square of the momentum imparted to
the photon, apy >~ 1/137, and dN/dEy is the differential rate of decay or annihilation
to the final state particle f. For multiple charged-particles in the final state, we sum

over the contributions.

6.2.2 Data

We place constraints on LDM using the data summarized in Tab. 6.1 and shown
in Fig. 6.1. We emphasize that none of the datasets have been optimized for LDM
searches. 1t is therefore likely that significantly stronger constraints may be achieved
with dedicated analyses.

As mentioned above, we assume an NFW profile in all cases, but the results can
easily be rescaled for other profiles using the information in Tab. 6.1. For the inner-
galaxy data from INTEGRAL or COMPTEL, the bounds from decaying DM can be
adjusted by up to O(30%); using high-latitude data, the difference is typically less
than O(10%). In contrast, the expected photon flux from DM annihilations near the
galactic center can change by up to an order of magnitude for different choices of the
density profile.

For our analysis we use the following datasets:

e HEAO-1. We use data from observations of 3-50 keV photons made with the

A2 High-Energy Detector on HEAO-1 [63]. Other datasets from the experiment
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Figure 6.1: The collected normalized dataset of photon fluxes used to place con-
straints on decaying and annihilating DM in this paper. Data from
HEAO-1 [63] (orange), INTEGRAL [64] (green), COMPTEL [65] (blue),
EGRET [66] (red), and Fermi [67] (yellow) are shown. All error bars are
statistical, except for the EGRET and Fermi datasets, where the domi-
nant systematic uncertainties are shown. We omit the INTEGRAL 511
keV line both in this figure and in our analysis. Note that the various
datasets span different regions of the sky and should therefore not be
compared with each other; they appear together on this plot only for
convenience.

are significantly weaker than those from the INTEGRAL experiment discussed
below. To avoid point source contamination, the observations come from regions
of the sky 20° above the galactic plane. As is clear from Tab. 6.1, the constraints

from this sky region are not very sensitive to the DM density profile.

e INTEGRAL. We use data from observations of 20 keV to 2 MeV photons from
the region |¢| < 30° and |b| < 15° obtained with the SPI instrument onboard
INTEGRAL [64]. The quantity J changes by up to O(30%) in the decaying
case, for different choices of density profile. The excellent energy resolution

allows us to remove the well-resolved 511 keV line in our analysis.
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e COMPTEL. We use the COMPTEL data from [65]. These observations are
obtained by averaging over the sky at latitudes |¢| < 60° and |b] < 20°. Com-
pared to the INTEGRAL region of interest, the model predictions are about
half as sensitive to the density profile at these galactic latitudes. We find an

O(20%) uncertainty for DM decay bounds due to the DM density profile.

e EGRET. We use the data shown in panel E of Fig. 2 in [66], which lies in the
20 MeV to 10 GeV range at intermediate latitudes, 0 < ¢ < 360°,20° < |b] <
60°. Our results are sensitive only at the few-percent level to the DM density

profile.

e Fermi. We use data from the upper panel of Fig. 12 of [67], with 0 < ¢ < 360°
and 8° < |b] < 90°, between 200 MeV-10 GeV. We choose these latitudes to
enhance the signal to background ratio while minimizing the uncertainty in the
DM profile. The resulting decay bounds are only O(5%) sensitive to varying

the DM density profile.

6.2.3 Statistical Methodology

Our goal is to obtain robust, conservative bounds using the above data sets. We
do this by requiring that the predicted count from the DM signal in each bin does
not exceed the observed central value plus twice the error bar. In all cases we use the
statistical uncertainties, except for EGRET and Fermi where we take the dominant
systematic uncertainties. These bounds could be significantly strengthened with dedi-
cated searches in the future and by including fits to different astrophysical background
components, e.g., from astrophysical ICS. In Appendix 7?7, we show the improvement
that could be obtained with a goodness-of-fit test that assumes knowledge of the var-
ious backgrounds. The expected improvement varies between a factor of a few to an

order of magnitude, but involves larger systematic uncertainties as the backgrounds
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are not precisely known. For this reason, the results we present use only this simple

test described above.

6.3 Models of Decaying Light Dark Matter

In this section, we outline several simple scenarios that can accommodate LDM,
and we place constraints on the model parameter space. The models below should
be viewed as benchmarks that are not, however, complete. In particular, we do not
discuss the production mechanism that results in the observed relic abundance. In
the next section, we will derive “model-independent” constraints, where the results
are presented as generic constraints on the lifetime versus mass for a given decay

topology.

6.3.1 Hidden Photino

Consider a supersymmetric hidden sector, with an additional U(1), gauge group [4,
7,70-73]. We assume that the SM and hidden sector can interact with each other
through gauge kinetic mixing [74,75],

€

. / 420 Wy | (6.7)

where W, (Wy) are the supersymmetrized field strength of the hidden gauge group
(hypercharge). The value of € may naturally be of order 1072 — 10~* when generated
by integrating out heavy fields charged under both sectors. Conversely, if Eq. (6.7)
results from higher dimensional operators, ¢ can be significantly smaller, as we will
assume below in order to obtain MeV-GeV masses.

An interesting possibility is to have the hidden gaugino play the role of DM. To re-
alize this, supersymmetry must be broken and communicated both to the visible and

hidden sector. If the communication occurs through gauge mediation, the breaking
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Figure 6.2: Constraints on hidden photino decay to left: gravitino and photon and
right: gravitino and hidden photon (with the latter taken to have mass
m,, = 0.9m5, and going to final state f*f~, with f = e, or 7). In
the left plot, the solid (dotted) lines are with vF = 10* (10%)TeV.
The constraints are derived from the diffuse gamma- and X-ray data
taken from HEAO-1 (orange), INTEGRAL (green), COMPTEL (blue),
EGRET (red), and Fermi (yellow). In the “Short-Lived” region the DM
lifetime is shorter than the age of Universe. Above the solid red line, the
hidden photino is stable.

in the hidden sector may be significantly smaller than in the visible sector as super-
symmetry breaking is transmitted to the hidden sector through D-term mixing [71].

As a consequence, the hidden photon mass is given by,

m2, = € ga (Dy) = (5 MeV)? <10€—8) (%> (50%?;\2) | o

where (Dy) = \@\, v = 246 GeV, and tan 5 = v, /vy. Insuch a case, 4 and 7,4 are
nearly degenerate, and 74 can decay to the gravitino and either a photon or a hidden
photon, depending on whether the latter is heavier or lighter than 4, [7,72,73,76,77].

The hidden photino lifetime is,

-1

_ 2 5
To e 2 mgd ~ 3 x 10* sec 107 10 MeV —ﬁ
Ya—7G 160F2) € ms, 100 TeV |

(6.9)
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Figure 6.3: Constraints on a hidden photon in the hidden photino DM model for
the case where the hidden photino decays to a photon and a gravitino,
Y4 — G, and with VF = 100TeV (left) or vVF = 10*TeV (right).
Gray shaded regions indicate constraints from beam-dump, fixed-target,
and colliding beam experiments, stars, precision measurements, and from
the intergalactic diffuse photon background (IDPB), while the colored

regions show the gamma- or X-ray constraints as in Fig. 6.2.

In the

“Short-Lived” region the DM lifetime is shorter than the age of Universe.
See text for more details.

for the decay to the photon and gravitino. This lifetime depends on several param-

eters, and can be much longer for lighter DM if the exact relation, Eq. (6.8), holds.

Of course, ms, can be controlled by some other dynamics and hence be independent

of e. Similarly for 55 — 4 G we have,

T54—=vaG

12

TI/LEé -1 4
(k) (1-2)

3 x 10%° sec (

5 4 —4
1 MeV VF L m?, (6.10)
ms, 10* TeV mi ‘ '

Here, a long lifetime requires a slightly larger SUSY breaking scale. Note that the two

possibilities lead to distinct indirect detection signals. In the first case one expects
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a spectral line, while in the second the spectrum is dominated by the FSR photons
from the kinematically accessible charged particles that arise from the decay of the
hidden photon.

The constraints for both cases are shown in Fig. 6.2. In the case of the line, we
show the bounds in the € — ms5, plane, taking two choices for V'F. For the case
where the photino decays via a hidden photon, the constraints are presented on the
V'F — ms, plane with the assumption m,, = 0.9ms,. Above the solid red line,
the hidden photino is stable. The photon spectrum for a variety of different decay
channels may be derived from [78]. In both panels, the “Short-Lived” region indicates
that the DM lifetime is shorter than the age of Universe.

Assuming m., >~ ms,, additional constraints exist from beam-dump [79,80], fixed-
target [81,82], and colliding-beam experiments [83]; precision measurements [84];
stars [85,86]; and from the intergalactic diffuse photon background (IDPB). This
final constraint is valid for hidden photons below 2m, ~ 1 MeV, as these can decay
to three photons and contribute to the diffuse photon background [34,87]. For a
summary of results see, e.g., [88]. These additional constraints are shown in Fig. 6.3
together with the limits derived here (and shown in the left panel of Fig. 6.2), for the
case where the hidden photon decays directly to a photon and a gravitino, 7y; — ”yé .
We note that some of these additional constraints are model dependent and may be

evaded.

6.3.2 Sterile Neutrino

Under certain circumstances, a sterile neutrino, v, may act as DM (for reviews,
see [48,57]). Due to its mixing with the active neutrinos, it may decay either via a
2- or 3-body channel. The leading diagrams that contribute to these decay channels
are shown in Fig. 6.4. In its simplest form, the theory at low energy is described by

two parameters:
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Figure 6.4: Decay channels for a sterile neutrino, v, through (A) a two-body radia-
tive process (v; — v4y) and (B) charge- and neutral-current contribu-
tions to a three-body final state.

e m, - the sterile neutrino mass

e sind, - the mixing angle between v and active neutrinos of flavor «; in what

follows, we will only consider v, — v, mixing.

The mixing above can be induced, for example, in supersymmetric theories with a
superpotential, W = X LLFE*. The two-body decay rate for a Majorana neutrino is

given by [89]

dapysin?f , o\ - (10MeV\? [sinf
Tyg—vy = (WGFmX ~1.8x10""s My 10-5 s (611)

while the three-body decay rate is [90]

Casin®d 5 S\ 5 (10MeV\® /sing
T,,Sﬁl,a#e—:( 065 GFmX> ~ 24 %10 s( m ) (10_8> . (6.12)
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Figure 6.5: Constraints on the sum of sterile-neutrino decay to yv and vete™ using
the decay widths in Egs. (6.11) and (6.12). The constraints from the dif-
fuse gamma- and X-ray data are HEAO-1 (orange), INTEGRAL (green),
COMPTEL (blue), and EGRET (red). Within the solid black region,
the neutrino energy density must be greater than the observed DM den-
sity. Above (below) the black solid line, the neutrino lifetime is shorter
(longer) than the age of the Universe. Within the green boundaries, the
sterile neutrino is ruled out by Ly-a forest data [48,49]. Two cases for
the sterile-neutrino energy density are assumed. In the left plot, the
density is assumed to precisely equal the DM energy density everywhere
below the dark and light gray regions. In the right plot, the density is
determined by the (irreducible) DW mechanism.

14+4sin? Oy +8sin? Oy
. ~ (.59

Here the neutrino flavor o = e, ¢, = [90], and we are only
considering decays to ete™ pairs. The resulting gamma-ray fluxes from both channels
contribute at roughly similar levels once the splitting function is introduced.

The relic abundance of sterile neutrinos is model dependent and varies according to
the specific production mechanism and dynamics in the early Universe. An irreducible
and UV-insensitive contribution to the abundance of sterile neutrinos arises from

the so-called Dodelson-Widrow (DW) mechanism [91] in which the neutrinos are

produced via oscillations. Thus, in the absence of new dynamics at low temperature,
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one finds [48]

sin? 20 ms \ 18
Q. >0.2 ° ) 1
s 2 025 (4.3 X 10—13) (MeV) (6.13)

Additional contributions may arise from, e.g., non-thermal production [8] or due to
an extended Higgs sector [92,93].

In order to place model-independent bounds on the parameter space of sterile
neutrinos, we consider two different possibilities for the size of the sterile-neutrino
relic abundance. First, we consider an unspecified UV mechanism that contributes to
the DM density in those regions where the DM is under-abundant, setting €2,, = Qpu.
Next, we assume the relic abundance is determined solely by the DW mechanism and,
depending on the mixing angle and mass, €2,, can be greater than or less than (py.
We show our bounds for both these cases in the left and right panel of Fig. 6.5,
respectively, in the m,,_ — sin?26 plane. In addition, we show existing bounds from
the observation of the Lyman-« forest [49] and the overclosure region, in which the
neutrino density produced by the DW mechanism exceeds the observed DM density.
We also show the region where the sterile-neutrino lifetime is shorter than the age of
the Universe, and hence it cannot act as DM. Several additional constraints exist on
sterile neutrinos, for example, from the power spectrum of large scale structure [94]
and of the CMB [94], from BBN [95], and from Supernova-1987A [96]. However, these
constraints lie in the region where either the lifetime is too short or where the DM

density is too high.

6.3.3 Gravitino Dark Matter

Another interesting possibility is gravitino DM [97-104]. The gravitino may be
unstable on cosmological timescales and here we consider gravitino decays induced
by R-parity violating (RPV) interactions [99-101]. Since we are interested in light
DM, we will focus on the RPV operator that allows the gravitino to decay to leptons,

W = \jililjef. A small coefficient A in the RPV vertex can ensure that the gravitino
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Figure 6.6: Feynman diagrams for G decay through (A) an off-shell slepton to a
three-body final state (G — ¢v;£F) and (B) a two-body radiative process
(G = va).

lifetime is longer than the age of the Universe.

Gravitinos are typically produced in three processes [97]: (i) gaugino scattering,
dominantly at the re-heat temperature, (ii) freeze-out and decay of the lightest or-
dinary supersymmetric particle (LOSP, such as a neutralino), and (iii) freeze-in pro-
duction from decays of visible sector particles, dominated at temperatures of order
the superpartner masses.

Once gravitinos are produced with the observed relic abundance, their decay rate is
controlled by the strength of the RPV vertex, as well as by the mass of the observable
superpartners. The RPV operator considered here allows decays in one of two ways,
as shown in the diagrams of Fig. 6.6. First, through an off-shell slepton, one has
G — vilF ¢, This process is suppressed both by three-body phase space and by
the slepton propagator, which gives an additional factor proportional to (13, Jm)4,

where m is the slepton mass. One finds [101]

f -1
|2 mg/z m

=~ -~ F 6.14

TGt [3(32)271'3 ma, ms /s (6.14)
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Figure 6.7: Left: Constraints on photino-neutrino mixing from RPV gravitino decay.
Right: Constraints on the effective cutoff scale for DM with a dipole
interaction. Regions as in Fig. 6.2.

where mp; = Mpy/v/8T = 2.4 x 10'® GeV is the reduced Planck scale and F(z) ~
1/(30x%); a more exact expression can been found in [100].

A second, two-body, decay mode is G — v, which usually dominates the decay
width [101] and gives stronger bounds. It is induced by a mixing between the photino
and the neutrino, |Us, |, which occurs if the RPV terms induce a VEV for the sneu-
trino [99,101] or via a loop with a charged lepton and slepton. This gives a gravitino

lifetime [98,99],

-1
1 2 3o 10MeV\?® /10712
TGy = <32—7T U | m—2> ~ 3.8 x 10%s ( ) ) (6.15)

Pl mso

In the left panel of Fig. 6.7 we show the constraints on the photino-neutrino mixing
angle as a function of the gravitino mass. In deriving the bound we require that the
gravitino has the observed DM relic abundance. We do not show limits from BBN
as those depend strongly on the dominant production mechanism and hence on the

re-heat temperature and the spectrum of the superpartners [104].
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6.3.4 Dipole DM

The dipole operator Ax20*x1F,, /A (with o = i[y*,~4¥]) induces x1 — Xx27,

where x; 2 are Dirac fermions. The lifetime is

3
ﬁ(l_m_%>
271'/\2ff m%

10 MeV\? A )2
~ 4.1 x 10% °

8 S( m ) <1019Ge\/> ’

with Aeg = A/), the effective cutoff scale of the theory. The outgoing photon has

Tdipole =

(6.16)

an energy E., = (m? —m3) /2m;. In the right panel of Fig. 6.7, we show the limits
on A.g versus the x; mass, m;. Since the effective operator that controls the decay
is dimension 5 and not higher-dimensional, the limits are exceptionally strong, con-
straining the effective cutoff scale to be very high (or conversely, the corresponding
coupling to be small, A < 1). An approximate symmetry in the UV may be required

to protect these decays.

6.3.5 Dark (Pseudo-) Scalars

As a final model for light DM, we consider two-body decays of diphotons or charged

particles. If DM is a pseudoscalar decaying to two photons, its lifetime is [105]

2 3 0\ 1 3 2

o [ YEMMn - 20 10 MeV I

Trg—yy = <W) ~1.1x10%"s (m—d m . (617)
Td s

Here fr, is the decay constant in the hidden sector, which we assume is Abelian. This
decay produces a spectral line at an energy m,,/2. We show the constraint in the left
panel of Fig. 6.8, from which it is clear that the scale of f, needs to be very high.

If DM is a scalar that decays to charged particles that produce photons through
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Figure 6.8: Constraints on the decay constant fr, for a dark pseudoscalar decaying
to diphotons (left) and the limits on the coupling of a hidden scalar in
the case where it decays to ete™ (right). Regions as in Fig. 6.2.

FSR, e.g., ¢ — ete, the lifetime is

-1

2 2 3/2 —20\ 2

_ 10MeV (10

Tosete = [& (1 gD ) ] ~ 8.3 x 108 ——— ( ) . (6.18)
4m Mp me Ja

The spectrum is bounded by the energies 0 < E, < mg/2. The constraints on the
coupling g are shown in the right panel of Fig. 6.8. As is apparent, tiny couplings are

required for such DM to agree with observations.

6.4 Model-Independent Bounds and Spectra

In the previous section, we presented limits on specific model parameters. In this
section, we fill in some of the details of the analysis there, and show bounds in terms
of the lifetime only, making the constraints “model-independent.” Despite the wide
variety of possible decays that produce a photon signal, there are very few distinct

event topologies of interest:

e Two- or three-body decays, with or without FSR.
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e Two-body cascade decays, where one or both of the decay products themselves

subsequently decay to photons or charged particles.

In the limit of small outgoing particle masses, the differential decay width at low
energies for each of these topologies may be written as a function of the total width,
the photon energy, F;, and the mass of the outgoing particle, m;. We will use the

small parameters

(6.19)

to expand our results.

When relevant in the model-independent bounds below, we only consider photons
and electrons as SM final states. Typically these bounds will weaken moderately
as new decay channels to additional charged or unstable heavier particles open up.
One exception, however, is for the case where the decay products include 7°’s which
consequently decay to photons. In such a case, a significant improvement in the limits

is expected due to the sharp spectral feature.

6.4.1 Two-Body Decays Involving a Photon

We first consider two-body decays of DM directly to a photon and a neutral par-
ticle, or to two photons. Models that give line-like features include a hidden photino
decaying to a gravitino and a photon via kinetic mixing, as discussed in Sec. 6.3.1.
There are, of course, a profusion of other model-building possibilities that produce a
monochromatic photon. These decays can produce one or two monochromatic pho-
tons with differential width,

6(1 —v3—2)\,) (1 photon)

= : (6.20)
dEy 26(1 —2)\,) (2 photons)

dN, two—body
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Figure 6.9: Bounds on the lifetime of a scalar DM, ¢, decaying to two photons. Re-
gions as in Fig. 6.2.

Here vy = my/mpy refers to the mass of the outgoing decay partner, in the case of a
single photon. The constraints on the lifetime for the decay to two photons are shown

in Fig. 6.9.

6.4.2 Two-Body Decays with FSR

Two-body decays to charged particles produce photons through FSR. The differ-
ential width to photons is approximately given by integrating a J-function with the

Altarelli-Parisi splitting function, as shown in Eq. (6.6), to give

qug_}eJreffy - QaEM
dr, - TE,

1-2
1—2X\ + (1 —2X, +2)2) In ( A’Yﬂ : (6.21)

2
Ve

where the spectrum is bounded by the energies 0 < E, < mg/2. We use the exact

calculation of the three-body final state for the spectra and the exclusion regions in
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Figure 6.10: Left: Photon spectra from DM decay to e™e™, emitting final state ra-
diation, as a function of x = 2E, /mpy. The spectrum of decays with
galactic photons only is shown as the solid line, while the redshifted ex-
tragalactic spectrum is shown with dashed lines (see text for details).
Right: Bounds on the DM decay lifetime for this process, with regions
as in Fig. 6.2.

Fig. 6.10. In this figure, we show the dimensionless galactic photon spectrum

dN ma d_N

dr 2 dB (6.22)

as well as the redshifted extragalactic spectrum dN, ¢, /dx (dashed lines). The extra-

galactic spectrum is calculated by performing the integral in Eq. (6.4)

oo dN 3 —1/2
dN%eg _ fo dz dz(z) [(1 ™ Z) + H] (6,23)

dr o dz (1422 + /72

normalized such that the total number of photons for 0 < x < 1 is equivalent for
galactic and extragalactic photons.

As described above, this decay naturally arises if the DM is a light scalar. Further-
more, the decay to two leptons is a popular toy model that parameterizes possible DM
decay and annihilation. The bounds for this case are shown on the right of Fig 6.10.

As expected, they are a few orders of magnitude weaker than the bounds from the
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Figure 6.11: Left: Photon spectra versus z = 2E. /mpy for DM decay to two neu-
tral particles, where one of the neutral particles subsequently decays
to eTe™, emitting final state radiation. The lines are as in Fig. 6.10.
Right: Bounds on the DM decay lifetime for this process. Regions are
as in Fig. 6.2.

monochromatic decay shown in the previous subsection.

6.4.3 Two-Body Cascade Decays

We next consider the case of DM decay to a pair of neutral particles, one of which
subsequently decays to eTe™: @1 — a3 — PofT4~. An example for a decay of
this type was presented in Sec. 6.3.1 for the hidden photino model, where the hidden
photino decays to a gravitino and hidden photon, which then subsequently decays to
charged leptons: v, — évd — GU0~. We derive the photon spectrum from these
cascade decays from [78]. The spectrum for FSR resulting from a single boosted

lepton is

N 2 2 2
- O‘EM{ {—1—1—111 (ﬂg)} (2-F—3+27In7) + (%—1)2%@
my

dE, m™mx

2ZIn7+ (2— 7 —2%) In(1 — Z) — 27Li, (2) } (6.24)
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Figure 6.12: Left: Photon spectra versus z = 2E,/mpy for DM decay to efe v,
emitting final state radiation. The lines represent the galactic (solid)
and extragalactic (dashed) spectra. Right: Bounds on the DM decay
lifetime for this process. Regions as in Fig. 6.2.

where T = 2myE,,/ (m} +m3 —mj3). This spectrum, under the assumption of mj =
0.9m; and my = 0.01my, is shown on the left of Fig. 6.11 where the galactic (solid
lines) and redshifted extragalactic (dashed lines) contributions are shown. As can be
seen, Eq. (6.24) does not have a precise cutoff at E, = m;/2. However, as noted
in [78], the number of unphysical photons produced with E., > m;/2 is second order
in the expansion parameters and the effect of this error on the bounds is negligible.
The constraints on the lifetime of the decaying particle are shown on the right
of Fig. 6.11, (with similar assumptions on ms3 as made in the left panel). These
constraints are comparable to those on two-body + FSR models, and are considerably

less constraining than those with monochromatic photons.

6.4.4 Three-Body Decays with FSR

Next we examine three-body DM decays, where the DM decays to a pair of charged
particles plus a neutral particle. Our formula was specifically derived for the case of

Weak decays of a sterile neutrino, vs — vete™ (as we discussed in Sec. 6.3.2), though
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only minor changes result for a more generic decay ¢, — ¢oete™.
The differential width of a fermionic DM decaying to ete™ v via weak processes

and including FSR is,

dNpyvrsr  20mm 1—2), 11 o Ay (L+4sin®Oy) (1 —6),)
— 1 1——A\,+ 10X
dE, xB, e\ 2 g AT 12¢,

e

(6.25)

7

Here we neglect both the neutrino and the electron masses and “...” stands for higher-
order terms in v,. For the case of a decay process mediated by a heavy neutral scalar
particle, the above remains the same with the omission of the last term.

The spectrum for the above is plotted on the left of Fig. 6.12 where, as before,
the galactic (solid lines) and redshifted extragalactic (dashed lines) contributions are
shown. The constraints on the lifetime are shown on the right of Fig. 6.12. We
find the bounds to be similar in magnitude to the two-body + FSR case, however

sensitivity to the endpoint feature in the spectrum is apparent and results in the

wiggles displayed in the figure.

6.4.5 Three-Body Decays Involving Photons

Three body decays such as ¢; — ¢y are also possible. We remain agnostic
about the UV completion and do not embed this interaction in any of the theories
above. Nonetheless, we include it here for completeness.

To obtain bounds, we assume that this decay is induced by the higher-dimensional

operator O = %qﬁlgbgFWF””. We have,

_ 4 )
dN¢>1H¢2’Y’Y _ 128E§) (1 1-2) (6.26)

dE, mi 142802 (1 —vg) —v8+ 1203 (14 3v3 +v3) Invd’

We see here that the width is exponentially sensitive to the energy in the limit v, — 0,

which means that the photons from this decay are preferentially grouped near the
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Figure 6.13: Left: Photon spectra versus x = 2E, /mpy for DM three-body decay
®1 — ¢9yy. The lines represent the galactic (solid) and redshifted ex-
tragalactic (dashed) spectra. Right: Bounds on the DM decay lifetime
for this process, with regions as explained in Fig. 6.2.

DM mass. Consequently, for a given m,, the constraint arises from a single bin in a
given experiment.

We display the spectrum and constraint on the lifetime in Fig. 6.13, with the
assumption ms = 0. In this limit, the differential spectrum is the same regardless
of my. As expected, these bounds compare favorably to the monochromatic photon

lines.

6.5 Annihilating Light Dark Matter

Here we consider bounds on annihilating DM, specializing to the case of annihi-

lation to ete™ (see also [106]). The differential photon spectrum for this case is

dN ZOéEM 1 2
- 5(1—
dE»y ﬂ-E’Y (1 _V3)3/2{ ( Ve)"—

1 3 1 1—A, =9
11— I N Vo —viIn [ —2X— 2
{ )"7"'2)‘7 7 (2 )\7>+2V€1 n(l_)Wer) }, (6.27)

175




10-211
10-%2
102,
10-%4
S 10°5]| .~

S 1072
10727
10~ 28
10-%°;

cm®/sec]

_—
—HEAO-1 -
— INTEGRAL |
== COMPTEL
= EGRET

= FERMI

103 104

(o

m, [MeV]

Figure 6.14: Bounds on the DM velocity-averaged annihilation cross-section (ov) due
to FSR off the process xx — eTe™. Regions as in Fig. 6.2. Also shown
is a comparison with the CMB constraint for DM annihilation that is
s-wave (solid) or p-wave, the latter for two different kinetic-decoupling
temperatures, zq = T, /mpy = 107* (dash-dot) and 107° (dashed line),
where we take T, = 0.235 eV at the CMB epoch (corresponding to
ZCMB — 1000)

where we have defined § = /(1 —\,) (1 — A, —12). The bounds are shown in
Fig. 6.14. From Tab. 6.1, we see that these results are sensitive (within factors of a
few) to the DM density profile (we use the NFW profile for all results), especially for
experiments that observe regions near the center of the galaxy such as INTEGRAL
and COMPTEL. For DM masses below ~ 100 MeV the bounds are stronger than the
thermal annihilation cross-section around 3 x 10726 ¢cm?/s.

These bounds can be compared with those from CMB observations, which are
very strong for s-wave processes. Indeed, for DM masses below ~ 7 GeV, the an-
nihilation cross-section must be smaller than the thermal annihilation cross-section

of 3 x 1072 cm3/s. At first sight, it appears that the diffuse photon bounds are

176



not competitive with the CMB bounds. However, p-wave annihilation rates may be
larger in the galaxy today relative to the CMB epoch if the velocity of the DM at
recombination is smaller than the galactic velocity which we take to be, vy = 220
km /sec.

The velocity of the DM at recombination depends on the kinetic decoupling tem-
perature. As long as the DM remains kinetically coupled to the plasma, its velocity is
UDM "~ \/BTv/TDlW . Once the DM kinetically decouples, however, it cools much more
quickly: its temperature at redshift z is Tpy = Tia (i)Z, for a kinetic decoupling

temperature T4 at redshift z, 4. As a result, the DM velocity is

DM = ?)TDM/TI’LDM = \/gl‘,y ZEl:dl/2 (628)
T

= oot (D) (LMeVY (107 12
o 1eV MpPM Tid ’

where we define z; = T;/mpy. The above is easily smaller than the observed galactic

velocity, even for very light DM.

We show in Fig. 6.14 the CMB constraint from s-wave processes, as well as the
constraint from p-wave processes for g = 107* and 1079, taking T, = 0.235 eV
at the CMB epoch (corresponding to zcyp = 1000). In order to compare the galac-
tic and CMB constraints for both s- and p-wave annihilation, we show contours of
(ov) o (vpa/ve)* ™Y, where n = 1(2) for s(p)-wave. We can see that the CMB
constraints are always stronger than the diffuse photon constraints for s-wave anni-
hilation. However, the diffuse constraints are stronger than the CMB constraints for

p-wave annihilation, especially for larger kinetic-decoupling temperatures where the

DM is colder.
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6.6 Conclusions and Future Improvements

In this paper, we considered simplified models of DM with masses O(few KeV) <
mpu S O(few GeV), that can give rise to observable signals in X-ray and gamma-
ray observatories via decays or annihilations. We found that bounds from HEAO-1,
COMPTEL, INTEGRAL/SPI, EGRET and Fermi, even without dedicated searches,
can already be very strong, even under conservative assumptions.

For decaying light DM, constraints on the lifetime, Ty, are in the range 10%* —
1028 s, where the weaker bounds typically apply in the case where DM decays to pho-
tons via FSR, while the stricter bounds apply when DM decays directly to photons.
On the other hand, for DM that annihilates to two electrically charged SM parti-
cles, we find that below a few hundred MeV the annihilation cross-section must be
lower than the canonical thermal relic s-wave annihilation cross-section. In this case,
the existing CMB bounds are found to be stronger. However, for p-wave suppressed
annihilation, the CMB bounds become weaker than the diffuse constraints as the
kinetic-decoupling temperature increases (and the DM at CMB becomes colder).

In addition to model-independent constraints, we also placed limits on specific
benchmark models of light DM: hidden-photino DM, sterile-neutrino DM, gravitino
DM, dipole DM and hidden (pseudo-) scalar DM. We found that the constraints from
decaying DM are often stronger than other existing experimental, astrophysical, or
cosmological constraints.

We conclude that X-ray and gamma-ray observatories provide a powerful and
independent probe of light DM. To improve on the results presented here, dedicated
searches are needed, where better background studies and optimized regions in the sky
are considered. With the results above, the authors strongly encourage new studies

in the hope of significantly widening the search window for dark matter.
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CHAPTER VII

Dissecting the Gamma-Ray Background in Search

of Dark Matter

Several classes of astrophysical sources contribute to the approximately
isotropic gamma-ray background measured by the Fermi Gamma-Ray
Space Telescope. In this paper, we use Fermi’s catalog of gamma-ray
sources (along with corresponding source catalogs at infrared and radio
wavelengths) to build and constrain a model for the contributions to the
extragalactic gamma-ray background from astrophysical sources, includ-
ing radio galaxies, star-forming galaxies, and blazars. We then combine
our model with Fermi’s measurement of the gamma-ray background to
derive constraints on the dark matter annihilation cross section, includ-
ing contributions from both extragalactic and galactic halos and subha-
los. The resulting constraints are competitive with the strongest cur-
rent constraints from the Galactic Center and dwarf spheroidal galaxies.
As Fermi continues to measure the gamma-ray emission from a greater

number of astrophysical sources, it will become possible to more tightly

Written in collaboration with Ilias Cholis and Dan Hooper. Originally published as Dissecting
the Gamma-Ray Background in Search of Dark Matter, JCAP 1402, 014 (2014). arXiv:1312.0608
[hep-ph], MCTP-13-40, FERMILAB-PUB-13-546-A.
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constrain the astrophysical contributions to the extragalactic gamma-ray
background. We project that with 10 years of data, Fermi’s measure-
ment of this background combined with the improved constraints on the
astrophysical source contributions will yield a sensitivity to dark matter
annihilations that exceeds the strongest current constraints by a factor of

~5-10.

7.1 Introduction

The diffuse and approximately isotropic gamma-ray background was first detected
by the SAS-2 satellite [1], and later confirmed by EGRET [2] and the Fermi Gamma-
Ray Space Telescope [3]. This emission has long been speculated to be the product
of a large number of unresolved sources, such as active galactic nuclei [4-13] or star-
forming galaxies [14-17]. It was also suggested that a portion of this background
could be the result of annihilating dark matter particles [18-20].

With the wealth of new information brought forth by Fermi, a much more concrete
and detailed picture for the origin of the extragalactic gamma-ray background (EGB)
has emerged.! In particular, the large catalog of blazars observed by Fermi [21] has
been used to construct detailed luminosity functions and redshift distributions for the
populations of flat-spectrum radio quasars (FSRQs) and BL Lac objects. This infor-
mation, as well as the degree of small-scale anisotropy observed by Fermi [22], sup-
ports the conclusion that unresolved blazars contribute only ~20% of the EGB [23—
26]. Fermi’s detection of gamma-ray emission from both star-forming galaxies [27]

and radio galaxies [28], combined with the observed correlations between emission

L Although we will use the phrase “extragalactic gamma-ray background” throughout this paper
to describe the approximately isotropic emission that is observed, we do not intend to imply that
no galactic sources could contribute to this flux. If distributed sufficiently isotropically across the
sky, a population of faint galactic sources would be difficult to separate from the extragalactic
background. Despite the recent detection of small scale anisotropies [22], this background is also
sometimes referred to as the isotropic gamma-ray background.
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Figure 7.1: The models used in our analysis to describe the spectral shape of the
gamma-ray emission from Milky Way-like star-forming galaxies (left) and
much higher luminosity starburst galaxies (right), neglecting attenuation
from the cosmic infrared background. See text for details.

at gamma-ray and infrared and radio wavelengths, has revealed that these source
classes each contribute significantly to the EGB. Taken together, the emission from
unresolved blazars, star-forming galaxies, and radio galaxies is likely to make up the
majority of the observed EGB, and could plausibly constitute the entirety of this
background (see, for example, the combinations presented in Refs. [29] and [30], or
the discussion in Ref. [31]). Given the uncertainties in the characteristics of these
source populations, however, there remains room for not-insignificant contributions
from other sources, such as merging galaxy clusters [32-34], cascades generated in
the propagation of ultra-high energy cosmic rays [35,36], or annihilating or decaying
dark matter.

In this paper, we construct an empirically based model for the contributions to
the EGB from star-forming galaxies, radio galaxies, FSRQs, and BL Lac objects, and
we compare this model to the observed spectrum of the EGB. We then make use
of this model to derive upper limits on the contribution from dark matter, and on
the corresponding annihilation cross sections. We find that the resulting dark mat-
ter constraints are competitive with those derived from observations of the Galactic

Center [37] and dwarf spheroidal galaxies [38,39]. Furthermore, as Fermi continues
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to detect and characterize the gamma-ray emission from an ever larger number of
sources, it will become increasingly possible to tightly constrain the various astro-
physical contributions to the EGB. We project that with 10 years of data, Fermi’s
measurement of the EGB, combined with the expected constraints on the astrophys-
ical source contributions, will yield a sensitivity to dark matter annihilations that
exceeds current constraints by a factor of ~5-10. Such a result could plausibly rep-
resent the strongest constraint on the dark matter annihilation cross section by the
end of the Fermi mission.

The remainder of this paper is structured as follows. In Sec. 7.2, we discuss con-
tributions to the EGB from a variety of astrophysical sources, including star-forming
galaxies, radio galaxies, blazars, cascades induced by ultra-high energy cosmic rays,
and millisecond pulsars. We describe and constrain a model for this astrophysical
emission, and find that the combination of these sources could account for the en-
tirety of the EGB, although with significant statistical and systematic uncertainties.
In Sec. 7.3, we calculate the contribution to the EGB from dark matter annihila-
tions, including extragalactic halos and subhalos, and the halo and subhalos of the
Milky Way. In Sec. 7.4, we use these results to derive constraints on the dark matter
annihilation cross section. In Sec. 7.5, we make projections for Fermi’s future sensi-
tivity to annihilating dark matter. Finally, in Sec. 7.6, we summarize our results and

conclusions.

7.2 Astrophysical Contributions to the Diffuse Gamma-Ray

Background

In this section, we discuss several astrophysical contributions to the EGB, and
constrain their spectral shapes and normalizations. Taken together, we find that

the combination of emission from star-forming galaxies, radio galaxies, FSRQs and
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BL Lac objects likely makes up the majority of the EGB, although with significant

uncertainties.

7.2.1 Star-Forming Galaxies

Although few galaxies (excluding those with active nuclei) are bright enough to
be detected by Fermi as individual sources, they are very numerous and may collec-
tively contribute significantly to the EGB [15-17,31]. Galaxies produce and contain
cosmic rays, which generate gamma-rays through pion decay, inverse Compton, and
bremsstrahlung processes. The intensity and spectrum of this emission is expected to
depend on the star formation history of the galaxy in question. To date, Fermi has
reported the detection of only nine individual galaxies, four of which reside within the
Local Group (the SMC, LMC, M31, and Milky Way) and five of which are more dis-
tant (NGC 253, M82, NGC 4945, NGC 1068 and Circinus) [27,40-42]. Additionally,
MS&2 and NGC 253 have been observed at very high-energies by ground-based gamma-
ray telescopes [43,44]. Taking this information alone, it would be very difficult to
produce a reliable model for the luminosity and redshift distribution of such sources.
Fortunately, many more galaxies have been detected at infrared wavelengths [45], and
the gamma-ray luminosities of the galaxies detected by Fermi have been shown to be
highly correlated with the corresponding radio and infrared emission. In particular,
Ref. [27] reports the following relationship between the emission in the 0.1-100 GeV
and 8-1000 pm bands:

Lo.1-100Gev Lg—1000 jm
1 — | =al —_— 7.1
©8 ( erg/s ) @08 ( 1010 L +5 (7.1)

where o = 1.1740.07 and S = 39.28 £0.08. Combining this observed correlation with
the observed infrared luminosity function and redshift distribution of galaxies [45], it

is possible to derive the gamma-ray luminosity function for this source population [27].
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Figure 7.2: The estimated contribution to the EGB from star-forming galaxies (in-
cluding starburst galaxies). The dashed curve represents the estimate
derived using the central parameter values, while the solid lines are the
1o uncertainties around that prediction. The error bars denote the spec-
trum of the EGB as measured by Fermi [3], while the points without
error bars are the central values of the Fermi’s preliminary EGB analysis,
currently in preparation and shown only for comparison [47]. See text for
details.

To describe the spectral shape from this source population, we build a physi-
cal model for the gamma-ray spectra from star-forming and starburst galaxies, con-
strained to match the observed emission from such objects. In the left and right
frames of Fig. 7.1, we plot the gamma-ray spectrum from a Milky Way-like star-
forming galaxy and a high luminosity starburst galaxy, respectively. In the starburst
case, we select the pion, inverse Compton, and bremsstrahlung components to match
the overall spectral index (above 1 GeV) of 2.2, as observed from individual starburst
galaxies by Fermi [27]. In the Milky Way-like case, we normalized the various com-
ponents (relatively) according to the model described in Ref. [46]. In calculating the
contribution to the diffuse gamma-ray background, we describe the spectral shape
from the combination of all star-forming galaxies (including starburst galaxies) as a

weighted sum which is a function of a single parameter, f:

dN. dN. dN.
Y 7 Istar—forming 7Y Istarburst

In Fig. 7.2, we show our estimate for the contribution to the EGB from star-
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Figure 7.3: The estimated contribution to the EGB from radio galaxies (including
both FRI and FRII galaxies). The dashed curve represents the estimate
derived using the central parameter values, while the solid lines are the
1o uncertainties around that prediction. Error bars and points are as in
Fig. 7.2. See text for details.

forming galaxies. The central (dashed) curve corresponds to the result found for

a=1.17, 6 = 39.28, f = 0.5, and the central value of the normalization of the infrared

luminosity function [45]. To calculate the uncertainty for this contribution (solid,
representing variations at the 1o level), we propagate the following uncertainties in
these parameters: o = 1.17 4 0.07, 8 = 39.28 & 0.08, f = 0.5 x 10%92° (constrained
such that 0 < f < 1), and an overall uncertainty of £30% in the normalization of
the infrared luminosity function. Taken together, we find that while star-forming
galaxies are likely to produce only ~10-15% of the extragalactic diffuse gamma-ray
background, the related uncertainties are large, allowing for the possibility that their
contribution could be more significant. Throughout this study, we adopt standard
cosmological parameters (24 = 0.6817, Qj, = 0.3183 [48]) and account for gamma-ray

attenuation via pair-production with the cosmic infrared background (y+vyr — ete™)

using Ref. [49]’s “fiducial model” for the optical depth, 7(E,, z).?
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7.2.2 Radio Galaxies

Radio galaxies are active galactic nuclei with relativistic jets that are not aligned
with our line-of-sight. Within this context, Fanaroff-Riley (FR) type I and II ra-
dio galaxies are misaligned BL Lacs and FSRQs, respectively [50]. Although radio
galaxies are much fainter than blazars, they are also much more numerous. As a
result, gamma-ray emission from unresolved radio galaxies is expected to contribute
significantly to the EGB [28,31,51].

As with star-forming galaxies, only a small number (eleven at present) of radio
galaxies have been detected at GeV energies [52]. But also like star-forming galaxies,
a strong correlation has been observed between the GeV emission of radio galaxies
and the emission produced at other wavelengths. In particular, the gamma-ray (0.1-
10 GeV) and radio (5 GHz) emission from both FRI and FRII radio galaxies exhibit

the following correlation [28]:

Lo1-10Ge Lschy
log( 0.1-10G v> :Alog( 5GH ) + B, (7.3)

erg/s erg/s

where A =1.16 £ 0.02 and B = —3.90 & 0.61. We combine this observed correlation
with the luminosity function and redshift distribution of radio galaxies as reported
by Willott et al. [53] (which includes both FRI and FRII type galaxies) to generate
a model for the resulting gamma-ray emission.

For the spectral shape of the gamma-ray emission from radio galaxies, we adopt
a power-law with an index which we allow to vary from source-to-source around an
average value. Using the ten spectral indices reported in Ref. [28], we find that a
good fit is found for an average spectral index of I' = 2.39 4 0.15, with a source-to-

source variation of o &~ 0.2. In addition to the uncertainties on the spectral index and

2The “fiducial model” of Ref. [49] accounts for the evolution of the absorption efficiency of dust
with redshift. If we had instead adopted their “fixed model” for the optical depth, this would have
impact our limits by a factor of ~2 for dark matter masses greater than a few TeV, and insignificantly
for masses below ~500 GeV.
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the radio-GeV correlation parameters, we include a 14% uncertainty in the overall
normalization (corresponding to £ = 0.081 £ 0.011 in Ref. [28]). In Fig. 7.3, we show
our estimate for the contribution of radio galaxies to the EGB, including the result

derived using our central parameter values and the surrounding 1o uncertainty band.

7.2.3 Blazars

Blazars are by far the most numerous class of resolved extragalactic gamma-ray
sources, and were long considered to be a leading candidate to generate the majority of
the EGB. As the number of detected sources increased, however, it became apparent
that unresolved blazars are unlikely to dominate this background. Taken together
with the observed degree of anisotropy in the diffuse gamma-ray background at high-
latitudes [22], blazars appear likely to account for only approximately 20% of the
EGB [23-26].

To estimate the contribution from blazars to the EGB, we consider BL Lac ob-
jects and FSRQs independently. For each of these source classes, Fermi has resolved
a large number of individual objects, making it possible to construct fairly reliable
distributions of these sources in luminosity and redshift, without relying on correla-
tions with emission at other wavelengths. Our method to estimate these contributions
follows closely the works of Refs. [25,26,54], and we do not repeat the details here.
In Fig. 7.4, we show the resulting contributions of BL Lacs and FSRQs to the EGB.

7.2.4 Ultra-High Energy Cosmic Ray Propagation

Ultra-high energy protons and nuclei scatter with the cosmic microwave and in-
frared backgrounds, leading to their attenuation and to the corresponding spectral
feature known as the GZK cutoff [55,56]. Such interactions also initiate electromag-
netic cascades. The energetic photons and electrons associated with such cascades

undergo a rapid sequence of pair production and inverse Compton scattering events,
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RQs). Once again, the dashed curve represents the estimate derived using
the central parameter values, while the solid lines are the 1o uncertainties
around that prediction. Error bars and points are as in Fig. 7.2. See text
for details.
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Figure 7.5: The estimated contribution to the EGB from the propagation of ultra-
high energy cosmic rays. The upper and lower sets of curves correspond
to models with very strong source evolution and no source evolution,
respectively [35]. Error bars and points are as in Fig. 7.2. See text for
details.
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evolving rapidly downward in energy. The resulting spectrum of diffuse gamma-rays
peaks at energies of ~10—100 GeV, representing the approximate energy below which
the universe is transparent to gamma-rays.

The spectrum of gamma-rays resulting from ultra-high energy cosmic ray (UHECR)
propagation depends on a number of relatively unconstrained factors, including the
redshift distribution of sources, the chemical composition of the UHECRs, the ex-
tragalactic magnetic field distribution, and the energy density of the cosmic radio
background. As a result, very large uncertainties are associated with the overall flux
of gamma-rays produced by such particles. The spectral shape of this contribution,
in contrast, is less sensitive to these unknown factors. In Fig. 7.5 we show the con-
tribution from UHECR propagation to the EGB for a few representative cases, as
originally presented in Ref. [35] (see also, Ref. [36,57,58]). For each of the four curves
shown, the injected cosmic ray spectrum is taken to consist purely of protons or iron
nuclei, with a spectral index of 2.3, and with an exponential cutoff above Z x 10%0°
eV (where Z = 1 for protons and 26 iron nuclei). The upper two curves assume a
very strong source evolution, n(z) = ng (1 + 2)°, while the lower two curves adopt
an unchanging source distribution with redshift, n(z) = ng. These cases shown are
rather extreme, and the true contribution from UHECR propagation is likely to fall

somewhere within this range.

7.2.5 Millisecond Pulsars

Pulsars are rapidly spinning neutron stars which steadily convert their rotational
kinetic energy into radiation, including potentially observable emission at radio and
gamma-ray wavelengths. Due to their long lifetimes and expected spatial distri-
bution, unresolved millisecond pulsars (MSPs), also known as recycled pulsars, have
been considered as potential contributors to the high-latitude diffuse gamma-ray back-

ground [59] (see also Ref. [60]).
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Figure 7.6: The estimated contribution to the high-latitude, diffuse gamma-ray back-
ground from millisecond pulsars. See text for details.

The Fermi Collaboration has detected gamma-ray emission from a total of 125
sources identified as pulsars, 47 of which have millisecond-scale periods [61]. Fol-
lowing Ref. [62], we build a spatial distribution and luminosity function model for
galactic millisecond pulsars, constrained to account for the MSPs observed by Fermi
without exceeding the total number of observed MSPs and currently unidentified
gamma-ray sources. We also further constrain the spatial distribution to accom-
modate the distribution of such sources observed at radio frequencies [63]. Taken
together, we find that MSPs are expected to account for only approximately 0.1%
to 0.3% of the diffuse gamma-ray background above 1 GeV. This estimate is also
compatible with constraints from Fermi’s anisotropy measurement [64]. For details
of the model used and its fit the observed MSP distribution, we direct the reader to
Ref. [62]. For the spectral shape of the gamma-ray emission from unresolved MSPs,
we adopt dN,/dE, o< E;'*%exp(—E,/3.3GeV), which provides a good fit to the
spectra observed from individual MSPs [62].

In Fig. 7.6, we show our estimate for the contribution from millisecond pulsars
to the diffuse gamma-ray background (integrated above |b| > 30°). The contribution
has a negligible impact on our fits and limits, and thus we do not consider it further

in this study.
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7.2.6 Other Contributions

There are several other contributions to the EGB which we will not explicitly
include in this study. For the sake of completeness, we will briefly summarize some
of these possible contributions here.

The mergers of galaxy clusters and other large scale structures can generate large-
scale collisionless shocks capable of accelerating electrons to highly relativistic ener-
gies. Through inverse Compton scattering with the cosmic microwave background,
such electrons could potentially generate a non-negligible contribution to the diffuse
gamma-ray background [32,33]. Assuming that ~5% of the thermal energy in such
shocks is transferred to the acceleration of electrons, Ref. [32] finds that this mecha-
nism could account for up to tens of percents of the diffuse gamma-ray background
at energies above ~10 GeV. In such a scenario, Fermi should be capable of detect-
ing several merging clusters as gamma-ray sources [32,34]. Other estimates for this
contribution are significantly lower [33,65], however, and it is difficult to bound the
expected contribution from this mechanism. As gamma-ray emission has not yet
been detected from galaxy clusters [66-70], we do not include this contribution in our
model at this time.

More local phenomena could also contribute to the diffuse gamma-ray background.
In particular, interactions between cosmic rays and ionized hydrogen in the outer halo
of the Milky Way could produce a diffuse flux of gamma-rays capable of accounting
for ~1-10% of the observed gamma-ray background [71]. Alternatively, interactions
of cosmic rays with debris in the Solar System’s Oort Cloud could also contribute [72].

We do not include such local contributions in our calculations.
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Figure 7.7: The estimated contribution to the EGB from the combination of radio
galaxies, star-forming galaxies, and blazars (FSRQs and Bl Lacs). The
dashed contour represents the prediction using central values for all model
parameters. The solid contours are the 1o uncertainties around this pre-
diction, after propagating all parameter uncertainties. FError bars and
points are as in Fig. 7.2. See text for details.
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Figure 7.8: Two examples of viable models which provide a good fit to the observed
EGB. See text for details.
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7.2.7 The Combined Astrophysical Contribution to the Extragalactic Gamma-

Ray Background

In Fig. 7.7, we show the combined contributions to the EGB from radio galaxies,
star-forming galaxies, FSRQs, and BL Lac objects. To evaluate a given model, we
calculate the total chi-square (x?) corresponding to all of the parameter values, as
described in Secs. 7.2.1, 7.2.2, and 7.2.3. The dashed curve in Fig. 7.7 represents the
model with central values for each parameter, whereas the solid curves denote the
range covered by all models which yield a x? that is within 1o of that found using
the central parameter values. The result shown in Fig. 7.7 does not include in its fit
the spectrum of the EGB as measured by Fermi.

Remarkably, we find that the entirety of the observed EGB can be accounted for
by a combination of emission from radio galaxies, star-forming galaxies, and blazars.
In Fig. 7.8 we show two specific examples of viable astrophysical models which pro-
vide a good fit to the observed EGB. In the left frame, we show a model with a
negligible contribution from UHECR propagation, whereas the model in the right
frame includes a significant contribution from UHECRs (corresponding to iron nuclei
primaries, with strong source evolution). These models each yield excellent fits to the
model parameters, as well as to Fermi’s measurement of the EGB spectrum.

Although the astrophysical contributions included in our model are collectively
able to account for the observed EGB, the uncertainties in the model remain fairly
large and other contributions could also be significant. In the following sections,
we calculate the isotropic gamma-ray spectrum from annihilating dark matter and
include this contribution in our model of the EGB in order to derive upper limits on

the corresponding annihilation cross section.
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7.3 Gamma Rays from Annihilating Dark Matter

If the dark matter consists of particles with weak-scale masses and cross sections,
their annihilations could contribute significantly to the EGB. In this section, we ex-
amine the gamma-ray spectrum produced through dark matter particles annihilating
in the halo of the Milky Way and throughout the universe. Throughout this section,

we follow closely the approach of Ref. [73].

7.3.1 The Extragalactic Contribution

The intensity of the extragalactic gamma-ray background from dark matter anni-

hilations is given by [73]:

Pl (Ey) dz  {ov) dN.

frnd [ ( )3_’Ye*T[E"/(1+Z)7Z]
dE.d) H(z) 8mmdy, dE,
dn(M
< [anr ™ 00 2)) [ VR M 2), (7

where dN.,/dE, is the gamma-ray spectrum per annihilation (obtained from PPPC4DMID [74]),
7 is the optical depth (again, using the model of Ref. [49]), dn/dM is the halo mass
function (which we tabulate with HMFcalc [75] using the model of Ref. [76]), and
Prost 1S the density profile of a given halo. As our benchmark model, we consider
dark matter particles of mass mpy and that annihilate to bb. For this annihilation
channel, the gamma-ray emission is dominated by the prompt photons, in contrast
to contributions from inverse Compton scattering or bremsstrahlung emission, which
we do not include in our calculations. In this work, we will take all host halos to have

a density distribution defined by an NFW profile [77,78]:

Ps

it (7.5)

Phost =
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where py is the scale density and = = r/r; is the distance from the center of the halo
in units of the scale radius, r,. We relate the scale and virial radii of a halo with the
concentration, c(M, z) = ry;,/rs, as parameterized in Ref. [79]. The mass of a halo is

related to its virial radius by:

4
M = rh Au(2)p(2), (7.6)

where p.(z) is the cosmological dark matter density and Ay;(z) is the overdensity
within the virial radius of a halo. This can be parameterized as A (z) = 1872 +
82d — 39d*, where d = Qp(1 + 2)3/[Qr(1 + 2)® + Qx] — 1 [80]. In terms of these

quantities, the scale density is given by:

M -1
s = In(1 - : .
P 47r3 l a1 +c) 1+ c] (7.7)
The density-squared integral in Eq. (7.4) can be written as
43 p? 1
AV pog(r, M, 2) = —== |1 — 7.8
/ phost(rv 7Z) 3 |: (1 + 6)3:| ) ( )

assuming that py.s is described by an NFW profile.
The quantity by, accounts for the enhancement of the annihilation rate within
a given halo as a result of substructures. As our default model, we consider the

following parameterization for the boost factor:

bsh(M7 Z) =110 (]\4200(]\47 z)/1012M®)0.39

, (7.9)

where Mygg is the mass of a halo contained within a region with an average density
equal to 200 times the critical density (for a relationship between My and M, see

Appendix C of Ref. [81]).
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Figure 7.9: The extragalactic dark matter annihilation contribution to the EGB for
a reference dark matter model (mpy = 100 GeV, annihilating to bb with
ov = 3 x 1072 ¢m3/s). The upper curve is the result using the sub-
structure boost factor of Eq. 7.9, which is based on an extrapolation of
numerical simulations. The dotted curve assumes a boost factor that is a
factor of 30 lower than our default model. The lowest curve neglects the
contribution from substructure entirely. See text for details.

The boost factor given in Eq. 7.9 was obtained from Ref. [82] (modified to account

for all subhalos, including those outside of the volume containing mass Mgy [83]),

and is based on the results of numerical simulations. To estimate the boost fac-

tor from such simulations, however, one must extrapolate to subhalos with masses
well below the current resolution (the Aquarius simulation of Milky Way-like halos,
for example, resolves subhalos with masses down to ~ 3 x 10* M, [84]). In par-
ticular, the result of Eq. 7.9 assumes that the subhalo mass function extends down
to a minimum mass of M, = 107% M), and that the mass-concentration relation-
ship observed among very massive simulated subhalos can be extrapolated to much
smaller subhalos. In regards to the minimum subhalo mass, the precise value of

M iy is determined by the temperature at which the dark matter particles decouple

kinetically from the cosmic neutrino background. And while the value of M, is

model-dependent, typical dark matter candidates with masses and annihilation cross
sections in the range of interest to this study generically yield minimum masses in

the range of My, ~ 1072 — 1072 M, [85,86]. If we had increased the minimum sub-

halo mass assumed from 107¢ to 1072 solar masses, for example, the boost factors
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would be reduced by a factor of ~4 relative to those given by Eq. 7.9. Of potentially
greater importance, however, is the extrapolation of the subhalo mass-concentration
relationship. If the concentrations of low mass subhalos are not as large as suggested
by current extrapolations, the resulting boost factors could be very significantly re-
duced. As an example of the variation found in the literature, we note that the boost
factors presented in Refs. [87-89] for galaxy-sized halos are between ~ 8 — 30 times
smaller than those described in Eq. 7.9. With this in mind, we plot in Fig. 7.9 the
contribution to the EGB from extragalactic dark matter annihilations, for a reference
dark matter model (mpy = 100 GeV, annihilating to bb with ov = 3 x 10726 cm?3/s),
and for three sets of assumptions regarding substructure. The upper curve is our
default case (Eq. 7.9), while the lower dotted curve represents a more conservative
case in which the boost factor is reduced by a factor of 30. We also show a calculation
which entirely neglects the contribution from substructure; this is shown as the lower
solid line in Fig. 7.9. We note that the conservative case is almost indistinguishable
from the case in which we neglect substructures entirely.

We briefly mention that our results are slightly different from those of Ref. [73],
due to differences in our underlying assumptions. Firstly, the authors of Ref. [73]
adopted a halo mass function based on an ellipsoidal collapse model, whereas we have
instead adopted the model of Ref. [76]. Secondly, we have updated our cosmological
parameters to include the recent results of the Planck experiment [48]. In Fig. 7.10, we
show that the combined impact of these differences changes the overall normalization
of the extragalactic dark matter signal by a factor of less than ~20% relative to the

results of Ref. [73].
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Figure 7.10: The halo mass function, dn/dM, and the integral of the (1 + z)™!
weighted halo mass function using the model of Tinker et al. [76]
(adopted in our calculations) and the ellipsoidal collapse model adopted
in Ref. [73]. We also show results using pre-Planck (dashed) and post-
Planck (solid) values for the relevant cosmological parameters. These
differences have only a modest impact on the contribution of dark mat-
ter annihilations to the extragalactic gamma-ray background.

7.3.2 The Smooth Galactic Halo

The angle-averaged intensity from dark matter annihilations in the halo of the

Milky Way (neglecting substructures) is given by:

<dfsm(Ey)> ~ {ov) dN; 1 / v p(s:b,0) (7.10)

dE, | 2md, dE, Q. Ars?
where s is the distance from the center of the halo, b and ¢ are the direction in
galactic coordinates, and 2, is the solid angle observed. We take the dark matter
to be distributed according to an NFW profile, and we adopt parameters consistent
with measurements: r, = 21.5 kpc, ry = 258 kpc, and M, = 1.0 x 10'2 M, [90].
These parameters imply a local dark matter density of ps &~ 0.24 GeV cm™3, which
is somewhat low compared to the more canonical estimates of 0.3-0.4 GeV/cm? [91-
94]. If we had scaled up the dark matter density to a value in this range, the local

annihilation rate would be further enhanced by a factor of ~1.6-2.8.
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Figure 7.11: The contribution to the extragalactic gamma-ray background from dark
matter annihilations in the smooth halo of the Milky Way, for a reference
dark matter model (mpy = 100 GeV, annihilating to bb with ov =
3x 10726 ¢cm?/s). The result has been averaged over the following region
of the sky: 0 < ¢ < 27 and |b] > 30°. See text for details.

The galactocentric radius is related to the distance along the line-of-sight by

r? = s* 4+ 12 — 2sre cosbeos L. (7.11)
The solid angle of interest is described by 0 < ¢ < 27 and 30° < |b| < 90°.

In Fig. 7.11, we plot the contribution to the EGB from dark matter annihilations
in the smooth component of the Milky Way’s halo. Comparing this to the extragalac-
tic contribution, we find that this component is likely to be subdominant, even for

conservative assumptions pertaining to extragalactic substructure.

7.3.3 Subhalos of the Milky Way

Although the smooth halo of the Milky Way is predicted to provide no more than a
subdominant contribution to the EGB, the intensity of gamma rays from dark matter
annihilations in the subhalos of the Milky Way are expected to be comparable to the

intensity of gamma rays from extragalactic structures. Each subhalo has a differential
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luminosity which is totally determined by its density profile:

dL,  (ov) dN,
dE,  2m}, dE,

dV p? (7.12)

sub*

For a subhalo of mass, M, at a distance, s, along the line-of-sight, the photon intensity

at earth is given by:

di(E,,s,M) 1 dL(E,,{ov),mpm, M) (7.13)
dE, © Ans? dr, '
1 by(ov) dN, M?

4rs? 2miy dE, r5(M)?

gle(M)],

where 7, is the scale radius of the subhalo and b describes the contribution from
substructure within each subhalo, which we set equal to 2, irrespective of mass [95].
The function g[c(M)] arises from the integral over the volume of each satellite. For
our default calculation, we set the subhalo concentrations following the approach
of Ref. [96], where the subhalo is assumed to be initially described by an NFW
profile which is then tidally stripped, leaving only a very compact and dark matter-

dominated object. In this case,

gle(d)] = 1 [1 - , (7.14)

[ [+

(1+c)3 1+¢

where c is the concentration of the subhalo. In addition to our default assumptions,
we also consider a more conservative scenario in which the contribution from galactic
subhalos is suppressed by a factor of 30 relative to our default case, motivated by
analogy to the extragalactic calculation.

The total intensity of gamma rays at Earth from dark matter particles annihilating

in galactic subhalos is then given by integrating Eq. 7.13 over the distribution of Milky
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Figure 7.12: The contribution to the EGB from subhalos of the Milky Way, for a
reference dark matter model (mpy = 100 GeV, annihilating to bb with
ov =3 x 10726 ¢cm?/s). The upper curve is the result using our default
model, while the lower dotted curve is reduced by a factor of 30 relative
to our default model. See text for details.

Way subhalos. Thus we have

Al (Ey) dngan(M, s,0,0) di(E,, s, M)
/Y — [ dVdM L - 7.15
dr, / dM dE, ’ ( )
where [ dMdV (dngw,/dM) is the total number of subhalos in the Milky Way. We
assume that the subhalo mass function, dng,,/dM, is given by the anti-biased case of
Ref. [96], which is proportional to an Einasto profile with ag = 0.68.

To compare to observations, we are interested in the angle-averaged intensity of

gamma rays per unit energy over the entire galaxy. This is given by:

d]sub(E7)> 1 / /
— ) = = dVdM x 7.16
< dE7 Qe M, JVi(M) ( )

" dnsu, (M, s,¢,b) di(E,, s, M)
M B,

where V, is the volume beyond which satellites are not resolved. We consider subhalos

with masses in the range of 107°M, < M, < 10'°M,, and assume that they are

not resolvable beyond a distance of s.(M) = \/ L(M)/Am Fyens, where Fyeps = 2 X

1071%cm2sec™! [96] and L(M) is the integral of Eq. (7.12) over all energy.
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Figure 7.13: The total contribution from dark matter annihilations to the EGB, for
a reference dark matter model (mpy = 100 GeV, annihilating to bb
with ov = 3 x 1072 cm3/s). The upper curve is the result using our
default substructure model, while the lower dotted curve is reduces the
contribution from substructure by a factor of 30 relative to our default
model. See text for details.

In Fig. 7.12, we show the contribution to the EGB from galactic subhalos. For our
default substructure model, this contribution is comparable to that from extragalactic
dark matter annihilations. In our conservative substructure model, galactic subhalos
are negligible compared to the EGB.

A summary of this section’s results is given in Fig. 7.13. Here, we have plotted
the combination of extragalactic, smooth galactic, and galactic subhalo contributions
to the EGB. The upper solid curve adopts our default substructure model. The lower
dotted and solid curves use our conservative substructure model or neglect substruc-
ture entirely, respectively. We note that contributions to the EGB from subhalos
in the Milky Way and from extragalactic structure can be reduced significantly if
low-mass halos and subhalos are not as highly concentrated as is suggested by ex-
trapolations of simulations. The contribution from the smooth halo of the Milky
Way, however, is significantly more robust. We also remind the reader that we have
conservatively adopted a relatively low value of density of dark matter in the Milky
Way (corresponding to a local density of 0.24 GeV c¢cm™3). The more conservative

models reduce the overall gamma ray flux from dark matter annihilations by only a
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Figure 7.14: Our model of the EGB, including the largest allowed contribution from
annihilating dark matter (at the 95% CL). Here, we have adopted our

default substructure model. In each case, we have marginalized over the
parameters of our astrophysical model. See text for details.

factor of ~4 relative to our default model.

7.4 Constraints on the Dark Matter Annihilation Cross Sec-
tion

In this section, we combine the results of Secs. 7.2 and 7.3 in order to place con-
straints on the contribution from annihilating dark matter to the EGB (for previous

dark matter constraints derived from the EGB, see Refs. [73,97-99]).
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Figure 7.15: In the left frame, we show the limits (95% CL) on the dark matter
annihilation cross section derived in this study, using our default sub-
structure model (solid), and neglecting substructure (dashes). In the
right frame, we compare this result to the strongest existing constraints
on the dark matter annihilation cross section from observations of the
Galactic Center [37] and of dwarf spheroidal galaxies [38]. See text for
details.

We begin by assessing the ability of a given model to fit the observed data. To do

this, we construct a y? statistic:

¥? = Z (pi —2]%,0)2 + Z (d; _zdj,0)27 (7.17)
i Tp,i j T,

where the first sum is performed over the astrophysical parameters of the model (p;),
as described in Sec. 7.2, and the second sum is performed over the the error bars of
the EGB spectrum as reported by the Fermi collaboration [3]. The quantities o,
and o4 ; represent the uncertainties in the astrophysical parameters and the errors in
the measured spectrum, respectively. With no contribution from dark matter, our
best model parameter set yields an overall value of x? = 8.54.%> This model includes
contributions from radio galaxies, star-forming galaxies, FSRQs, and BL Lac objects,
with uncertainties in the model parameters as described in Sec. 7.2.

To place limits on the dark matter annihilation cross section, we add a contribution

30f this x? = 8.54, 4.62 comes from the 9 degrees-of-freedom associated with Fermi’s measure-
ment of the EGB. The remaining 3.92 comes from the fit to our model of the contributions from
radio galaxies, star-forming galaxies, and blazars. See Sec. 7.2 for details.
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from annihilations of dark matter (with a given mass and annihilation channel) to
our model. We increase the value of the cross section until the best possible y?
(marginalizing over all the parameters of the astrophysics model) increases by 2.71
over the best-fit with no dark matter component (corresponding to the 95% confidence
level upper limits). In Fig. 7.14, we show the contributions to the EGB in models
with the maximum allowed contribution from annihilating dark matter (assuming
annihilations to exclusively to bb for five choices of the dark matter mass).

In the left frame of Fig. 7.15, we plot the upper limits on the dark matter annihi-
lation cross section derived in this study. In the right frame, this result is compared
to the limits obtained from observations of the Galactic Center [37] and of dwarf
spheroidal galaxies [38]. For our default substructure model, the limits presented here
are approximately as stringent as those derived from the Galactic Center (assuming
an NFW profile). Our limits obtained neglecting contributions from substructure are
comparably stringent to those derived from the Galactic Center assuming a profile
with a kiloparsec-scale core [37]. And although the constraint from dwarf galaxies
is somewhat less susceptible to astrophysical uncertainties than those derived from
the EGB or Galactic Center, even for very conservative assumptions (i.e.. negligible
contributions from substructure) the constraints derived here are as or more sensitive

to dark matter particles with masses on the order of 100 GeV or greater.

7.5 Projections And Future Sensitivity

As Fermi continues to collect data, its sensitivity to dark matter annihilation
products in the EGB will increase due to two different sets of factors. Firstly, Fermi’s
measurement of the EGB itself will improve, reducing the errors on the correspond-
ing spectrum and extending the measurement to higher energies. Secondly, with a
larger data set, Fermi will detect GeV emission from a greater number of radio galax-

ies, star-forming galaxies, and blazars, and will characterize the emission from those

215



sources already detected with greater precision. As it does so, the uncertainties in
the contributions to the EGB from these sources classes will be reduced considerably.

To project the error bars on Fermi’s future (after 10 total years of operation)
measurement of the EGB, we take the preliminary spectrum (which is based on
44 months of data, and is shown in the left frame of Fig. 7.16 [47]) and further
reduce the size of the error bars by a factor of \/m ~ 1.65. Note that in
this projection, we have not removed contributions from to-be-resolved blazars, in
order to better facilitate comparisons between projected and current models and
measurements. To project the improvement in the uncertainties of our astrophysical
parameters (IR/radio correlation parameters, spectral indices, etc.), we reduce each
error bar by the square root of time (relative to the amount of data that was used
in the analysis of each source population). We conservatively do not account for any
possible improvements in the uncertainties of the radio or IR luminosity functions
when making our projections.

In each frame of Fig. 7.16, we show the projected uncertainties for an astrophysical
model of the EGB after 10 years of Fermi data. In the left frame, we compare this
to the preliminary Fermi (44 month) measurement of the EGB [47]. In the right
frame, we compare this model to our projection for Fermi’s measurement of the EGB
with 10 years of data. Using this projection for the model parameters and EGB
measurements, we repeat the procedure used in Sec. 7.4 to predict the constraints
that Fermi should be able to place on the dark matter annihilation cross section after
10 years of observation. These projected constraints are shown in Fig. 7.17.

We note that the shape of the projected limits shown in Fig. 7.17 does not mimic
that of the current constraints. The break in the projected limit at mpy ~ 50 GeV
is the consequence of the error bars being fairly large below E, ~ 1 —2 GeV. If these
error bars were as small as the error bars in the higher energy bins, no break would

be evident and the constraints below mpy ~ 50 GeV would be significantly stronger.
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Figure 7.16: Projected uncertainties for an astrophysical model of the extragalac-
tic gamma-ray background, after ten years of data from Fermi. In the
left frame, we compare this model to the preliminary Fermi measure-
ment [47], whereas in the right frame we compare it to the measurement
projected with ten years of data. See text for details.
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Figure 7.17: Our projected sensitivity to dark matter annihilation from Fermi mea-
surements of the EGB after 10 years of operation, using the astrophysical
model and projected error bars as shown in the right frame of Fig. 7.16.
See text for details.

In the case of the current results shown in Fig. 7.15, the shape is further influenced
by the especially low error bar near 9 GeV. This strengthens the bounds for dark

matter masses near mpy ~ 200 GeV.

7.6 Summary and Conclusions

The extragalactic gamma-ray background (EGB) as measured by the Fermi Gamma-
Ray Space Telescope contains contributions from a variety of astrophysical sources,

including radio galaxies, star-forming galaxies, and blazars. Fermi observations of
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individual members of these source classes have been used to construct distribution
functions for these populations in both luminosity and redshift. As Fermi collects
more data, these distributions will become more tightly constrained, making it pos-
sible to determine their contributions to the EGB with increasing precision.

In this paper, we have constructed a model for the astrophysical contributions to
the EGB, and used this model along with Fermi’s measurement of the EGB to con-
strain the contribution from annihilating dark matter. Included in this calculation
are contributions from dark matter annihilating in the halos and subhalos distributed
throughout the universe, as well as that of the Milky Way’s halo and subhalos. The
limits on the dark matter’s annihilation cross section that we derive in this study
are competitive with those based on observations of the Galactic Center and dwarf
spheroidal galaxies. In particular, adopting a substructure model based on the ex-
trapolation of numerical simulations (our “default” model), the limits presented here
are, for all masses, more stringent than those from dwarf galaxies, as recently pub-
lished by the Fermi collaboration. If we conservatively neglect the contributions from
subhalos, our limits become somewhat less stringent (by a factor of ~4-5) but are
still competitive with those derived from dwarfs.

As Fermi collects more data, it will not only be capable of measuring the spec-
trum of the EGB with greater precision, but will also more stringently constrain the
characteristics of the various astrophysical source populations that contribute to the
EGB. As a result, we project that Fermi will ultimately be able to achieve a sensitiv-
ity to dark matter annihilation products in the EGB that exceeds current constraints
by a factor of ~5-10. For our default substructure model, we project that the Fermi
measurement of the EGB will ultimately be sensitive to dark matter with the canon-
ical thermal annihilation cross section (ov = 3 x 1072¢ cm?/s) for masses up to ~400
GeV. At the end of Fermi’s mission, such limits will likely be the strongest constraints

on the dark matter annihilation cross section, although constraints from cosmic-ray
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observations could in some cases be competitive and complementary [100-106].
Finally, we stress that dark matter searches making use of the EGB are comple-
mentary to those based on observations of the Galactic Center and dwarf galaxies.
The main systematic error in searches involving the region of the Galactic Center
arises from uncertainties in the distribution of dark matter in the Milky Way’s inner
halo. While the uncertainties faced here regarding dark matter substructure are of a
comparable magnitude, they are independent of those issues pertaining to the Inner
Galaxy. Furthermore, while the constraints derived from dwarf galaxies are likely
more robust to systematic uncertainties than those based on either the Galactic Cen-
ter or the EGB, they are also somewhat less stringent. As Fermi collects more data,
all three of these search techniques will become significantly more powerful, and to-
gether will be able to test a wide range of models in which the dark matter consists

of thermal relics with masses up to ~400 GeV.
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CHAPTER VIII

Inspecting the Higgs for New Weakly Interacting

Particles

We explore new physics scenarios which are optimally probed through
precision Higgs measurements rather than direct collider searches. Such
theories consist of additional electroweak charged or singlet states which
couple directly to or mix with the Higgs boson; particles of this kind
may be weakly constrained by direct limits due to their meager produc-
tion rates and soft decay products. We present a simplified framework
which characterizes the effects of these states on Higgs physics by way of
tree level mixing (with neutral scalars) and loop level modifications (from
electrically charged states), all expressed in terms of three mixing angles
and three loop parameters, respectively. The theory parameters are con-
strained and in some cases even fixed by ratios of Higgs production and
decay rates. Our setup is simpler than a general effective operator anal-
ysis, in that we discard parameters irrelevant to Higgs observables while

retaining complex correlations among measurements that arise due to the

Written in collaboration with Clifford Cheung and K. M. Zurek. Originally published as In-
specting the Higgs for New Weakly Interacting Particles, JHEP 1304, 074 (2013). arXiv:1302.0314
[hep-ph], MCTP-13-01.
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underlying mixing and radiative effects. We show that certain correlated
observations are forbidden, e.g. a depleted ratio of Higgs production from
gluon fusion versus vector boson fusion together with a depleted ratio of
Higgs decays to bb versus WW. Moreover, we study the strong corre-
lation between the Higgs decay rate to vy and WW and how it can be
violated in the presence of additional electrically charged particles. Our
formalism maps straightforwardly onto a variety of new physics models,
such as the NMSSM. We show, for example, that with a Higgsino of mass
M+ 2 100 GeV and a singlet-Higgs coupling of A = 0.7, the photon signal
strength can deviate from the vector signal strength by up to ~ 40 —60%
while depleting the vector signal strength by only 5 — 15% relative to the
Standard Model.

8.1 Introduction

The ATLAS [1] and CMS [2] collaborations have presented definitive evidence for
the existence of a new, Higgs-like boson with a mass of order 125 GeV. At present,
observations are broadly consistent with Standard Model (SM) expectations [3], par-
ticularly in the WW [4], ZZ [5], and bb [6] decay channels, a modest surplus in the
v [7] channel notwithstanding.

Meanwhile, physics beyond the SM has yet to appear in dedicated searches con-
ducted at the LHC. Searches for supersymmetry (SUSY), extra dimensions, techni-
color, and other models have all turned up empty-handed, suggesting the possibility
that precision Higgs measurements might offer our best handle on new physics in
the coming years. While present observations carry large error bars, experimental
precision will improve over time, providing more definitive constraints on deviations
from a SM Higgs sector.

What manner of new physics would appear first in precision Higgs physics rather
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than in direct searches? Such particles are unlikely to be colored, since strongly in-
teracting particles are produced en masse and typically subject to stringent searches
involving jets. Hence, the new states should carry electroweak charges alone—a sce-
nario notoriously difficult to disentangle, even when the new states are relatively light.
In the context of SUSY, for example, light charginos or staus can escape detection
without the aid of strongly produced squarks or gluinos. If the new particles couple
directly to or mix with the Higgs, however, then precision Higgs measurements may
offer our leading experimental probe.

There are myriad theoretical motivations for new particles which couple directly
to the Higgs boson. Indeed, such states are required to regulate the quadratic di-
vergences of the Higgs in any model that addresses the gauge hierarchy problem. In
many cases, these interactions can substantially modify Higgs boson physics [8-46],
especially in processes like h — 7. On their own, however, new electroweak charged
states offer diminishing returns for modifying observables like the diphoton branch-
ing fraction, except in extreme regions of parameter space with very large cou-
plings [8,47-49].

On the other hand, the presence of additional scalars in the Higgs sector can
change this picture dramatically because mixing between the scalars introduces im-
portant tree level effects. If new particles mix with the Higgs boson, then these states
are scalars in the singlet, doublet, triplet, etc. representations, and will in general
acquire vacuum expectation values (VEVs). Triplet VEVs are disfavored by pre-
cision electroweak measurements, while higher order representations are somewhat
contrived. Thus, the most natural case of study is a Higgs sector comprised of mixed
singlets and doublets.

This sequence of logic leads us to the effective theory which is the focus of the
present work: the SM augmented by a scalar singlet and doublet which mix with the

Higgs boson, all of which can couple to additional new states of arbitrary electroweak
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charges. The purpose of this paper is to describe and quantify the phenomenology of
this setup in a general, relatively model independent fashion. Our central conclusions

are as follows:

e Three mixing angles and three loop parameters are sufficient to characterize
the span of observable effects on Higgs properties in this wide class of theories.
This framework is substantially simpler than a canonical effective Lagrangian
approach, which entails new particles and theory parameters which play no role

for precision Higgs physics.

e Experimental observables such as Higgs production and decay rates can be di-
rectly “inverted” to determine the theory parameters of this setup. Concretely,
one can employ Fig. 8.1 to ascertain two mixing angles, Fig. 8.2 for the third
mixing angle, and Fig. 8.4 for information about the loop parameters. Critical
to this determination are the ratio of gluon fusion and vector boson fusion pro-
duction, and the Higgs decay rates to photons and bottom quarks relative to

massive electroweak gauge bosons.

e Our framework is simpler than an effective operator formalism which param-
eterizes arbitrary couplings between h to SM fields and, crucially, it preserves
important correlations among observables that encode the underlying effects of
mixing and loops. For example, Fig. 8.1 shows how certain combinations of ob-
servations cannot occur. Likewise, we investigate the tight correlation between
the Higgs decay rate to vy and WW and how it can be can broken through

important loop effects.

e This framework applies to a broad class of models which include additional
scalar singlets and doublets that mix with the Higgs, together with new elec-
trically charged particles. We discuss our results in the specific context of the

NMSSM.
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The outline of this paper is as follows. In Sec. 8.2 we define our framework and
relate the associated theory parameters to physical quantities. We discuss the effects
of tree level mixing in Sec. 8.3 and in the effects of loops in Sec. 8.4. Finally, in
Sec. 8.5 we discuss the specific application of our framework to the NMSSM before

concluding.

8.2 Framework

8.2.1 Theory Parameterization

Our theoretical framework assumes that the observed Higgs boson, h, is an ad-
mixture of the neutral components of two Higgs doublets, ¢, and ¢4, and a singlet,

¢s, which acquire VEVs such that
Qb] = UI+HI7 I:U,d,S, (81)

where v2 + v2 = v? ~ (246 GeV)?, while v, /vy = tan 3 and v, are free parameters.
We define h to be the lightest mass eigenstate, which is a linear combination of the

field fluctuations

h = > PH (8.2)

P, = (cosacosy,—sinacosy, —sinvy), (8.3)

where P; is, by construction, an orthonormal vector that defines a column of the
scalar mixing matrix. Here a characterizes the mixing between ¢, and ¢4, while ~
parameterizes the amount of mixing into ¢,. A priori, @ and ~ label arbitrary angles
in spherical coordinates, so a and 7 are periodic over domains of size 27 and T,
respectively. As we will see later on, many physical observables will depend on these

angles with a higher frequency of periodicity. For later convenience, we also define a
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difference angle
b = a—p+7/2, (8.4)

which measures deviations from the SM “decoupling” limit, d = 0.

In the SM, it is well known that the couplings of h to other fields are fixed by
low-energy Higgs theorems [50]. In particular, starting with the SM action below
the electroweak symmetry breaking scale, the leading Higgs couplings are obtained
by sending v — v + h, so that all h couplings go like 9/0v. In our framework, this
generalizes to the statement that h couples proportionally to ), P;d/0v;. For any
particles that derive mass from electroweak symmetry breaking, it is convenient to

define the dimensionless quantities

di = ZPInl,i (8.5)
i

v Om;

Nris = (86)

m; Ovy’

where ¢ labels the massive electroweak gauge bosons or fermions and m; denotes the
mass of particle 7. Note that d; = 1 in the SM limit because the quarks, leptons
and massive electroweak gauge bosons all acquire tree level masses from electroweak
symmetry breaking alone. Meanwhile, since the photon and gluon do not acquire
mass from electroweak symmetry breaking, Eq. (8.5) does not apply to them. We
will define these radiatively induced couplings shortly.

For the massive electroweak gauge bosons and up- and down-type quarks, we have

dy = cosvysin(f — «) = €087y Cosd
d; = cosycosa/sinfi = cosycosd (14 tandcot ) (8.7)
dy, = —cosysina/cosff = cosycosd (1l —tandtanf),
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where in our setup we assume that ¢, couples to up-type quarks, ¢, couples to down-
type quarks and leptons, and ¢, carries no renormalizable couplings directly to quarks,
leptons, or SM gauge bosons. As is well-known, this restriction on ¢, and ¢4 couplings
provides a convenient way for evading stringent constrains on flavor changing neutral
currents. Such a choice can be straightforwardly enforced by discrete symmetries or
holomorphy, in the case of SUSY.

Our framework also accounts for the possibility that the ¢; can couple to addi-

tional particles beyond the SM. When ¢ labels such a new state, we have

d;, = cosv(cosa Ny,i — SN nd7i> —siny 1

(8.8)
= Cosv(sin (B +0) Nui +cos (B +9) 77d,i) — siny 7,

where 77, is taken to be an unknown loop parameter that will be constrained by
experiment. Because i labels a new particle, d; has no counterpart in the SM, but
it can be can be straightforwardly extracted from a given ultraviolet model using
Egs. (8.5) and (8.6). Because 7;; characterizes the power of v; with which m; scales
we expect |n7;| = 1 in renormalizable theories in which the entirety of m,; derives
from electroweak symmetry breaking [51]. Absent fine-tuning between tree level mass
contributions and electroweak symmetry breaking contributions to m;, the naive ex-
pectation is that in general |n;;| < 1.

For couplings that only arise at loop level, v; dependence enters the action through
particle mass thresholds that influence the running couplings of electromagnetism and
the strong interactions. As in the SM, these effects are what induce the couplings of

h to photons and gluons. For these interactions we define

dy = > Ad; (8.9)

i

dy = Y Agd;, (8.10)

%
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where ¢ sums over all particles which acquire mass from electroweak symmetry break-
ing, including new states. The dimensionless constants A,; and A, are defined

as

Avi = Ay (1)Chi/ (ZAJ(J')(TJ')C%J) (8.11)

JESM

Ag,i = AJ(l) (Ti)Cgﬂ'/ ( Z AJ(]‘) (Tj)Og,j> s (812)

jesM

and characterize the relative importance of loop corrections from each particle. Note
that >, oAy = Djesm Agi = 1, which enforces that d, = d;, = 1 in the SM
limit. Here A;q)(7;) are kinematic functions of the spin (J(i) = 0,1/2,1) and the
mass (; = mj /4m3) of the particle ¢ in the loop. The functions A ;) (7;) asymptote
to beta function coefficients by = 1/3,b1/2 = 4/3,b; = —7 in the 7, — 0 limit of
infinitely heavy mass of the loop particle; full expressions of the A (7;) are given
in, e.g. [45]. Here we have defined C.; = N.;Q?, for N.; colors and charge @;, and
Cyi= %Cg (r;), for a quadratic Casimir C5 of the color representation r; [32]. Because
the Higgs coupling to photons is dominated by the W boson loop (with subdominant
and destructively interfering contributions from top and bottom quark loops) and the
Higgs coupling to gluons is dominated by top and bottom quarks, the relevant SM

contributions to Eq. (8.9) and Eq. (8.10) come from

Ay~ 1.277 = 0.006i
A, ~ —0.281+0.001i
Ay, ~ 0.004 4 0.005i (8.13)
Ayr ~ 1.050 + 0.077i

Ayp ~ —0.050 — 0.077i

assuming my = 125.5 GeV. Note that while the b contributions are naively negligible,
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they grow like tan? 3 relative to the ¢ contributions and must be included.

8.2.2 Observables Parameterization

Next, let us consider the dependence of physical quantities on these theory pa-

rameters. To do so, we define

RO] = 0O/Osy (8.14)

to be the ratio of a given observable O to its SM value, Ogy. In this notation, we

find that the following important partial width ratios go as

RIC(h = VV)] = |dv]? (8.15)
RIC(h — bb)] = |do)? (8.16)
RIC(h =] = |d,[* (8.17)

Note that R[I'(h — €¢)] = R[['(h — bb)] in our framework because ¢4 provides the
masses for both the down-type quarks and the leptons.

Important production cross-section ratios go as

Rlo(gg — h)] = |d,* (gluon fusion) (8.18)

R[o(VV — h)] = |dy|* (vector boson fusion). (8.19)

The cross-section ratio for Vh associated production scales the same as for vector
boson fusion (VBF), since both processes involve the Higgs coupling to the massive
electroweak gauge bosons. As noted earlier, our analysis will not include new strongly
interacting particles because such states are likely to be observed first in direct collider
searches rather than precision Higgs physics. Furthermore, such states tend to drive

a separation of gluon fusion and vector boson fusion production that is not observed
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in the data [3]. In addition, if one is interested in driving enhancements to h — 7,
many models require large scalar mixing (through A terms) [15], which can in turn
induce vacuum instability [48]. As a result, the dominant contribution to gluon fusion

arises from top and bottom quark loops, so

o>~ |Agady + Agpdy|* . (8.20)

From Eq. (8.13) we see that the d; contribution is weighted more heavily than d.
However, as noted earlier, this can be compensated by important tan g effects. Note
that Eqgs. (8.18) through (8.20) imply that all relevant production modes go as
R[o(jj — h)] o cos®7.

It will be convenient to present our results in terms of signal strength modifiers

which are employed by experimentalists. For the process j7 — h — ii, we have

R = R[o(jj = h) x Br(h — ii)] (8.21)
= R[o(jj = h)/Twet) RI'(h — )] (8.22)
= RI|d;|?, (8.23)

where RI = R[o(jj — h)/Ti] is defined as the ratio of the production cross-section

ratio to the total width ratio and I'. is the full width, which varies like
RCv] = Y Br(h —ii)|di|*. (8.24)

Here Br(h — i) denotes the SM Higgs branching fraction of h — i, where i runs
over all kinematically accessible final states. For our analysis, we use the branching
fractions for m; = 125.5 GeV shown in Table 8.1. In principle, there can exist
additional particles beyond the SM to which the Higgs can decay. Throughout the

present analysis, however, we neglect the possibility of such new light states below
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the Higgs mass threshold, so in Eq. (8.24) ¢ labels SM particles alone.

1 b W g T c A v
Br(h — i) || 56.9% | 22.3% | 8.52% | 6.24% | 2.87% | 2.76% | 0.228%

Table 8.1: Branching fractions for h — i for m;, = 125.5 GeV from [52].

Because the SM branching ratios are dominated by tree level decays to massive
particles that exclusively couple through the doublet Higgses ¢, and ¢4, we expect
that R[['y] oc cos?y as long as v is not very large. However, if v ~ O(+7/2)
the decays will be dominated by decays through the singlet component ¢, and we
instead find R[] o sin®7. As argued above, R[o(jj — h)] o cos?~ holds for all
production channels of interest so R is independent of v for most mixing angles, but
as 7 — £7m/2 the loop level contribution to the width from ¢, begins to dominate

the full width, in which case R x cot? v — 0.

8.3 Tree Level Effects

In this section we consider the effect on Higgs properties from tree level modifi-
cations to the SM scalar sector. It will be particularly convenient to consider certain
ratios of quantities in order to reduce systematics, including

LT A
R, R, |dv]?

= (1 —tandtan ), (8.25)

where the production mode j is arbitrary, e.g. gluon fusion or vector boson fusion.

We also consider the ratio

R? | Agudy + Ay pdy|?
R/ |dy |2

(2

= | Ay, (1 4 tand cot B) + Ay (1 — tandtan 8)[*,  (8.26)

where the decay mode i is arbitrary. Interestingly, Eq. (8.25) and Eq. (8.26) provide

two equations for two unknowns, § and 3, which can be solved for in terms of experi-
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Rj b/RjV R] b/RjV

Figure 8.1: Contours of tan § (left) and tan d (right) as functions of (RY/RY, R} /R},),
which are obtained directly from experiment. The red shaded regions
with solid (dashed) borders show values that will remain consistent with
the SM with 300 (3000) fb~' and blue shaded regions show values which
cannot be observed within this framework. The solid (dotted) curves
show the region where d,,/dy is positive (negative).

mental inputs. To facilitate this mapping, we plot tan d and tan 3 as functions of the
signal strength modifiers R!/RJ, and R?/RY in Fig. 8.1. The solid (dotted) curves
show the region where d;,/dy is positive (negative). For models which are relatively
SM-like, this quantity should be positive and close to unity; large new physics con-
tributions are required to flip its sign. The shaded red boxes in Fig. 8.1 denote the
range of measurements consistent within 1o uncertainty of the SM measured at the
LHC at 14 TeV energies and 300 and 3000 fb™! luminosity. Any theoretical models
enclosed by this region will be very difficult to distinguish from a SM hypothesis.
Outside of the red region, however, Fig. 8.1 can be straightforwardly used to extract
the mixing angles. We list the relative errors that will be compatible with the SM in
Tab. 8.2, combining in quadrature and making the identification dz = dy from the
values given in Table 2.3 of [53].

The blue regions in Fig. 8.1 indicate the parameter space of observables which
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ratio RY/RY R} /R, RI /R,
uncertainty || 12.6% (5.76%) | 14.8% (5.76%) | 11.5% (3.61%)

Table 8.2: Projected uncertainties on ratios of signal strength modifiers for the 14
TeV LHC with 300 (3000) fb~! of data.

cannot be observed within this framework. The forbidden regions in the upper right
and lower right quadrants cannot occur because tan § falls outside of the allowed
range tan 8 > 1. Far outside of this range, the top quark Yukawa coupling becomes
non-perturbative. Thus, a general prediction is that Ri / R{/ and RY /R} should not be
observed deep within these blue regions. Furthermore, that the lower left quadrant
of Fig. 8.1 is disallowed can be easily understood as follows. In order to decrease
Ri / R{‘/ and R?/RY simultaneously, one requires a suppression of the couplings of the
Higgs to both the top and bottom quarks relative to the vector bosons. However,
because we consider theories in which ¢, and ¢, couple exclusively to up-type and
down-type quarks, respectively, the coupling of the Higgs to top and bottom quarks
are necessarily anti-correlated. Similar logic would imply that entirety of the upper
right quadrants of Fig. 8.1 should also be forbidden. This is true if d, > 0; however, if
new physics contributions are so large as to flip the sign to d, < 0, then these regions
in the upper right quadrants become allowed again.

Fig. 8.2 is a complementary representation of the same information as in Fig. 8.1,
except that R]/R}, and RY/RY are shown as functions of tand and tan 8. One can
see that tand has support in two distinct bands in each plot of Fig. 8.2, but the
allowed value is constrained by matching both measurements, as corroborated by
Fig. 8.1. One also notices that Ri /R{, and RY/R) are quite sensitive to d, but not
so dependent on (. For this reason, a precise measurement of 3 is more difficult
than a determination of §, as confirmed by the contours in Figs. 8.1 and 8.2. This is
because tan 5 cannot be extracted in the decoupling limit, so any constraint on tan (3

necessarily requires an observed deviation in SM-like behavior through tan ¢ first.
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Figure 8.2: Contours of R} /R}, (left) and R?/R) (right) as a function of theory pa-
rameters (0, 3). The red shaded regions are as in Fig. 8.1.

Once 0 and (3 are determined from data, they can be used to extract other the-
ory parameters from Higgs measurements. Concretely, given values of § and 3, the
quantity cos? v can be inferred from a number of different observables, including RY,,
RY, RY, and R} (where the ¢ superscript denotes top quark associated Higgs produc-
tion). Crucially, to a very good approximation these quantities all carry the same
cos® v dependence, at least when v # 47 /2. Away from that limit of large v we have
R{H:O ~ Rf/cos2 v, which we plot as a function of 8 and ¢ in Fig. 8.3. If § and
0 have been extracted from observables, and Rf has been measured, then v can be
extracted from Fig. 8.3.

We now explain some of the features of Fig. 8.3, starting with the upper left panel.
By going to the anti-decoupling limit, § = +7/2, we can tune the vector coupling
arbitrarily low while maintaining a nonzero Higgs width to SM particles. In contrast,

it is not possible to increase R{, without bound: there is a maximum around where
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Figure 8.3: Contours of R/ cos®~ (which we approximate by R?|,—o) for V' (top row)
and b (bottom row) final states from a variety of production channels.
Once ¢ and § are determined from observation, measuring R/ can then
be used to obtain ~.

the b width is zero. Taking § > 0 (§ < 0) corresponds to increasing the amount of ¢,
(¢q) in the physical Higgs, which boosts the coupling of A to top (bottom) quarks.
Thus, for 6 > 0 the gluon fusion rate o(gg9 — h) is boosted through the top loop,

while the full width T'y,; is depleted because of the reduction in the dominant width
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to bb. These effects conspire to increase RY , and at tan § = 1 this effect outweighs the
decrease in dy for § < m/4 so that we see an increase for larger 4. Similar effects are
seen in the top right panel, which shows the same decay but for vector boson fusion
or vector boson associated production, but which is even less sensitive to tan 3. For
the bottom panels, we show Ry and R} with no singlet mixing, which illustrate that
it is very hard to boost bottom production unless we go to very large tan S while
simultaneously avoiding the decoupling limit. Bottom production can be increased
more effectively by going to large tan 8 in the case of gluon fusion as compared to top
associated production because the gluon loop contains a bottom piece. Thus, these

panels are distinct as § — 7/2, but they are otherwise very similar.

8.4 Loop Level Effects

With results for tree-level processes in hand, we can now consider the multi-faceted
effects in the loop-mediated process h — . The mixing angles 9, 5, and v and three
loop parameters 7;; enter. We will find again that the physics can be more easily
extracted and understood by normalizing to the tree level rate to gauge bosons R{/.

The diphoton signal strength at leading order is

d, ~ Ajvdy + Ayd+ Apdy + Y Ayd;, (8.27)
iZSM

where we have approximated by only including the dominant SM loop contributions
from the electroweak vector bosons and the top and bottom quarks. Dividing both

sides of Eq. (8.27) by dy and rearranging terms using the fact that A, y+A, +A,, =
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1, we find that

d, dy dp 1
Do &y LU d; 2
Lo () (B o) e
1
= 1+¢€(f)tand + @igSMAwdi, (8.29)

where we have defined a function e(8) = A, cot  — A, tan 5. Simply squaring
Eq. (8.29), we can recast the same information in terms of experimental observables,

SO

2

RJ 1
’y ~Y —_— . .
R_{/ ~ ]_ + E(ﬁ) tan5 + dV4 E A%Zdz . (830)
1ZSM

The first, second and third terms in the above expression correspond to (i) the SM
contribution, (i) the effect of mixing on the ¢ and b Yukawas, and (iii) the effects of

any additional charged particles beyond the SM.

R,/Rly

/2 50

10
Tr/16

. 31/8

5r/16

-

/4

7/ 0 /4

Figure 8.4: Contours of R% / R{./ in the plane of theoretical parameters (9, 5), with no
new charged particles beyond the SM present. The red shaded regions
are as in Fig. 8.1.
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Let us consider signal strengths in the case with no new charged particles beyond
the SM, so that only mixing effects induce deviations from unity. Thus, only the

contributions from (i) and (éi) are present in Eq. (8.30),

R—é = |1+ €(B) tand|*. (8.31)
In Fig. 8.4 we map out contours of Eq. (8.31). Comparing Figs. 8.2 and 8.4, we see that
R{‘/ is more tightly correlated with RZ/ than with RZ, since in the (9, 8) plane, Rfv' / R{}
spans over a much more narrow range than Ri / R{'/. The reason for this correlation is
obvious: h — 7 is a process dominated by a W loop, so it is highly correlated with
the decay h — WW. Meanwhile, h — bb and h — WW are uncorrelated because the
Higgs coupling to bottom quarks is controlled only by the ¢4 component of h, while
the Higgs coupling to electroweak vector bosons is controlled by both the ¢, and ¢q4
components of h. Thus in order to decouple the Higgs rate to photons relative to
the rate to gauge bosons, i.e. to push R% / R{'/ far from unity, loop effects from new
charged particles must be included. Breaking the correlation between these signal
strengths will be one of the primary effects we are investigating, but loop effects will
be critical for doing so.

Let us now investigate these loop effects. As expected, in the decoupling limit,
d — 0, the effects of (i) vanish but (7ii) can still play an important role. We plot the
unknown quantity Zi€SM A, :d;/dy in Fig. 8.5 as a function of the ratios of signal
strengths that appear in Eq. (8.30), taking the low tan 8 limit such that d, ~ d;, and
thus e(8) ~ A, +(d,/dy —1). Because the signal strengths are related to d, and d, by
squaring, the latter are only fixed up to a sign ambiguity. In the left (right) panel we
show contours of >, q\; A, :d;/dy where the sign of d,/dy is positive (negative). In
both panels, the solid (dotted) curves show regions where d,/dy is positive (negative).

Note that negative values of d,/dy or d,/dy require large effects from new physics,
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and are far from SM-like.

X A, idi/dy
i¢gSM

Figure 8.5: Taking the low tan 8 limit, we plot the new physics contribution to the
diphoton rate as a function of R}/ R}, and R?/RY . The left (right) panel
shows values of ) ;o\ A, idi/dy for which d, /dy is positive (negative). In
both panels, solid (dotted) lines show values of } 7 q\; A, ;d;/dy for which
dy/dy is positive (negative). The red shaded regions are as in Fig. 8.1.
We use the uncertainty in R?/R} rather than R!/R} since the former
will be much better measured, as shown in Tab. 8.2.

Let us now discuss in more detail how (%ii) acts on the h — 7 rate. As shown in
Eq. (8.13), the W loop contribution to the Higgs coupling to photons destructively
interferes with but dominates over the top and bottom quark loop contributions.
Regardless of whether the new particles ¢ are scalars or fermions, they have the
greatest effect if their loop contributions constructively interfere with the W loop.
Thus, large negative values of the new d; will lead to the largest enhancements. The
spin of a new particle i does play an important role in the Higgs coupling to photons,
however, because the quantities A, ; asymptote towards beta function coefficients in
the large m; limit. A Dirac fermion v contributes more strongly to running than a

complex scalar ¢ of the same quantum numbers, since by, = 4by, and we find that
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for large masses

ANre = N1, (8.32)

which signifies that for a fermion and a scalar with equal masses, the scalar must
couple 4 times more strongly to the Higgs in order to account for the same effect
on h — v as the fermion. Equivalently, for a fermion and a scalar with the same
coupling to the Higgs boson, the scalar must be one quarter as massive in order to
accommodate the same effect on h — v~ as the fermion.

We will henceforth assume the existence of a single, unit charged fermion v with
a mass that satisfies 2m,, > my, so that its corresponding loop coefficient A, ,; is
fixed by the beta function coefficient of the new particle, A, — byp = 4/3. We
treat 1y, as a free parameter which can vary independently of m,,. As noted earlier,
only keeping renormalizable terms in the action typically suggests a range |7 | S 1

if the new particle is a fermion. The ratio of R% / R{/, including the effects of mixing

Ny,s
25f ‘ ‘ / ‘ ‘ 1
2.0}
y 1.5}
m L Z 4

0.0L, : A
0 /4 /2
b

Figure 8.6: Contours of 7, ,, as a function of (RZ/ / R{}, 7), in the decoupling limit 6 = 0.
The red shaded regions are as in Fig. 8.1.
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and a single unit-charged fermion is approximately

o<,

~ |1 — (0.282cot 3 — 6.14 x 107" tan ) tan 6

Rz

2
sin(B + 0)nu,p + cos(B + 0)na,y — tany 1.y (8.33)
cos '

—0.204

To get a sense for the effect of charged particles we consider the decoupling limit,
0 — 0, and we assume that the coupling goes only through the singlet, so that
Eq. (8.33) vastly simplifies to RZ'//R{} ~ |1 + 0.204 tany 7 ,|?, which is depicted in
Fig. 8.6. We see that RZ'/ / R{', is more sensitive to the values of the mixing angles for
larger magnitudes of 7, which nicely illustrates the interplay between the tree-level
mixing and loop-level coupling effects: we see here that ramping up the tree-level
effect of the mixing angle is ineffective unless the coupling of the loop particle is also
appreciable. Without this combined effect, the mixing angles must be very large in
order to produce sizable effects on Higgs properties.

We now examine in greater depth the interplay of the mixing angles with the loop
effects in Figs. 8.7-8.8, which depict contours of R%/R{}, as shown in Eq. (8.33). The
features in these plots are determined by the functional relationships in Eq. (8.33),
but we see a few broad patterns. As noted before, 0(0.3) < RJW'/R{} < O(3) obtains
in the vast majority of parameter space. This is expected because the W boson loop
dominates the Higgs coupling to photons, so that R?'y is constrained to remain within a
factor of a few of R{‘/ unless some cancellations occur. To achieve the largest possible

separation of these rates we require one of two possibilities.

e The Higgs couples substantially to new charged particles. The ratio RJW' / R{, is
enhanced when the new particle interferes constructively with the W loop con-
tribution, which occurs for the largest positive values of the product tan~y7; .

or for negative (positive) values of 7, and 74, if 6 < 7/2— 3 (if § > /2 — ).
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e The Higgs mixes with scalars which substantially modify its coupling to top and
bottom quarks. The ratio R? / R}, is enhanced (suppressed) if § < 0 (§ > 0). As
tan 3 increases, these effects diminish until the bottom contribution becomes

important and the effects strengthen again.

These combined effects allow a non-negligible separation of the v and W signal
strengths without resorting to extreme values of the couplings or mixing angles.
These two simple phenomena describe most of the broad features we see in Figs. 8.7—

8.8. However, a few other important features can occur in small slices of parameter
space where certain Higgs rates go to zero: for example, due to vanishing Higgs
couplings to photons (at special values of the mixing angles or the couplings), to
the massive electroweak vector bosons (at 6 — #£m/2), or to all SM particles (at
v — £m/2). These limits cause R%' / R{} to either diverge or vanish, thus deviating
greatly from the general correlation R/ / Rl ~ O(1). We begin with Fig. 8.7, where
we see the dependence of RY/ Ri, as a function of (6,7) given a single, unit-charged
fermion that couples exclusively to ¢, with strength 7, = 1. The Higgs coupling to
SM particles will vanish as v ~ 4 /2, but the Higgs couplings to photons will still be
mediated in this case by particles that couple to the ¢,. Thus as long as 7, # 0, then
as we approach v ~ +m /2 R{} will decrease faster than RZ'{, and the ratio in Eq. (8.33)
diverges. As we approach v ~ —7/2, however, there is a special intermediate value
of tany below which all the contours are tightly packed, which occurs because the
Higgs coupling to photons vanishes but the coupling to the massive electroweak vector
bosons does not. The photon coupling can only vanish if the new charged particle
causes total destructive interference in the photon loop. If 7, < 0 we would find the
clustering at positive values tany where the singlet contribution could again inter-
fere destructively with the W loop. In Fig. 8.7, there is also a “pinching” feature at
the corners of the plot near the anti-coupling limit, 6 ~ 47 /2. These features arise

because at those points the Higgs couples neither to photons nor to vectors.
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Figure 8.7: Contours of R/ / R}, as a function of (d,7) for fixed values of tan § and
ns,» for a unit-charged fermion, and 14y = 7,4 = 0.

We see very similar behavior in Fig. 8.8, where we again consider a single unit-
charged fermion which couples to the ¢, component of the Higgs. The clustering and
pinching behaviors as § — +7/2 are precisely analogous to those described in Fig. 8.7.
The behavior of R% / R{} is in fact symmetric in 71,4, and tan+y because this ratio only
depends on the product tan 7, ,~the plots are visibly different only because we have
plotted v as the axis in Fig. 8.7 rather than tan .

We also have chosen discrete values of v = 0.2,0.4. As follows from the general
discussion and as shown in Fig. 8.6, we see that for larger mixing angles v the diphoton
rate is more sensitive to 7., because the new charged particle can now be more
strongly coupled to the physical Higgs. In the same way, the § dependence is sensitive
to the value of 3. Because the top quark loop destructively interferes with the W
loop we see an enhanced diphoton rate where the ¢ interference is most suppressed —

this occurs with the smallest tan  and when ¢ < 0. This effect is diminished at larger
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Figure 8.8: Contours of constant R@/R{} for fixed values of tanf using a single
fermion loop particle that couples only to the singlet component of the
Higgs. We take v = 0.2 (0.4), which represents the 68% (95%) confidence
level limits on the amount of the singlet in the lightest physical Higgs.
The pinching behavior should occur in the left panel as well, but requires

|775,¢| > 2.

tan # so that the contours are less steeply inclined against the ¢ direction and more

inclined against 7,4, as is seen by comparing the left and right panels of Fig. 8.8.

8.5 NMSSM

The NMSSM is one of the best studied and most well-motivated examples of a
singlet extension to the standard 2HDMs. Here we show how our formalism facilitates
the analytic extraction of non-SM-like Higgs production and decay. We use the stan-

dard MSSM superpotential (retaining the p term) enhanced by singlet contribution

1 1
W D (u+AS)H, - Hy+ §u552 - §RS3. (8.34)
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We also use standard terminology for the soft SUSY-breaking terms, such that the

soft SUSY-breaking Lagrangian contains soft Higgs terms

1
Loote O miyy, |Hy|* + mi;, |Hal” + m2|S|> + (B/LHU CHy+ 5BSMSS2 + h.c.)

1
+V2 (AASHU Hy— 5 A5+ h.c.) . (8.35)

Mapping the phenomenological considerations of Secs. 8.2 through 8.4 onto the NMSSM
parameter space here, the only candidate particles within the NMSSM which could
in principle be important for our analysis are: squarks, most importantly the ¢; slep-
tons, most importantly the 7; the charged Higgs, which has very tight direct and
indirect search constraints that require its mass to be 2 O(300 GeV), but which does
not automatically decouple in the high mass limit; and the chargino, Y. The ¢’s
are colored, which generically induce large differences in the gluon fusion and vector
boson fusion production channels which are not observed [3]. More importantly, both
the stops and staus require very low masses and very large mass mixings to enhance
the Higgs diphoton rate, which can destabilize the vacuum by inducing charge- or
color-breaking minima [46,48,49]. In general, vacuum stability can also arise from
purely electroweak charged or singlet states if one requires very large modifications
to Higgs properties [13], or the requirement of thermal dark matter [54]. For more
modest deviations from a SM-like Higgs, we can ignore more general questions of vac-
uum stability in the NMSSM [55] and study the case of the chargino and the charged

Higgs.

8.5.1 Masses And Kinematics

Next, we focus on changes to Higgs production and decay in the NMSSM. The
one loop corrections to h — vy will come from the charged Higgs H* or the charginos

x*. A multiplet of new physics states of equal charge labeled by i contribute to the
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Higgs coupling to photons with a weight

Znu = Z v Im; = vilog det M, (8.36)

m; Ovr vy

following Eq. (8.6). Here M is the mass matrix for the particles i, so the eigenvalues
of MIM are m?.
The charged Higgs mass is

Mis ARV v? o v [g?
2 A u Us B — (&= =\ .
My+ = [( )\+\/§+ 5 vs + Bu qud+ 5 | 3 , (8.37)
and the chargino mass mixing matrix is
M- quy, V2
M, = ? / , (8.38)

gUa/V2  esr

where M, is the wino mass parameter and pleg = ft + Avg/ V2. The determinant of

this matrix is the product of the two chargino masses, which we will call m?:
2
(m2)2 = (mxﬁmxzi> = det (ML;EMX1> = (Mglj/eﬂ‘ — m%/v sin 25)2 . (8.39)

We will use m? to parameterize the chargino loop effects. Current chargino constraints
from LEP simply require m, 2 103.5GeV for generic neutralino masses or m, & e
92 GeV for nearly degenerate chargino and neutralino masses [56].

In Fig. 8.9 we show contours of constant M+ for realistic fixed values of m. For
My < m, the lightest chargino is predominantly W* so that the Xf mass grows
linearly with M,, while the opposite is true for large My where the lightest chargino
is mostly H#*. The transition from W* to H* occurs around m, and at this point the
off-diagonal terms in M,+ become important so that there is increased sensitivity

to tan £ in this region. Away from this feature in the parameter space the chargino
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Figure 8.9: Contours of constant M+ for fixed m. Regions that fail LEP bounds are

shaded red.

masses are well split so that My~ Het/ \/5, M, and there is less dependence on

tan 3.

8.5.2 Signal Strengths

In Fig. 8.10 we show contours of R%b in the § — v plane in order to show which
values of these parameters give rise to reasonable signal strengths. We take a fixed
value of tan 8 = 1 since, as shown in Figs. 8.2 and 8.3, the # dependence is mild
at low tan 8. Near the origin—which represents the no-mixing, exact decoupling
limit—we see that both of the V' and b signal strength modifiers are highly sensitive
to the departure from the decoupling limit, but not as sensitive to the amount of
mixing. This arises because, as noted above, the mixing dependence in R effectively
decouples for small values of the singlet mixing angle since both o(jj — h) and T’y
are proportional to cos?. The only v dependence in R{/,b therefore comes from the

actual particle couplings, dy;. In contrast, both R7 and the couplings carry strong
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Figure 8.10: Contours of (left) Ry, and (right) R} for tan § = 1.

sensitivity to 6. Since we observe Higgs decays in rough overall agreement with the
SM expectation, we assume that the mixing angles are near the decoupling limit. For
simplicity we will take 6 = 0 in the plots below to guarantee general agreement with
the SM values, but we will allow ~ to vary in order to illustrate the effects on new
particles that couple through the singlet.

The Higgs coupling vectors of Eq. (8.5) for the chargino and the charged Higgs

are

= —cosf3,—sin 8, ——— | , 8.40
NI x* — p 5 \/§ng ( )

[ miy 1=2X/g%  cos2B my, 1—2X%/g? N cos2f3
M = m3.  2sinf 2sin3’m2. 2cosf 2cos 3’

(8.41)

gm3,. sin 203

2my Ax + A (kus + ,us/\/§)>
The constant terms in the H* coupling vector ensure that the charged Higgs does
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not automatically decouple even as mpy+ — o0o. However, for very large mass, as
required by direct and indirect searches, we can make additional statements about
the strength of this coupling. We find that dgy+ is proportional to the mixing angle
d (which tends to be small when mpy=+ is large) and to cot 25 (which goes to 0 as
tan § — 1). Combining these scaling arguments with the relative size of the fermion
and scalar beta functions (b, = 4by), the H * is ineffective compared to the y*
throughout the bulk of the parameter space we are interested in.

The ratio of the diphoton and vector signal strength modifiers in the NMSSM as
a function of the x* couplings is

()
R{/ NMSSM

2

2 .
1+e(fB)tand—A, \+ <2T5V sin(28 + 9) n V2 Ay M tanfy)

m cos & gm?  cosd

(8.42)

From this expression, we see that the photon and vector rates can be different from
each other most effectively for large positive ~, large ¢, and small tan 8. The €()
piece vanishes in the decoupling limit and the singlet piece does not contribute if there
is no mixing, but even in these combined limits the ratio still delivers an increase over
the SM prediction by a factor ~ 4m¥,/5m? ~ O(20%) because of the presence of the
additional loop particle. As anticipated above, the couplings 17 ,+ are not independent
of the chargino mass parameters. Interestingly, the sign of this effect works to give
an enhancement of RJV' as compared to R{'/.

In Fig. 8.11 we display the values of R@ / R{} resulting from x* loop effects as a
function of tan 5 and AM,, which respectively parameterize the size of the couplings to
the doublet and singlet Higgses: 7, \= ~ ng = ~ tan 3 and AM; ~ n,,+. In Fig. 8.12
we show this ratio in the AM,; — m plane fixing tan 5 to 1. In both figures we shade
the region for which myx < 103.5 GeV when A = 0.7. Across all panels, we see that

low m, low tan 8 and large AM5 drive an enhanced R% over R{}. Within each panel,
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Figure 8.11: Contribution from the x* loop in the decoupling limit with v = 0.2,0.4
for (left) m = 150 GeV and (right) m = 250 GeV. In the shaded red
regions, m, < 103.5GeV for A =0.7.
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Figure 8.12: Same as Fig. 8.11 but in the AM; — m plane and with tan 5 = 1.

we see that the rate becomes more sensitive to the singlet coupling as we increase ~.

We also see that My 2 m is preferred, so that H*-like charginos are more effective at
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driving this rate difference. The tan 8 dependence is also simple to understand, since
in the decoupling limit it only enters through the sin 23 dependence of the doublet
Higgs coupling, which is maximized at minimal tan 5. For instance, in the left panel
of Fig. 8.11 (where m = 180 GeV) we see R%/R{} ~ 1.6 around AM, = 380 GeV and
tan § = 1. From Fig. 8.12 we see that AMs > m leads to the greatest enhancements

in RZ'Y / R{}, rising up to R% /RJ, ~ 1.6 for the example point picked above.

8.6 Conclusions

Higgs boson physics will be a critical component of the ongoing experimental ef-
fort at the LHC. While a definitive picture of this newly discovered particle has yet
to emerge, experimental errors will shrink, and could offer hints of new dynamics at
the electroweak scale in years to come. The focus of this paper has been on theo-
ries which have a greater likelihood of being discovered indirectly through modified
Higgs properties, as opposed to direct LHC searches. We have investigated a simple
parameterization of new physics effects from new electroweak charged and singlet
particles which couple to or mix with the Higgs boson. Our formalism has the ad-
vantage that it can encompass a number of different electroweak extended models
with relatively few parameters. Furthermore, observables such as strength modifiers
for various Higgs production and decay modes can be straightforwardly mapped onto
this parameter space. These parameters can in turn be easily calculated in any ul-
traviolet completion consistent with the assumptions of the framework, allowing one
to quickly extract their effects on Higgs measurements. For example, we showed how
our framework allows one to easily map the NMSSM onto precision Higgs observables
in electroweak gauge bosons and ~+, without making use of parameter scans.

The present work leaves a number of open questions for future study. For example,
one could consider how a determination of the mixing angles and loop parameters

might be used to constrain the properties of the heavier scalar partners of the Higgs
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boson. Concretely, if the mixing angles for the Higgs boson, («, ), can be identified by
experiment, then unitarity constraints on the scalar mixing angles will in turn restrict
the couplings of additional heavy Higgs bosons. One interesting question is whether
direct or indirect constraints in these theories will ultimately prove more powerful.
Another topic to study further is connecting our formalism for precision Higgs physics
to other indirect constraints, e.g. from precision electroweak measurements [57],
questions of vacuum stability, and viability of the new electroweak states as dark
matter (e.g. as in [54]).

Precision Higgs physics will be an important probe for physics beyond the Stan-
dard Model. Should the LHC experiments discover new physics in the Higgs sector,
we have presented here a simple roadmap for understanding and parameterizing these
effects beyond the SM.
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CHAPTER IX

Conclusion

The field of particle physics is at the beginning of an entirely new era. We are
gathering more data than ever before with a wide variety of instruments and detectors.
With this influx of new data have come some surprises, one very welcome confirmation
(in the Higgs discovery), and some disappointments. The goal of the work in this
thesis has been to point out some methods for gaining insight into the nature of the
physics behind these developments.

The primary focus of my work has been an attempt to understand and characterize
the dark sector of the universe. Although we have not irrefutably discovered traces
of dark matter in our immediate surroundings, we have convincing evidence of its
activity on the very largest scales of the universe. Learning more about the dark
matter beyond these large-scale, indirect kinds of evidence is an exciting and even
daunting task, and we must efficiently search the entire parameter space that may be
available to dark matter.

Exhaustively searching through the entire dark matter parameter space is not
feasible, so we need new techniques and new ideas that can use a wide range of
supporting evidence to either rule out or highlight the remaining parts of parameter
space. In this way, one fundamental precondition to maximizing our chances of finding

dark matter involves pointing out the characteristics that dark matter cannot have.
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Most of my work has been focused on understanding the available data and extending
the possible limits ever farther into the parameter space that could have been available
to the dark matter. This kind of limit setting is possible on both large and small scales.
With a wide variety of collaborators, I have used data ranging from the existence of
old pulsars to the energy spectrum of X-ray and gamma-ray photons to place new
bounds on dark matter. The ultimate goal of the field is to find the dark matter, to
fully characterize all of its properties, and to place it within a complete theory that
explains how it relates to the other physics we know. Placing these bounds allows us
to narrow our focus in the hunt for dark matter, and is thus a necessary first step in
finding this new physics.

Another promising path towards new physics is through the detailed study of the
newly discovered Higgs boson. Because of the properties related to how the Higgs can
be produced and can decay, it is hoped that these details will give us hints that can
point the way to new physics. The Higgs is a particle with entirely different charac-
teristics than those of any particle discovered before, and these new properties imply
particular constraints and correlations between its different observable properties.
Finding the implications of the constraints and exploiting novel physical mechanisms
to illustrate ways around these different constraints can allow us to probe far beyond
standard searches for new physics.

The possibility of making contact with hitherto unknowable sectors of the physical
universe is now tantalizingly close. We are on the verge of learning incredible new
facts about the world as a result of these dark matter searches and Higgs experiments.
The community has gained an amazing amount over the years that I have been at
Michigan, but, more excitingly, we are now poised to learn even more.

Synthesizing all of these new inputs will require both breadth of knowledge and
depth of expertise. Being able to contribute to these open questions and to react

quickly to new developments are of equal importance. The work of particle theory
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right now is a balance of pointing towards motivations for new physics and explaining
recent discoveries. The search for new physics provides us no guarantees at the
start. Discovery requires navigating the path between known and unknown to extract
reliable observations and new knowledge from the natural world.

Because we don’t know ahead of time what the next discovery will be, we must
work to understand what discoveries are possible and what they could mean. Recent
experiments have convincingly proven their ability to surprise us with unexpected
results. On the other hand, theorists have shown that they are capable of relating
many different strands of knowledge in one coherent whole. Once we find something
unexpected, we will have to describe it and understand how it connects to the bulk
of our physics knowledge, represented by the Standard Model of particle physics. As
we look in more detail, our greatest hope is to find connections between the dark
and conventional sectors. This will require persistent theoretical, experimental, and
observational effort.

In this thesis, I have presented my work related to the search for a theory of dark
matter and the search for new physics from a deeper understanding of the Higgs
sector. Having the ability to come up with inventive solutions to new observations
while also knowing which observations to keep track of are crucial abilities in this new
era. I hope this thesis can show that I have been able to contribute a small amount
to each field, and will be able to continue doing so as we reach farther towards what

is currently unknown.
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APPENDIX A

Appendix: The Dark Matter Inverse Problem:

Extracting Particle Physics from Scattering Events

Here we compile plots for analyses of all five data sets (n; = standard, anapole,
dipole, ¢* and ¢~*) with equal exposure. Due to space constraints, we show fits to six
of the seven operators (v; = standard, anapole, dipole, ¢*2 and ¢**) on each page.
More comprehensive plots, including plots from data sets with equal event numbers,
are shown online [27].

The plots illustrate the qualitative and quantitative features described in Section
IV above. Due primarily to the power of the discrimination of the xenon target,
analysis that results in three overlapping CLCs will indicate an operator that fits
the data well. For low mass DM all operators are effectively indistinguishable in the
sense that all analyses result in overlapping CLCs. When the DM candidate is more
massive, the distinguishing features of its interaction become more pronounced and
harder to mimic, so a particular type of operator is selected.

Within each plot we display CLCs for all three detector elements and all three
DM candidate masses, with the exception of the argon contour with the 10 GeV

candidate. None of the 10 GeV argon CLCs close because argon sees so few events.
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The argon “exclusion curve” fits comfortably around the xenon and germanium CLCs

in all cases. To reduce clutter, these argon curves are omitted from the plots.
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Figure A.1: 95% CLCs for a 10, 50, and 250 GeV particle interacting through an n; =
standard operator. Comparisons are made to v; = standard, anapole,
dipole, ¢*, ¢?, and ¢~2 operators. The colors represent the value of L,/
d.o.f. As described above, cyan and lighter colors correspond to 95% or
worse disagreement with the data.
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Figure A.2: 95% CLCs for a 10, 50, and 250 GeV particle interacting through an
n; = anapole moment operator. Comparisons are made to v; = standard,
anapole, dipole, q*, ¢?, and g2 operators. The colors represent the value
of Lyin/ d.o.f. As described above, cyan and lighter colors correspond to
95% or worse disagreement with the data.
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d.o.f. As described above, cyan and lighter colors correspond to 95% or
worse disagreement with the data.
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APPENDIX B

Appendix: Neutrino Phenomenology in a 3+1+1
Framework:

Fit Details

We summarize and expand upon the details of our analysis of experimental data in-

cluded in our fits.

Appearance Experiments: The characteristics of the experiments used in our
fits are shown in Table B.1. LSND [2] observed the appearance of 7, with energies
10 — 60 MeV in a beam of 7, consistent with neutrino oscillations that occur in the
Am? ~ 0.2 — 10eV? range. MB also measured 7, — 7, oscillations [5] with energies
200 — 3000 MeV consistent with evidence for antineutrino oscillations from LSND.
MB did not initially report evidence for oscillations of the form v, — v, [3], but
an in-depth analysis published after the release of the initial data set supported the
interpretation of a low-energy excess consistent with v, oscillations [4]. We use all
of the MB v data points in our analysis, including those below 375 GeV which were
excluded in the first MB analysis. Due to the low energies of these experiments, we

take a = 0 for our fits.
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We also include the null results of KARMEN [12], E776 [13], NOMAD [14], CCFR
[15] and NuTeV [16]. For each null experiment, we find a single data point-that is,
the oscillation probability and error for the L/FE value-which best matches the 90%
exclusion curves given by the experiments. Due to the generally high energies of these

experiments, we use a = 1 for all experiments except KARMEN in these fits.

Experiment | mode | # points | Distance (m) | E | Am? (eV?)
MB ARNEY 5l 200 — 3000MeV | = 0.1
LSND vy, 8 29.8 10 — 60 MeV 2 0.3
KARMEN vy, 1 17.7 1 —50MeV 21
E776 Dr Un 1 1000 1—10GeV >1
NOMAD v, 1 625 =10 — 200 GeV >10
NuTeV |7, v, i 1436 >10-300GeV | = 107
CCFR v i 1436 >10-300GeV | > 107

TOTAL | 7,7, [30 pos., 5null | ~ 10 —1436 | 10MeV — 600GeV | > 0.1

Table B.1: Energies, mixings, and mass splitting sensitivities for each appearance
experiment.

Disappearance Experiments: The v, disappearance constraints include short-
baseline reactor experiments with new reactor flux predictions [17] plus constraints
from the ratio of the flux observed in the Bugey 40 m and 15 m detectors [18].! The
statistics of the constraint on v, disappearance is dominated by the Bugey ratio. Dis-
appearance of v, is constrained by CDHS [19] and CCFR [20], which we take as single
data points, corresponding to the combined oscillation probability for the full energy
range. Because both of these experiments search for muon neutrino oscillations be-

tween two detectors, very large mass differences are not restricted, since the beam is

'Even though the new reactor flux has been reported to reflect oscillations of a single sterile
neutrino, we find that it is not consistent with our LSND and MB preferred region for the light
sterile neutrino, and we use the reactor data as a constraint. On the other hand, it may be fit well
with the fifth neutrino of the 34141 scenario, as shown in Sec. 5.3.1.

279



likely to be fully oscillated as it arrives at both the near and the far detector. Also,
because of the baselines and energies of these experiments, it is a good approximation
to ignore the probability of oscillation through n; 3. We take a = 1 for CCFR and

CDHS, but have a = 0 for the reactor experiments.

Experiment | mode | # points | Distance (m) | E | Am? (eV?)
CCFR Vy 1 714 and 1116 | 40 — 200 GeV 10 — 10°
CDHS Vy 1 130 and 885 2—-6GeV 1071 —10
Mention et al. v, 21 9 — 1050 ~ 3MeV 1072 — 1071
Bugey 40/15 ratio | 7, 25 15 and 40 3 — 8MeV > 1072
TOTAL [ Ve,vu | 48 | 10—10° |3 MeV —200GeV | 107* —10°

Table B.2: Energies, mixings, and mass splitting sensitivities for each disappearance
experiment.

Unitarity Constraints: The condition for unitarity in the neutrino mass mixing
matrix is UTU = 1, or in component form > UsU 5 = Oap. In practice, this means
that sum of the norms of any single row or column in the mixing matrix must equal
1, which bounds the size of any particular element of the matrix. In this way, high
confidence measurements of mixing angles for v, and v, with n;, ne, and ns can set
bounds on the size of the mixings of v, and v, with ns and ns.

For instance, solar neutrino experiments such as KamLAND [54] measure v, disap-
pearance via the mixing sin® 26, = 4 |U,s|” (1- \Uno|® = |Ues|? = |Ues|” — |Ue5|2). We
can extremize this over the mixing |U,,|2, but we find that the limits on |Uey|* 4 |Ues|?
are not very constraining because the solar mixing angle is measured at low confi-
dence and the mixing angle is not maximal. The limits from reactor 7, disappearance
experiments provide stronger limits.

On the other hand, a similar analysis is effective in constraining |U,4|* and |U,s|’
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from the Super-Kamiokande data, since the atmospheric mixing angle is measured
at high confidence to be maximal: a substantial mixing with heavy sterile neutrinos
would imply a larger than observed ratio in upward to downward going muon neu-
trino fluxes. This mixing angle is sin? 20py, = 4 |U,s|* (1- Us|” = |Uyl” — |Uu5|2),
and extremizing to find the largest value of |U,4|* + |U,s|* compatible with the mea-

surements gives

§i02 2001m < (1= [Ual® = |U,1?)” (B.1)

Using the global best fit value for atmospheric mixing angle we find the 90% (99%)

confidence level constraints:
Uul® 4 |Uys|* < 0.0175 (0.0274). (B.2)

These bounds on |U,|* + |Uus|* are included in the disappearance constraints, and

are in practice the strongest constraints available.

Reactor and Gallium Anomalies: The RAA is detailed in [17,25] and corresponds
to a lower-than-expected flux of 7, emitted from nuclear reactors. The GA has been
reported in [26] and also discussed clearly in [17] and [55]: SAGE and Gallex have
independently measured a lower-than-expected flux of v, from the decay of megacurie
sources of *!Cr and 37Ar, corresponding to anomalously low rates of the reaction
Ve + "Ga— ™Ge + e~. This is in principle bounded by similar measurements of the
rate of v,+'2C — 2N, s +e~ [28,30], which are more consistent with expectations [29].
We find that these carbon data are compatible with fits to the RAA and GA data.
We summarize the status of the RAA and GA anomalies as well as the carbon
data in Table B.3. In Eq. (5.7) we give our fit to the combined data (using correlation

information as reported in [17]).
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Anomaly ‘ # points ‘ |Ues|? ‘ Xomin

Gallium 4 0.0708 +0.0317 | 1.7
Carbon 11 0.0901 4+ 0.0874 | 8.5
Reactor 19 0.0266 £0.0144 | 7.2
TOTAL \ 34 \ 0.0356 4+ 0.0130 \ 19.4

Table B.3: Fits to the reactor, gallium, and carbon anomalies.

Statistical Methods Employed: To place constraints on neutrino mixing from
the various null appearance and disappearance experiments we use the raster-scan
method described in [56]. For each value of Am3,, the x? is minimized with respect
to the remaining mixing parameters. For the n remaining independent mixing param-
eters, a Ax? test is performed to give an n-dimensional confidence interval at each
Am?,. In the 3+1 scenario, this corresponds to finding 1-dimensional confidence in-
terval for sin? 20 at each given value of Am?,. The raster-scan provides a more precise
confidence region than a global fit. As a result of the sinusoidal dependence of the
oscillation probability on Am?,, the probability distribution for the x? may deviate
from gaussian for large deviations from the true value. This may result both in find-
ing an “incorrect” minimum of the x? and using an incorrect probability distribution
function for determining the sizes of the confidence intervals. By performing a raster
scan, one removes the sinusoidal dependence so that the data follow a standard y?
distribution.

Although this a powerful technique for forming exclusions from null experiments,
it is less applicable to cases in which there is a positive result. This is because the
raster-scan does not identify preferred values of the parameter Am3,. For this reason
we perform a global fit to the LSND and MB data, minimizing the y? with respect
to all parameters. The confidence region is given by a Ax? for 2 DOF in 341 model
and 4 DOF in the 3+141 model.
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APPENDIX C

Appendix: Neutrino Phenomenology in a 3+1+1
Framework:

Oscillation Formalism

For nonrelativistic neutrinos whose wavepackets travel with same energy E and
whose momenta may be Taylor expanded as p; = E — m?/2E, the probability of

oscillation to flavor vg from flavor v, is
Py = Y UnUsilUaiUp; exp [i(m] — m3)L/2E] (C.1)
i,J

This formula is easy to evaluate in the limit of many light mass eigenstates because
unitarity simplifies the evaluation of the sum. However, the fifth neutrino may either
not be accessible or may be produced in a reduced phase space. In this case the
evaluation of the sum is less straightforward because the assumption that production
processes for all mass eigenstates are similar may no longer be good. With the

definitions Uagi; = UUpiUa;Uj; and x5 = (m7 —m3)L/AE and taking a phase space
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suppression factor 0 < a < 1 on oscillations through ns, the oscillation probability is

PVa—>V5 = Zi,j [Uaﬁij exp(QZxU) — 21 (1 — CI,) Zj Uaﬁg)j exp(Qwa)] -+ (1 — G)Ualgg,g,.

(C.2)
Carrying out some standard simplifications allows us to write Eq. (C.2) as
Pyaswy = 0ap [1 = 2(1 = a)|Uas||Ups]] + (1 — @)|Uns|*|Ugs |*
4
—4 Z U,pij] sin® z;; — 4a Z R[U,ps;] sin® x5, (C.3)
5>i>j j=1
-2 Z Uopij) sin 2x;; — 2(12 Uaps;] sin 2x5;
5>i>j Jj=1

where we use the unitarity condition ), UyU B*z = 0op. In the limit @ — 1 we recover
the standard result.

In all of the experiments of interest we may ignore oscillations due to the mass
differences Am?, and Am3,, and Eq. (C.3) simplifies. The oscillation probability of

interest in appearance searches such as LSND is found to be
Py, = U P|Ua* {a[(1 = 7)? + 4rsin® 8] + (1 — r)* + 4rsin®(zq £ 8)}, (C.4)

where + (—) is for v (7) oscillations, and the definitions of r and [ are given in

Eq. (5.6) in the text. For disappearance experiments, the relevant formula is

1= P, .y, = sin®20nssin®zy + 2|Uns[2(1 — 2 |Uas|?), (C.5)

where sin® 20,4 = 4|Uqs|* (1 — |Uga|? — |Uas|?) and we assume that oscillations through
ny are averaged. We emphasize that because the phase space factor a only enters at
second order in |Uus|? the phase space available to ns has very little impact on the

predictions and constraints of disappearance experiments.
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The “zero-distance” effect [23] arises because even in the limits a — 0 and 241 — 0
there remains a nonzero probability for oscillation. Another consequence of the very
heavy state is that for fixed o the sum of Eq. (C.3) over § betrays nonunitarity. This
indicates that we have normalized our states incorrectly. However, this is cancelled
by an inverse change in the production and detection cross-sections in the types of
experiments considered here [57], so we may use the formulae as if the probabilities

were unitary.
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APPENDIX D

Appendix: Constraining Light Dark Matter with

Diffuse X-Ray and Gamma-Ray Observations

In this paper, we derived robust, conservative constraints by only taking into ac-
count the DM signal, as described in Sec. 6.2.3. Stronger constraints can be obtained
by fitting the DM signal simultaneously with the different astrophysical background
components. This could improve the constraints especially if the DM signal spec-
trum has a sharp feature like a line or an edge (as appears in an FSR spectrum).
However, for softer spectra, while the constraints may be formally stronger, they also
suffer from larger systematic uncertainties, since the background components are not
known precisely. Furthermore, the isotropic extragalactic flux, which contributes an
O(1) amount to the diffuse galactic signal at high galactic latitudes, can smear out
any spectral shapes [107].

To illustrate the improvements possible with using a simultaneous fit of signal and
backgrounds, we use the background components as derived by the different collabo-
rations in [63-67] and perform a naive x? goodness-of-fit test (GOF) in Fig. D.1. For
the GOF, we take as many distinct background components as have been identified by
each collaboration, and, keeping the slopes fixed, allow the normalizations to float. At

each point in the 7 —mpy plane, we add the putative DM signal and minimize the y?
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of the background plus the signal with respect to the free normalization parameters.
For the HEAO-1 backgrounds, we minimize the x?(S + B) by allowing the overall
normalization of the broken power law suggested by the collaboration to float. For
the INTEGRAL backgrounds, we allow the normalizations of the three smooth back-
ground components identified by the collaboration to float independently, and again
minimize the x?(S + B). These components are a power law with a spectral index
ns = 1.55, a curved component that is the exponential tail of a flat power law (with
cutoff around 7.5 keV), and the smooth diffuse component from extragalactic e™e™
annihilation. The COMPTEL collaboration identifies a single smooth background
component with index n, = 2.4, and again we minimize over the normalization of
this background. The EGRET and Fermi data are dominated by the systematic er-
ror on the effective area, so we take the total shapes as given by the collaborations and
allow the normalizations on the entire background shape to float simultaneously. We
show the comparison in Fig. D.1, and we find that the GOF improves the constraints,

but only by at most an order of magnitude.
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Figure D.1: Comparison of signal-only constraint (solid) and a x? goodness-of-fit test
(dotted) for each experiment taking the sample spectrum from scalar
DM decay to eTe™ pairs that emit FSR. We show the limits derived from
the data described in Sec. 6.2: HEAO-1 (orange), INTEGRAL (green),
COMPTEL (blue), EGRET (red), and Fermi (yellow).
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