
Ratcheting Up The Search For Dark Matter

by

Samuel Dylan McDermott

A dissertation submitted in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy
(Physics)

in The University of Michigan
2014

Doctoral Committee:

Associate Professor Kathryn M. Zurek, Chair
Professor Ratindranath Akhoury
Professor Dante E. Amidei
Assistant Professor David John Baker
Professor James D. Wells



c© Samuel Dylan McDermott 2014

All Rights Reserved



ACKNOWLEDGEMENTS

Needless to say, this dissertation would never have happened without my fantastic

collaborators. My unending gratitude is due to:

• my advisor, Kathryn Zurek (chapters II−VI and VIII)

• Hai-Bo Yu (chapters II−IV)

• Eric Kuflik (chapters V and VI)

• Cliff Cheung (chapter VIII)

• Tomer Volansky and Rouven Essig (chapter VI)

• and Dan Hooper and Ilias Cholis (chapter VII).

On all of these projects, I learned so much from each and every one of these excellent

and inspiring physicists. Thank you so much!

ii



I would additionally like to acknowledge and thank everyone who made this work

possible.

Thanks to Fermi National Accelerator Lab, whose generosity with a fifth year

predoctoral fellowship allowed me an exceptional opportunity to continue learning.

To the great group of physicists I was lucky to have around at Michigan. Namely:

Tim Cohen, Eric Kuflik, and Haibo Yu were the best role models I could have asked

for early on; Jack Kearney was the best competition I secretly needed part way

through; and Sean Tulin, Rito Basu Thakur, Felix Yu, Ilias Cholis, Andrew Hearin,

and Prateek Agrawal were the unbelievably gracious postdocs who allowed me to keep

learning till the very end.

My thanks and love are also due, of course, to: my inspiring and stimulating

group of friends in Ann Arbor, especially Justin, Mikell, Jon, and Rebecca; to my

supportive family; and, more than anyone else, to my lovely girlfriend, Sydney. Your

support is the scaffolding that has allowed everything I’ve done.

iii



TABLE OF CONTENTS

ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . ii

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xix

LIST OF APPENDICES . . . . . . . . . . . . . . . . . . . . . . . . . . . . xx

CHAPTER

I. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Dark Matter . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Higgs Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3 Looking Forward . . . . . . . . . . . . . . . . . . . . . . . . . 13

II. Turning Off The Lights: How Dark Is Dark Matter? . . . . . 17

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Models and General Considerations . . . . . . . . . . . . . . 20
2.3 Relic Density Constraints . . . . . . . . . . . . . . . . . . . . 21
2.4 Structure Formation and CMB Constraints . . . . . . . . . . 25

2.4.1 Decoupling at the Recombination Epoch . . . . . . 25
2.4.2 Effect on the Dark Matter Virialization . . . . . . . 28

2.5 Dark Matter Halo Constraints . . . . . . . . . . . . . . . . . 30
2.5.1 Elliptical galaxies . . . . . . . . . . . . . . . . . . . 30
2.5.2 The Bullet Cluster . . . . . . . . . . . . . . . . . . 31

2.6 Direct Detection of Charged Dark Matter . . . . . . . . . . . 32
2.6.1 Direct Detection Basics . . . . . . . . . . . . . . . . 34
2.6.2 Evacuation of Charged DM from the Disk . . . . . . 35

2.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

III. Constraints on Scalar Asymmetric Dark Matter from Black
Hole Formation in Neutron Stars . . . . . . . . . . . . . . . . . 45

iv



3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.2 Chandrasekhar Limit . . . . . . . . . . . . . . . . . . . . . . 48
3.3 Capture of Asymmetric Dark Matter in Neutron Stars . . . . 50

3.3.1 Capture rate . . . . . . . . . . . . . . . . . . . . . . 51
3.3.2 Total Number of ADM in Neutron Stars . . . . . . 53

3.4 Asymmetric Scalar Dark Matter in Neutron Stars . . . . . . . 55
3.4.1 Thermalization . . . . . . . . . . . . . . . . . . . . 55
3.4.2 Self-gravitation and Black Hole Formation . . . . . 56
3.4.3 Bose-Einstein Condensation . . . . . . . . . . . . . 57

3.5 Hawking Radiation and Destruction of the Host Star . . . . . 59
3.5.1 Black Hole Mass without Bose-Einstein Condensation 61
3.5.2 Black Hole Mass with Bose-Einstein Condensation . 62

3.6 Observational Constraints . . . . . . . . . . . . . . . . . . . . 65
3.6.1 Constraints on DM-neutron cross section without Bose-

Einstein condensation . . . . . . . . . . . . . . . . . 65
3.6.2 Constraints on DM-neutron cross section with Bose-

Einstein condensation . . . . . . . . . . . . . . . . . 67
3.6.3 Constraints from observed pulsars . . . . . . . . . . 69

3.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

IV. The Dark Matter Inverse Problem: Extracting Particle Physics
from Scattering Events . . . . . . . . . . . . . . . . . . . . . . . 79

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.2 Preliminaries . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.3 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.3.1 Detector and Statistical Effects . . . . . . . . . . . . 86
4.3.2 Defining the Spectra . . . . . . . . . . . . . . . . . 88

4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.4.1 Contour Shapes from Scattering Kinematics . . . . 91
4.4.2 Operator Discrimination with Equal Exposures on

All Targets . . . . . . . . . . . . . . . . . . . . . . . 93
4.4.3 Operator Discrimination with Equal Event Numbers

on All Targets . . . . . . . . . . . . . . . . . . . . . 100
4.4.4 Comparison of Models . . . . . . . . . . . . . . . . 104

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

V. Neutrino Phenomenology in a 3+1+1 Framework . . . . . . . 112

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
5.2 Phenomenology Of Sterile Neutrino Models . . . . . . . . . . 117

5.2.1 Conventions . . . . . . . . . . . . . . . . . . . . . . 117
5.2.2 Fits to Neutrino Appearance Anomalies . . . . . . . 119

5.3 Phenomenology of the Heavy Neutrino n5 in the 3+1+1 Scheme126

v



5.3.1 The Gallium and Reactor Anomalies . . . . . . . . 126
5.3.2 Big Bang Nucleosynthesis . . . . . . . . . . . . . . . 128
5.3.3 Supernova 1987A . . . . . . . . . . . . . . . . . . . 132
5.3.4 Bounds from Light Mesons . . . . . . . . . . . . . . 133
5.3.5 Combined Bounds on n5 . . . . . . . . . . . . . . . 136

5.4 Neutrino Models . . . . . . . . . . . . . . . . . . . . . . . . . 139
5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

VI. Constraining Light Dark Matter with Diffuse X-Ray and Gamma-
Ray Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
6.2 Constraining Light Dark Matter with Diffuse Photons . . . . 152

6.2.1 Flux from Dark Matter Decays and Annihilations . 153
6.2.2 Data . . . . . . . . . . . . . . . . . . . . . . . . . . 155
6.2.3 Statistical Methodology . . . . . . . . . . . . . . . . 157

6.3 Models of Decaying Light Dark Matter . . . . . . . . . . . . . 158
6.3.1 Hidden Photino . . . . . . . . . . . . . . . . . . . . 158
6.3.2 Sterile Neutrino . . . . . . . . . . . . . . . . . . . . 161
6.3.3 Gravitino Dark Matter . . . . . . . . . . . . . . . . 164
6.3.4 Dipole DM . . . . . . . . . . . . . . . . . . . . . . . 167
6.3.5 Dark (Pseudo-) Scalars . . . . . . . . . . . . . . . . 167

6.4 Model-Independent Bounds and Spectra . . . . . . . . . . . . 168
6.4.1 Two-Body Decays Involving a Photon . . . . . . . . 169
6.4.2 Two-Body Decays with FSR . . . . . . . . . . . . . 170
6.4.3 Two-Body Cascade Decays . . . . . . . . . . . . . . 172
6.4.4 Three-Body Decays with FSR . . . . . . . . . . . . 173
6.4.5 Three-Body Decays Involving Photons . . . . . . . . 174

6.5 Annihilating Light Dark Matter . . . . . . . . . . . . . . . . 175
6.6 Conclusions and Future Improvements . . . . . . . . . . . . . 178

VII. Dissecting the Gamma-Ray Background in Search of Dark
Matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
7.2 Astrophysical Contributions to the Diffuse Gamma-Ray Back-

ground . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
7.2.1 Star-Forming Galaxies . . . . . . . . . . . . . . . . 193
7.2.2 Radio Galaxies . . . . . . . . . . . . . . . . . . . . . 196
7.2.3 Blazars . . . . . . . . . . . . . . . . . . . . . . . . . 197
7.2.4 Ultra-High Energy Cosmic Ray Propagation . . . . 197
7.2.5 Millisecond Pulsars . . . . . . . . . . . . . . . . . . 199
7.2.6 Other Contributions . . . . . . . . . . . . . . . . . . 201
7.2.7 The Combined Astrophysical Contribution to the Ex-

tragalactic Gamma-Ray Background . . . . . . . . . 203

vi



7.3 Gamma Rays from Annihilating Dark Matter . . . . . . . . . 204
7.3.1 The Extragalactic Contribution . . . . . . . . . . . 204
7.3.2 The Smooth Galactic Halo . . . . . . . . . . . . . . 208
7.3.3 Subhalos of the Milky Way . . . . . . . . . . . . . . 209

7.4 Constraints on the Dark Matter Annihilation Cross Section . 213
7.5 Projections And Future Sensitivity . . . . . . . . . . . . . . . 215
7.6 Summary and Conclusions . . . . . . . . . . . . . . . . . . . 217

VIII. Inspecting the Higgs for New Weakly Interacting Particles . 229

8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 230
8.2 Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

8.2.1 Theory Parameterization . . . . . . . . . . . . . . . 233
8.2.2 Observables Parameterization . . . . . . . . . . . . 237

8.3 Tree Level Effects . . . . . . . . . . . . . . . . . . . . . . . . 239
8.4 Loop Level Effects . . . . . . . . . . . . . . . . . . . . . . . . 244
8.5 NMSSM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252

8.5.1 Masses And Kinematics . . . . . . . . . . . . . . . . 253
8.5.2 Signal Strengths . . . . . . . . . . . . . . . . . . . . 255

8.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259

IX. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267

APPENDICES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270

vii



LIST OF FIGURES

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. . . . . 24

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. . . . . . . 33

3.1 Regions (gray) of DM-neutron scattering cross-section in which ac-
cumulated scalar ADM forms a black hole. We have ρX = 0.1 cm3/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
condensate (BEC) does not form and all captured DM particles be-
come 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 neu-
tron star age to be 1010 years with a central temperature 105 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]. . . . . . . . . . . . . . . . 68

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. . . . . . . . . . . . . . . . . . . . . . . . . . . 70

viii



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 ρX = 103 GeV/cm3 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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.1 95% CLCs for a 10, 50, and 250 GeV particle interacting through
an ni = 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 νi = standard, q4, and q−4

operators. The colors represent the value of L̃min/d.o.f. The standard
interaction can be distinguished from the q±4 operators via both CLC
overlap and the values of L̃min/d.o.f. As can be seen in Fig. (10) in

the appendix, L̃min/d.o.f. is less powerful for distinguishing ni =
standard from νi = q±2, though overlap remains robust. . . . . . . . 94

4.2 As in Fig. 4.1, but with an ni = dipole operator compared to νi =
standard, q2, and q4 operators. . . . . . . . . . . . . . . . . . . . . . 95

4.3 Effect of momentum dependence and DM mass on fit spectra. The
data are from an ni = standard interaction and are depicted with
Poisson error bars. The best fit spectrum for νi = standard is shown
as a green solid line. We also show two νi = q4 spectra. The q4

spectrum in blue is at the best fit point and the q4 spectrum in red
is taken at high mass to illustrate the improvement in goodness of
fit from reducing mDM. We can also see the effect of xenon’s higher
event rate and lower energy threshold on its ability to determine the
correct operator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.4 Effect of momentum dependence and DM mass on fit spectra. The
data are from an ni = standard interaction and are depicted with
Poisson error bars. The best fit spectrum for νi = standard is shown
as a green solid line. We also show two νi = q−4 spectra. The q−4

spectrum in blue is at the best fit point and the q−4 spectrum in red
is taken at low mass to illustrate the improvement in goodness of fit
from increasing mDM. We can also see the effect of xenon’s higher
event rate and lower energy threshold on its ability to determine the
correct operator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

ix



4.5 Fits of νi = std, q2, and q4 operators to ni = 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. . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.6 95% CLCs for 10, 50, and 250 GeV particles interacting through an
ni = standard operator with 300 events on each target. Comparisons
are made to νi = standard, q4, and q−4 operators. Colors as in Fig. 4.1.101

4.7 95% CLCs for a 10, 50, and 250 GeV particles interacting through
an ni = dipole moment operator with 300 events on each target.
Comparisons are made to νi = standard, q2, and q4 operators. The
colors represent the value of L̃min/d.o.f. Compared to the case shown
in Fig. (4.2) where exposures were fixed for all targets so that xenon
was able to power the statistics, the ability to discriminate the dipole
interaction from standard and q4 operators using overlap or the values
of L̃min/d.o.f. is diminished. . . . . . . . . . . . . . . . . . . . . . . 102

4.8 The p-values of trial operators for ni = standard and q2 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. . . . . . . . . . . . . 104

4.9 The p-values of trial operators for ni = anapole, dipole, and q−4

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. . . . . 105

5.1 Comparison of 2010 (upper panel) and 2011 (lower panel) MB ν̄ L/E
data with MB ν and LSND ν̄ L/E data. In both panels, the MB ν
data is taken from [4]. In the upper panel, the MB ν̄ data is taken
from [5], while in the lower panel the MB ν̄ data has been updated
with the results of [8]. We show the best fit lines in the 3+1 scenario
(black), the 3+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 Eν > 475 MeV. In all plots, ν lines
are dotted and ν̄ lines are solid. . . . . . . . . . . . . . . . . . . . . 115

x



5.2 Fits in the 3+1 (left) and 3+1+1 (right) neutrino models. We also
contrast the allowed regions using the 2010 (light-orange) and the
2011 (dark-orange) MB ν̄ data. In both panels we show the appear-
ance 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 disappearance experiments and oscillations reported
by LSND and MB for both the 3+1 and 3+1+1 scenarios with the
2011 data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.3 Constraints on r as a function of |Ue4|2|Uµ4|2 for 0.04 eV2 < ∆m2
41 <

6 eV2. We see that r is close to 1 in the appearance preferred region,
and has limited ability to reduce the tension with null experiments. 123

5.4 χ2 as a function of the CP-odd parameter β, with (left) and without
(right) the MB ν and ν̄ data for 200 MeV < Eν < 475 MeV. We show
fits utilizing both the 2010 and 2011 MB ν̄ data, and we show the
90% or 99% allowed value from the ∆χ2 test that we use. . . . . . . 124

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), Rπ [37,38] (left frame), measurements
of τµ [38–42] (left frame), collider and line searches [38, 43–49] (both
frames), and searches for µ → eγ [50] (both frames). The left panel
shows lines of constant values of r from 1.05 to 2.4 (for the calcula-
tion of r, we assume no CP violation and take |Ue4Uµ4| = 0.023, as
explained in the text). To avoid clutter, we avoid repeating the τµ
and NuTeV lines in both plots, although each is valid in both cases. 138

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 dominant systematic uncertainties are shown. We omit
the INTEGRAL 511 keV line both in this figure and in our analy-
sis. 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. . . . . . . . . . . . . . . 156

xi



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 mγd = 0.9mγ̃d and going to final state f+f−, with f =
e, µ or π). In the left plot, the solid (dotted) lines are with

√
F =

104 (102) 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. . . . . . . . . 159

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,
γ̃d → γG̃, and with

√
F = 100 TeV (left) or

√
F = 104 TeV (right).

Gray shaded regions indicate constraints from beam-dump, fixed-
target, and colliding beam experiments, stars, precision measure-
ments, 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. . . . . . . . . . . . . 160

6.4 Decay channels for a sterile neutrino, νs, through (A) a two-body
radiative process (νs → ναγ) and (B) charge- and neutral-current
contributions to a three-body final state. . . . . . . . . . . . . . . . 162

6.5 Constraints on the sum of sterile-neutrino decay to γν and νe+e−

using the decay widths in Eqs. (6.11) and (6.12). The constraints
from the diffuse gamma- and X-ray data are HEAO-1 (orange), IN-
TEGRAL (green), COMPTEL (blue), and EGRET (red). Within
the solid black region, the neutrino energy density must be greater
than the observed DM density. 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-α
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. . . . . . . . . . . . . . . . . . . . . . 163

6.6 Feynman diagrams for G̃ decay through (A) an off-shell slepton to

a three-body final state (G̃→ `±i νj`
∓
k ) and (B) a two-body radiative

process (G̃→ ναγ). . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

xii



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. . . . . . . . . . . . . . . 166

6.8 Constraints on the decay constant fπd for a dark pseudoscalar decay-
ing to diphotons (left) and the limits on the coupling of a hidden
scalar in the case where it decays to e+e− (right). Regions as in
Fig. 6.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

6.9 Bounds on the lifetime of a scalar DM, φ, decaying to two photons.
Regions as in Fig. 6.2. . . . . . . . . . . . . . . . . . . . . . . . . . 170

6.10 Left: Photon spectra from DM decay to e+e−, emitting final state
radiation, as a function of x = 2Eγ/mDM. The spectrum of decays
with galactic photons only is shown as the solid line, while the red-
shifted extragalactic 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. . . . . . . . . . . . . . . . . . . . . . . . 171

6.11 Left: Photon spectra versus x = 2Eγ/mDM for DM decay to two neu-
tral particles, where one of the neutral particles subsequently decays
to e+e−, 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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

6.12 Left: Photon spectra versus x = 2Eγ/mDM for DM decay to e+e−ν,
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. . . . . . . . . . . . . 173

6.13 Left: Photon spectra versus x = 2Eγ/mDM for DM three-body decay
φ1 → φ2γγ. The lines represent the galactic (solid) and redshifted
extragalactic (dashed) spectra. Right: Bounds on the DM decay
lifetime for this process, with regions as explained in Fig. 6.2. . . . . 175

6.14 Bounds on the DM velocity-averaged annihilation cross-section 〈σv〉
due to FSR off the process χχ → e+e−. Regions as in Fig. 6.2.
Also shown is a comparison with the CMB constraint for DM anni-
hilation that is s-wave (solid) or p-wave, the latter for two different
kinetic-decoupling temperatures, xkd ≡ Tγ/mDM = 10−4 (dash-dot)
and 10−6 (dashed line), where we take Tγ = 0.235 eV at the CMB
epoch (corresponding to zCMB = 1000). . . . . . . . . . . . . . . . . 176

xiii



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), neglect-
ing attenuation from the cosmic infrared background. See text for
details. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

7.2 The estimated contribution to the EGB from star-forming galaxies
(including starburst galaxies). The dashed curve represents the esti-
mate derived using the central parameter values, while the solid lines
are the 1σ uncertainties around that prediction. The error bars de-
note the spectrum of the EGB as measured by Fermi [3], while the
points without error bars are the central values of the Fermi’s pre-
liminary EGB analysis, currently in preparation and shown only for
comparison [47]. See text for details. . . . . . . . . . . . . . . . . . 194

7.3 The estimated contribution to the EGB from radio galaxies (includ-
ing both FRI and FRII galaxies). The dashed curve represents the
estimate derived using the central parameter values, while the solid
lines are the 1σ uncertainties around that prediction. Error bars and
points are as in Fig. 7.2. See text for details. . . . . . . . . . . . . . 195

7.4 The estimated contribution to the EGB from blazars (BL Lacs and
FSRQs). Once again, the dashed curve represents the estimate de-
rived using the central parameter values, while the solid lines are the
1σ uncertainties around that prediction. Error bars and points are
as in Fig. 7.2. See text for details. . . . . . . . . . . . . . . . . . . . 198

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. . . . . . . . . . . . . . . . . . . . . . . . . . . . 198

7.6 The estimated contribution to the high-latitude, diffuse gamma-ray
background from millisecond pulsars. See text for details. . . . . . . 200

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 1σ uncertainties
around this prediction, after propagating all parameter uncertainties.
Error bars and points are as in Fig. 7.2. See text for details. . . . . 202

7.8 Two examples of viable models which provide a good fit to the ob-
served EGB. See text for details. . . . . . . . . . . . . . . . . . . . . 202

xiv



7.9 The extragalactic dark matter annihilation contribution to the EGB
for a reference dark matter model (mDM = 100 GeV, annihilating
to bb̄ with σv = 3 × 10−26 cm3/s). The upper curve is the result
using the substructure 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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

7.10 The halo mass function, dn/dM , and the integral of the (1 + z)−1

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 matter annihilations to the extragalactic gamma-ray background.208

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 (mDM = 100 GeV, annihilating to bb̄
with σv = 3 × 10−26 cm3/s). The result has been averaged over the
following region of the sky: 0 < ` < 2π and |b| > 30◦. See text for
details. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

7.12 The contribution to the EGB from subhalos of the Milky Way, for
a reference dark matter model (mDM = 100 GeV, annihilating to bb̄
with σv = 3× 10−26 cm3/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. . . . . . . . . 211

7.13 The total contribution from dark matter annihilations to the EGB,
for a reference dark matter model (mDM = 100 GeV, annihilating
to bb̄ with σv = 3 × 10−26 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. . . . . . . . . . . . . . . . 212

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. 213

xv



7.15 In the left frame, we show the limits (95% CL) on the dark mat-
ter annihilation cross section derived in this study, using our default
substructure model (solid), and neglecting substructure (dashes). In
the right frame, we compare this result to the strongest existing con-
straints on the dark matter annihilation cross section from observa-
tions of the Galactic Center [37] and of dwarf spheroidal galaxies [38].
See text for details. . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

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 mea-
surement [47], whereas in the right frame we compare it to the mea-
surement projected with ten years of data. See text for details. . . . 217

7.17 Our projected sensitivity to dark matter annihilation from Fermi
measurements of the EGB after 10 years of operation, using the astro-
physical model and projected error bars as shown in the right frame
of Fig. 7.16. See text for details. . . . . . . . . . . . . . . . . . . . . 217

8.1 Contours of tan β (left) and tan δ (right) as functions of (Rg
i /R

V
i , R

j
b/R

j
V ),

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−1 and blue shaded regions show
values which cannot be observed within this framework. The solid
(dotted) curves show the region where db/dV is positive (negative). . 240

8.2 Contours of Rj
b/R

j
V (left) and Rg

i /R
V
i (right) as a function of theory

parameters (δ, β). The red shaded regions are as in Fig. 8.1. . . . . 242

8.3 Contours of Rj
i/ cos2 γ (which we approximate by Rj

i |γ=0) for V (top
row) and b (bottom row) final states from a variety of production
channels. Once δ and β are determined from observation, measuring
Rj
i can then be used to obtain γ. . . . . . . . . . . . . . . . . . . . 243

8.4 Contours of Rj
γ/R

j
V in the plane of theoretical parameters (δ, β), with

no new charged particles beyond the SM present. The red shaded
regions are as in Fig. 8.1. . . . . . . . . . . . . . . . . . . . . . . . 245

xvi



8.5 Taking the low tan β limit, we plot the new physics contribution
to the diphoton rate as a function of Rj

γ/R
j
V and Rg

i /R
V
i . The left

(right) panel shows values of
∑

i6∈SMAγ,idi/dV for which dγ/dV is
positive (negative). In both panels, solid (dotted) lines show values
of
∑

i 6∈SMAγ,idi/dV for which dg/dV is positive (negative). The red

shaded regions are as in Fig. 8.1. We use the uncertainty in Rg
i /R

V
i

rather than Rt
i/R

V
i since the former will be much better measured,

as shown in Tab. 8.2. . . . . . . . . . . . . . . . . . . . . . . . . . . 247

8.6 Contours of ηs,ψ as a function of (Rj
γ/R

j
V , γ), in the decoupling limit

δ = 0. The red shaded regions are as in Fig. 8.1. . . . . . . . . . . . 248

8.7 Contours of Rj
γ/R

j
V as a function of (δ, γ) for fixed values of tan β

and ηs,ψ for a unit-charged fermion, and ηd,ψ = ηu,ψ = 0. . . . . . . 251

8.8 Contours of constant Rj
γ/R

j
V for fixed values of tan β using a single

fermion loop particle that couples only to the singlet component of
the Higgs. We take γ = 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 |ηs,ψ| > 2. . . . . . . . . . . . . . . . . . . . . 252

8.9 Contours of constant mχ±1
for fixed m. Regions that fail LEP bounds

are shaded red. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255

8.10 Contours of (left) Rg
V and (right) Rg

b for tan β = 1. . . . . . . . . . . 256

8.11 Contribution from the χ± loop in the decoupling limit with γ =
0.2, 0.4 for (left) m = 150 GeV and (right) m = 250 GeV. In the
shaded red regions, mχ±1

≤ 103.5 GeV for λ = 0.7. . . . . . . . . . . 258

8.12 Same as Fig. 8.11 but in the λM2 −m plane and with tan β = 1. . . 258

A.1 95% CLCs for a 10, 50, and 250 GeV particle interacting through an
ni = standard operator. Comparisons are made to νi = standard,
anapole, dipole, q4, q2, and q−2 operators. The colors represent the
value of L̃min/ d.o.f. As described above, cyan and lighter colors
correspond to 95% or worse disagreement with the data. . . . . . . 273

A.2 95% CLCs for a 10, 50, and 250 GeV particle interacting through an
ni = anapole moment operator. Comparisons are made to νi = stan-
dard, anapole, dipole, q4, q2, and q−2 operators. The colors represent
the value of L̃min/ d.o.f. As described above, cyan and lighter colors
correspond to 95% or worse disagreement with the data. . . . . . . 274

xvii



A.3 95% CLCs for a 10, 50, and 250 GeV particle interacting through an
ni = dipole moment operator. Comparisons are made to νi = stan-
dard, anapole, dipole, q4, q2, and q−2 operators. The colors represent
the value of L̃min/ d.o.f. As described above, cyan and lighter colors
correspond to 95% or worse disagreement with the data. . . . . . . 275

A.4 95% CLCs for a 10, 50, and 250 GeV particle interacting through an
ni = q2 operator. Comparisons are made to νi = standard, anapole,
dipole, q4, q2, and q−2 operators. The colors represent the value of
L̃min/ d.o.f. As described above, cyan and lighter colors correspond
to 95% or worse disagreement with the data. . . . . . . . . . . . . . 276

A.5 95% CLCs for a 10, 50, and 250 GeV particle interacting through an
ni = q−4 operator. Comparisons are made to νi = standard, anapole,
dipole, q4, q−2, and q−4 operators. The colors represent the value of
L̃min/ d.o.f. As described above, cyan and lighter colors correspond
to 95% or worse disagreement with the data. . . . . . . . . . . . . . 277

D.1 Comparison of signal-only constraint (solid) and a χ2 goodness-of-fit
test (dotted) for each experiment taking the sample spectrum from
scalar DM decay to e+e− pairs that emit FSR. We show the lim-
its derived from the data described in Sec. 6.2: HEAO-1 (orange),
INTEGRAL (green), COMPTEL (blue), EGRET (red), and Fermi
(yellow). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 288

xviii



LIST OF TABLES

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. . . . . . . . . . . . . . . . . . 87

5.1 Fits to the 3+1 framework using 2010 and 2011 ν̄ data. With the new
MB data, the appearance and disappearance experiments disagree at
more than the 4σ level. . . . . . . . . . . . . . . . . . . . . . . . . . 122

5.2 Results of fits to the 3+1+1 framework using 2010 and 2011 MB ν̄
data. With the new data, the appearance and disappearance data
sets still disagree at about the 4σ level, with only slight improvement
over the 3+1 case. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.1 Energy ranges, solid angles, and values of JD (JA) 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, α” are Einasto profiles [62] with slope parameter α. 152

8.1 Branching fractions for h→ ii for mh = 125.5 GeV from [52]. . . . . 239

8.2 Projected uncertainties on ratios of signal strength modifiers for the
14 TeV LHC with 300 (3000) fb−1 of data. . . . . . . . . . . . . . . 241

B.1 Energies, mixings, and mass splitting sensitivities for each appearance
experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279

B.2 Energies, mixings, and mass splitting sensitivities for each disappear-
ance experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280

B.3 Fits to the reactor, gallium, and carbon anomalies. . . . . . . . . . . 282

xix



LIST OF APPENDICES

Appendix

A. Appendix: The Dark Matter Inverse Problem: Extracting Particle
Physics from Scattering Events . . . . . . . . . . . . . . . . . . . . . . 271

B. Appendix: Neutrino Phenomenology in a 3+1+1 Framework:
Fit Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 278

C. Appendix: Neutrino Phenomenology in a 3+1+1 Framework:
Oscillation Formalism . . . . . . . . . . . . . . . . . . . . . . . . . . . 283

D. Appendix: Constraining Light Dark Matter with Diffuse X-Ray and
Gamma-Ray Observations . . . . . . . . . . . . . . . . . . . . . . . . 286

xx



CHAPTER I

Introduction

I 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.
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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
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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:
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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 ε, which

is the ratio of the dark matter charge to the electron charge, ε = qDM/e. Aside from

the mass of the dark matter, ε is the only free parameter, and together these suggest

a well-defined parameter space to look for dark matter. In practice, mDM and ε 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/q2 and 1/m2
med, 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
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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
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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 Events, 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
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that scales with integer powers of momentum or velocity. Momentum dependence in

the scattering cross section with the scaling qn, n = 0,±2,±4, or v2 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.
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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 + 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, Eric 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, νs → νγ; and a three-body tree-level decay, νs → ν``
+`−.

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
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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

Matter, 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
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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 näıve 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
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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 ε, the ratio of the dark matter to electronic charge,

is less than 10−6 for mX = 1 GeV, rising to ε < 10−4 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],
MCTP-10-52.
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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)EM, 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 εe.

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 off DM through a photon is

dσXX
dΩ∗

=
α2

emε
4

m2
Xv

4
rel sin4(θ∗/2)

, (2.1)

where mX is the DM mass, vrel is the DM relative velocity, and θ∗ is the scattering

angle in the center-of-mass frame. Likewise, the scattering cross-section of DM off

baryon is

dσXb
dΩ∗

=
α2

emε
2

4µ2
bv

4
rel sin4(θ∗/2)

, (2.2)

where µb 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 10−6, 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 ε for a given mass mX .

The annihilation cross sections of XX̄ → γγ and ff̄ at tree level are given by

(σanvrel)γγ =
πα2

emε
4

m2
X

(2.3)

and

(σanvrel)ff̄ =
πα2

emε
2

m2
X

q2
fNc

√
1−

m2
f

m2
X

(
1 +

m2
f

2m2
X

)
, (2.4)

respectively, where qf is the charge of the SM fermion in units of electron charge and

Nc is the color multiplicity of the fermion. The total annihilation cross section of the

DM particle at tree level is (σanvrel)tot = (σanvrel)γγ +
∑

f (σanvrel)ff̄ .

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

S =
(αemε

2π)/v

1− e−(αemε2π)/v
, (2.5)
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where v = vrel/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

〈σanvrel〉tot = (σanvrel)tot

x
3/2
X

2
√
π

∫ ∞

0

Sv2
rele
−xXv2

rel/4dvrel, (2.6)

where we assume a Maxwell-Boltzmann distribution for DM particle and xX ≡

mX/TX with TX 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

xf ≈ ln ξ − 1

2
ln (ln ξ) (2.7)

ξ = 0.038κ(2 + κ)mplmX(g/
√
g∗)(σanvrel)tot, (2.8)

where x = mX/T , T is the temperature of the thermal bath, and g is the number of

degrees of freedom of the DM particle; we take g = 4, for a Dirac particle. The value

of κ is chosen to match the numerical solution; we set κ = 1.

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

which can be written as

1

Y (xs)
=

1

Y (xf )
+

√
π

45
mPl mX

∫ xs

xf

(g∗s/
√
g∗) 〈σanvrel〉tot

x2
dx, (2.9)

where Y = nX/s with s the entropy density, and xs = Ts/mX with Ts = 1 eV, where

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

nX = nX̄ , and the total number density of the DM is their sum, nX+nX̄ . 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

and drops as a−1, where a is the scale factor. After kinetic decoupling, the DM

temperature drops as a−2. Therefore, the enhancement factor scales as S ∼ x−1

and S ∼ x−2 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 ∼ x−1 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 ε 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 Ωmcph
2 < 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 ε 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

δpX . The momentum transfer rate is thus given by

Γp =
d〈δp2

X〉/dt

〈p2
X〉

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

d〈δp2
X〉/dt =

∑

b=e,p

nb

∫
d3vBd

3vXf(vB)f(vX)dΩ∗
dσXb
dΩ∗

vrelδp
2
X , (2.11)

where dσXb/dΩ∗ is given by Eq. (2.2), nb is the number density of the baryon, and

δp2
X is the momentum transfer after one collision:

δp2
X = 2µ2

bv
2
rel(1− cos θ∗). (2.12)

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

momentum squared of the DM particle in its comoving frame is

〈p2
X〉 =

∫
d3vXf(vX)(mXvX)2 =

3

2
m2
Xv

2
0 = 3mXT (2.13)

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

for v2
rel, we derive a general formula. For a given function of g(vrel), we have

∫
d3vad

3vbf(va)f(vb)g(vrel) =

∫
dvrelv

2
rel

4√
π

1

(v2
0a + v2

0b)
3
2

e
− v

2
rel
v2
0b

+
v2
relv

2
0a

(v2
0a+v2

0b
)v2

0b g(vrel),

(2.14)

where we assume f(va,b) are Maxwellian distributions and v0a,b are the most probable

velocities for the a and b particles, respectively. By using this general formula, we

have

d〈δp2
X〉/dt = −

∑

b=e,p

8
√

2πnbα
2
emε

2

(
T
mX

+ T
mb

) 1
2

ln
(
θmin
∗ /2

)
, (2.15)

where θmin
∗ is the cutoff in the Ω∗ integral. Its value is set by the maximum impact

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

bmax =
αemε

〈µbv2
rel〉

cot(θmin
∗ /2), (2.16)

where 〈µbv2
rel〉 = 3T and cot(θmin∗/2) ' 2/θmin

∗ for small θmin
∗ . The impact parameter

of the scattering must not be larger than the Debye screening length, so we have

b ≤ bmax = λD. Thus

θmin
∗ ' 2εαem

3TλD
, (2.17)

where λD =
√
T/(4αemπne) is the Debye length for the baryon plasma. Using Eq.

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

Γp =
∑

B=e,p

8
√

2πnbα
2
emε

2µ
1
2
b

3mXT
3
2

ln

[
3TλD
εαem

]
. (2.18)

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.,

Γ−1
p (TR) > tR, (2.19)

where tR ' 3.8× 105 years [34], and TR ' 0.26 eV is the temperature at the recom-

bination epoch. We take the baryon number density at recombination ne = np =

Ωbρca
−3
R /mp, where Ωb ' 0.023h−2, ρc = 8.0992h2 × 10−47 GeV4, aR ' 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

section σXγ = 8πα2
emε

4/(m2
X) is proportional to ε4 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 σXγ/mX <

10−32 cm2 GeV−1. We can translate this limit to a bound on ε as ε < 0.49 (mX/(1 GeV))3/4,

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 ε 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 ε2αem/vrel < 1 may still be satisfied due to the smallness of ε, 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(10−8c). 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,

dEX
d`

=
nH
me

[
π2ε

2.7183

mX

mX +mH

]
, (2.20)

where nH 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

τX ' 〈EX〉
〈

1

vrel

d`

dEX

〉
=

3× 2.7183me(mH +mX)

4
√

2π3/2nHε

√
TH
mH

+
TX
mX

, (2.21)

where EX = mXv
2
rel/2. We take

√
TH/mH ∼ 10−6c, and

√
TX/mX ∼ 10−8c 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

τvir ∼ (Gρtot)
−1/2, (2.22)

where ρtot = ρX+ρX̄ and ρtot ∼ 178ρ̄tot = 178ΩXρc(1+z)3. Now we demand τX > τvir

and obtain an upper bound on ε,

ε < 2.9× 10−6

(
mH +mX

1 GeV

)
, (2.23)

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

Γe = −16πα2
emε

4 ρtot

3m3
Xv

2
0

∫
dvrelv

2
rel

√
2

π

1

v3
0

e
− v

2
rel

2v2
0

1

vrel

ln
(
θmin
∗ /2

)
, (2.24)
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where ρtot = ρX + ρX̄ is the total DM density of the halo, and the minimal scattering

angle θmin
∗ is given by θmin

∗ ' 4αemε/(3mXv
2
0λD) with λD = m2

Xv
2
0/(8πε

2αemρtot) 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 ρtot = 4 GeV/cm3, and the radial velocity dispersion v2
r = v2

0(r)/2 '

(240 km/s)2 [43]. To derive the constraints on ε for the given mX from the observed

halo shapes, we require

Γ−1
e > 1010 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 θ to

be measured in the rest frame of the subcluster, which implies θ = θ∗/2, where θ∗ 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 θ is in the following

range:

vesc

v1

< sin θ <

√
1− v2

esc

v2
1

, (2.26)

where v1 ∼ 4800 km/s is the velocity of the main cluster incoming particles before

the collision and vesc ∼ 1200 km/s is the escape velocity of the subcluster. We

assume that the subcluster sees the main cluster with a surface number density Σm ∼

0.3 g/cm3 [49], and demand that the particle loss fraction f be smaller than 30%, i.e.

f =

∑
m

mX

∫
dΩ∗

dσXX
dΩ∗

=

∑
m

mX

4πα2
emε

4

m2
Xv

2
1

(
1

v2
esc

− 1

v2
1 − v2

esc

)
< 30%. (2.27)

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

ε ∼ 10−9 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 mX ∼
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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

dR

dER
= NT

ρχ
mχ

∫

|~v|>vmin
d3vvf(~v,~ve)

dσ

dER
, (2.28)

where vmin =
√

2mNER
2µN

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

take the velocity distribution f(~v,~ve) to be a modified Boltzmann distribution

f(~v,~ve) ∝
(
e−(~v+~ve)2/v2

0 − e−v2
esc/v

2
0

)
Θ(v2

esc − (~v + ~ve)
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 vesc. The Earth’s speed relative to the Galactic halo

is ve = v� + vorb cos γ cos[ω(t− t0)] with v� = v0 + 12 km/s, vorb = 30 km/s, cos γ =

0.51, t0 = June 2nd and ω = 2π/year. We take as a standard case v0 = 220 km/s,

and we fix vesc = 500 km/s and the local DM density 0.3 GeV/cm3.

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

scattering rate off a nucleus σN ,

dσ

dER
=
mNσN
2µ2

Nv
2
. (2.30)

For the standard spin-independent case, this rate is related to a scattering off protons,
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σp, through

σN = σp
µ2
N

µ2
n

[fpZ + fn(A− Z)]2

f 2
p

F 2(ER), (2.31)

where µn is the DM-nucleon reduced mass and fp and fn are the DM couplings to

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

the photon. We make use of a Helm form factor F (ER) = 3j1(qr0)
(qr0)

e−(qs)2fm2/2, where

r0 =
(
(1.2A1/3)2 − 5s2

)1/2
fm, with s = 1. The scattering cross-section off nuclei

through the photon is

σN =
16πα2ε2Z2µ2

N

q4
, (2.32)

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 ε 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 v0 = 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

Rg ' 5.4× 10−11 pc
( mX

1 GeV

)(1

ε

)(
vX

270 km/s

)(
5 µG

B

)
< Hd, (2.33)

where Hd ∼ 100 pc is the typical height of the Galactic disk. So the Galactic magnetic

field prevents charged DM from entering the disk if ε > 5.4× 10−13 (mX/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 (τacc ' 107 years) is shorter than the cooling time scale [9]. The cooling

time scale due to the scattering with electrons is given by

τcool =
mXmev

3
X

8πα2
emε

2ne

[
ln

(
µev

2
XλD

αemε

)]−1

, (2.34)

where we take ne ∼ 0.025/cm3, the Coulomb logarithm ln (µev
2
XλD/αemε) ∼ 30

for the parameter range of interest. By demanding τcool < τacc, we get ε < 3.4 ×

10−4
√
mX/GeV. 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 ε > 5.4 × 10−13 (mX/GeV), the charged DM will be

accelerated along with baryons over a time scale τacc ' 107 years.

Hence, if the DM charge is in the range 5.4 × 10−13 (mX/GeV) < ε < 3.4 ×

10−4
√
mX/GeV, 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 ε ∼ 10−9 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 τdiff ∼ 5H2
d/(3RgvX) [52]. If the τdiff is

smaller than the acceleration time scale τacc, 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/cm3. We find that the charge

has to satisfy ε < 9× 10−12 (mX/GeV) with vX = 270 km/s and B = 5 µG, 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 ε ∼ 10−6 for 1 GeV DM (weakening to ε ∼ 10−4 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 10−9 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)EM 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 σn . 10−45 cm2 to 10−47cm2.

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.
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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. One 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 N 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/N1/3. The uncertainty

principle requires that each fermion have Fermi momentum p ∼ N1/3/R. If the total

number N is small and m > p ∼ N1/3/R, the system is in the non-relativistic limit.

The average energy per fermion is

E ∼ −GNm
2

R
+

1

m

(
N1/3

R

)2

, (3.1)

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

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

R ∼ 1

Gm3N1/3
. (3.2)
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As N increases, the radius shrinks and the Fermi momentum increases; eventually

fermions become relativistic with total energy

E ∼ −GNm
2

R
+
N1/3

R
. (3.3)

If the total number of the fermions increases beyond the limit

N fermion
Cha ∼

(
1

Gm2

)3/2

=

(
Mpl

m

)3

' 1.8× 1051

(
100 GeV

m

)3

, (3.4)

where Mpl = 1.2211 × 1019 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

E ∼ −GNm
2

R
+

1

R
. (3.5)

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

is

N boson
Cha '

(
Mpl

m

)2

' 1.5× 1034

(
100 GeV

m

)2

. (3.6)

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 Mn = 1.44 M�, Rn = 10.6 km

and the central density ρB = 1.4× 1015 g/cm3 [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

dt
= CB, (3.7)

where NX is the total number of DM particles in the star and CB 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 CB. 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 CB is given by [21]

CB = 4π

∫ Rn

0

r2dCB(r)

dV
dr, (3.8)

where Rn 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

dCB(r)

dV
=

√
6

π
nX(r)nB(r)ξ

v(r)2

v̄2
(v̄σXB)

[
1− 1− exp (−B2)

B2

]
. (3.9)

Here nX(r) is the ambient DM number density; nB(r) is the number density of the

stellar baryons; v̄ is the DM velocity dispersion around the neutron star; v(r) is the

escape velocity of the neutron star at the given radius r; σXB is the effective scattering

cross section between DM particles and nucleons in the neutron star; and ξ takes into

account the neutron degeneracy effect on the capture. The factor B2 is given by

B2 =
3

2

v(r)2

v̄2

µ

µ2
−
, (3.10)

where µ = mX/mB and µ− = (µ− 1)/2.

Now we specify the factor ξ. All energy levels below the Fermi momentum pF
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have been occupied. During the scattering process, if the momentum transfer to

the neutron is larger than pF , 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 ξ = 1. On the other hand, if the momentum transfer δp is less than pF ,

only those neutrons with momentum larger than ∼ pF − δp can participate in the

capture process. The fraction of these neutrons is ∼ δp/pF , so we can approximate ξ

as ξ ' δp/pF . Depending upon the momentum transfer δp, we can parameterize ξ as

ξ = Min

[
δp

pF
, 1

]
. (3.11)

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 δp '
√

2mrvesc, where

mr = mXmB/(mX + mB) is the reduced mass, and typically vesc ' 1.8 × 105 km/s.

The Fermi momentum is pF ' (3π2ρB/mB)1/3 ' 0.575 GeV for ρB = 1.4×1015 g/cm3.

Therefore, ξ ' 1 for all mX & 1 GeV. In contrast, the capture rate is suppressed by

a factor ∼ mXvesc/pF if the DM mass smaller than the neutron mass.

To estimate the capture rate, we take the conservative limit that v(r) = v(Rn) ≡

vesc, and we assume that nX(r) and nB(r) are independent of the radius; thus, the

total capture rate can be simplified to

CB '
√

6

π

ρX
mX

v2
esc

v̄2
(v̄σXB)ξNB

[
1− 1− exp (−B2)

B2

]
, (3.12)

where NB is the total number of neutrons in the host star. When B2 � 1, the term

in the square bracket is close to one; for typical values vesc ' 1.8 × 105 km/s and

v̄ ' 220 km/s, and a DM mass smaller than 9.4×105 GeV, this condition is obtained.

If DM has mass larger than ∼ 9.4×105 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)

NX = CBt. (3.13)

To evaluate CB, 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 σtot = NBσn, where σn is the DM-neutron elastic scattering cross section, as

long as σtot is smaller than σgeom = πR2
n; that is, we can constrain the individual

scattering cross-section σn as long as σn is less than or equal to σmax = πR2
n/NB.

Taking typical neutron star parameters Mn = 1.44 M� and Rn = 10.6 km, we

estimate the maximum cross section as [29]

σmax = 2.1× 10−45 cm2

(
Rn

10.6 km

)2(
1.44 M�
Mn

)
, (3.14)

and the effective cross section is given by

σXB = Min [σn, σmax] . (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 vesc = 1.8× 105 km/s, v̄ = 220 km/s, and NB ' 1.7× 1057.
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In the regime mX & 1 GeV, we have ξ ' 1, which gives

NX ' 2.3× 1044

(
100 GeV

mX

)(
ρX

103 GeV/cm3

)(
σXB

2.1× 10−45 cm2

)(
t

1010 years

)
.

(3.16)

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

capture process so that ξ '
√

2mXvesc/pF , and we have

NX ' 3.4× 1046

(
ρX

103 GeV/cm3

)(
σXB

2.1× 10−45 cm2

)(
t

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 NX , 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 pF can transfer kinetic energy to the DM. Since T � pF

for the neutron star, the number of these free neutrons is order ∼ 10−8 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 ∼ 2T/v2
esc ∼ 48 eV

for T = 105 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

dt
= −ξnBσnv δE, (3.18)

where nB is the neutron number density in the center of the neutron star, δE is the

energy loss of the DM particle during each scattering event, and we use ξ defined as

in Eq. (3.11) to parameterize the neutron degeneracy effect on the DM thermalization

process. The typical velocity and the momentum transfer δp =
√

2mrv fully determine

ξ. However, unlike the capture case, where the velocity is set by the escape velocity

vesc, the thermal equilibrium of DM particles and neutrons now sets v ∼
√

2Eth/mX ,

where Eth ' 3T/2 is the energy after thermalization. In the case of mX & 1 GeV,

δp ∼
√

2mBv ' 2.1×10−5 GeV(T/105 K)1/2(100 GeV/mX)1/2, which is much smaller

than pF ' 0.575 GeV. For mX . 1 GeV, the momentum transfer is given by

δp ∼
√

2mXv ' 6.8×10−5(T/105 K)1/2(mX/0.1 GeV)1/2, which is again less than pF .

Therefore, the neutron degeneracy effect reduces the DM thermalization efficiency

over the entire DM mass range, and ξ is everywhere given by ξ ' δp/pF .

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

tth '
m2
XmBpF

4
√

2nBσnm3
r

1

Eth
. (3.19)

In the limit of mX & 1 GeV, the thermalization time scale can be further simplified
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to tth '
√

2m2
XpF/(12m2

BnBσnT ). Taking typical values, we see

tth ' 0.054 years
( mX

100 GeV

)2
(

2.1× 10−45 cm2

σn

)(
105 K

T

)
. (3.20)

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

tth ' 7.7× 10−5 years

(
0.1 GeV

mX

)(
2.1× 10−45 cm2

σn

)(
105 K

T

)
. (3.21)

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 tth is less than the neutron star age ∼ 1010 years. As we can see

from Eqs. (3.20) and (3.21), light DM easily satisfies this condition. For heavy DM,

tth 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

rth =

(
9T

4πGρBmX

)1/2

' 24 cm

(
T

105 K
· 100 GeV

mX

)1/2

. (3.22)

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 rth,

the DM particles can become self-gravitating. For a total DM mass MX = NXmX
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within a thermal radius rth, this condition is

3MX

4πr3
th

& ρB. (3.23)

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

larger than a critical number

Nself ' 4.8× 1041

(
100 GeV

mX

)5/2(
T

105 K

)3/2

. (3.24)

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

point energy cannot prevent gravitational collapse:

N boson
Cha ' 1.5× 1034

(
100 GeV

mX

)2

. (3.25)

Thus, if the scalar ADM thermalizes and the mass satisfiesmX . 1017 GeV (T/105 K)
3
,

we always have Nself & N boson
Cha . 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 N boson
Cha .

To check this sequence of events, we begin by noting that for a given bosonic DM

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

Tc =
2π

mX

[
nX

ζ(3/2)

]2/3

, (3.26)

where ζ is the Riemann-Zeta function, ζ(3/2) ' 2.612, and nX = 3NX/(4πr
3
th). 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

NX = ζ

(
3

2

)(
mXT

2π

)3/2
4πr3

th

3
' 1.0× 1036

(
T

105 K

)3

, (3.27)

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

star is larger than 1.0 × 1036 (T/105 K)
3
, 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 < Tc, the BEC forms and the number of particles in the condensed ground

state is

N0
X = NX

[
1−

(
T

Tc

)3/2
]
' NX − 1.0× 1036

(
T

105 K

)3

. (3.28)

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

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:

rBEC =

(
3

8πGm2
XρB

)1/4

' 1.5× 10−5 cm

(
100 GeV

mX

)1/2

. (3.29)

This is much smaller than rth, 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

N0
self =

4π

3

ρBr
3
BEC

mX

' 1.0× 1023

(
100 GeV

mX

)5/2

. (3.30)

Once the number of DM particles in the ground state is larger than N0
self , these

ground state particles become self-gravitating. Since N0
self is less than Nself , the

onset of self-gravity is marked by N0
self instead of Nself 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 N0
self can be less than N boson

Cha . 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, N0
X has to grow larger than the Chandrasekhar

limit for a bosonic system, so that the condition for black hole formation of the BEC

becomes N0
X & N boson

Cha . By using Eq. (3.28), we get a lower limit on the total DM

number NX ,

NBEC = N boson
Cha + 1.0× 1036

(
T

105 K

)3

' 1.5× 1034

(
100 GeV

mX

)2

+ 1.0× 1036

(
T

105 K

)3

. (3.31)

We can see that the value of the right-hand side of Eq. (3.31) is less than Nself if the

DM mass mX . 1.9× 104 GeV (4.7× 103 GeV) for a central temperature T = 105 K

(106 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-

59



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 MBH , the differential equation that governs the rate

of change of mass is

dMBH

dt
' 4πλs

(
GMBH

v2
s

)2

ρBvs −
1

15360πG2M2
BH

+

(
dMBH

dt

)

DM

. (3.32)

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 vs =
√
dP/dρ is the sound

speed and λs is the accretion eigenvalue for the transonic solution. To determine vs

and λs, we characterize the equation of state of the neutrons by P = Kργ, where

K and γ are constant. For a non-relativistic degenerate neutron gas, which is a

good approximation for neutrons in the neutron star, we have γ = 5/3 and K =

32/3π4/3/(5m
8/3
B ) [40]. We estimate the sound speed as vs =

√
Kγργ−1 ∼ 105 km/s,

where we take ρ ∼ 1.4 × 1015 g/cm3. The accretion constant is given by λs =

(1/2)(γ+1)/(2γ−2)[(5− 3γ)/4]−(5−3γ)/(2γ−2) = 0.25 [40].
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3.5.1 Black Hole Mass without Bose-Einstein Condensation

For large ADM mass, we found above that Nself < NBEC 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 rth. 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 (dMBH/dt)DM is negligible.

This is because, for a non-relativistic particle moving towards the black hole, its

impact parameter must be less than bmax = 4GMBH/v∞ [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 MBH ∼ mXNself and v∞ ∼
√

3T/mX , we can estimate bmax as

bmax ∼ 1.6× 10−5 cm

(
10 TeV

mX

)(
T

105

)
, (3.33)

which is much smaller than the thermal radius rth ' 2.4 cm(T/105 K)(10 TeV/mX)1/2.

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 rth; 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

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

M crit
BH ' 1.2× 1037 GeV. (3.34)

Without a BEC, the initial black hole mass is MBH ∼ NselfmX . If we demand

NselfmX & M crit
BH , we find that for mX . 2.6 × 106 GeV (T/105 K) the Hawking
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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 (dMBH/dt)DM and demand MBH ∼ mXN
boson
Cha & M crit

BH , 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, (dMBH/dt)DM 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 rth. 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 MBH ∼ mXN
boson
Cha = 1/(GmX),

we can conservatively estimate the black hole evaporation time scale in the absence

of particle accretion as thaw ' 15360πG2M3
BH/3 ' 5 × 104 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 CB. To check whether or not

the ADM particles in the BEC state feed the black hole efficiently we calculate the

maximal impact parameter bmax and compare it with the distribution radius rBEC .

With MBH ∼ 1/(GmX) and v∞ ∼ 1/(mXrBEC), we have

bmax ∼ 4rBEC , (3.35)

where rBEC is given by Eq. (3.29). Since bmax & rBEC , we see that the black hole can

efficiently consume the BEC. This occurs at a rate given by (dMBH/dt)DM ∼ mXCB:

(
dMBH

dt

)

DM

' 2.3× 1036 GeV/year

(
ρX

103 GeV/cm3

)(
σXB

2.1× 10−45 cm2

)
. (3.36)

This new source of accretion overwhelms the Hawking radiation, which is emitted at

the rate (dMBH/dt)hw ∼ 1027 GeV/year (mX/100 GeV)2. Thus, in the BEC case our

constraints can be sensitive to scalar ADM with mass much higher than the naive

estimate, mX ∼ 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, Thaw = (8πGMBH)−1 ∼ mX/8π.

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 ∆T ∼ mXN
boson
Cha /NB '

1.0×10−7 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

∆T ∼ mXN
boson
Cha /Nth ' 1.7 × 1014 K (10 GeV/mX) (T/105 K)

−3
, where the number

of remaining non-BEC particles is Nth = 1.0 × 1036 (T/105 K)
3
, from Eq. (3.31).

This heating will greatly affect the thermal distribution of the scalar ADM particles.

Since rth ∝
√
T , 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 Thaw ∼ mX/8π. 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 mX ∼ 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

mX & 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 M crit
BH , the time scale to destroy the neutron star is set by the Bondi-
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Hoyle rate:

t ∼ v3
s

πG2ρBMBH

' 2.3× 10−5 s

(
M�
M i

BH

)
, (3.37)

where we take vs ∼ 105 km/s and M� is the mass of sun. Therefore, the characteristic

time scale is t ∼ 17 years (mX/100 GeV)3/2 (105 K/T )3/2 and 5.4×106 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 ∼ 1010 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 σn 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 Nself > N boson
Cha for

mX . 1017 GeV(T/105 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 < Nself and get an upper bound on DM-neutron scattering cross section σn. For

DM with mass mX & 1 GeV we derive the following bound on σn using Eqs. (3.16)

and (3.24) and requiring that the host NS is not destroyed over the course of its

lifetime t:

σn < 4.4× 10−48 cm2

(
103 GeV/cm3

ρX
· 1010 years

t

)(
100 GeV

mX

· T

105 K

)3/2

. (3.38)

For mX . 1 GeV, the bound on σn is

σn < 9.3× 10−46 cm2

(
106 GeV/cm3

ρX
· 1010 years

t

)(
0.1 GeV

mX

)5/2(
T

105 K

)3/2

.

(3.39)

Since the capture rate saturates when the DM-neutron scattering cross section is

larger than σmax ' 2.1 × 10−45 cm2, the upper bound on σn is only valid when the

value of the right-hand side of Eq. (3.38) and Eq. (3.39) is smaller than σmax. Because

the capture and thermalization processes do not distinguish between spin-dependent

and spin-independent cross sections, the bound on σn 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

105 K and neutron star age to be 1010 years. The most prominent qualitative feature,

the sharp vertical cutoff, corresponds to cross sections σn ' 2.1 × 10−45 cm2. 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 ρX & 106 GeV/cm3. 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 ρX = 106 GeV/cm3 when mX . 1 GeV.
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For DM mass mX & 106 GeV, the factor B2 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 M�, radius ∼ 6.3 × 103 km, density

∼ 106 g/cm3, central temperature ∼ 107 K and escape velocity ∼ 6 × 103 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 σn 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 NBEC . Nself 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 ρX = 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 1010 years with a cen-
tral temperature 105 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 & 1 GeV, the requirement NX . NBEC gives:

σn . 9.1× 10−54 cm2

(
103 GeV/cm3

ρX
· 1010 years

t

)( mX

100 GeV

)

×
[

1.5× 10−2

(
100 GeV

mX

)2

+

(
T

105 K

)3
]
. (3.40)

In the case of mX . 1 GeV, the upper limit on σn is given by

σn . 6.2× 10−56 cm2

(
103 GeV/cm3

ρX
· 1010 years

t

)

×
[

1.5× 104

(
0.1 GeV

mX

)2

+

(
T

105 K

)3
]
. (3.41)

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 & NBEC . For mX . 10 GeV,

the BEC forms before the Chandrasekhar mass is reached, while for mX & 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 ρX = 1 GeV/cm3,

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 Te = 1.2 ×
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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.

105 K [46]. When its secular motion is accounted for, calculations indicate its age is

6.69× 109 years [47]. Another nearby pulsar is PSR J2124-3358, located 270 pc away

from us with a surface temperature Te < 4.6×105 K [46]. Its age is 7.81×109 years [47].

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

temperature Te by using the analytical formula [48]

T ' 1.288× 108 K

[
1014 cm/s

gs

(
Te

106 K

)4
]0.455

, (3.42)

where gs = GMn/R
2
n is the surface gravity and we take gs ' 1.7 × 1014 cm/s2 for

Mn = 1.44 M� and Rn = 10.6 km. We find the central temperature is 2.1×106 K and

2.5 × 107 K for J0437-4715 and J2124-3358, respectively. We take the ambient DM

density to be 0.3 GeV/cm3, 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 mX & 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 σmax ' 2.1× 10−45 cm2.

Since the bound is sensitive to the DM density, we also consider neutron stars

in regions with high ρX . 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 × 108 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 T = 106 K as a reasonable approximation due to its advanced age. We take

ρX = 103 GeV/cm3 for the DM density and v̄ = 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 × 103 GeV, NBEC & Nself

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 ρX =
103 GeV/cm3 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/cm3.

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 q±2 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: Extracting Particle Physics from Scattering Events, 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-II [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 XENON1T 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 qn-type scattering, where n = ±2,±4. We also con-

sider scattering via anapole and dipole operators, which feature mixed momentum

dependence (constant and q2 dependence for the former operator, and q2 and q4 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

dER
(ER) =

ρ0

mDMmN

∫
d3~v v f(v0, ~ve; vmin, vesc)εeff(ER)

dσDM−N
dER

(v, A,ER). (4.1)

Here, ρ0 is the local DM density; mDM is the DM mass; mN is the detector nucleus

mass; the velocity distribution is given by f(v0, ~ve; vmin, vesc); εeff(ER) is the detector
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efficiency, which may depend on the energy of recoil; and the differential cross-section

dσDM−N/dER describes the interaction. The total number of events is given by inte-

grating the differential rate as

Ni(E
min
R , Emax

R ) =

∫ Emax,iR

Emin,iR

dER
dR

dER
εexp, (4.2)

where εexp 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, dσDM−N/dER, while the astrophysical considerations are reflected in ρ0 and

f(v0, ~ve; vmin, vesc). The remaining effects, such as εeff(ER), εexp, andmN , are detector-

specific. The objective of this paper is to extract information about the operator con-

tent of dσDM−N/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 ρ0 = 0.4 GeV/cm3 and assume a Maxwell-Boltzmann velocity

distribution with a smooth exponential cutoff at the escape velocity:

f(v0, ~ve; vmin, vesc) =





1
N

(
e−(~ve+~vDM)·(~ve+~vDM)/v2

0 − e−v2
esc/v

2
0

)
v < vesc

0 v > vesc

, (4.3)

where we take vesc = 544 km/s, v0 = 220 km/s, and ve = 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 σN via

dσDM−N
dER

=
mNσN
2µ2

Nv
2
, (4.4)

where µN 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”,

the results are quoted in terms of the cross-section for scattering off a nucleon, σstdn :

σstdN = σstdn
µ2
N

µ2
n

[fpZ + fn(A− Z)]2

f 2
p

F 2
1 (A,ER), (4.5)

where µn is the reduced mass of the DM-nucleon pair. We take fp = fn = 1 here,

and assume a standard Helm form factor, F1(A,ER) = 3j1(qr0)/(qr0)e−(qs)2fm2/2, with

s = 0.9 and r0 =
(
(1.23A1/3 − 0.6)2 + 7/3(0.52π)2 − 5s2

)1/2
fm [25].

For spin-independent, momentum-dependent scattering, the results will be re-

ported according to the convention [13]:

σq
n

N =

(
q

q0

)n
σstdN . (4.6)

In this work, we take q0 = 50 MeV for all values of n1. We allow σn to float for both

the standard and qn type operators to satisfy normalization conditions described

below. In general, this will lead to σn ∼ O(10−45) cm2. Note that the momentum-

transfer dependence of the qn-type operators serves to introduce extra powers of the

recoil energy, not extra powers of the DM velocity.

1Particle 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 (χ̄γµγ5χAµ) and dipole (χ̄σµνχFµν) operators. The scattering

cross-sections for these operators are [16]

σanN =
µ2
N

4πM4

{
4v2Z2F 2

1 (A,ER)− q2

[
1

µ2
N

Z2F 2
1 (A,ER)− 2A2J + 1

3J

b2
N

m2
Nb

2
n

F 2
2 (A,ER)

]}
,

σdipN =
4µ2

N

πM4Λ2

{
4q2v2Z2F 2

1 (A,ER)

− q4

[(
2

mDMmN

+
1

m2
N

)
Z2F 2

1 (A,ER)− 2A2J + 1

3J

b2
N

m2
Nb

2
n

F 2
2 (A,ER)

]}
.

(4.7)

Here, M is the mass of a mediator particle that couples an off-shell photon to the DM

particle, while Λ 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, bN is the magnetic moment of the

target nucleus, and bn = e/2mp is the Bohr magneton. The form factor F2(A,ER)

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

ap = an 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

σ̂n =
µ2
n

4πM4
' 1.05× 10−39

(
µn
mn

)2(
M

400 GeV

)−4

cm2. (4.8)

The fiducial value of M and thus of σ̂n 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:

dR̃

dER
=

∫
dE ′

dR

dER
(E ′)

1√
2π σdet(A,E ′)

exp

[
− (ER − E ′)2

2σ2
det(A,E

′)

]
. (4.9)
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Element A Z J bN/bn Abundance
Germanium 73 32 9/2+ −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

σdet(Ge, E) =
√

(0.3)2 + (0.06)2E/keV keV, (4.10)

σdet(Xe, E) = 0.6
√
E/keV keV, (4.11)

σdet(Ar, E) = 0.7
√
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 i gives rise to binned observation numbers

Ñi(E
min
R , Emax

R ) =

∫ Emax,iR

Emin,iR

dER
dR̃

dER
εexp. (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 ni 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 θ that

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

L̃ = 2
N∑

i=1

[
νi(θ)− ni + ni ln

ni
νi(θ)

]
+ const., (4.14)

where if ni = 0 the last term in the brackets is set to zero.2 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 L̃ values give con-

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

inside of which L̃ ≤ L̃min + ∆L̃2 d.o.f.
95 , where for instance ∆L̃2 d.o.f.

95 = 5.99 [38].

4.3.2 Defining the Spectra

We generate a vector of input data in the i energy bins, ni, for all three target nuclei

assuming interactions derived from standard, anapole, dipole, q2, and q−4 operators.

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

2The value of νi 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 i energy bins, νi, which are the convoluted

spectra for standard, anapole, dipole, q±2, and q±4 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 σn and σ̂n 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 σn ∼ 10−44 cm2) 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, L̃min/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 L̃min/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 L̃min 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 ni) 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 νi) 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.3 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 freedom4 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, mDM and σn. 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 vesc → ∞, ignoring solar motion, terrestrial

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

dR

dER
(ER) ' ρ0σN√

πmDMµ2
Nv0

exp

(
−ERmN

2µ2
Nv

2
0

)
. (4.15)

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 µN ∼ mDM and we can

approximate the differential rate by

dR

dER
(ER) ∼ ρ0σN√

πm3
DMv0

exp

(
− ERmN

2m2
DMv

2
0

)
. (4.16)

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

dER
(ER) ∼ ρ0σN√

πmDMm2
Nv0

exp

(
− ER

2mNv2
0

)
. (4.17)

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 ∝ σn/mDM. In this limit the target nucleus is not able to determine

the DM mass because one always can rescale σn to compensate the change of DM

mass while keeping σn/mDM 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
ni = 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 νi = standard, q4, and q−4 operators. The
colors represent the value of L̃min/d.o.f. The standard interaction can be
distinguished from the q±4 operators via both CLC overlap and the values
of L̃min/d.o.f. As can be seen in Fig. (10) in the appendix, L̃min/d.o.f. is
less powerful for distinguishing ni = standard from νi = q±2, though
overlap remains robust.
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Figure 4.2: As in Fig. 4.1, but with an ni = dipole operator compared to νi = stan-
dard, q2, and q4 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

(ni = νi), 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

q2, 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

q±4 interactions. We specifically choose q±4 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 L̃min/d.o.f. The

differential event rate of the mismatched operators is given by

dRq±4

dER
(ER) ' A2ρ0σ

std
n√

πmDMµ2
Nv0

(√
2ERmN

q0

)±4

exp

(
−ERmN

2µ2
Nv

2
0

)
. (4.18)
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Figure 4.3: Effect of momentum dependence and DM mass on fit spectra. The data
are from an ni = standard interaction and are depicted with Poisson error
bars. The best fit spectrum for νi = standard is shown as a green solid
line. We also show two νi = q4 spectra. The q4 spectrum in blue is at
the best fit point and the q4 spectrum in red is taken at high mass to
illustrate the improvement in goodness of fit from reducing mDM. 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:

q4 scattering chooses low mass and q−4 scattering prefers high mass.

This behavior is driven by the shape of the event distributions. As seen in

Fig. (4.3), the q+n 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 mDM the event number increases at low energy and decreases at high energy.

Likewise, we can consider a q−4 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 q−4 operator.

Changing the momentum dependence by only two powers, e.g. comparing ni =
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Figure 4.4: Effect of momentum dependence and DM mass on fit spectra. The data
are from an ni = standard interaction and are depicted with Poisson error
bars. The best fit spectrum for νi = standard is shown as a green solid
line. We also show two νi = q−4 spectra. The q−4 spectrum in blue is
at the best fit point and the q−4 spectrum in red is taken at low mass
to illustrate the improvement in goodness of fit from increasing mDM.
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 νi = q±2, offers less contrast. In this case, fits for individual elements can

in general be acceptable (with L̃min/d.o.f. . 1), and the overlap test seems to be

an important discriminant. This can be seen for the ni = dipole case displayed in

Fig. (4.2), where we compare the dipole input data to standard, q2, and q4 interac-

tions. We see that discrimination is marginal for an individual target (since L̃min/d.o.f

can be good), but the overlap appears to provide conclusive discrimination against

the standard and q4-type interactions. By contrast, q2 and dipole interactions look

nearly identical. This is because the q2 term in Eq. (4.7) dominates the q4 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 q4 operator suffers from being overly suppressed at low energy, and

the q2 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 νi = std, q2, and q4 operators to ni = 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 q2 piece is subdominant, the anapole and standard

operators may be said to have the same momentum dependence. Likewise, the dipole

and q2 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 L̃min/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 q2 or less. This

is not true for xenon, which has a good L̃min/d.o.f. only for the correct operator.

Thus the L̃min/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 L̃min

test. This comes about because of the relatively large number of events on the xenon

target, which increase its value of L̃min (since, for large event numbers, L̃min 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 L̃min tests are linked. This can even be seen in the 10 GeV case, for

example, by comparing the CLCs in the appendix from the ni = q2 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 AXe/AGe, which increases

the xenon sensitivity, shrinks its CLCs, and allows modest CLC separation. In the

ni = 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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Figure 4.6: 95% CLCs for 10, 50, and 250 GeV particles interacting through an ni =
standard operator with 300 events on each target. Comparisons are made
to νi = standard, q4, and q−4 operators. Colors as in Fig. 4.1.
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Figure 4.7: 95% CLCs for a 10, 50, and 250 GeV particles interacting through an ni =
dipole moment operator with 300 events on each target. Comparisons are
made to νi = standard, q2, and q4 operators. The colors represent the
value of L̃min/d.o.f. Compared to the case shown in Fig. (4.2) where
exposures were fixed for all targets so that xenon was able to power the
statistics, the ability to discriminate the dipole interaction from standard
and q4 operators using overlap or the values of L̃min/d.o.f. is diminished.
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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 ni = standard and νi = q4, but there is overlap

for νi = q−4. This problem is even more noticeable in the case with ni = 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 L̃min/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 L̃min/d.o.f. test. By

increasing the number of events on an argon detector we have a third viable test of

the L̃min/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 L̃min

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

combine all three data sets and define L̃tot
min 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 ni = standard and q2 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 L̃tot
min values follow a χ2 distribution. This

is valid when there are a large number of events, as in the cases studied here. Thus,
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Figure 4.9: The p-values of trial operators for ni = anapole, dipole, and q−4 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.

we may derive a p-value for any given trial operator by defining [38]

p(L̃tot
min, nd) =

∫ ∞

L̃tot
min

xnd/2−1 e−x/2

2nd/2Γ(nd/2)
dx, (4.19)
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where nd 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 L̃tot larger

than L̃tot
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, q2, and q−4 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 q2 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 q2 operators have the same q2

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 L̃tot
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+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 νe and νµ 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 3+1+1 scenario with the more standard 3+1 scenario and

carry out global fits to all oscillation data including new 2011 MB ν̄ 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 ν̄

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(10−3 eV2) and O(10−5 eV2), respectively. By contrast, the results from the

LSND and MB ν̄µ → ν̄e and νµ → νe searches are consistent with a mass-squared

splitting roughly between 0.1 and 1 eV2, 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 ν̄e fluxes from nuclear reactors

and ν̄µ 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 3+1 scheme might not

have been compatible with the MB data alone, since the parameters needed to fit

ν̄µ → ν̄e and νµ → νe appeared to be different: at high energy the MB anti-neutrino

mode favored oscillations and was in better agreement with the ν̄µ → ν̄e LSND data,

while νµ → νe data was consistent with a null result.1 The addition of a second sterile

neutrino (the 3+2 scheme) allows for CP violation which can reconcile differences in

ν̄µ → ν̄e and νµ → νe. 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 ν̄ data [8] from MB, shown in Fig. 5.1,

indicates that the apparent difference between the ν and ν̄ 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

1A low-energy excess in the νµ 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 ν̄ L/E
data with MB ν and LSND ν̄ L/E data. In both panels, the MB ν data
is taken from [4]. In the upper panel, the MB ν̄ data is taken from [5],
while in the lower panel the MB ν̄ data has been updated with the results
of [8]. We show the best fit lines in the 3+1 scenario (black), the 3+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
Eν > 475 MeV. In all plots, ν lines are dotted and ν̄ 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 eV2 and
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a second much heavier (∆m2 � 1000 eV2) 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 ν̄ 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 “3+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+1 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 − 10 GeV. 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+1+1 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

να =
N∑

i=1

Uαini, (5.1)

where να are the neutrino flavor eigenstates, which include the 3 left-handed (active)

neutrinos of the SM plus any SU(2)-singlet (sterile) neutrinos; Uαi are the elements of

a unitary N×N matrix that diagonalizes the neutrino mass matrix and causes mixing

between the neutrino flavor eigenstates; and ni are the neutrino mass eigenstates with

mass mi ordered by increasing mass.

Since we are focusing on a 3+1 scheme (with a single light neutrino) and a 3+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 νβ in a να beam is

Pνα→νβ = δαβ [1 + 2(a− 1)|Uα5||Uβ5|] + (1− a)|Uα5|2|Uβ5|2

− 4
∑

5>i>j <{U∗αiUβiUαjU∗βj} sin2 xij − 4a
∑4

j=1<{U∗α5Uβ5UαjU
∗
βj} sin2 x5j

− 2
∑

5>i>j ={U∗αiUβiUαjU∗βj} sin 2xij − 2a
∑4

j=1={U∗α5Uβ5UαjU
∗
βj} sin 2x5j.

(5.2)

Here xij = ∆m2
ijL/4E = 1.27

(m2
i−m2

j )L/E

eV2 m/MeV
, where L is the distance the neutrino has

traveled and E is the neutrino energy. Since n5 will be much heavier than the

other neutrinos, accounting for the possibly suppressed production of and oscillation

through n5 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 xij ' 0 for i and j = 1, 2, 3, and this formula

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

1− Pνα→να = sin2 2θα4 sin2 x41 + 2|Uα5|2
(

1− a+ 1

2
|Uα5|2

)
, (5.3)

where we define sin2 2θα4 = 4|Uα4|2(1 − |Uα4|2 − |Uα5|2) and we assume that the

characteristic oscillation length associated with ∆m2
51 is so short that sin2 x51 → 1

2

holds over the volume of the detector. Experiments that probe disappearance of νe

are carried out at reactors and in solar neutrino searches, while νµ disappearance is

probed by beam dump and atmospheric neutrino experiments.

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

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

Pνµ(ν̄µ)→νe(ν̄e) = sin2 2θµe sin2 (x41 ± β) + κ, (5.4)
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with the definitions

sin2 2θµe = 4 |Uµ4|2 |Ue4|2 r

κ = |Uµ4|2 |Ue4|2
{

(1− r)2 + a
[
(1− r)2 + 4r sin2 β

]} (5.5)

where +(−) is for ν (ν̄) oscillations,

r ≡
∣∣U∗µ4Ue4 + U∗µ5Ue5

∣∣ /
∣∣U∗µ4Ue4

∣∣

β ≡ 1
2

tan−1
(

sinφ|Ue5||Uµ5|
|Ue4||Uµ4|+cosφ|Ue5||Uµ5|

) (5.6)

and φ ≡ arg
(
Ue5U∗µ5

Ue4U∗µ4

)
. β is the CP-odd parameter that can account for differences in

ν and ν̄ oscillations. The 3+1 model can be recovered in the limit Ue5 and Uµ5 → 0,

or r = 1 and κ = β = 0. We emphasize that the sensitivity to the mixings with n5 is

such that even the limit a→ 0 produces nontrivial oscillation effects.

The 3+1+1 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 sin2 2θµe ' r sin2 2θe4 sin2 2θµ4/4, 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 |Ue5|2 in Eq. (5.3) the constraints on the mixings with n5 are almost

as strong as the constraints on the mixings with n4. 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] ν̄ data from MB. We use
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the 2009 data [4] for the ν mode for all fits. The best fit to the data, using either

the 2010 or 2011 MB ν̄ data, indicates a new sterile neutrino described by a mass

splitting ∆m2
41 ∼ O(0.03 eV2) and a mixing angle roughly of size 1, although the χ2 is

relatively shallow and is consistent with mass splitting ∆m2
41 ∼ O(0.5 eV2) and mixing

angle ∼ O(3× 10−3). These values differ from those we would find if we omitted the

low-energy MB ν and ν̄ 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 Eν < 475 MeV, 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 ν̄ 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 νe and νµ disappearance experiments. The disappearance experiments inde-

pendently constrain sin2 2θe4 and sin2 2θµ4, and in a 3+1 scenario with small mixing

angles we can approximate sin2 2θµe ' sin2 2θe4 sin2 2θµ4/4, 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 νe disappearance

constraints include short-baseline reactor experiments with new reactor flux predic-

tions [17]2 as well as constraints from the ratio of flux observed in the Bugey 40 m and

15 m detectors [18]. Disappearance of νµ 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 (νµ) [21] disappearance mixing

angles made by the Super-Kamiokande experiment. In the appendix we show that

this leads to |Uµ4|2 + |Uµ5|2 < 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 ν̄ 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 χ2
min values for the disappearance and appearance data sets individually

as well as the χ2
min for the global data set. The value of the χ2

min/DOF for the global

fit does not indicate a bad fit to the data (as noted in, e.g., [10]) but the χ2
PG [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
χ2

min bins

Disappearance 25.4 49
Appearance 0.20 5
LSND + MB 32.1 30
Everything 75.4 84

χ2
min bins

Disappearance 25.4 49
Appearance 0.20 5
LSND + MB 24.0 30
Everything 72.9 84

χ2
PG = (

∑
χ2)min −

∑
χ2

min = 17.7
p-value = 5.02× 10−4 (3.48 σ)

χ2
PG = (

∑
χ2)min −

∑
χ2

min = 23.3
p-value = 3.44× 10−5 (4.14 σ)

Table 5.1: Fits to the 3+1 framework using 2010 and 2011 ν̄ data. With the new MB
data, the appearance and disappearance experiments disagree at more than
the 4σ level.

self-consistent when incorporating the 2011 MB ν̄ data (χ2
min,LSND+MB2011 = 24.0)

instead of the 2010 data (χ2
min,LSND+MB2010 = 32.1), while the parameter goodness

of fit becomes slightly worse (χ2
PG,2010 = 17.7 and χ2

PG,2011 = 23.3). This is a result

of a more significant departure from the null oscillation hypothesis at large L/E in

the 2011 data, which is compatible with the excess at low energy found in the MB

ν 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 3+1 case because

of the CP-odd phase β and the multiplicative factor r. The parameter r represents a

potentially significant handle in the 3+1+1 framework, since it can give a multiplica-

tive enhancement of the appearance angle compared to the disappearance angles. For

small β, r effectively measures the magnitude of the mixings with n5, and to obtain

the desired enhancement over the 3+1 scheme we need the mixings with n5, 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 |Ue4|2|Uµ4|2 for 0.04 eV2 < ∆m2
41 < 6 eV2.

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 |Ue4|2 and |Uµ4|2 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 |Uα5|2 or

|Uα4|2 to be small. Thus, disappearance experiments constrain r to be very close to

1 for large |Uα4|2, 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 |Ue5|2|Uµ5|2, 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: χ2 as a function of the CP-odd parameter β, with (left) and without
(right) the MB ν and ν̄ data for 200 MeV < Eν < 475 MeV. We show
fits utilizing both the 2010 and 2011 MB ν̄ data, and we show the 90%
or 99% allowed value from the ∆χ2 test that we use.

appearance and disappearance data sets.

The other potential advantage of the 3+1+1 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 χ2 has a pronounced

preference for a small nonzero value of β, 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 ν and ν̄ 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 χ2 is substantially flatter as a function of β

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 ν and ν̄

data points in the region Eν > 475 MeV, which can be made compatible at the 1 σ

level for a wide range of low-mixing-angle oscillations when CP violation is allowed.

The ultimate effect of the shallower χ2 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 Eν > 475 MeV, 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 Eν > 475 MeV data alongside the

best fits to the Eν > 200 MeV data in Fig. 5.1.

2010 Data 2011 Data
χ2

min bins

Disappearance 24.6 49
Appearance 0.20 5
LSND + MB 28.3 30
Everything 74.4 84

χ2
min bins

Disappearance 24.6 49
Appearance 0.20 5
LSND + MB 19.4 30
Everything 73.2 84

χ2
PG = (

∑
χ2)min −

∑
χ2

min = 21.3
p-value = 1.6× 10−3 (3.16 σ)

χ2
PG = (

∑
χ2)min −

∑
χ2

min = 29.0
p-value = 6.0× 10−5 (4.00 σ)

Table 5.2: Results of fits to the 3+1+1 framework using 2010 and 2011 MB ν̄ data.
With the new data, the appearance and disappearance data sets still dis-
agree at about the 4σ 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

Eν > 200 MeV as usual. As in the 3+1 case, the 2011 MB ν̄ data provides slightly

more agreement in the combined appearance data than the 2010 data. Again, the

global fit to the data gives an acceptable χ2/DOF, but the PG test underscores the

point that the data sets are incompatible. The p-value for the χ2
PG in the 3+1+1 case

is slightly lower than in the 3+1 model for both the 2010 and 2011 MB ν̄ data. This

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

at the 4σ level in both the 3+1 and 3+1+1 cases.
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5.3 Phenomenology of the Heavy Neutrino n5 in the 3+1+1

Scheme

We discuss the parameter space of interest for the heavy neutrino, n5, that appears

in the 3+1+1 framework. If n5 is a Majorana neutrino the neutrinoless double beta

decay constraints are extremely restrictive [24], so we will take n5 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 m5 & 1 MeV. Above this region

constraints from SN1987A, pion and kaon decays, beam dump experiments, and

nonobservation of µ → eγ enter. We find that if one wishes to use n5 to explain

experimental anomalies, only a small window with m5 ∼ O(1 GeV) and mixing

|Ue5||Uµ5| ∼ O(10−2) is allowed, with the additional requirement that n5 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 n4,

whose mass splitting will cause visible oscillations at these experiments. Instead, we

fit to this data with the heavy neutrino n5 whose oscillations are averaged over in all

experiments. A somewhat more detailed discussion of the anomalies we fit with n5

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 ν̄e flux is less than anticipated by a factor RRAA = 0.943 ± 0.023. In
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addition, anomalously low measurements of the νe scattering gallium cross-section

[26], the gallium anomaly (GA), may indicate disappearance of νe. The deficit

based on four measurements of the average νe scattering cross section from the pro-

cess νe + 71Ga → 71Ge + 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 νe + 12C→ 12Ng.s. + e− [28]

are very mildly discrepant with the cross-section predictions [29] and might also be

due to a similar reduction of flux of νe. This was originally presented as a constraint

on the GA parameter space in [30], but the shallowness of the respective ∆χ2’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 νe and ν̄e 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 m5, so we set a→ 0 in all cases. It is clear from Eq. (5.3) that n5 can reduce the

νe flux by a fixed amount with no energy or distance dependence whether or not n5

is kinematically accessible. To extract the most conservative limits on the mixings

with n5 we will set sin2 2θe4 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

|Ue5|2 = 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

. 1 MeV) 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 ∆Nν ≤ 1.4. With potentially two sterile

neutrinos with masses below 1 MeV in the 3+1+1 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 3+1+1 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

iρ̇ = [H, ρ]− iΓρ, (5.8)
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where the Hamiltonian Hαβ = Vαβ +
∑N

i=1 UαiU
∗
βim

2
i /2E, and we take the production

rate to be Γαβ = (Γα + Γβ)/2, with Vis = Γs = 0 for all i. Specializing to the case of

one active and one sterile neutrinos, the relevant equations are

Hx∂xρss = iHas(ρas − ρsa) (5.9)

Hx∂xρas = −i[(Haa −Hss)− iγas]ρas + iHas(ρaa − ρss),

with x = m/T , and m fixed to be 1 MeV. The effect of interactions encapsulated in

γas is to damp away the coherent off-diagonal element, ρas. Thus if γas is large we

are forced into the stationary point where ∂xρas ≈ 0 [95], so that

ρas =
Has

(Haa −Hss)− iγas
(ρaa − ρss). (5.10)

Substituting this in the differential equation for ρss we obtain

Hx∂xρss =
γa
4

(ρaa − ρss)
sin2 2θ

(cos 2θ − Vaa/δE)2 + γ2
a/4δE

2
, (5.11)

where δE = ∆m2/2E, γa = ga
180ζ(3)

7π4 G2
FT

4p and Vaa ' −CaG2
FT

4p/α, with gνe ' 4,

gνµ,ντ ' 2.9, Cνe ' 0.61, Cνµ,ντ ' 0.61. If we neglect the γ2
a 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:

ln(1−∆Nν) ≈
γa(T = m)

4H(T = m)
sin2 2θ

∫ 1

0

dx
x8

(x6 cos 2θ − Vaa(T = m)/δE(T = m))2
,

(5.12)

Doing the integral analytically or numerically, we see that the result scales as ∼
√
δE(T = m)/Vaa(T = m) ∼

√
∆m2. 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/x5. 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 Vaa.

Altogether, the integral is dominated by when x6 cos 2θ ∼ |Vaa(T = m)/δE(T = m)|,

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

(∆m2
41/eV2) sin4 2θes = 3.2× 10−5 ln2(1−∆Nν) (5.13)

(∆m2
41/eV2) sin4 2θµ,τs = 1.7× 10−5 ln2(1−∆Nν).

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 Vaa/δE ∼ 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 ma � m4 � m5, we can decouple the fourth and

fifth 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, ∆m2
12 � ∆m2

23 � ∆m2
34 � ∆m2

45,

then the SM mixing angles θ12, θ13, θ23 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

(∆m2
(4,5)1/eV2) sin4 2θe4,5 = 3.2× 10−5 ln2(1−∆Nν) (5.14)

(∆m2
(4,5)1/eV2) sin4 2θµ,τ4,5 = 1.7× 10−5 ln2(1−∆Nν).

Now LSND and MB, in the standard 3+1 scenario, probe sin2 2θµe = 4|Ue4|2|Uµ4|2 '
1
4

sin2 2θe4 sin2 2θµ4, which is a good approximation in the small mixing angle limit.
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Thus we are able to conclude that

4(∆m2
(4,5)1/eV2) sin2 2θµe =

√
3.2× 1.7× 10−5 ln2(1−∆Nν), (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 3+1 scenario.

Now these results are easily extended to the 3+1+1 scenario. Then we have

constraints on r sin2 2θµe = 4|U∗e4Uµ4||U∗e4Uµ4 + U∗e5Uµ5| from LSND plus MB. To

alleviate the constraints from the disappearance experiments, we require |U∗e5Uµ5| &

|U∗e4Uµ4|. Since m5 � m4, we conclude from Eq. (5.15) that if ν4 is populated, then

ν5 is also populated at BBN temperatures, unless m5 & 1 MeV. Since ∆Nν < 1.4, we

thus conclude that most of the m5 parameter space proposed in [1] is not consistent

with the constraints from BBN, eliminating the entire region of parameter space with

33 eV < m5 . 1 MeV.

Above the upper end of this mass range production of heavy sterile neutrinos may

be inefficient at BBN temperatures, and the additional neutrino n5 may not represent

a fully populated degree of freedom. Because the state n4 is fully populated, we require

the fractional population of the state n5 to satisfy ∆N
(n5)
ν . 0.4 as calculated from

Eq. (5.15). After their production is frozen out, the remnant n5 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 n5 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

6.2× 10−10
( m5

MeV

)−1

≤ |Ue5Uµ5| . 101.5
( m5

MeV

)−3.5

, (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 m5 ' mπ, 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, n5 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 n5 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 νe

production dominates νµ production [36]. This gives slightly weaker bounds on the

mixing angle Uµ5, and, because maximal mixing angles are in principle allowed by

these arguments, we find that the lower bound on Uµ5 (which is approximately 5

times weaker than the lower bound on Ue5) is in fact the lower bound on the product

|Ue5Uµ5|. For m5 & 0.1 MeV, where the matter effect becomes unimportant, we find

that mixing angles 3.0× 10−5 . |Ue5Uµ5| . 5.0× 10−3 are ruled out by these energy
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considerations. These bounds apply to n5 regardless of its couplings.

The trapping argument given above will not apply for large mixing angles if n5

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 ' 10−10 m (10 MeV /m5) is much shorter than the mean

free path λmfp ' 0.1 m / sin2 2θm for the masses and mixings of interest. Therefore

n5 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(100 eV) [96], so SN1987A bounds do

not constrain n4.

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 n5. We group these into a few categories as follows and

display the collected results in Fig. 5.5.

Measured π meson branching fraction: The pion branching ratio to µ and e

is Rπ = |M|2π→eν/|M|2π→µν . At tree level, the matrix element |M|2π→`αν goes like

|M|2π→`αn ∝
Na∑

i=1

|Uαi|2
(
m2
α +m2

i

) [
m2
π − (mα +mi)

2
]
, (5.17)
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where mα is the mass of the charged lepton `α. In the SM, where mi = 0 for

all neutrinos and U`αi = δ`αi, Rπ simplifies considerably. The most current SM

calculation of this quantity to two loops is RSM,th.
π = (1.2352 ± 0.0001) × 10−4 [37],

while the best experimental bounds give Rπ = (1.230± 0.004)× 10−4 [38].

In the 3+1+1 framework Rπ will differ depending on the mass range, so the

constraints are piecewise. They simplify at high mass, where m5 & mπ −mµ � me,

which is near where the SN1987A bounds stop. We find

Rπ

RSM,th.
π

'





1−|Ue5|2
1−|Uµ5|2 + |Ue5|2

1−|Uµ5|2
m2

5

m2
e

m2
π−m2

5

m2
π−m2

e
mπ −mµ . m5 . mπ

1−|Ue5|2
1−|Uµ5|2 m5 & mπ

(5.18)

The measured ratio is Rπ/R
SM,th.
π = 0.996 ± 0.003, so at 99% confidence we require

that Rπ/R
SM,th.
π . 1.004. Thus, the mixing angles Ue5 and Uµ5 are bounded fairly

strongly in the intermediate mass range. We do a scan over the full parameter space

and for each value of m5 we find the maximum product of the mixing angles consis-

tent with this constraint.

Muon lifetime: For nonzero Ue5 and Uµ5, the total charged current interactions

with the muon and electron below the muon mass will be reduced. The muon life-

time τµ will be increased relative to the SM prediction due to the non-unitarity in

the neutrino mixing matrix. In practice, Fermi’s constant, GF , is measured most

precisely from measurements of τµ [39], so one can derive constraints by comparing

to an independent measurement of GF . Following [40], we relate MZ , MW and α to

GF by

G′F =
παM2

Z√
2M2

W (M2
Z −M2

W )(1−∆r)
. (5.19)

where ∆r = 0.0362± 0.0005 [38] is the correction to the tree-level relationship. The

values of MZ and MW used should be taken from purely kinematic measurements
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since other fits to MW include the measurements of GF from muon decay. We take

MW = 80.387 ± 0.016 GeV [41] and MZ = 91.1875 ± 0.0021 GeV [42]. Plugging in

these values, we find G′F = (1.1679 ± 0.0013) × 10−5 GeV−2. Comparing this to the

value extracted from measurements of τµ, GF = 1.166353(9) × 10−5 GeV−2 [39], we

find for m5 > mµ

GF

G′F
= (1− |Ue5|2)(1− |Uµ5|2) = 0.9987± 0.0011, (5.20)

resulting in an upper limit

|Ue5Uµ5| < 0.0021 (5.21)

at 99% CL. We mark this line as τµ.

Searches for lines in π and K meson decays: Measurements of π,K → `αn

give important bounds on the mass and mixing of n5 with να. 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 n5 produced by the decay of a heavy

parent particle M of mass mM with a decay partner `α of mass mα we expect to see a

monochromatic line in the lepton spectrum at Eα = (m2
M +m2

α −m2
5) /2mM . These

lines are generically not found, and limits on n5 mixing are based on the specifics of

the given experiment.

For the electron neutrino sector, the decay π → eν [43] is strongest below mπ and

K → eν [44] is strongest between mπ and mK . For the muon neutrino sector, the

important decay is K → µν [45]. In the region m5 > mπ − mµ, muons cannot be

produced in π decay so there are no muon bounds in that range. Thus, line searches

of π decays do not provide strong constraints on the product |Ue5Uµ5| in the mass

range m5 > mπ −mµ since experiments cannot set any bounds on Uµ5 in this range.
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Decays of n5: If n5 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 MeV3 to 138 MeV.

CHARM searched for decays n5 → `+`−ν, where ` = e, µ, with constraints from 500

MeV to 2.8 GeV. DELPHI also looked for a wide variety of n5 decays, and it provides

limits from 2 GeV to 90 GeV. We show these excluded regions as well as the limits

from n5 decays in dileptonic K decays [38]. Note that, as pointed out previously [49],

the PS191 and CHARM collaborations considered n5 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 µ → eγ: For the decay µ → eγ, we have the standard re-

sult

Br(µ→ eγ) =
3α

8π

∣∣∣∣∣
∑

i

UeiU
∗
µi g(mi)

∣∣∣∣∣

2

, (5.22)

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

GeV) and by 300 GeV the bound asymptotes to |Ue5Uµ5| . 5.25 × 10−5 using the

current measurement Br(µ→ eγ) ≤ 2.4× 10−12 [50]. At high mass, this is the most

important constraint. In particular, measurements at the Z-pole are weaker than

µ→ eγ, so we do not show these bounds on our plots.

5.3.5 Combined Bounds on n5

In Fig. 5.5, we show bounds on the product |Ue5Uµ5|, 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 10−4, so we extrapolate
the bounds down to m5 = 2me as a power law with ∝

√
m5

5.
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Eq. (5.4). There are several model-independent bounds: as described above, BBN

is most constraining below ∼ 1 MeV; there are universally constraining bounds for

masses 0.1 MeV < m5 < 100 MeV from SN1987A; the NuTeV oscillation search [16]

rules out mixing angles |Uµ5Ue5| > 1.3×10−2 for the entire mass range; and for masses

m5 > 64 GeV, the bounds from µ → eγ are most stringent. In the range 100 MeV

< m5 < 64 GeV the constraints bifurcate depending on whether n5 decays to charged

leptons or remains invisible on collider timescales.

Invisible decays: When n5 remains invisible on collider timescales there are con-

straints from line searches, the pion branching fraction, and precision electroweak

measurements of GF . From mπ − mµ < m5 < mπ the strongest bound is from the

measured branching fraction of pion decays, Rπ. For mπ < m5 < mK −mπ searches

for leptonic lines in kaon decays are constraining for both e and µ products. For

mµ < m5, comparing the values of GF from measurements of τµ 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 µ → eγ curve, where 387 MeV < m5 .

10 GeV, the most constraining bounds on n5 come from the precision electroweak

measurements of GF . Although this is the least constrained region, we find that

these measurements still disfavor large values of r. Assuming no CP violation and

taking |Ue4Uµ4| = 0.023, which is the smallest value of |Ue4Uµ4| for which |Ue5Uµ5| can

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

Visible decays: In addition to the SN1987A and µ → eγ bounds and the low

mass constraints on BBN, we find that the direct searches at PS191, CHARM, and

DELPHI are very constraining if n5 decays to SM particles on detector timescales,

and we also find that the BBN constraints can be extended to m5 ' mπ, 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), Rπ [37, 38] (left frame), measurements of τµ [38–
42] (left frame), collider and line searches [38, 43–49] (both frames), and
searches for µ → eγ [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 |Ue4Uµ4| = 0.023, as explained in the text). To
avoid clutter, we avoid repeating the τµ and NuTeV lines in both plots,
although each is valid in both cases.

above. These give the most powerful constraints from . 1 MeV to 64 GeV. Above

this range, the µ → eγ 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 n5 decays to SM prod-

ucts. We find that n5 is phenomenologically more viable provided the decays of n5 are

invisible and the mass satisfies 387 MeV < m5 . 10 GeV. However, when restricting

the range of |Ue5Uµ5| from the muon lifetime, the LSND and MB results strongly

favor r ∼ 1. Furthermore, the combination of constraints from SN1987A and the

138



muon lifetime restricts |Ue5|2 < 0.004 for m5 & 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 νa and one sterile neutrino νm, this is not possible to achieve. The

mass matrix

M =




0 mD

mD M


 (5.23)

connects the mixing to the mass hierarchy, so that a heavy sterile neutrino necessarily

has a small mixing with the SM neutrino: θ ∼ mD/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 νa and a sterile neutrino νd with

Dirac partner ν̄d, we can write a general mass matrix in the (νa, νd, ν̄d) basis as

M =




m1 mD 0

mD 0 m5

0 m5 0



. (5.24)

Defining M2 ≡ m2
5 +m2

D and expanding to second order in the small ratio m1/m5 we
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find the eigenvalues

λ1 = M +

(
m2
D

2M2

)
m1 +

[
m2
D (m2

D + 4m2
5)

8M5

]
m2

1 + . . .

λ2 = −M +

(
m2
D

2M2

)
m1 −

[
m2
D (m2

D + 4m2
5)

8M5

]
m2

1 + . . . (5.25)

λ3 =
m2

5

M2
m1,

corresponding to the (unnormalized) eigenvectors

K1 =




mD
M

(
1 + m1

M

)

1

m5

M




K2 =




−mD
M

(
1− m1

M

)

1

−m5

M




K3 =




− M2

m1mD

1

M2

m1m5



.

(5.26)

K1 and K2 correspond to the components of the mostly sterile fifth mass eigenstate

n5, whereas K3 corresponds to a mostly active light state. The mixing between n5

and the light state is controlled by mD/M . This ratio need not be very small since the

mass of the light neutrino is fixed independently by m1. The small mixing scenario

is recovered in the limit mD � m5, which corresponds to m5 → M , while maximal

mixing corresponds to the limit mD → m5.

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

as the needed invisible decays of n5. Consider adding to the Lagrangian a term

Lφ = λφνdνm + λ′φν2
m. (5.27)

Neglecting Majorana mass terms for illustration, we find that a mass matrix in the
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(νa, νd, ν̄d, νm) basis with the desired phenomenology is given by

M =




0 mD 0 0

mD 0 m5 mφ

0 m5 0 0

0 mφ 0 0



, (5.28)

where mφ = λvφ. This matrix has two zero eigenvalues, with the other two set

by ±
√
m2
φ +m2

D +m2
5. In a hierarchy where mφ � mD � m5, the massive states

are mostly νd and their mixing with the active neutrino is controlled by mD/m5.

The massless states are predominantly composed of νa and νm, and their mixing is

controlled by mφ/mD. 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 φ allows both for large νd − νa mixing and for invisible decays

of νd (via νd → φνm with subsequent decays φ → νmνm). This decay, with width

Γφ ∼ 1
16π
λ2m5, should be compared to the decay derived from mixing with active

states, which scales as ΓSM ∼ 1
16π
θ2
µ,eg

2
Z

(
m5

mZ

)4

m5. Since m5 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 3+1

and 3+1+1 [1] scenarios. Compared to the 3+1 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 ν̄ 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 νe fluxes made by gallium and reactor experiments.

If the larger mixing angle required by the 2011 ν̄ 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 1024 − 1028 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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Originally published as Constraining Light Dark Matter with Diffuse X-Ray and Gamma-Ray Ob-
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 τ & 1026 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− 10 KeV) 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 G̃γ or G̃e+e−, with G̃ 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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Experiment Emin Emax Ω JNFW
D(A) JMoore

D(A) JIsoT
D(A) J

Ein,0.17
D(A)

J
Ein,0.12
D(A)

J
Ein,0.20
D(A)

HEAO-1 [63] 4 KeV 30 KeV
58 ≤ ` ≤ 109◦∪ 3.88 4.06 4.33 3.79 3.76 3.8
238 ≤ ` ≤ 289◦, (2.16) (2.22) (2.24) (2.09) (2.05) (2.11)
20◦ ≤ |b| ≤ 90◦

INTEGRAL [64] 20 KeV 1 MeV
|`| ≤ 30◦, 3.65 3.80 2.77 4.20 4.73 3.95
|b| ≤ 15◦ (18.4) (24.4) (5.08) (30.9) (59.9) (23.2)

COMPTEL [65] 1 MeV 15 MeV
|`| ≤ 60◦, 6.82 7.03 5.91 7.48 8.10 7.19
|b| ≤ 20◦ (23.1) (29.1) (8.69) (36.4) (66.0) (28.3)

EGRET [66] 20 MeV 6 GeV
0 ≤ ` ≤ 360◦, 13.0 13.5 14.0 12.9 13.0 12.9

20◦ ≤ |b| ≤ 60◦ (10.9) (11.0) (10.1) (11.5) (12.0) (11.3)

Fermi [67] 200 MeV 10 GeV
0 ≤ ` ≤ 360◦, 21.9 22.8 23.3 22.0 22.3 21.9
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 JD (JA) 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,
α” are Einasto profiles [62] with slope parameter α.

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, dNγ/dEγ, and a galactic DM density

profile, ρ(r), the galactic contribution to the differential photon flux per unit energy

is given by,

dΦγ,G

dE
=

1

2α−1

r�
4π

ρ�
mDM

ΓD,A
dNγ

dE
JD,A . (6.1)

Here r� ' 8.5 kpc is the Sun’s distance from the Galactic center, ρ� = 0.3 GeV/cm3

is the local DM density, α = 1 (2) for DM decays (annihilations), ΓD is the decay

rate, ΓA = (ρ�/mDM)〈σv〉 is the thermally averaged annihilation rate, and

JD,A =

∫

l.o.s.

ds

r�

[
ρ(s)

ρ�

]α
dΩ, (6.2)

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 Ω. We will present results assuming

ρ(s) follows the NFW DM density profile [58,59], but in Table 6.1 we also list values

of JD,A for other DM density profiles for each experimental survey region. Our results

can thus be easily rescaled. Note that the choice of ρ(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, χ(z), with

dχ(z)

dz
=

1

(1 + z)3/2

1

a0H0

√
Ωm(1 + κ(1 + z)−3)

, (6.3)

where κ = ΩΛ/Ωm ∼ 3 and a flat Universe, Ωm + ΩΛ = 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

d2Φγ,EG

dΩdE
=

1

4π

ΓΩDMρc

mDMa0H0

√
Ωm

∫ ∞

0

dz
dN

dE(z)

1

(1 + z)3/2

1√
1 + κ(1 + z)−3

. (6.4)

Because the photon flux from DM decays scales linearly with the DM density, this

contribution is not very model dependent. For dNγ/dE(z) = δ(E(z)−mDM/2), this

reduces to the case that is usually considered, namely DM decaying to a redshifted

monochromatic gamma-ray line,

d2Φγ,EG

dΩdE
=

1

4π

ΓΩDMρc

mDMH0

√
Ωm

(
2

mDM

) √
2E

mDM

1√
1 + κ(2E/mDM)3

. (6.5)

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,

dΓFSR

dEγ
=
αEMΓD,A

2π
ln(Q/m2

f )

∫
1 + (1− Eγ/Ef )2

Eγ

dN

dEf
dEf , (6.6)

to estimate the photon spectrum, where Q is the square of the momentum imparted to

the photon, αEM ' 1/137, and dN/dEf 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. It 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:

• 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.

• 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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• 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.

• 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.

• 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 ??, 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)d 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],

− ε
2

∫
d2θ WdWY , (6.7)

where Wd (WY ) are the supersymmetrized field strength of the hidden gauge group

(hypercharge). The value of ε may naturally be of order 10−3− 10−4 when generated

by integrating out heavy fields charged under both sectors. Conversely, if Eq. (6.7)

results from higher dimensional operators, ε 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
mγd = 0.9mγ̃d and going to final state f+f−, with f = e, µ or π). In
the left plot, the solid (dotted) lines are with

√
F = 104 (102) 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
γd

= ε gd 〈DY 〉 ' (5 MeV)2
( ε

10−8

)( gd
0.2

)(√〈DY 〉
50 GeV

)2

, (6.8)

where 〈DY 〉 = |gY v2c2β
4
|, v = 246 GeV, and tan β = vu/vd. In such a case, γd and γ̃d are

nearly degenerate, and γ̃d can decay to the gravitino and either a photon or a hidden

photon, depending on whether the latter is heavier or lighter than γ̃d [7,72,73,76,77].

The hidden photino lifetime is,

τγ̃d→γG̃ ' ε−2

(
m5
γ̃d

16πF 2

)−1

' 3× 1023 sec

(
10−8

ε

)2(
10 MeV

mγ̃d

)5
( √

F

100 TeV

)4

,

(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,
γ̃d → γG̃, and with

√
F = 100 TeV (left) or

√
F = 104 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, mγ̃d can be controlled by some other dynamics and hence be independent

of ε. Similarly for γ̃d → γd G̃ we have,

τγ̃d→γdG̃ '
(

m5
γ̃d

16πF 2

)−1 (
1− ν2

γd

)−4

= 3× 1020 sec

(
1 MeV

mγ̃d

)5
( √

F

104 TeV

)4(
1− m2

γd

m2
DM

)−4

. (6.10)

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 ε − mγ̃d plane, taking two choices for
√
F . For the case

where the photino decays via a hidden photon, the constraints are presented on the
√
F − mγ̃d plane with the assumption mγd = 0.9mγ̃d . 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 mγd ' mγ̃d , 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 2me ' 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, γ̃d → γG̃.

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, νs, 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, νs, through (A) a two-body radia-
tive process (νs → ναγ) and (B) charge- and neutral-current contribu-
tions to a three-body final state.

• ms - the sterile neutrino mass

• sin θα - the mixing angle between νs and active neutrinos of flavor α; in what

follows, we will only consider νs − νe mixing.

The mixing above can be induced, for example, in supersymmetric theories with a

superpotential, W = XLLEc. The two-body decay rate for a Majorana neutrino is

given by [89]

τνs→νγ '
(

9αEM sin2 θ

1024π4
G2
Fm

5
χ

)−1

' 1.8× 1017 s

(
10 MeV

mχ

)5(
sin θ

10−8

)−2

, (6.11)

while the three-body decay rate is [90]

τνs→ναe+e− '
(
cα sin2 θ

96π3
G2
Fm

5
χ

)−1

' 2.4× 1015 s

(
10 MeV

mχ

)5(
sin θ

10−8

)−2

. (6.12)
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Figure 6.5: Constraints on the sum of sterile-neutrino decay to γν and νe+e− using
the decay widths in Eqs. (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-α 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.

Here the neutrino flavor α = e, cα = 1+4 sin2 θW+8 sin4 θW
4

' 0.59 [90], and we are only

considering decays to e+e− 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,

163



one finds [48]

Ωs & 0.25

(
sin2 2θ

4.3× 10−13

)( ms

MeV

)1.8

. (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 Ωνs = ΩDM.

Next, we assume the relic abundance is determined solely by the DW mechanism and,

depending on the mixing angle and mass, Ωνs can be greater than or less than ΩDM.

We show our bounds for both these cases in the left and right panel of Fig. 6.5,

respectively, in the mνs − sin2 2θ plane. In addition, we show existing bounds from

the observation of the Lyman-α 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 = λijk`i`je
c
k. A small coefficient λ in the RPV vertex can ensure that the gravitino
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Figure 6.6: Feynman diagrams for G̃ decay through (A) an off-shell slepton to a

three-body final state (G̃→ `±i νj`
∓
k ) and (B) a two-body radiative process

(G̃→ ναγ).

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

G̃ → νj`
+
i `
−
k . This process is suppressed both by three-body phase space and by

the slepton propagator, which gives an additional factor proportional to (m3/2/m̃)4,

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

τG̃→νj`+i `
−
k
'

[
|λijk|2

3(32)2π3

m3
3/2

m2
Pl

F

(
m̃

m3/2

)]−1

(6.14)

' 1.0× 1053 s

(
10−4

λijk

)2(
10 MeV

m3/2

)7(
m̃

1 TeV

)4

,
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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 mPl = MPl/
√

8π = 2.4 × 1018 GeV is the reduced Planck scale and F (x) '

1/(30x4); a more exact expression can been found in [100].

A second, two-body, decay mode is G̃ → γν, which usually dominates the decay

width [101] and gives stronger bounds. It is induced by a mixing between the photino

and the neutrino, |Uγ̃ν |, 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],

τG̃→νγ =

(
1

32π
|Uγ̃ν |2

m3
3/2

m2
Pl

)−1

' 3.8× 1028 s

(
10 MeV

m3/2

)3(
10−4

Uγ̃ν

)2

. (6.15)

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 λχ̄2σ
µνχ1Fµν/Λ (with σµν = i [γµ, γν ]) induces χ1 → χ2γ,

where χ1,2 are Dirac fermions. The lifetime is

τdipole =

[
m3

1

2πΛ2
eff

(
1− m2

2

m2
1

)3
]−1

' 4.1× 1020 s

(
10 MeV

m1

)3(
Λeff

1019 GeV

)2

,

(6.16)

with Λeff = Λ/λ, the effective cutoff scale of the theory. The outgoing photon has

an energy Eγ = (m2
1 −m2

2) /2m1. In the right panel of Fig. 6.7, we show the limits

on Λeff versus the χ1 mass, m1. 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, λ� 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]

τπd→γγ '
(
α2

EMm
3
πd

288π3f 2
πd

)−1

' 1.1× 1020 s

(
10 MeV

mπd

)3(
fπd

1015 GeV

)2

. (6.17)

Here fπd is the decay constant in the hidden sector, which we assume is Abelian. This

decay produces a spectral line at an energy mπd/2. We show the constraint in the left

panel of Fig. 6.8, from which it is clear that the scale of fπd 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 fπd 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 e+e− (right). Regions as in Fig. 6.2.

FSR, e.g., φ→ e+e−, the lifetime is

τφ→e+e− =

[
g2mπd

4π

(
1− 4

m2
e

m2
DM

)3/2
]−1

' 8.3× 1018 s
10 MeV

mφ

(
10−20

ga

)2

. (6.18)

The spectrum is bounded by the energies 0 < Eγ < mφ/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:

• Two- or three-body decays, with or without FSR.
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• 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, Ei, and the mass of the outgoing particle, mi. We will use the

small parameters

νi =
mi

mDM

, λi =
Ei
mDM

, (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 π0’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,

dNtwo−body

dEγ
=





δ(1− ν2
2 − 2λγ) (1 photon)

2δ(1− 2λγ) (2 photons)
. (6.20)
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Figure 6.9: Bounds on the lifetime of a scalar DM, φ, decaying to two photons. Re-
gions as in Fig. 6.2.

Here ν2 ≡ m2/mDM 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 δ-function with the

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

dNφ→e+e−γ
dEγ

' 2αEM

πEγ

[
1− 2λγ +

(
1− 2λγ + 2λ2

γ

)
ln

(
1− 2λγ
ν2
e

)]
, (6.21)

where the spectrum is bounded by the energies 0 < Eγ < mφ/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 = 2Eγ/mDM. 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

dx
=
m1

2

dN

dE
(6.22)

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

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

dNγ,eg

dx
=

∫∞
0
dz dN

dx(z)
[(1 + z)3 + κ]

−1/2

∫∞
0
dz [(1 + z)3 + κ]−1/2

, (6.23)

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 x = 2Eγ/mDM for DM decay to two neu-
tral particles, where one of the neutral particles subsequently decays
to e+e−, 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 e+e−: φ1 → φ2φ3 → φ2`
+`−. 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: γ̃d → G̃γd → G̃`+`−. We derive the photon spectrum from these

cascade decays from [78]. The spectrum for FSR resulting from a single boosted

lepton is

dN

dEγ
=

2αEM

πm1x̂

{[
−1 + ln

(
m2

3

m2
`

)] (
2− x̂− x̂2 + 2x̂ ln x̂

)
+

(
π2

3
− 1

)
x̂+ x̂2+

2x̂ ln x̂+
(
2− x̂− x̂2

)
ln (1− x̂)− 2x̂Li2 (x̂)

}
, (6.24)
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Figure 6.12: Left: Photon spectra versus x = 2Eγ/mDM for DM decay to e+e−ν,
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 x̂ = 2m1Eγ/ (m2
1 +m2

3 −m2
2). This spectrum, under the assumption of m3 =

0.9m1 and m2 = 0.01m1, 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 Eγ = m1/2. However, as noted

in [78], the number of unphysical photons produced with Eγ > m1/2 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 m2,3 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, νs → νe+e− (as we discussed in Sec. 6.3.2), though
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only minor changes result for a more generic decay φ1 → φ2e
+e−.

The differential width of a fermionic DM decaying to e+e−ν via weak processes

and including FSR is,

dNDM,FSR

dEγ
' 2αEM

πEγ
log

(
1− 2λγ
ν2
e

)[
1− 11

3
λγ + 10λ2

γ +
λγ
(
1 + 4 sin2 θW

)
(1− 6λγ)

12cα
+ · · ·

]
.

(6.25)

Here we neglect both the neutrino and the electron masses and “...” stands for higher-

order terms in νe. 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 φ1 → φ2γγ 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 = β
4Λ2φ1φ2FµνF

µν . We have,

dNφ1→φ2γγ

dEγ
=

128E3
γ

m4
1

(
1− ν2

2

1−2λγ

)3

1 + 28ν2 (1− ν4
2)− ν8

2 + 12ν2
2 (1 + 3ν2

2 + ν4
2) ln ν2

2

. (6.26)

We see here that the width is exponentially sensitive to the energy in the limit ν2 → 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 = 2Eγ/mDM for DM three-body decay
φ1 → φ2γγ. 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 mχ, 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 m2 = 0. In this limit, the differential spectrum is the same regardless

of m1. 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 e+e− (see also [106]). The differential photon spectrum for this case is

dN

dEγ
=

2αEM

πEγ

1

(1− ν2
e )3/2

{
δ
(
1− ν2

e

)
+

[
1− λγ +

1

2
λ2
γ − ν2

e

(
3

2
− λγ

)
+

1

2
ν4
e

]
ln

(
1− λγ − δ
1− λγ + δ

)}
, (6.27)
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Figure 6.14: Bounds on the DM velocity-averaged annihilation cross-section 〈σv〉 due
to FSR off the process χχ → e+e−. 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, xkd ≡ Tγ/mDM = 10−4 (dash-dot) and 10−6 (dashed line),
where we take Tγ = 0.235 eV at the CMB epoch (corresponding to
zCMB = 1000).

where we have defined δ =
√

(1− λγ) (1− λγ − ν2
e ). 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× 10−26 cm3/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 × 10−26 cm3/s. At first sight, it appears that the diffuse photon bounds are
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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, v0 = 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

vDM ∼
√

3Tγ/mDM. Once the DM kinetically decouples, however, it cools much more

quickly: its temperature at redshift z is TDM = Tkd

(
z
zkd

)2

, for a kinetic decoupling

temperature Tkd at redshift zkd. As a result, the DM velocity is

vDM =
√

3TDM/mDM =
√

3xγ x
−1/2
kd (6.28)

' 2× 10−4

(
Tγ

1 eV

)(
1 MeV

mDM

)(
10−4

xkd

)1/2

,

where we define xi ≡ Ti/mDM. 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 xkd = 10−4 and 10−6, taking Tγ = 0.235 eV

at the CMB epoch (corresponding to zCMB = 1000). In order to compare the galac-

tic and CMB constraints for both s- and p-wave annihilation, we show contours of

〈σv〉 ∝ (vDM/v0)2(n−1), 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.

177



6.6 Conclusions and Future Improvements

In this paper, we considered simplified models of DM with masses O(few KeV) .

mDM . 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, τDM, are in the range 1024 −

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.

178



Acknowledgements

We thank Kfir Blum, Germán Arturo Gomez-Vargas, Shmuel Nussinov, Javier Re-

dondo, Robert Shrock, and Andrew Strong for helpful discussions. RE is supported

in part by the DoE Early Career research program DESC0008061 and by a Sloan

Foundation Research Fellowship. SDM and KZ are supported by the DoE under

contract de-sc0007859, by NSF CAREER award PHY 1049896, and by NASA Astro-

physics Theory grant NNX11AI17G. SDM is supported by the Fermilab Fellowship

in Theoretical Physics. Fermilab is operated by Fermi Research Alliance, LLC, under

Contract No. DE-AC02-07CH11359 with the United States Department of Energy.

TV is supported in part by a grant from the Israel Science Foundation, the US-Israel

Binational Science Foundation, the EU-FP7 Marie Curie, CIG fellowship and by the

I-CORE Program of the Planning and Budgeting Committee and The Israel Science

Foundation (grant NO 1937/12).

179



Bibliography

[1] C. Boehm, D. Hooper, J. Silk, M. Casse and J. Paul, Phys. Rev. Lett. 92 (2004)

101301 [astro-ph/0309686].

[2] C. Boehm, P. Fayet and J. Silk, Phys. Rev. D 69 (2004) 101302 [hep-

ph/0311143].

[3] M. Pospelov, A. Ritz and M. B. Voloshin, Phys. Lett. B 662, 53 (2008)

[arXiv:0711.4866 [hep-ph]].

[4] D. Hooper and K. M. Zurek, Phys. Rev. D 77, 087302 (2008) [arXiv:0801.3686

[hep-ph]].

[5] J. L. Feng and J. Kumar, Phys. Rev. Lett. 101, 231301 (2008) [arXiv:0803.4196

[hep-ph]].

[6] D. E. Kaplan, M. A. Luty and K. M. Zurek, Phys. Rev. D 79, 115016 (2009)

[arXiv:0901.4117 [hep-ph]].

[7] R. Essig, J. Kaplan, P. Schuster and N. Toro, [arXiv:1004.0691 [hep-ph]].

[8] A. Falkowski, J. T. Ruderman and T. Volansky, JHEP 1105, 106 (2011)

[arXiv:1101.4936 [hep-ph]].

[9] R. Essig, J. Mardon and T. Volansky, Phys. Rev. D 85, 076007 (2012)

[arXiv:1108.5383 [hep-ph]].

[10] N. Borodatchenkova, D. Choudhury and M. Drees, Phys. Rev. Lett. 96 (2006)

141802 [hep-ph/0510147].

[11] F. J. Petriello, S. Quackenbush and K. M. Zurek, Phys. Rev. D 77, 115020 (2008)

[arXiv:0803.4005 [hep-ph]].

180



[12] Y. Gershtein, F. Petriello, S. Quackenbush and K. M. Zurek, Phys. Rev. D 78,

095002 (2008) [arXiv:0809.2849 [hep-ph]].

[13] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T. M. P. Tait and H. -B. Yu,

Phys. Rev. D 82, 116010 (2010) [arXiv:1008.1783 [hep-ph]].

[14] P. J. Fox, R. Harnik, J. Kopp and Y. Tsai, Phys. Rev. D 84, 014028 (2011)

[arXiv:1103.0240 [hep-ph]].

[15] R. Essig, J. Mardon, M. Papucci, T. Volansky, Y. Zhong, to appear.

[16] R. Essig, A. Manalaysay, J. Mardon, P. Sorensen and T. Volansky, Phys. Rev.

Lett. 109 (2012) 021301 [arXiv:1206.2644 [astro-ph.CO]].

[17] P. W. Graham, D. E. Kaplan, S. Rajendran and M. T. Walters, Phys. Dark

Univ. 1 (2012) 32 [arXiv:1203.2531 [hep-ph]].

[18] B. Batell, M. Pospelov and A. Ritz, Phys. Rev. D 80 (2009) 095024

[arXiv:0906.5614 [hep-ph]].

[19] P. deNiverville, M. Pospelov and A. Ritz, Phys. Rev. D 84 (2011) 075020

[arXiv:1107.4580 [hep-ph]].

[20] P. deNiverville, D. McKeen and A. Ritz, Phys. Rev. D 86 (2012) 035022

[arXiv:1205.3499 [hep-ph]].

[21] R. Dharmapalan et al. [MiniBooNE Collaboration], arXiv:1211.2258 [hep-ex].

[22] E. Izaguirre, G. Krnjaic, P. Schuster and N. Toro, arXiv:1307.6554 [hep-ph].

[23] M. D. Diamond and P. Schuster, arXiv:1307.6861 [hep-ph].

[24] S. Galli, F. Iocco, G. Bertone and A. Melchiorri, Phys. Rev. D 80, 023505 (2009)

[arXiv:0905.0003 [astro-ph.CO]].

181



[25] T. R. Slatyer, N. Padmanabhan and D. P. Finkbeiner, Phys. Rev. D 80, 043526

(2009) [arXiv:0906.1197 [astro-ph.CO]].

[26] D. P. Finkbeiner, S. Galli, T. Lin and T. R. Slatyer, Phys. Rev. D 85, 043522

(2012) [arXiv:1109.6322 [astro-ph.CO]].

[27] S. Galli, F. Iocco, G. Bertone and A. Melchiorri, Phys. Rev. D 84, 027302 (2011)

[arXiv:1106.1528 [astro-ph.CO]].

[28] M. Ackermann et al. [LAT Collaboration], Phys. Rev. D 86 (2012) 022002

[arXiv:1205.2739 [astro-ph.HE]].

[29] M. Ackermann et al. [LAT Collaboration], Astrophys. J. 761, 91 (2012)

[arXiv:1205.6474 [astro-ph.CO]].

[30] G. A. Gomez-Vargas, M. A. Sanchez-Conde, J. -H. Huh, M. Peiro, F. Prada,

A. Morselli, A. Klypin and D. G. Cerdeno et al., arXiv:1308.3515 [astro-ph.HE].

[31] M. Papucci and A. Strumia, JCAP 1003 (2010) 014 [arXiv:0912.0742 [hep-ph]].

[32] M. Cirelli, P. Panci and P. D. Serpico, Nucl. Phys. B 840 (2010) 284

[arXiv:0912.0663 [astro-ph.CO]].

[33] G. D. Kribs and I. Z. Rothstein, Phys. Rev. D 55, 4435 (1997) [Erratum-ibid.

D 56, 1822 (1997)] [hep-ph/9610468].

[34] H. Yuksel and M. D. Kistler, Phys. Rev. D 78, 023502 (2008) [arXiv:0711.2906

[astro-ph]].

[35] J. A. R. Cembranos and L. E. Strigari, Phys. Rev. D 77, 123519 (2008)

[arXiv:0801.0630 [astro-ph]].

[36] A. Boyarsky and O. Ruchayskiy, arXiv:0811.2385 [astro-ph].

182



[37] G. Bertone, W. Buchmuller, L. Covi and A. Ibarra, JCAP 0711 (2007) 003

[arXiv:0709.2299 [astro-ph]].

[38] A. Boyarsky, J. Nevalainen and O. Ruchayskiy, Astron. Astrophys. 471 (2007)

51 [astro-ph/0610961].

[39] A. Boyarsky, J. W. den Herder, A. Neronov and O. Ruchayskiy, Astropart. Phys.

28 (2007) 303 [astro-ph/0612219].

[40] A. Boyarsky, D. Malyshev, A. Neronov and O. Ruchayskiy, Mon. Not. Roy.

Astron. Soc. 387 (2008) 1345 [arXiv:0710.4922 [astro-ph]].
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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.1 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

1Although 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,

M82 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 µm bands:

log

(
L0.1−100 GeV

erg/s

)
= α log

(
L8−1000µm

1010 L�

)
+ β, (7.1)

where α = 1.17±0.07 and β = 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
1σ 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 :

dNγ

dEγ
= f

dNγ

dEγ

∣∣∣∣
star−forming

+ (1− f)
dNγ

dEγ

∣∣∣∣
starburst

. (7.2)

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
1σ 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

α = 1.17, β = 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 1σ level), we propagate the following uncertainties in

these parameters: α = 1.17 ± 0.07, β = 39.28 ± 0.08, f = 0.5 × 10±0.20 (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 (ΩΛ = 0.6817, ΩM = 0.3183 [48]) and account for gamma-ray

attenuation via pair-production with the cosmic infrared background (γ+γIR → e+e−)

using Ref. [49]’s “fiducial model” for the optical depth, τ(Eγ, z).
2
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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]:

log

(
L0.1−10 GeV

erg/s

)
= A log

(
L5 GHz

erg/s

)
+B, (7.3)

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 Γ = 2.39 ± 0.15, with a source-to-

source variation of σ ≈ 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 κ = 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 1σ 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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Figure 7.4: The estimated contribution to the EGB from blazars (BL Lacs and FS-
RQs). Once again, the dashed curve represents the estimate derived using
the central parameter values, while the solid lines are the 1σ uncertainties
around that prediction. Error bars and points are as in Fig. 7.2. See text
for details.

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 × 1020.5

eV (where Z = 1 for protons and 26 iron nuclei). The upper two curves assume a

very strong source evolution, n(z) = n0 (1 + z)5, while the lower two curves adopt

an unchanging source distribution with redshift, n(z) = n0. 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 dNγ/dEγ ∝ E−1.46
γ exp(−Eγ/3.3 GeV), 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 1σ uncertainties around this pre-
diction, after propagating all parameter uncertainties. Error bars and
points are as in Fig. 7.2. See text for details.

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 (χ2) 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 χ2 that is within 1σ 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]:

d2Ieg(Eγ)

dEγdΩ
=

∫
dz

H(z)

〈σv〉
8πm2

DM

(1 + z)3dNγ

dEγ
e−τ [Eγ(1+z),z]

×
∫
dM

dn(M, z)

dM
[1 + bsh(M, z)]

∫
dV ρ2

host(r,M, z), (7.4)

where dNγ/dEγ is the gamma-ray spectrum per annihilation (obtained from PPPC4DMID [74]),

τ 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

ρhost is the density profile of a given halo. As our benchmark model, we consider

dark matter particles of mass mDM and that annihilate to bb̄. 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]:

ρhost =
ρs

x(1 + x)2
, (7.5)
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where ρs is the scale density and x = r/rs is the distance from the center of the halo

in units of the scale radius, rs. We relate the scale and virial radii of a halo with the

concentration, c(M, z) ≡ rvir/rs, as parameterized in Ref. [79]. The mass of a halo is

related to its virial radius by:

M =
4π

3
r3

vir∆vir(z)ρc(z), (7.6)

where ρc(z) is the cosmological dark matter density and ∆vir(z) is the overdensity

within the virial radius of a halo. This can be parameterized as ∆vir(z) = 18π2 +

82d − 39d2, where d = ΩM(1 + z)3/[ΩM(1 + z)3 + ΩΛ] − 1 [80]. In terms of these

quantities, the scale density is given by:

ρs =
M

4πr3
s

[
ln(1 + c)− c

1 + c

]−1

. (7.7)

The density-squared integral in Eq. (7.4) can be written as

∫
dV ρ2

host(r,M, z) =
4πr3

sρ
2
s

3

[
1− 1

(1 + c)3

]
, (7.8)

assuming that ρhost is described by an NFW profile.

The quantity bsh 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(M, z) = 110
(
M200(M, z)/1012M�

)0.39
, (7.9)

where M200 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 M200 and Mvir, 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 (mDM = 100 GeV, annihilating to bb̄ with
σv = 3 × 10−26 cm3/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 M200 [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 × 104M� [84]). In par-

ticular, the result of Eq. 7.9 assumes that the subhalo mass function extends down

to a minimum mass of Mmin = 10−6M�, 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

Mmin is determined by the temperature at which the dark matter particles decouple

kinetically from the cosmic neutrino background. And while the value of Mmin 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 Mmin ∼ 10−9 − 10−3M� [85, 86]. If we had increased the minimum sub-

halo mass assumed from 10−6 to 10−3 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 (mDM = 100 GeV, annihilating to bb̄ with σv = 3× 10−26 cm3/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)−1

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:

〈
dIsm(Eγ)

dEγ

〉
=
〈σv〉

2m2
DM

dNγ

dEγ

1

Ωe

∫

V∗

dV
ρ2(s, b, `)

4πs2
, (7.10)

where s is the distance from the center of the halo, b and ` are the direction in

galactic coordinates, and Ωe 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: rs = 21.5 kpc, rvir = 258 kpc, and Mvir = 1.0 × 1012M� [90].

These parameters imply a local dark matter density of ρ� ≈ 0.24 GeV cm−3, which

is somewhat low compared to the more canonical estimates of 0.3-0.4 GeV/cm3 [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 (mDM = 100 GeV, annihilating to bb̄ with σv =
3×10−26 cm3/s). The result has been averaged over the following region
of the sky: 0 < ` < 2π and |b| > 30◦. See text for details.

The galactocentric radius is related to the distance along the line-of-sight by

r2 = s2 + r2
� − 2sr� cos b cos `. (7.11)

The solid angle of interest is described by 0 ≤ ` < 2π 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:

dLγ
dEγ

=
〈σv〉

2m2
DM

dNγ

dEγ

∫
dV ρ2

sub. (7.12)

For a subhalo of mass, M , at a distance, s, along the line-of-sight, the photon intensity

at earth is given by:

di(Eγ, s,M)

dEγ
=

1

4πs2

dL(Eγ, 〈σv〉,mDM,M)

dEγ
(7.13)

=
1

4πs2

bgs〈σv〉
2m2

DM

dNγ

dEγ

M2

rs(M)3
g[c(M)],

where rs is the scale radius of the subhalo and bgs 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,

g[c(M)] =
1

12π

[
1− 1

(1 + c)3

] [
ln(1 + c)− c

1 + c

]−2

, (7.14)

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 (mDM = 100 GeV, annihilating to bb̄ with
σv = 3× 10−26 cm3/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

dIsub(Eγ)

dEγ
=

∫
dV dM

dnsub(M, s, `, b)

dM

di(Eγ, s,M)

dEγ
, (7.15)

where
∫
dMdV (dnsub/dM) is the total number of subhalos in the Milky Way. We

assume that the subhalo mass function, dnsub/dM , is given by the anti-biased case of

Ref. [96], which is proportional to an Einasto profile with αE = 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:

〈
dIsub(Eγ)

dEγ

〉
=

1

Ωe

∫

M∗

∫

V∗(M)

dV dM × (7.16)

×dnsub(M, s, `, b)

dM

di(Eγ, s,M)

dEγ
,

where V∗ is the volume beyond which satellites are not resolved. We consider subhalos

with masses in the range of 10−6M� ≤ M∗ ≤ 1010M�, and assume that they are

not resolvable beyond a distance of s∗(M) =
√
L(M)/4πFsens, where Fsens = 2 ×

10−10 cm−2 sec−1 [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 (mDM = 100 GeV, annihilating to bb̄
with σv = 3 × 10−26 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 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 χ2 statistic:

χ2 =
∑

i

(pi − pi,0)2

σ2
p,i

+
∑

j

(dj − dj,0)2

σ2
d,j

, (7.17)

where the first sum is performed over the astrophysical parameters of the model (pi),

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 σp,i

and σd,j 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 χ2 = 8.54.3 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

3Of this χ2 = 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 χ2

(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 bb̄ 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
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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
√

120/44 ≈ 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 mDM ∼ 50 GeV

is the consequence of the error bars being fairly large below Eγ ∼ 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 mDM ∼ 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.

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 mDM ∼ 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 (σv = 3× 10−26 cm3/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 bb̄ versus WW . Moreover, we study the strong corre-

lation between the Higgs decay rate to γγ 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

mχ±1
& 100 GeV and a singlet-Higgs coupling of λ = 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 bb̄ [6] decay channels, a modest surplus in the

γγ [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→ γγ. 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:

• 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.

• 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.

• 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 γγ and WW and how it can be can broken through

important loop effects.

• 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, φu and φd, and a singlet,

φs, which acquire VEVs such that

φI = vI +HI , I = u, d, s, (8.1)

where v2
u + v2

d = v2 ' (246 GeV)2, while vu/vd = tan β and vs are free parameters.

We define h to be the lightest mass eigenstate, which is a linear combination of the

field fluctuations

h =
∑

I

PIHI (8.2)

PI = (cosα cos γ,− sinα cos γ,− sin γ), (8.3)

where PI is, by construction, an orthonormal vector that defines a column of the

scalar mixing matrix. Here α characterizes the mixing between φu and φd, while γ

parameterizes the amount of mixing into φs. A priori, α and γ label arbitrary angles

in spherical coordinates, so α and γ are periodic over domains of size 2π and π,

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

δ = α− β + π/2, (8.4)

which measures deviations from the SM “decoupling” limit, δ = 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 ∂/∂v. In our framework, this

generalizes to the statement that h couples proportionally to
∑

I PI∂/∂vI . For any

particles that derive mass from electroweak symmetry breaking, it is convenient to

define the dimensionless quantities

di =
∑

I

PIηI,i (8.5)

ηI,i =
v

mi

∂mi

∂vI
, (8.6)

where i labels the massive electroweak gauge bosons or fermions and mi denotes the

mass of particle i. Note that di = 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

dV = cos γ sin(β − α) = cos γ cos δ

dt = cos γ cosα/ sin β = cos γ cos δ (1 + tan δ cot β)

db = − cos γ sinα/ cos β = cos γ cos δ (1− tan δ tan β) ,

(8.7)
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where in our setup we assume that φu couples to up-type quarks, φd couples to down-

type quarks and leptons, and φs carries no renormalizable couplings directly to quarks,

leptons, or SM gauge bosons. As is well-known, this restriction on φu and φd 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 φI can couple to addi-

tional particles beyond the SM. When i labels such a new state, we have

di = cos γ
(

cosα ηu,i − sinα ηd,i

)
− sin γ ηs,i

= cos γ
(

sin (β + δ) ηu,i + cos (β + δ) ηd,i

)
− sin γ ηs,i,

(8.8)

where ηI,i is taken to be an unknown loop parameter that will be constrained by

experiment. Because i labels a new particle, di has no counterpart in the SM, but

it can be can be straightforwardly extracted from a given ultraviolet model using

Eqs. (8.5) and (8.6). Because ηI,i characterizes the power of vI with which mi scales

we expect |ηI,i| = 1 in renormalizable theories in which the entirety of mi derives

from electroweak symmetry breaking [51]. Absent fine-tuning between tree level mass

contributions and electroweak symmetry breaking contributions to mi, the naive ex-

pectation is that in general |ηI,i| . 1.

For couplings that only arise at loop level, vI 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

dγ =
∑

i

Aγ,idi (8.9)

dg =
∑

i

Ag,idi, (8.10)
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where i sums over all particles which acquire mass from electroweak symmetry break-

ing, including new states. The dimensionless constants Aγ,i and Ag,i are defined

as

Aγ,i = AJ(i)(τi)Cγ,i/

(∑

j∈SM

AJ(j)(τj)Cγ,j

)
(8.11)

Ag,i = AJ(i)(τi)Cg,i/

(∑

j∈SM

AJ(j)(τj)Cg,j

)
, (8.12)

and characterize the relative importance of loop corrections from each particle. Note

that
∑

i∈SMAγ,i =
∑

i∈SMAg,i = 1, which enforces that dγ = dg = 1 in the SM

limit. Here AJ(i)(τi) are kinematic functions of the spin (J(i) = 0, 1/2, 1) and the

mass (τi = m2
h/4m

2
i ) of the particle i in the loop. The functions AJ(i)(τi) asymptote

to beta function coefficients b0 = 1/3, b1/2 = 4/3, b1 = −7 in the τi → 0 limit of

infinitely heavy mass of the loop particle; full expressions of the AJ(i)(τi) are given

in, e.g. [45]. Here we have defined Cγ,i = Nc,iQ
2
i , for Nc,i colors and charge Qi, and

Cg,i = 3
2
C2(ri), for a quadratic Casimir C2 of the color representation ri [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

Aγ,V ' 1.277− 0.006i

Aγ,t ' −0.281 + 0.001i

Aγ,b ' 0.004 + 0.005i

Ag,t ' 1.050 + 0.077i

Ag,b ' −0.050− 0.077i

(8.13)

assuming mh = 125.5 GeV. Note that while the b contributions are naively negligible,
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they grow like tan2 β relative to the t 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

R[O] = O/OSM (8.14)

to be the ratio of a given observable O to its SM value, OSM. In this notation, we

find that the following important partial width ratios go as

R[Γ(h→ V V )] = |dV |2 (8.15)

R[Γ(h→ bb)] = |db|2 (8.16)

R[Γ(h→ γγ)] = |dγ|2. (8.17)

Note that R[Γ(h → ``)] = R[Γ(h → bb)] in our framework because φd provides the

masses for both the down-type quarks and the leptons.

Important production cross-section ratios go as

R[σ(gg → h)] = |dg|2 (gluon fusion) (8.18)

R[σ(V V → h)] = |dV |2 (vector boson fusion). (8.19)

The cross-section ratio for V h 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 → γγ,

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

|dg|2 ' |Ag,tdt +Ag,bdb|2 . (8.20)

From Eq. (8.13) we see that the dt contribution is weighted more heavily than db.

However, as noted earlier, this can be compensated by important tan β effects. Note

that Eqs. (8.18) through (8.20) imply that all relevant production modes go as

R[σ(jj → h)] ∝ cos2 γ.

It will be convenient to present our results in terms of signal strength modifiers

which are employed by experimentalists. For the process jj → h→ ii, we have

Rj
i ≡ R[σ(jj → h)× Br(h→ ii)] (8.21)

= R[σ(jj → h)/Γtot]R[Γ(h→ ii)] (8.22)

= R̂j|di|2, (8.23)

where R̂j ≡ R[σ(jj → h)/Γtot] is defined as the ratio of the production cross-section

ratio to the total width ratio and Γtot is the full width, which varies like

R[Γtot] =
∑

i

Br(h→ ii)|di|2. (8.24)

Here Br(h → ii) denotes the SM Higgs branching fraction of h → ii, where i runs

over all kinematically accessible final states. For our analysis, we use the branching

fractions for mh = 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) i labels SM particles alone.

i b W g τ c Z γ
Br(h→ ii) 56.9% 22.3% 8.52% 6.24% 2.87% 2.76% 0.228%

Table 8.1: Branching fractions for h→ ii for mh = 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 φu and φd, we expect

that R[Γtot] ∝ cos2 γ as long as γ is not very large. However, if γ ' O(±π/2)

the decays will be dominated by decays through the singlet component φs and we

instead find R[Γtot] ∝ sin2 γ. As argued above, R[σ(jj → h)] ∝ cos2 γ holds for all

production channels of interest so R̂j is independent of γ for most mixing angles, but

as γ → ±π/2 the loop level contribution to the width from φs begins to dominate

the full width, in which case R̂j ∝ cot2 γ → 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

Rj
b

Rj
V

=
Rj
`

Rj
V

=
|db|2
|dV |2

= (1− tan δ tan β)2 , (8.25)

where the production mode j is arbitrary, e.g. gluon fusion or vector boson fusion.

We also consider the ratio

Rg
i

RV
i

' |Ag,tdt +Ag,bdb|2
|dV |2

= |Ag,t(1 + tan δ cot β) +Ag,b(1− tan δ tan β)|2 , (8.26)

where the decay mode i is arbitrary. Interestingly, Eq. (8.25) and Eq. (8.26) provide

two equations for two unknowns, δ and β, which can be solved for in terms of experi-
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Figure 8.1: Contours of tan β (left) and tan δ (right) as functions of (Rg
i /R

V
i , R

j
b/R

j
V ),

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−1 and blue shaded regions show values which
cannot be observed within this framework. The solid (dotted) curves
show the region where db/dV is positive (negative).

mental inputs. To facilitate this mapping, we plot tan δ and tan β as functions of the

signal strength modifiers Rj
b/R

j
V and Rg

i /R
V
i in Fig. 8.1. The solid (dotted) curves

show the region where db/dV 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 1σ uncertainty of the SM measured at the

LHC at 14 TeV energies and 300 and 3000 fb−1 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 = dV 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 Rg
i /R

V
i Rj

b/R
j
V Rj

γ/R
j
V

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−1 of data.

cannot be observed within this framework. The forbidden regions in the upper right

and lower right quadrants cannot occur because tan β falls outside of the allowed

range tan β > 1. Far outside of this range, the top quark Yukawa coupling becomes

non-perturbative. Thus, a general prediction is that Rj
b/R

j
V and Rg

i /R
V
i 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

Rj
b/R

j
V and Rg

i /R
V
i 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 φu and φd 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 db > 0; however, if

new physics contributions are so large as to flip the sign to db < 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 Rj
b/R

j
V and Rg

i /R
V
i are shown as functions of tan δ and tan β. One can

see that tan δ 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 Rj
b/R

j
V and Rg

i /R
V
i are quite sensitive to δ, but not

so dependent on β. For this reason, a precise measurement of β is more difficult

than a determination of δ, as confirmed by the contours in Figs. 8.1 and 8.2. This is

because tan β cannot be extracted in the decoupling limit, so any constraint on tan β

necessarily requires an observed deviation in SM-like behavior through tan δ first.
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Figure 8.2: Contours of Rj
b/R

j
V (left) and Rg

i /R
V
i (right) as a function of theory pa-

rameters (δ, β). The red shaded regions are as in Fig. 8.1.

Once δ and β are determined from data, they can be used to extract other the-

ory parameters from Higgs measurements. Concretely, given values of δ and β, the

quantity cos2 γ can be inferred from a number of different observables, including Rg
V ,

RV
V , Rg

b , and Rt
b (where the t superscript denotes top quark associated Higgs produc-

tion). Crucially, to a very good approximation these quantities all carry the same

cos2 γ dependence, at least when γ 6= ±π/2. Away from that limit of large γ we have

Rj
i |γ=0 ' Rj

i/ cos2 γ, which we plot as a function of β and δ in Fig. 8.3. If β and

δ have been extracted from observables, and Rj
i has been measured, then γ 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, δ = ±π/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 Rj
V without bound: there is a maximum around where
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Figure 8.3: Contours of Rj
i/ cos2 γ (which we approximate by Rj

i |γ=0) for V (top row)
and b (bottom row) final states from a variety of production channels.
Once δ and β are determined from observation, measuring Rj

i can then
be used to obtain γ.

the b width is zero. Taking δ > 0 (δ < 0) corresponds to increasing the amount of φu

(φd) in the physical Higgs, which boosts the coupling of h to top (bottom) quarks.

Thus, for δ > 0 the gluon fusion rate σ(gg → h) is boosted through the top loop,

while the full width Γtot is depleted because of the reduction in the dominant width
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to bb̄. These effects conspire to increase R̂g, and at tan β = 1 this effect outweighs the

decrease in dV for δ . π/4 so that we see an increase for larger δ. 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 β. For

the bottom panels, we show Rg
b and Rt

b with no singlet mixing, which illustrate that

it is very hard to boost bottom production unless we go to very large tan β while

simultaneously avoiding the decoupling limit. Bottom production can be increased

more effectively by going to large tan β 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 β → π/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→ γγ. The mixing angles δ, β, and γ and three

loop parameters ηI,i 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 Rj
V .

The diphoton signal strength at leading order is

dγ ' Aγ,V dV +Aγ,tdt +Aγ,bdb +
∑

i 6∈SM

Aγ,idi, (8.27)

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 dV and rearranging terms using the fact that Aγ,V +Aγ,t+Aγ,b =
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1, we find that

dγ
dV

' 1 +Aγ,t
(
dt
dV
− 1

)
+Aγ,b

(
db
dV
− 1

)
+

1

dV

∑

i 6∈SM

Aγ,idi (8.28)

= 1 + ε(β) tan δ +
1

dV

∑

i 6∈SM

Aγ,idi, (8.29)

where we have defined a function ε(β) = Aγ,t cot β − Aγ,b tan β. Simply squaring

Eq. (8.29), we can recast the same information in terms of experimental observables,

so

Rj
γ

Rj
V

'
∣∣∣∣∣1 + ε(β) tan δ +

1

dV

∑

i 6∈SM

Aγ,idi
∣∣∣∣∣

2

. (8.30)

The first, second and third terms in the above expression correspond to (i) the SM

contribution, (ii) the effect of mixing on the t and b Yukawas, and (iii) the effects of

any additional charged particles beyond the SM.
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Figure 8.4: Contours of Rj
γ/R

j
V in the plane of theoretical parameters (δ, β), 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 (ii) are present in Eq. (8.30),

Rj
γ

Rj
V

= |1 + ε(β) tan δ|2 . (8.31)

In Fig. 8.4 we map out contours of Eq. (8.31). Comparing Figs. 8.2 and 8.4, we see that

Rj
V is more tightly correlated with Rj

γ than with Rj
b, since in the (δ, β) plane, Rj

γ/R
j
V

spans over a much more narrow range than Rj
b/R

j
V . The reason for this correlation is

obvious: h→ γγ 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 φd component of h, while

the Higgs coupling to electroweak vector bosons is controlled by both the φu and φd

components of h. Thus in order to decouple the Higgs rate to photons relative to

the rate to gauge bosons, i.e. to push Rj
γ/R

j
V 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,

δ → 0, the effects of (ii) vanish but (iii) can still play an important role. We plot the

unknown quantity
∑

i 6∈SMAγ,idi/dV in Fig. 8.5 as a function of the ratios of signal

strengths that appear in Eq. (8.30), taking the low tan β limit such that dg ' dt, and

thus ε(β) ' Aγ,t(dg/dV − 1). Because the signal strengths are related to dγ and dg by

squaring, the latter are only fixed up to a sign ambiguity. In the left (right) panel we

show contours of
∑

i 6∈SMAγ,idi/dV where the sign of dγ/dV is positive (negative). In

both panels, the solid (dotted) curves show regions where dg/dV is positive (negative).

Note that negative values of dg/dV or dγ/dV require large effects from new physics,
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and are far from SM-like.
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Figure 8.5: Taking the low tan β limit, we plot the new physics contribution to the
diphoton rate as a function of Rj

γ/R
j
V and Rg

i /R
V
i . The left (right) panel

shows values of
∑

i6∈SMAγ,idi/dV for which dγ/dV is positive (negative). In
both panels, solid (dotted) lines show values of

∑
i6∈SMAγ,idi/dV for which

dg/dV is positive (negative). The red shaded regions are as in Fig. 8.1.
We use the uncertainty in Rg

i /R
V
i rather than Rt

i/R
V
i since the former

will be much better measured, as shown in Tab. 8.2.

Let us now discuss in more detail how (iii) acts on the h→ γγ 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 i 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 di 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 Aγ,i asymptote towards beta function coefficients in

the large mi limit. A Dirac fermion ψ contributes more strongly to running than a

complex scalar φ of the same quantum numbers, since b1/2 = 4b0, and we find that
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for large masses

4ηI,φ = ηI,ψ, (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 → γγ 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→ γγ as the fermion.

We will henceforth assume the existence of a single, unit charged fermion ψ with

a mass that satisfies 2mψ � mh, so that its corresponding loop coefficient Aγ,ψ is

fixed by the beta function coefficient of the new particle, Aγ,ψ → b1/2 = 4/3. We

treat ηI,ψ as a free parameter which can vary independently of mψ. As noted earlier,

only keeping renormalizable terms in the action typically suggests a range |ηI,ψ| . 1

if the new particle is a fermion. The ratio of Rj
γ/R

j
V , including the effects of mixing
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Figure 8.6: Contours of ηs,ψ as a function of (Rj
γ/R

j
V , γ), in the decoupling limit δ = 0.

The red shaded regions are as in Fig. 8.1.
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and a single unit-charged fermion is approximately

Rj
γ

Rj
V

'
∣∣∣∣∣1−

(
0.282 cot β − 6.14× 10−3 tan β

)
tan δ

− 0.204
sin(β + δ)ηu,ψ + cos(β + δ)ηd,ψ − tan γ ηs,ψ

cos δ

∣∣∣∣∣

2

. (8.33)

To get a sense for the effect of charged particles we consider the decoupling limit,

δ → 0, and we assume that the coupling goes only through the singlet, so that

Eq. (8.33) vastly simplifies to Rj
γ/R

j
V ' |1 + 0.204 tan γ ηs,ψ|2, which is depicted in

Fig. 8.6. We see that Rj
γ/R

j
V is more sensitive to the values of the mixing angles for

larger magnitudes of ηs,ψ, 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 Rj
γ/R

j
V , 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, O(0.3) . Rj
γ/R

j
V . 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 Rj
γ is constrained to remain within a

factor of a few of Rj
V unless some cancellations occur. To achieve the largest possible

separation of these rates we require one of two possibilities.

• The Higgs couples substantially to new charged particles. The ratio Rj
γ/R

j
V 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 γ ηs,ψ

or for negative (positive) values of ηu,ψ and ηd,ψ if δ < π/2−β (if δ > π/2−β).
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• The Higgs mixes with scalars which substantially modify its coupling to top and

bottom quarks. The ratio Rj
γ/R

j
V is enhanced (suppressed) if δ < 0 (δ > 0). As

tan β 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 γ 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 δ → ±π/2), or to all SM particles (at

γ → ±π/2). These limits cause Rj
γ/R

j
V to either diverge or vanish, thus deviating

greatly from the general correlation Rj
γ/R

j
V ∼ O(1). We begin with Fig. 8.7, where

we see the dependence of Rj
γ/R

j
V as a function of (δ, γ) given a single, unit-charged

fermion that couples exclusively to φs with strength ηs,ψ = 1. The Higgs coupling to

SM particles will vanish as γ ' ±π/2, but the Higgs couplings to photons will still be

mediated in this case by particles that couple to the φs. Thus as long as ηs,ψ 6= 0, then

as we approach γ ' ±π/2, Rj
V will decrease faster than Rj

γ, and the ratio in Eq. (8.33)

diverges. As we approach γ ' −π/2, however, there is a special intermediate value

of tan γ 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 ηs,ψ < 0 we would find the

clustering at positive values tan γ 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, δ ' ±π/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 Rj
γ/R

j
V as a function of (δ, γ) for fixed values of tan β and

ηs,ψ for a unit-charged fermion, and ηd,ψ = ηu,ψ = 0.

We see very similar behavior in Fig. 8.8, where we again consider a single unit-

charged fermion which couples to the φs component of the Higgs. The clustering and

pinching behaviors as δ → ±π/2 are precisely analogous to those described in Fig. 8.7.

The behavior of Rj
γ/R

j
V is in fact symmetric in ηs,ψ and tan γ because this ratio only

depends on the product tan γ ηs,ψ–the plots are visibly different only because we have

plotted γ as the axis in Fig. 8.7 rather than tan γ.

We also have chosen discrete values of γ = 0.2, 0.4. As follows from the general

discussion and as shown in Fig. 8.6, we see that for larger mixing angles γ the diphoton

rate is more sensitive to ηs,ψ because the new charged particle can now be more

strongly coupled to the physical Higgs. In the same way, the δ dependence is sensitive

to the value of β. Because the top quark loop destructively interferes with the W

loop we see an enhanced diphoton rate where the t interference is most suppressed –

this occurs with the smallest tan β and when δ < 0. This effect is diminished at larger
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Figure 8.8: Contours of constant Rj
γ/R

j
V for fixed values of tan β using a single

fermion loop particle that couples only to the singlet component of the
Higgs. We take γ = 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
|ηs,ψ| > 2.

tan β so that the contours are less steeply inclined against the δ direction and more

inclined against ηs,ψ, 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 µ term) enhanced by singlet contribution

W ⊃ (µ+ λS)Hu ·Hd +
1

2
µsS

2 +
1

3
κS3. (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

Lsoft ⊃ m2
Hu|Hu|2 +m2

Hd
|Hd|2 +m2

S|S|2 +

(
BµHu ·Hd +

1

2
BsµsS

2 + h.c.

)

+
√

2

(
AλSHu ·Hd −

1

3
AκS

3 + 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 t̃; slep-

tons, most importantly the τ̃ ; the charged Higgs, which has very tight direct and

indirect search constraints that require its mass to be & O(300 GeV), but which does

not automatically decouple in the high mass limit; and the chargino, χ±. The t̃’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→ γγ will come from the charged Higgs H± or the charginos

χ±. 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

ηI =
∑

i

ηI,i =
∑

i

v

mi

∂mi

∂vI
= v

∂

∂vI
log detM, (8.36)

following Eq. (8.6). HereM is the mass matrix for the particles i, so the eigenvalues

of M†M are m2
i .

The charged Higgs mass is

m2
H± =

[(
Aλ +

λµs√
2

+
λκvs

2

)
vs +Bµ

]
v2

vuvd
+
v2

2

(
g2

2
− λ2

)
, (8.37)

and the chargino mass mixing matrix is

Mχ± =




M2 gvu/
√

2

gvd/
√

2 µeff


 , (8.38)

where M2 is the wino mass parameter and µeff = µ + λvs/
√

2. The determinant of

this matrix is the product of the two chargino masses, which we will call m2:

(
m2
)2

=
(
mχ±1

mχ±2

)2

= det
(
M†

χ±Mχ±

)
=
(
M2µeff −m2

W sin 2β
)2
. (8.39)

We will use m2 to parameterize the chargino loop effects. Current chargino constraints

from LEP simply require mχ±1
& 103.5 GeV for generic neutralino masses or mχ±1

&

92 GeV for nearly degenerate chargino and neutralino masses [56].

In Fig. 8.9 we show contours of constant mχ±1
for realistic fixed values of m. For

M2 . m, the lightest chargino is predominantly W̃± so that the χ±1 mass grows

linearly with M2, while the opposite is true for large M2 where the lightest chargino

is mostly H̃±. The transition from W̃± to H̃± occurs around m, and at this point the

off-diagonal terms in Mχ± become important so that there is increased sensitivity

to tan β in this region. Away from this feature in the parameter space the chargino
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Figure 8.9: Contours of constant mχ±1
for fixed m. Regions that fail LEP bounds are

shaded red.

masses are well split so that mχ±1,2
∼ µeff/

√
2,M2 and there is less dependence on

tan β.

8.5.2 Signal Strengths

In Fig. 8.10 we show contours of Rg
V,b in the δ − γ plane in order to show which

values of these parameters give rise to reasonable signal strengths. We take a fixed

value of tan β = 1 since, as shown in Figs. 8.2 and 8.3, the β dependence is mild

at low tan β. 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 R̂j effectively

decouples for small values of the singlet mixing angle since both σ(jj → h) and Γtot

are proportional to cos2 γ. The only γ dependence in Rj
V,b therefore comes from the

actual particle couplings, dV,b. In contrast, both R̂j and the couplings carry strong
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Figure 8.10: Contours of (left) Rg
V and (right) Rg

b for tan β = 1.

sensitivity to δ. 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 δ = 0 in the plots below to guarantee general agreement with

the SM values, but we will allow γ 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

ηI,χ± =
2m2

W

m2

(
− cos β,− sin β,

λM2√
2gmW

)
, (8.40)

ηI,H± =

(
m2
W

m2
H±

1− 2λ2/g2

2 sin β
− cos 2β

2 sin β
,
m2
W

m2
H±

1− 2λ2/g2

2 cos β
+

cos 2β

2 cos β
, (8.41)

2mW

gm2
H±

Aλ + λ
(
κvs + µs/

√
2
)

sin 2β

)
.

The constant terms in the H± coupling vector ensure that the charged Higgs does
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not automatically decouple even as mH± → ∞. 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 dH± is proportional to the mixing angle

δ (which tends to be small when mH± is large) and to cot 2β (which goes to 0 as

tan β → 1). Combining these scaling arguments with the relative size of the fermion

and scalar beta functions (b1/2 = 4b0), the H± is ineffective compared to the χ±

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 χ± couplings is

(
Rj
γ

Rj
V

)

NMSSM

'
∣∣∣∣∣1+ε(β) tan δ−Aγ,χ±

(
2m2

W

m2

sin(2β + δ)

cos δ
+

√
2λmWM2

g m2

tan γ

cos δ

)∣∣∣∣∣

2

.

(8.42)

From this expression, we see that the photon and vector rates can be different from

each other most effectively for large positive γ, large δ, and small tan β. The ε(β)

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 ∼ 4m2
W/5m

2 ∼ O(20%) because of the presence of the

additional loop particle. As anticipated above, the couplings ηI,χ± are not independent

of the chargino mass parameters. Interestingly, the sign of this effect works to give

an enhancement of Rj
γ as compared to Rj

V .

In Fig. 8.11 we display the values of Rj
γ/R

j
V resulting from χ± loop effects as a

function of tan β and λM2, which respectively parameterize the size of the couplings to

the doublet and singlet Higgses: ηu,χ± ∼ ηd,χ± ∼ tan β and λM2 ∼ ηs,χ± . In Fig. 8.12

we show this ratio in the λM2 −m plane fixing tan β to 1. In both figures we shade

the region for which mχ±1
≤ 103.5 GeV when λ = 0.7. Across all panels, we see that

low m, low tan β and large λM2 drive an enhanced Rj
γ over Rj

V . Within each panel,
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we see that the rate becomes more sensitive to the singlet coupling as we increase γ.

We also see that M2 & m is preferred, so that H̃±-like charginos are more effective at
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driving this rate difference. The tan β dependence is also simple to understand, since

in the decoupling limit it only enters through the sin 2β dependence of the doublet

Higgs coupling, which is maximized at minimal tan β. For instance, in the left panel

of Fig. 8.11 (where m = 180 GeV) we see Rj
γ/R

j
V ∼ 1.6 around λM2 = 380 GeV and

tan β = 1. From Fig. 8.12 we see that λM2 ≥ m leads to the greatest enhancements

in Rj
γ/R

j
V , rising up to Rj

γ/R
j
V ' 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 γγ, 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, (α, γ), 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 (ni = standard, anapole,

dipole, q2 and q−4) with equal exposure. Due to space constraints, we show fits to six

of the seven operators (νi = standard, anapole, dipole, q±2 and q±4) 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 ni =
standard operator. Comparisons are made to νi = standard, anapole,
dipole, q4, q2, and q−2 operators. The colors represent the value of L̃min/
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
ni = anapole moment operator. Comparisons are made to νi = standard,
anapole, dipole, q4, q2, and q−2 operators. The colors represent the value
of L̃min/ 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.3: 95% CLCs for a 10, 50, and 250 GeV particle interacting through an
ni = dipole moment operator. Comparisons are made to νi = standard,
anapole, dipole, q4, q2, and q−2 operators. The colors represent the value
of L̃min/ d.o.f. As described above, cyan and lighter colors correspond to
95% or worse disagreement with the data.

275



Ge,10

Xe,10

Ge,50

Xe,50

Ar,50

Ge,250

Xe,250

Ar,250

10 100 1000

-45.0

-44.5

-44.0

-43.5

log10HmDM�GeVL

lo
g 10

HΣ
n�c

m
2 L

ni=q2, Νi=std

Ge,10

Xe,10

Ge,50Xe,50

Ar,50

Ge,250

Xe,250

Ar,250

10 100 1000

-39.0

-38.5

-38.0

-37.5

log10HmDM�GeVL

lo
g 10

HΣ`
n�c

m
2 L

ni=q2, Νi=ana

Ge,10

Xe,10

Ge,50

Xe,50

Ar,50

Ge,250

Xe,250

Ar,250

10 20 50 100 200 500

-39.5

-39.0

-38.5

log10HmDM�GeVL

lo
g 10

HΣ`
n�c

m
2 L

ni=q2, Νi=dip

Ge,10
Xe,10

Ge,50

Xe,50

Ar,50
Ge,250

Xe,250

Ar,250

10 20 50 100 200

-45.5

-45.0

-44.5

-44.0

-43.5

-43.0

log10HmDM�GeVL

lo
g 10

HΣ
n�c

m
2 L

ni=q2, Νi=q4

Ge,10

Xe,10

Ar,Ge,
Xe,50

Ar,Ge
Xe,250

10 20 50 100 200

-45.0

-44.5

-44.0

-43.5

log10HmDM�GeVL

lo
g 10

HΣ
n�c

m
2 L

ni=q2, Νi=q2

Ge,10

Xe,10
Ge,50

Xe,50

Ar,50

Ge,250

Xe,250

Ar,250

10 100 1000

-45.5

-45.0

-44.5

-44.0

-43.5

log10HmDM�GeVL

lo
g 10

HΣ
n�c

m
2 L

ni=q2, Νi=q-2

Figure A.4: 95% CLCs for a 10, 50, and 250 GeV particle interacting through an
ni = q2 operator. Comparisons are made to νi = standard, anapole,
dipole, q4, q2, and q−2 operators. The colors represent the value of L̃min/
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.5: 95% CLCs for a 10, 50, and 250 GeV particle interacting through an
ni = q−4 operator. Comparisons are made to νi = standard, anapole,
dipole, q4, q−2, and q−4 operators. The colors represent the value of
L̃min/ 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 ν̄e with energies

10− 60 MeV in a beam of ν̄µ, consistent with neutrino oscillations that occur in the

∆m2 ∼ 0.2− 10 eV2 range. MB also measured ν̄µ → ν̄e 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 νµ → νe [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 νµ oscillations [4]. We use all

of the MB ν 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/E 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 ∆m2 (eV2)

MB ν̄µ, νµ 11× 2 541 200− 3000 MeV & 0.1
LSND ν̄µ 8 29.8 10− 60 MeV & 0.3
KARMEN ν̄µ 1 17.7 1− 50 MeV & 1
E776 ν̄µ, νµ 1 1000 1− 10 GeV & 1
NOMAD νµ 1 625 & 10− 200 GeV & 10
NuTeV ν̄µ, νµ 1 1436 & 10− 300 GeV & 102

CCFR νµ 1 1436 & 10− 300 GeV & 102

TOTAL ν̄µ, νµ 30 pos., 5 null ∼ 10− 1436 10 MeV− 600 GeV & 0.1

Table B.1: Energies, mixings, and mass splitting sensitivities for each appearance
experiment.

Disappearance Experiments: The νe 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].1 The

statistics of the constraint on νe disappearance is dominated by the Bugey ratio. Dis-

appearance of νµ 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

1Even 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 3+1+1 scenario, as shown in Sec. 5.3.1.
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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 n1,2,3. We take a = 1 for CCFR and

CDHS, but have a = 0 for the reactor experiments.

Experiment mode # points Distance (m) E ∆m2 (eV2)

CCFR νµ 1 714 and 1116 40− 200 GeV 10− 103

CDHS νµ 1 130 and 885 2− 6 GeV 10−1 − 10
Mention et al. ν̄e 21 9− 1050 ∼ 3 MeV 10−2 − 10−1

Bugey 40/15 ratio ν̄e 25 15 and 40 3− 8 MeV & 10−2

TOTAL ν̄e, νµ 48 10− 103 3 MeV − 200 GeV 10−4 − 103

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 U †U = 1, or in component form
∑

i UαiU
∗
βi = δαβ. 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 νe and νµ with n1, n2, and n3 can set

bounds on the size of the mixings of νe and νµ with n4 and n5.

For instance, solar neutrino experiments such as KamLAND [54] measure νe disap-

pearance via the mixing sin2 2θsol = 4 |Ue2|2
(
1− |Ue2|2 − |Ue3|2 − |Ue4|2 − |Ue5|2

)
. We

can extremize this over the mixing |Ue2|2, but we find that the limits on |Ue4|2 + |Ue5|2

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 ν̄e disappearance

experiments provide stronger limits.

On the other hand, a similar analysis is effective in constraining |Uµ4|2 and |Uµ5|2
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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 sin2 2θatm = 4 |Uµ3|2
(
1− |Uµ3|2 − |Uµ4|2 − |Uµ5|2

)
,

and extremizing to find the largest value of |Uµ4|2 + |Uµ5|2 compatible with the mea-

surements gives

sin2 2θatm ≤
(
1− |Uµ4|2 − |Uµ5|2

)2
. (B.1)

Using the global best fit value for atmospheric mixing angle we find the 90% (99%)

confidence level constraints:

|Uµ4|2 + |Uµ5|2 < 0.0175 (0.0274). (B.2)

These bounds on |Uµ4|2 + |Uµ5|2 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 ν̄e 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 νe from the decay of megacurie

sources of 51Cr and 37Ar, corresponding to anomalously low rates of the reaction

νe + 71Ga→ 71Ge + e−. This is in principle bounded by similar measurements of the

rate of νe+
12C→ 12Ng.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 |Ue5|2 χ2
min

Gallium 4 0.0708± 0.0317 1.7
Carbon 11 0.0901± 0.0874 8.5
Reactor 19 0.0266± 0.0144 7.2

TOTAL 34 0.0356± 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 ∆m2
41, the χ2 is minimized with respect

to the remaining mixing parameters. For the n remaining independent mixing param-

eters, a ∆χ2 test is performed to give an n-dimensional confidence interval at each

∆m2
41. In the 3+1 scenario, this corresponds to finding 1-dimensional confidence in-

terval for sin2 2θ at each given value of ∆m2
41. 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 ∆m2
41, the probability distribution for the χ2 may deviate

from gaussian for large deviations from the true value. This may result both in find-

ing an “incorrect” minimum of the χ2 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 χ2

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 ∆m2
41. For this reason

we perform a global fit to the LSND and MB data, minimizing the χ2 with respect

to all parameters. The confidence region is given by a ∆χ2 for 2 DOF in 3+1 model

and 4 DOF in the 3+1+1 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 pi = E − m2
i /2E, the probability of

oscillation to flavor νβ from flavor να is

Pνα→νβ =
∑

i,j

U∗αiUβiUαjU
∗
βj exp

[
i(m2

i −m2
j)L/2E

]
(C.1)

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 Uαβij ≡ U∗αiUβiUαjU
∗
βj and xij ≡ (m2

i −m2
j)L/4E and taking a phase space
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suppression factor 0 < a < 1 on oscillations through n5, the oscillation probability is

Pνα→νβ =
∑

i,j Uαβij exp(2ixij)− 2<
[
(1− a)

∑
j Uαβ5j exp(2ixij)

]
+ (1− a)Uαβ55.

(C.2)

Carrying out some standard simplifications allows us to write Eq. (C.2) as

Pνα→νβ = δαβ [1− 2(1− a)|Uα5||Uβ5|] + (1− a)|Uα5|2|Uβ5|2

− 4
∑

5>i>j

<[Uαβij] sin2 xij − 4a
4∑

j=1

<[Uαβ5j] sin2 x5j

− 2
∑

5>i>j

=[Uαβij] sin 2xij − 2a
4∑

j=1

=[Uαβ5j] sin 2x5j

(C.3)

where we use the unitarity condition
∑

i UαiU
∗
βi = δαβ. In the limit a→ 1 we recover

the standard result.

In all of the experiments of interest we may ignore oscillations due to the mass

differences ∆m2
12 and ∆m2

23, and Eq. (C.3) simplifies. The oscillation probability of

interest in appearance searches such as LSND is found to be

Pνe→νµ = |Ue4|2|Uµ4|2
{
a[(1− r)2 + 4r sin2 β] + (1− r)2 + 4r sin2(x41 ± β)

}
, (C.4)

where + (−) is for ν (ν̄) oscillations, and the definitions of r and β are given in

Eq. (5.6) in the text. For disappearance experiments, the relevant formula is

1− Pνα→να = sin2 2θα4 sin2 x41 + 2|Uα5|2(1− a+1
2
|Uα5|2), (C.5)

where sin2 2θα4 = 4|Uα4|2(1−|Uα4|2−|Uα5|2) and we assume that oscillations through

n5 are averaged. We emphasize that because the phase space factor a only enters at

second order in |Uα5|2 the phase space available to n5 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 x41 → 0

there remains a nonzero probability for oscillation. Another consequence of the very

heavy state is that for fixed α the sum of Eq. (C.3) over β 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 näıve χ2 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 τ−mDM plane, we add the putative DM signal and minimize the χ2
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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 χ2(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 χ2(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 ns = 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 χ2 goodness-of-fit test
(dotted) for each experiment taking the sample spectrum from scalar
DM decay to e+e− 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).

288


