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ABSTRACT OF THE DISSERTATION

Complementarity in Dark Matter Phenomenology
By
Alexander Matthew Wijangco
Doctor of Philosophy in Physics
University of California, Irvine, 2015

Professor Arvind Rajaraman, Chair

The particle nature of dark matter remains an open question to the physics community,
despite a monumental effort to determine its properties. These efforts have resulted in a
wealth of experimental knowledge and a rich model space of possible explanations. Dark
matter phenomenology stands at the intersection of these efforts, and this thesis contains a
series of works that attempt to constrain or construct models based on the empirical data.
The first of these works details the insights the initial results of the LHC had on isospin
violating dark matter in the context of effective operators. The next work deals with the
possible effective operators between Dirac dark matter and photon lines at indirect detection
experiments. The third is about a model of light scalar mediators used to explain a possible
signal at the CDMS experiment. The fourth and final work concerns itself with a particular

annihilation topology generated by dark matter going to on-shell mediators.
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Chapter 1

Introduction

Dark matter was a term coined in 1933 by Fritz Zwicky, who noticed discrepancies between
various methods used to infer amount of mass in the Coma galaxy cluster (or extra-galactic
nebulae, as he thought at the time) [17]. The difference arose when a gravitational mea-
surement of the mass, based off the application of the viral theorem, was far larger than
a luminous measurement, based on the amount of starlight observed. Zwicky conjectured
that perhaps there was some other matter present that did not contribute to the luminous
measurement (hence dark), but would still contribute to the gravitational measurement.
This new mass component was called dark matter and has proven to be quite robust in its
explanatory power. Since Zwicky, it is now understood that the mass of galaxy clusters are
dominated by its dark component. For example, a more modern survey of the viral mass of
over 1,000 galaxies have found that the average mass to light ratios of these objects to be
about 300 hM /L [18]. Evidence for dark matter in galactic clusters come from a number
of other, independent gravitational probes as well. Notable among these is the evidence from
gravitational lensing, particularly in the case of the Bullet cluster [19]. The Bullet cluster
consists of two galactic clusters which are currently in the later phases of a collision. During

this collision, the two clusters pass through each other but different kinds of matter pass



through with different degrees of ease. Compared to conventional matter, dark matter is
relatively collision-less and has passed through. The luminous matter is not, and one can
observe the luminous matter being pulled away toward the otherwise invisible but dominant
dark matter. Other lensing surveys confirm similar conclusions on the large presence of dark

matter; for example see [20] for a survey of the Coma cluster.

The hypothesis of dark matter has more influence than at the scale of galactic clusters, and
the evidence at these other scales adds to the robustness of the idea. In fact, the historically
the next major piece of evidence for dark matter after Zwicky came in the form of galactic
rotation curves. In 1969, Vera Rubin studied the velocities of objects within the Andromeda
galaxy and found that they leveled off as one moves further away from the galactic center
[21]. This implied that the density of matter scaled as 1/r?, a pattern that the luminous
matter did not follow. However, this discrepancy could be resolved if dark matter were
present, is also rather informative on the dark matter distribution of galaxies. As examples,
see these measurements of M31 [22, 23| and this survey over a set of galaxies [24]. These
surveys indicate that dark matter is in fact the dominate mass fraction of galaxies and play
a key roll in holding together these galaxies. This is perhaps most clearly illustrated by the
observation of dwarf satellite galaxies, which have the greatest ratios of dark matter mass
to luminous matter mass observed [25, 26]. Dark matter’s explanatory power extends to the
largest scales too, with evidence for dark matter presenting itself in the cosmic microwave
background (CMB). Measurements of the CMB indicate that the non-relativistic fraction
of the universe’s energy budget is far larger than the prediction for this quantity from just
baryons. Dark matter is an excellent candidate to explain this discrepancy, and the most
recent measurements indicate that there’s about five times more dark matter in the universe
than conventional matter [27]. Dark matter is further supported by simulation, indicating
that dark matter is principally responsible for large scale structure formation. The most

famous of these simulations being the Millennium project [28].



This mountain of evidence has convinced many scientists that dark matter exists, but little
is known about dark matter outside of gravitational evidence. This would be principally
done by the observation of other, non-gravitational interactions and has thus been the focus
of a large fraction of dark matter research. A popular framework (although not the only
framework) to model dark matter is to suppose that dark matter is comprised of Weakly
Interacting Massive Particles (WIMPs). WIMPs are relatively simple and naturally gener-
ated in a large number of theoretical models. Moreover, WIMPs are particularly well suited
for satisfyving the amount of cosmological dark matter indicated through a process known
as thermal freeze out and a choice of electroweak scale cross sections (known as the WIMP
miracle). On the experimental side, the searches for WIMP interaction can be classified
into one of three categories: direct detection, indirect detection, and collider searches (di-
rect production). The idea behind direct detection is to observe WIMP-nucleon scattering
using a man made target and the local dark matter abundance of the solar system. These
efforts have vielded mixing results, with some experiments claiming to have observed can-
didate interaction events [29, 30, 31, 32, 33] with others contradict that claim and exclude
large regions of the WIMP interaction parameter space [34, 35, 36, 7]. Indirect detection
experiments attempt to observe the byproducts of WIMP annihilation or decays into visible
objects. This will usually only be possible by looking at regions with large dark matter den-
sities, with the popular candidate being the center of the Milky Way. Like direct detection,
the results of these experiments are not completely straightforward to interpret. Some claim
evidence for a signal |37, 13, 38] whereas other have result that indicatd these signals may be
due to other astrophysical processes [39, 40]. Finally, collider searches attempt to produce
either dark matter directly and infer this production by the recoil of visible particles. The
results of different collider searches in this case are all in agreement: no WIMP production

has yet to be observed [41, 42].

The theoretical side of dark matter is faced with a rather philosophical question of what

kind of WIMP models are worth considering, as the number of properties one can ascribe to



a WIMP are quite large. Some have approached this problem with a data driven mindset,
proposing models motivated by experimental hints of signals or models that are probable in
the near future. Others choose to maximize the explanatory power of an idea, and relate dark
matter to other problems in physics such as the gauge hierarchy problem or the strong CP
problem. One can classify these different ideas on a spectrum that measures the amount of
theoretical assumptions made. On one end of this continuum are "top down" ideas, which are
often UV complete theories designed to explain more than just dark matter. These theories
tend to require dark matter to couple in a particular fashion related to the nature of the
UV physics. On the opposite end of the spectrum, the "bottom up" approach attempts to
consider only the degrees of freedom relevant to dark matter interaction with the standard
model. These approaches are usually more general, as many UV theories will often map
to a particular bottom up framework. However, it is likely the case that a "bottom up"
model would not tell the whole story of new physics. For a review on different dark matter
candidates and the experimental reach for their parameter space, see [43, 44]. The focus of
this thesis will be on a series of works featuring the "bottom up" approach, and highlight
some of the insights that can be gained from such a methodology. This is particularly
relevant given the aforementioned mixed experiment results, as apparent contradictions in

nature imply a need for new theoretical frameworks to interpret the data.

This thesis will consist primarily of four works, this introduction, and some concluding re-
marks. The first two works will highlight the framework of effective operators, which restricts
the degrees of freedom to only the particles that propagate at the energy scale relevant. For
dark matter phenomenology, these typically include only the standard model and the dark
matter candidate. The set of operators generated (or a subset, depending if there are ad-
ditional symmetries present) will be the some subset of the operators generated in any UV
theory that features the same dark matter candidate. This is particularly useful if the ad-
ditional UV degrees of freedom are heavy compared to the energy scale in question, as the

coefficient of these operators are dominated by these heavy masses. One can therefore pa-



rameterize the model without knowing the details of the heavy physics, and UV models will
have a faithful map to the choice of parameterization so long as the energy scale remains well
below any new degrees of freedom. An example of using this framework to probe an interest-
ing area of parameter space for direct detection will be presented in chapter 2. Chapter 3 will
feature this framework in the context of photon lines at indirect detection experiments. The
remaining two chapters will feature another "bottom up" approach which has been termed
"simplified models." In addition to the degrees of freedom used with effective operators, a
UV complete model may include the propagators of these interactions, new symmetries and
new particles to fill those multiplets, new dark sectors, and much more. However, most of
these degrees of freedom may not be relevant to dark matter phenomenology. Simplified
models attempt to characterize only the relevant degrees of freedom, such as a dark matter
candidate and a mediator. This can result in models which naturally predict different cross
sections than effective operators for experimental processes, an example of which will be
illustrated in chapter 4, or entirely new signal topologies, an example of which will be in

chapter 5. Chapter 6 will contain some concluding remarks.



Chapter 2

LHC Bounds on Interactions of Dark

Matter

Arvind Rajaraman, William Shepherd, Tim M.P. Tait and Alexander M. Wijangco

2.1 Introduction

The evidence for the existence of dark matter in the universe is overwhelming [45], and
models to incorporate dark matter into our understanding of the fundamental physics of
the universe are myriad. Astrophysical observations tell us nothing about the mass of the
dark matter particle or whether it interacts with the Standard Model (SM) particles in
any way other than gravitationally. Models range in masses from keV to the GUT scale,
and in coupling strength from slightly weaker than QCD couplings to purely gravitational
interactions. The most popular models are driven by the WIMP (less) miracle [46], suggesting
that the dark matter particle relic density should naturally be set by the thermal history

of the universe and favoring a ratio of the mass and coupling strength. Such dark matter



candidates naturally appear in extensions of the Standard Model which are designed to
address other theoretical issues, most notably the gauge hierarchy problem. Since WIMPs
have fairly large couplings to SM fields to explain their relic density, it is possible to search
for them interacting directly with normal matter, annihilating into normal matter, or being

produced at high energy colliders.

Any WIMP which produces a signal in one of these searches would naively be expected to
be seen in others as well, as a single coupling could be visible to all of them. Each type of
experiments has a particular set of strengths and weaknesses associated with its ability to
discover or exclude various models of dark matter. Direct detection experiments have a signal
that is strongly peaked at very low energies, making it hard to distinguish from background
effects and causing detector thresholds to be particularly troublesome when light candidate
particles are considered. Indirect detection searches for dark matter annihilation products
are able to observe locations which have much higher local densities of dark matter than
our solar system, but then must contend with large astrophysical background uncertainties.
Colliders have a fixed amount of energy available to them in the collisions (and do not take
advantage of the dark matter already present in the galactic halo), and are thus unable to
produce dark matter of very large mass, but have exceptional sensitivity to low mass WIMPs,
which are ill constrained by the other two techniques. Any signal seen at colliders may be
due to other new physics than dark matter, so astrophysical confirmation will be critical to
being able to make robust claims regarding dark matter at colliders. However, colliders are
able to make strong exclusion statements in the event of no signal [47, 48, 49, 50, 51, 52, 14,

53, 54, 55, 56, 57, 58, 59, 60, 61].

Currently there is much interest in light WIMP models, with masses of order < 10 GeV,
motivated in large part by experimental results from the CoGeNT collaboration [6, 62] which
can be explained by such a WIMP and appear to be tantalizingly close to the parameter

space favored by a dark matter interpretation of the longstanding DAMA annual modulation



signal [36, 63, 64]. As the CoGeNT collaboration has recently reported that they also see
annual modulation in their data[62], these results have only grown more interesting. These
putative signals are, however, in significant tension with negative results from the Xenon
100 [3] and CDMS-II |65, 4, 5] collaborations, and the modulation exhibits an unexpected

dependence on the recoil energy of the scattered nucleus |66, 67, 68].

In this work we extend previous studies |52, 14, 53, 54, 69| which use the framework of
effective field theory to construct models of dark matter and constrain them from collider
searches. These models make specific predictions for other dark matter searches as well, and
allow the collider constraints to be drawn on a direct detection plane. Similarly, constraints
from indirect searches can be interpreted in these models on the plane of direct detection |70,
71, 72]. We enlarge our previous set of effective theories to allow couplings to only one type
of quarks at a time. This allows for the inclusion of effects which distinguish between
quark charge in the model-independent framework which we previously presented and are
more representative of the range of possible couplings present in models with minimal flavor
violation (MFV) [73]. In particular, the dependence on tan / expected in type-II two Higgs
doublet extensions of the SM (such as in the Minimal Supersymmetric Standard Model) can

be easily represented in this set of models, in contrast to our previous work.

A recent proposal [74, 75| suggests that dark matter interactions may be sensitive to the
specific proton and neutron content of the nucleus with which it is scattering, rather than
just the net baryon number (the mass of the nucleus). For a WIMP whose couplings satisfy
An /A, ~ —0.7, one obtains consistency between the negative results of the Xenon collabo-
ration and the putative signal seen at CoGeNT by largely canceling the coupling to xenon
nuclei. This parameter point has the additional feature that it shifts the DAMA target
region such that it moves from being close to but inconsistent with the CoGeNT signal, to a
situation where CoGeNT and DAMA are fit by consistent choices of parameters. In a short

time, many models predicting or utilizing this “isospin-violating" mechanism have appeared



in the literature [76, 77, 78, 79, 80, 81].

This article is organized as follows: In section 2.2 we discuss the effective field theory modeling
of WIMP-SM interactions, in section 5.4.3 we calculate bounds on the strength of dark matter
interactions using collider data and present future reach for the LHC, in section 2.4 we discuss
the impact of these bounds on direct detection signals, and in section 2.5 we present our

conclusions.

2.2 Model Description

In formulating our constraints on dark matter from collider searches we assume that the dark
matter candidate is the only new particle which is accessible at the relevant experiments and
that dark matter is a SM gauge singlet. Under these assumptions, only non-renormalizable
couplings are possible between dark matter and the SM fields. We therefore focus on the
operators which are of the lowest dimensionality, as these will give the strongest signals at

energies below the scale which characterizes the interactions.

As with any effective field theory, the models of dark matter we construct in this way
are only applicable below some cutoff scale where other new physics becomes relevant and
renormalizability is regained. This cutoff is approximately at the mass of the lowest-lyving
state which is integrated out in the effective theory. This is related to the scale suppressing

the higher-dimensional operators and the couplings of the fundamental theory as

(2.1)

where ® is the field which has been integrated out to give the interaction whose strength is



parametrized by M,. Note that this relation tells us that below a certain value of M, it is
not possible to have a perturbative completion of the theory involving exchange of particles
whose masses are all larger than the WIMP mass; we discard results in such regions as it is

clear there is no perturbative UV completion of the effective theory in this regime [52].

In this work our primary focus is on the effect that isospin violation can have on collider con-
straints on dark matter, so we will specialize to the case of a Majorana WIMP, as constraints
on the isospin violating couplings from colliders are not expected to depend sensitively on
the nature of the dark matter candidate [52, 14, 53]. As we are particularly interested in
relating to direct detection, we focus on couplings of dark matter to quarks in a similar
fashion considered in [82]. Gluon couplings are also interesting for direct detection, but they
are not able to differentiate between states of different isospin. We therefore do not consider

couplings of dark matter to gluons in this work.

We construct all of the lowest-dimension operators that couple dark matter and quarks
consistent with MFV, which helps ensure that the models which we produce are not in
conflict with flavor physics observables [56]. This amounts to the assumption that any term
which breaks SU(2), of the SM must do so through the SM Yukawa couplings, leading to the
suppression by the quark mass of any operator which flips the quark chirality. The leading

operators are of the form

Lpsr = Gy xIxx alqq (2.2)
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Name Gy Iy Iy
ML | mg/2M? | 1 | 1
M2 | img/2M3 | s 1
M3 | amg/2M3 | 1 5
M4 | mg/2M2 | s Vs
M5 | 12M2 | s |
M6 | 1/2M7F | vy | 7"

Table 2.1: The list of the effective operators defined in Eq. (2.2).

where

Dyg € {1,7°, 9%, 749, 0} (2.3)

Any other combination of bilinears are equivalent to a linear combination of this set through
Fierz identities. Note that any Lorentz indices in I'y must be contracted with indices in
Iy to preserve Lorentz invariance. Thus our models contain no tensor terms, because it
vanishes for Majorana particles and the alternatives are higher order in derivatives, and
thus more suppressed in low energy reactions. The MFV assumption requires us to scale
quark bilinears with no Lorentz indices by the quark mass, and to have no relative scaling
between the couplings for different quarks in bilinears carrying a Lorentz index. However,
we still have two independent coefficients for each operator structure associated with up-

and down-type quark couplings, which are not constrained relative to each other by MFV.

The list of all operator Lorentz structures we consider are presented in Table 2.1. Note that

the cases of up- and down-type couplings are distinguished in our notation by a trailing u

11



or d on the designator of the Lorentz structure. For example, operator M1u corresponds to

1 _ )
Ly = 2T4§’ XX Z mq 44. (2-4)

q=u,c,t

2.3 Collider Searches

We constrain the operators by simulating the production of a pair of WIMPs and jets at

colliders,

pp(pp) — xx + jets (2.5)

As the WIMPs are invisible to the particle detectors, such a process would appear as a
combinations of jets and missing energy. We estimate efficiencies for the signal to pass
analysis cuts (outlined below) based on simulations using Madgraph 4.5.0, with showering
and detector simulation performed by the Madgraph Pythia-PGS 2.8 package [83, 84, 85].
The dominant standard model background for such a signal is Z + jets, where the Z boson
then decays to a pair of neutrinos. The next largest background is W + jets, where the W

decays into a neutrino and a charged lepton which is mistagged to be a jet or lost [86, 87, 88].

We assume only one Lorentz structure is dominant at a time, and constrain each by assuming
the others do not contribute to the cross section. Since the coupling of models with scalar
Lorentz structures are proportional to quark mass, the cross sections from down-type opera-
tors are enhanced by the bottom quark mass (though moderated by the b parton distribution

function), resulting in stronger bounds on operators M1d-M4d compared to M1u-M4u. For
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Figure 2.1: The collider bounds on the down-type quark operators with scalar Lorentz

structures. Operators M1d, M2d, M3d, M4d, are in red, blue, green, and black respectively.
The dashed-dotted, dashed, and solid lines are the Tevatron constraints, LHC constraints,
and LHC discovery reach. The shaded region is where the effective theory breaks down.
Models M1d and M3d are largely degenerate, as are models M2d and M4d.

models with vector Lorentz structure, the parton distribution functions are the dominant

difference between the up-type and down-type operators, resulting in comparatively stronger

constraints upon the up-type couplings.

2.3.1 Tevatron Constraints

The CDF collaboration has reported null results for a mono-jet search based on about 1

fb~! of Tevatron run II data [87], constraining the size of additional contributions to missing

energy + jets. The analysis selects events which have missing transverse momentum Fp >
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Figure 2.2: The same as Fig. 2.1, for up-type quark operators M1u, M2u, M3u, and M4u.

80 GeV together with a leading jet whose transverse momentum is pr > 80 GeV. A second

jet with pr < 30 GeV is allowed, and any subsequent jets must have pr < 20 GeV. In a

sample size of 1 fb~!, CDF found 8449 events while the Standard Model prediction was 8663

+ 332 events. To be within 20 of these results, the accepted cross section of new physics

can be at most 0.664 pb. In Figures 2.1 - 2.4, we translate the cross section limit into one

on M, for each operator, as a function of the dark matter mass.

2.3.2 LHC Constraints

The ATLAS Collaboration has very recently released the results of a search for anomalous

production of jets and missing energy at /s = 7 TeV with an integrated luminosity of

1.00 fb~! [88]. Events with F7 > 120 GeV and containing a leading jet with pr > 120 GeV
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Figure 2.3: The collider bounds on the down-type quark coupling operators mediated by a
heavy scalar. Models Mbd, M6d are in red, black respectively. The dashed-dotted, dashed,
and solid lines are the Tevatron constraints, LHC constraints, and LHC discovery reach. The
shaded region is where the effective theory breaks down. Models Mbd and M6d are largely
degenerate.

and |n| < 2 were selected. A second jet with pr < 30 GeV and |n| < 4.5 was allowed. 15740
events were observed, to be compared with an expected 15100+£170(stat.)£680(syst.). This

excludes an effective cross section of 1.7 pb, which we map to constraints upon M, in Figures

2.1-24.

2.3.3 LHC Future Reach

We also investigate the 5o discovery reach of such operators, using the analysis done in [89],

which considered the LHC running at /s = 14 TeV and with an integrated luminosity of
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Figure 2.4: The same as Fig. 2.3, although now the up-type quark coupling operators Mbu
and M6u are displayed.

100 fb=!. Events with missing J7 > 500 GeV and at least one a jet with pr > 500 GeV were
considered, but no secondary jet rejection cut was employed. Events with isolated charged
leptons were rejected. Ref [89] predicts a Standard Model background of about B = 3 x 10*
events for this integrated luminosity. We determine the discovery reach by requiring that
the significance of the new physics signal S passing the cuts satisfy S/ VB > 5 and plot the

resulting region in Figures 2.1 - 2.4

2.4 Direct Detection

Our effective theory allows one to translate the collider bounds into the parameter space of

direct detection experiments. In the non-relativistic limit, only operators M1d, M1u, M6d,
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and M6u mediate unsuppressed scattering cross sections with nucleons. In terms of M,, the

resulting cross sections are

o +

2 p,n
p,n;SD 4’“)( Au
- 2
@ M*,Mﬁu

M n 2 2 n M 2
AZ ‘|‘A€ ) ’O_p,n;S]:& <Zuf5 _I_ded ) ’ (26)

2 3 3
M*,Mﬁd @ M*,Mm M*,Mld

where we have adopted the values [90, 91|,

AP = (.78, AP = —0.48 AP = —0.15
JP =0.023, J =0.033, JP = 0.05,
£ =0.018, £ =0.042, J7 = 0.05,
P = 0.066, (2.7)

and the neutron and proton spin fractions are related by isospin symmetry.

In constructing models which have particular isospin behavior with respect to protons and

neutrons in spin-independent scattering we solve the equation

Ao Saf] Mia (2.8)

)\P B Zu fg MS,Mld’

where the ratio of neutron to proton couplings is taken as input and we calculate the ratio
of suppression scales. The models are then constrained at colliders by noting that there is
no interference at leading order between the up- and down-type couplings, which allows us
to directly sum the signal cross section from each to find the total cross section expected for

a given operator strength.
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Figure 2.5: Spin-dependent nucleon scattering cross section assuming only the up-type
quark operator M6u is present. The red and blue lines are the constraints from the Tevatron
search and 7 TeV LHC search. The green lines are the 14 TeV LHC discovery reach. The
solid lines are the proton coupling cross section and the dotted lines are the neutron coupling
cross section. The dashed black line is the Xenon 10 constraint on the neutron cross section
[1] and the solid black line is the SIMPLE constraint on the proton cross section [2].

We translate collider bounds into limits on spin-dependent cross sections in Figures 2.5-2.7
for the cases where only the operator M6u is present, the case where only the operator M6d
is present, and the case where M6u and M6d have equal couplings. The spin independent
bounds are shown on Figures 2.8-2.11. The proton scattering cross section bounds for only
operators M1u or M1d are plotted in Figure 2.8 and Figure 2.9, while Figure 2.10 shows the
bounds assuming both M1u and M1d are present and weighted such that the coupling to
the proton and neutron are equal. In Figure 2.11, we show bounds for A/, = —0.7, the

central value for isospin violating couplings which reconcile CoGeNT and Xenon.
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Figure 2.6: The same as Fig. 2.5 but for the down-type quark coupling.

2.5 Conclusion

We have extended previous studies of collider constraints on dark matter to include isospin-
violating effects and updated them to make use of the recent null searches for jets plus missing
energy based on 1 fb~! of LHC data. Our effective theory description is structured based on
MFYV to ensure consistency with flavor physics observables and remain as model-independent
as possible. In particular, it faithfully reproduces the physics when the particles mediating
interactions between dark matter and the SM are significantly heavier than the dark matter
particle. We find results which are qualitatively similar to (though quantitatively stronger
than) our previous results, with collider limits being the strongest on models of very light
dark matter and losing sensitivity as the mass of dark matter approaches the typical energy

of collisions at the collider.
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Figure 2.7: Spin dependent nucleon coupling cross section assuming equal down and up
type couplings. The red and blue lines are the constraints from the Tevatron search and
7 TeV LHC search. The green line is the 14 TeV LHC discovery reach. The dashed black
line is the XENON10 constraint on the neutron cross section [1], the solid black line is the
SIMPLE constraint on the proton cross section.[2]

Collider constraints on spin-dependent scattering can be appreciably weakened by isospin
violation in the UV couplings of dark matter to quarks. Suppressing the coupling to one type
of quarks does not significantly change the production cross section at colliders for dark mat-
ter pairs, but it does remove destructive interference in the direct detection scattering cross
section, leading to weaker limits from direct detection searches than for isospin conserving

cases.

The effects of isospin violation in the spin-independent sector can either strengthen or weaken
collider bounds. Suppressing couplings to the heavier down-type quarks significantly de-
creases the cross section at colliders for mass-suppressed operators, which are the main

contributor to spin-independent scattering. However, taking the preferred value for isospin
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Figure 2.8: Spin independent proton scattering cross section assuming only up-type quark
coupling. The red line is the constraint from the Tevatron search. The blue lines are the
LHC 7 TeV constraint and LHC 14 discovery reach, which are dashed and solid respectively.
The brown line is the XENON100 constraint [3]. The black lines (both solid and dashed)
are the CDMS constraints [4, 5]. The orange region is CoGeNT favored results.|6]

violation which allows CoGeNT to be consistent with Xenon 100 results strengthens collider
bounds considerably, as it leads to large destructive interference even within a single nucleon
as compared to the usual case of isospin conservation. The bounds derived from colliders in
this region of parameter space are not only stronger relative to the weakened direct detection
experiments, but also stronger in the absolute sense by orders of magnitude. 7 TeV LHC
results are already competetive with the strongest direct detection bounds through a large
range of dark matter mass in this case, and future LHC reach is better up to masses beyond

1 TeV.

These results are sensitive to the assumption that the particle mediating the dark matter-

SM interactions is heavy, and also to the assumption that such interactions obey the MFV
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Figure 2.9: The same as Fig. 2.8 but for the down-type coupling.

hypothesis. In models which predict light mediators or more complicated flavor structures for
these interactions those effects need to be taken into account directly, either through using
a UV complete description of the dark matter scattering or altering the ratios of couplings
between the generations away from the MFV assumptions. Our results indicate that any
theory of dark matter which uses the paradigm of isospin violation to reconcile the CoGeNT
and Xenon results must either have a collider-accessible mediator responsible for dark matter-
SM interactions or have more complicated flavor structure in its couplings. In particular,
theories which only couple the dark matter to up and down quarks, and not members of
the other generations, are much more difficult to probe at colliders if they interact through

mass-suppressed operators.
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constraints.[4, 5] The orange region is CoGeNT favored results.[6]
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Chapter 3

Effective Theories of Gamma-ray Lines

from Dark Matter Annihilation

Arvind Rajaraman, Tim M.P. Tait, and Alexander M. Wijangco

3.1 Introduction

While the existence of dark matter is now secure, its nature remains elusive. Many ex-
periments are searching for evidence of non-gravitational dark matter interactions through
direct detection of its scattering off heavy nuclei, or by direct production in colliders. Yet
another approach to search for dark matter indirectly is by looking for signals produced by
its annihilation to Standard model (SM) particles. In particular, the Universe is transparent
to ~ 100 GeV energy gamma rays on galactic distance scales, which allows one to use their
distribution in the sky as well as in energy as handles to try to sift the signal from the (often

poorly understood) astrophysical backgrounds.

Among the most striking potential signals one can imagine from dark matter annihilation is
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a mono-energetic “line" of gamma rays. Such a process occurs when two (non relativistic)
dark matter particles annihilate into a two-body final state, one of which is a photon. The
most canonical of such signals would be annihilation into two photons, whose energies are
expected to be very close to the mass of the dark matter particle. While such a process is
usually suppressed compared to the continuum of gamma rays that result from dark matter
annihilations into charged or hadronic particles, the signature is distinctive and difficult for

more conventional astrophysics to mimic.

In fact, recent analysis of data obtained by the Fermi-LAT collaboration [92, 93] has found
tentative indications of such a line at an energy of about 130 GeV, originating from close to
the galactic center |94, 95, 96]. Such a signal is tantalizing, and the presence of what may be a
fainter secondary line in the data whose energy is consistent with annihilation into a vZ final
state |96, 97] lends some credence to an interpretation in terms of dark matter annihilation.
On the other hand, searches for signs of a signal in targets away from the galactic center
have vielded results which are confusing at best [98, 99, 100, 101, 102], there are significant
limits on a continuum signal associated with the regions of the sky where the line appears
brightest [103], and most seriously, there seems to be a hint of a feature in photons arriving
from the direction of the Earth’s limb [96] raising the possibility that the feature in the data
is the result of a subtle instrumental effect [104, 105, 106]. Perhaps less likely, the signal
could also correspond to more prosaic astrophysical processes [107, 108, 109]. Despite these

potential issues, the feature at 130 GeV is very interesting and worthy of investigation.

In this article, we examine dark matter annihilations as a source of multiple lines, using the
powerful language of effective field theory developed in Ref. [97]. While we are inspired by
the feature currently observed in the Fermi data, we will be more concerned with the generic
systematics of multiple line signals, which can be applied both to the currently observed

feature and to future searches.
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3.2 Effective Field Theory

We will take the dark matter (denoted by x) to be a singlet under all SM interactions, which
implies that it couples to the electroweak gauge bosons (including the photon) through higher
dimensional operators that result from integrating out electroweakly charged massive fields.
We work at the level of this effective field theory containing the dark matter and the SM
itself. We impose a 7, symmetry under which the dark matter is odd and the SM is even
in order to insure that the dark matter is stable. We are interested in operators containing
at least one photon, so as to result in an observable gamma ray line signal. The operators
are organized by the energy dimension of the field content, since one generically expects
operators corresponding to higher dimensions to be less relevant in low energy processes,
being more suppressed by the masses of the heavy particles that were integrated out to

produce them.

This last issue raises an important question — does one expect that effective field theory
can capture the physics of dark matter annihilation into photons at all? Like any effective
theory, our theory is valid at very low momentum transfer, but fails to capture the physics
of high energy processes, for which the complete theory in the ultra-violet is required. For
(non-relativistic) dark matter annihilation, the characteristic momentum transfer is of order
the mass of the dark matter itself, and so this assumption boils down to the requirement that
the particles mediating the interaction between the dark matter and electroweak bosons are
heavier than m,. Since such mediator particles must be charged, their masses are bounded
in general to be 2 100 GeV by LEP (or more by the LHC if they are stable on collider time
scales [110]). However, in many theories the loop process connecting the dark matter to the
weak bosons contains a mixture of SM as well as heavy mediator particles. For example, the
line signal resulting from dark matter whose primary interaction is with SM light quarks is

considered in Ref. [70].

27



Dimension 6 Operators

B1+B2 r}lz;XX*BWBW + T;z—QXX*WﬁVWWV VY, Y2
B3vbi K2 XX B B 4 o Wi, Wer 7Y, ¥4
B3 B4

Dimension 8 Operators

D1+D2 | o (xuX* — X 0. x) B T D@ + 11— (X0, x* — X 0, x)TWHT D, @
D1 ~ D2 ~

D3+D4 | o (x0uX* — X*0ux) B** T D@ + 1 (X0, x* — X 0, x)TWHT D, @
D3 D4

Table 3.1: List of effective interactions for complex scalar dark matter and the type of line
signals (v, vZ, and/or vh) that they produce.

Nonetheless, even if there are light SM particles participating, the structure remains tightly
constrained by SU(2) x U(1) electroweak gauge invariance. The presence of multiple lines
thus remains generic and (provided the non-SM heavy mediators are sufficiently heavy com-
pared to m, ), the relative rates of various line processes such as vy and vZ are not likely to
show large deviations from an effective theory description, although the precise mapping of

the EFT coefficients to the UV theory parameters becomes more murky.

Our effective field theory is constructed as the Standard Model, plus a dark matter particle y
which we allow to be either a complex scalar or Dirac fermion. The real and Majorana cases
are simply related to our results. The interactions of interest contain at least one SU(2)
Wi or hyper charge B* gauge field, which will become a photon after rotating to the mass

eigenbasis,

B, =A, costy — Z,sin Oy (3.1)

Wj’ =A, sinfy + Z,, cos Oy

where A, and Z,, are the photon and Z boson fields respectively, and 0y is the electroweak

mixing angle.
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Dimension 5 Operators

AleAQ A_;XVMVXBMV + ALAQXVMVXBMV YV ’}/Z
Dimension 7 Operators
C1+C2 R XX By B+ g xx Wi, W
C3 + C4 A NXBuw B + A?XXW;}VWW
C5+C6 KXV X B B 4 g3 xy Wi, wer v 14
C7+C8 KXY X B B + X Wi, W VL Z
1 v Rav 1 v a Yi/acv
CCIQI%CCIIOQ ricrg)f’YMV Xguag , + F?TOEC’YW XCET/M@EVTGCD ’Yi
N R XX B |5 g o xyx I, v
C13+C14 = X7 X B |P? + A%)ZVWXCI)TWLIVT@CD vh
13 ()(‘14
Dimension 8 Operators
D5+D6 T XVuXBP T D ® 4 o= Xy, X PTWET D, P vZ, vh
D5 ~ D6 ~
D7+DS8 P};XWXBWCI)TDQCD + P}LgmﬂxclﬂwgaTaDa@ vZ, ~vh

D9+D10 | X7 15X BF®T Dad + X7, 1 xOTWET D, | 77
D9 ~ D10 ~
D114+ D12 | X7 x B O Da® + X7, s x O WHET D ® | 42

Table 3.2: List of effective interactions for Dirac fermion dark matter and the type of line
signals (v, vZ, and/or vh) that they produce.

We consider the effective vertices shown in Tables 3.1 and 3.2 (for scalar and fermionic dark
matter, respectively), which are built out of the dark matter fields, the field strengths W
and B* (and their duals W and E), the SM Higgs doublet ®, and its covariant derivative

1
Da® = 0 —igg TLWa® — i1 Ba® | (3.2)

where T are the generators of the doublet representation of SU(2), and ¢; and ¢, are gauge
couplings. We define v* = [y*,+”]. For our purposes, it will be sufficient to work in the
unitary gauge, for which we may take,

1 0
b - — , (3.3)

V2 \ vy b

where V' ~ 246 GeV is the Higgs vacuum expectation value and h(x) is the physical Higgs
field.
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This set of interactions is complete up to terms of dimension 8. A similar list was studied,

including bounds from indirect and direct detection and LHC searches, in Refs. [111, 112].

3.3 Line Cross Sections

Since dark matter is expected to be highly non-relativistic (with velocity dispersion v ~ 1073)
in the galactic halo, dark matter annihilation into photons may be simplified as an expansion
in v2. We retain only the leading (v-independent) terms. In this limit, the operators C1 — C4
and D1 — D4 lead to vanishing cross sections, and thus are unlikely to lead to any observable
line signal. Operators Al and A2 (which correspond to magnetic/electric dipole moments
for the dark matter) are strongly constrained by direct detection [55], and thus also unlikely
to contribute to a large line signal'. We leave consideration of all of these unpromising cases

for future work.

We will denote pq, ps to be the incoming dark matter particle momenta, ps will be a photon,
and py is either another photon, Z boson, or higgs boson. The differential cross section is

written

do By
dQ 25672 E3 v

MP? (3.4)

where £/ = m, + O(¢v?) is the energy of each dark matter particle, v is the dark matter
velocity, and E3 = |p3| is the energy of the outgoing line photon. |M|? is the matrix element
M averaged over initial dark matter spins (if any) and summed over final state particle

spins.

L An inelastically scattering dark matter particle with dipole interactions can evade direct detection con-
straints and might even explain the DAMA signal, see Refs. [70, 113, 114, 115, 116].
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3.3.1 Dimension 6 Operators

Operators B1 — B4 and C1 — C18 all have the form X " [, or X FW]?W, where F* = BH
or WH. For the X F* I, operators, the matrix element will have the form M = —2Y (ps -
pac3 - €4) where Y is whatever the Feynman rules of X yield, and depends on the spin of the

dark matter. If p, corresponds to another photon, we find

D IMP =16V Y (ps - py)* . (3.5)

€3,€4

To obtain | M|?, one averages this result over the dark matter spin states. In the case where

p4 corresponds to a massive gauge boson, we find:

D IMP =12YY(ps - pa)* (3.6)

€3,¢4

For an operator of the form X F#**F,,, the matrix element will have the form: M = Y (phe4 —

phes ) (phe] — plel)€wpe Squaring this yields:

D M =32Y Y (ps - p)? (3.7)

€3,¢4

For the (complex) scalar dark matter dimension six operators, YY1 = % and the average
over spin is trivial. The operators Bl and B2 interfere with one another, but are separate

from B3 and B4. The resulting cross sections are:
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|U|UBI Q(XX* — ’}/ry) — 2m3( <COS4 QW 2 COS2 QW Sin2 QW Sin4 9W>

m Ajlm A2BlA2B2 Ale2
(3.8)
3 cos? Oy sin? Oy (4m?2 —m2)® /1 2 1
vlopra(xx" = vZ) = - < - - >,
[vlosal ) 647””;1( Ajlm A2BlA2B2 Ale2
(3.9)
and
0]opss o — 1) = 4m? <COS4 Ow  2cos? Oy sin?fy  sin? 9W>
7 @ Ale3 A2B3A2B4 Ale4 ’
(3.10)
cos? Oy sin? Oy (4m2 — m?)® /1 2 1
[vlopsa(xx" = v2) = — ( - + > )
87””;1( Ale3 A2B3A2B4 Ale4
(3.11)
respectively.

3.3.2 Dimension 7 Operators

A Dirac fermion can annihilate into vy and vZ through the dimension seven operators C5
— C8 (recall that C1 — C4 vanish at zero velocity). The matrix elements are identical to B1

— B4 as far as the final state, and the only difference is the average over initial WIMP spins.
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The resulting cross sections are,

[voess(xx — vv) = iy <COS4 bw | 2cos’ by sin by sin” 9W>

m Ags A305A?é’6 A%ﬁ
(3.12)
3(4m? — m%)? cos® Oy sin® Oy [ 1 2 1
[vlocse(xX — vZ) = x ( - + ) ,
327””;2( A%5 A%SA%ﬁ A%ﬁ
(3.13)

and

lv|locrs(xx — vY) = 8m;1< <COS4 Ow  2cos? Oy sin® Oy sin’ 9W>

@ A%? A%7A%8 Ags
(3.14)
(4m2 — m2)3(cos? Oy sin® Oy) [ 1 2 1
[vlocrs(xx — vZ) = x - +
47””3( A%? A%7A%8 Ags
(3.15)

The remaining dimension seven operators lead to single lines. For C9 and C10, the anti-
symmetry of v forces the yy — 77 cross section to vanish identically, leaving only a v7

line:

(4m2 — m%)3(4m? + m%) cos? Oy sin® Oy [ 1 2 1
vloco0(xx — 7Z) =— x — + :
16m; 7 Ay AGghery  Alyg
(3.16)
Whereas operators C11 — C14 result in a single vh line,
[vlociiiz(xx = vh) = (4m3 — mj,)°V? <COS2 Ow  cosOwsinfy  sin’ 9W>
7 G4 m A Abn A, ANy )

(3.17)
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and

Am, —mp)*V? ([ cos? 6 Oy sin Oy sin® 0
lvlociza(xX — vh) = (4 ) <COS w  costysinbfy s W)

6 - 3 3 6
A013 AC13AC14 4AC14

(3.18)

16m§<7r

3.3.3 Dimension 8 Operators

Dimension eight operators could in principle contribute to line signals from scalar dark
matter, but in practice these operators lead to cross sections which vanish in the zero velocity
limit. Thus, we limit our discussion to the case where the dark matter is a Dirac fermion,
for which there are potentially both vZ and ~vh final states. For D5 — D8, we have two sets

of interfering operators,

(4m2 — m%)*(4m2 + m3)V*(ga cos Oy + g sin Oy )?

|U|O-D5,6(XX /7 ) 4096ﬂ_m;1<m2z ( )
< cos? Oy cosOy sinly  sin? Oy, >
Abys AbsApe Ahps )

(4m2 —m3)*V? [cos? Oy cosBy sinfy  sin® Oy
v — h = X — 320
[v|opss(XxX — Th) 1024m§7r A%s A%sA%)fj 4A8D6 o )

and

(4m?2 — m%)3(24m?2 + m%)V*(gz cos O + ¢y sin Oy )?

v 7\ = X X : - 3.21
[vloorsbox = 72) 10247 mim? (3:21)
< cos? Oy cosOy sinfy  sin’ Oy >

Aby AbrADs ANps )
(4m2 —m;)*V? [cos? Oy cosby sinfy  sin? Oy
% — h = X — . 322

For operators D9 — D12, the vh line vanishes in the limit of zero velocity, leaving a single
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bright v7 line from each set of operators. The cross sections are,

(4m2 — mQZ)3V4(,C]2 cos By + g1 sin QW)2

X = L) =—= 3.23
<0052 Ow  cos b sin O sin? 9W>
A Ao ANby )
and
- (4m? — m%)3V*(gy cos Oy + g sin yy)?
vlopiae(xy = 7%) =—* 109610 (3.24)
X
<COS2 Ow  cosby sinfy  sin® Oy >
Abiy AbiAbi AA%,

3.4 Summary

We are now in a position to summarize the various possible annihilation modes for each
operator class. The processes resulting from each operator which are not suppressed by the
dark matter velocity are listed in in the third column of Tables 3.1 and 3.2. As is evident
from the table, any operator which can produce a v line will (modulo interference between
two operators) also result in a vZ one, whereas some of the higher dimension operators are
able to produce vZ or vh lines in isolation. Of course, a specific UV theory of dark matter
may result in more than one operator being turned on. Typically one expects that relevant
operators of the lowest dimension will dominate the size of each line with corrections from

higher order terms being controlled by m, /A; to the appropriate power.

Our results are suggestive of new ways to interpret the results of line searches. Given a

choice of dark matter mass and now that the Large Hadron Collider has measured the Higgs
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boson mass, the energy of each line is determined,

E.,, = My (3.25)
4m?2 — m?2
F., = —x ' Z 3.26
4m? —m3
B = ZT’ (3.27)
X

where it should be clear that the energy in each case refers to the energy of the final state
photon, and the label applies to the process which produced the gamma ray. Since multiple
lines are a fairly generic feature, it would be interesting to recast single line searches into
searches for multiple lines based on a given value of m,. For example, a search for lines related
to a scalar dark matter particle could search simultaneously for two lines with energies F.,
and I,z based on operators Bl and B2. At each putative dark matter mass, a bound can

be placed in the Ag;-Ap, plane.

Alternately, if one has a particular UV theory in mind such that either one operator or
the other (or some linear combination with a fixed ratio) is generated, one can improve the
sensitivity by searching for two lines at correlated energies with a fixed intensity ratio for
the two. In Table 3.3, we list, for each operator, the strength of the first (lowest energy) and

second line implied by each set of operators. For convenience, we have introduced the short
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hand notation:

cos* Oy 2cos? Oy sin® Oy, sin? Oy
fl(A17A27n)E < n nAn n > )
A2 ATAL A2
(3.28)
. 1 2 1
fo(A, Aoy n) = cos? Oy sin? Oy <Af” — NiA + A%”) )

(3.29)

f3(A17A27n7m)

<0052 Ow  cosby sinfy  sin’ Oy

— 0 in Oy )™ .
A%n A71LA72L 4A%n > (Q2 cos ty + g1sin W)

(3.30)

The operator groups D5+D6 and D7+D8 each predict a fixed ratio between the two lines,
regardless of the specifics of the relative coefficients of the operators within each category.

The ratios are:

[vlopss(xx = v%) _ 4m3, — my, ’ (4m3 + m)V? (g2 cos Ow + g1 sin Oy )?
lv|opse(Xxx — vh) dm? — m3 4m2 m% ;
(3.31)
vloprs(xx = 7v4) <4mf< - m2z>3 (24m2 4 m7)V?(g2 cos Ow + g1 sin Oy )?
lvloprs(xx = vh) 4m3, —mj; 4 m3, my .
(3.32)

3.5 Outlook

Gamma ray line searches make up a crucial part of searches for the indirect detection of
dark matter. We have studied using the tools of effective field theory the generic multi-line
signatures of dark matter annihilation. While our specific analytic results apply only in the

case where the particles mediating the interactions between the dark matter and photons
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Operator First Line Second Line

B1+B2 %h(/\m,/\m, 2) 2—7?](1(/\31,/\32,2)

B3+ B4 (“””;W—ij fo(Aps, Apy, 2) @fl(Am,ABgﬂ)

C5-+C6 a2 fa(Acs, Ace, 3) 3 Fi(Acss Acs, 3)

C71C8 U= b (Aor, Acs, 3) % fi(Aor, Acs, 3)
Co+C10 | U mﬁ;%? ) f2(Aco, Acio, 3) N/A

C114+C12 %—mfwfg(/\cn,/\mz;?) 0) N/A

C13+C14 “‘—mgﬁfﬁ fs(Acrs, Acra, 3,0) N/A

D5+D6 | R (Aps, Aps,4,0)  Rpa ) 4f<AD5’AD6’4 2)
D74DS | U TVE e AL Apg, 4,0) U ”f§2)4§if§”mj "V fo(Apr, Aps, 4, 2)
D9+D10 | W2V (A g, Ao, 4,2) N/A

D11+D12 %T”;; fa(Apir, Apis, 4,2) N/A

Table 3.3: The strength of the first and second (when applicable) gamma ray line signals for
each operator described in the text.

are much heavier than the dark matter itself, the central result that there are multiple lines,
and their relative intensities, are the consequence of SU(2) x U(1) gauge invariance, and

thus rather generic.

We have examined the set of lowest operators which can contribute to vy, vZ, and yh lines,
for dark matter which is a complex scalar or Dirac fermion. Our results suggest that an
interesting extension of the current suite of searches for photon lines at gamma ray telescopes
would include the simultaneous search for two lines at fixed relative energies. Such a search
should improve the sensitivity to specific UV theories of dark matter in many cases, which
fix the ratio between the interfering operators of a given dimensionality. Should a set of
lines be discovered, the energies and relative intensities of the set provide key information
as to the possible responsible operators, and thus the first clues as to the nature of the dark

matter responsible.
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Chapter 4

Particle Physics Implications and
Constraints on Dark Matter

Interpretations of the CDMS Signal

Randel C. Cotta, Arvind Rajaraman, Tim M.P. Tait, and Alexander M. Wijangco

4.1 Introduction

Astronomical and cosmological probes of dark matter not only exist, but indicate that dark
matter is five times as prevalent in the universe than the conventional forms of matter
described by the Standard Model [27]. Despite this abundance however, knowledge of dark
matter remains perplexingly incomplete. Principle among these unknowns are the mass of
the dark matter (DM) particle and the nature of its interactions with the Standard Model

(SM), both of which are unconstrained over many orders of magnitude.

A diversity of theoretical models has grown to accompany the diversity of allowed phe-
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nomenology [117]. Extremely light and weakly-coupled axions [118, 119] are a canonical
scenario of DM with phenomenology that differs drastically from that of the more usually
discussed WIMPs [120, 121, 122, 123, 124, 125], though essentially arbitrary phenomenology
can be obtained from hidden sector models [126, 127, 46, 128], which may be designed to solve

problems unrelated to dark matter (e.g., generation of cosmic barvon number [129, 130, 131]).

Given this diversity, the experimental effort to measure such interactions has become increas-
ingly creative. In addition to the traditional three-pronged experimental program consisting
of direct detection, which seeks to measure DM-nucleon scattering, colliders searches for
DM production and indirect detection searches for the energetic products of DM annihila-
tion in astroparticle experiments, are studies of even more diverse effects, e.g., observed and
simulated shapes of DM halos [132], the detailed nature of the CMB [133, 134, 135] and

primordial element abundances [136] and cooling of astrophysical objects [137].

Recently, the CDMS collaboration has made the interesting observation of an excess of 3
events over an expected background of 0.4 events, that can be interpreted as a signal detection
with ~ 20 significance [7]. Such a result is clearly inconclusive on its own and should be
subjected to the utmost scrutiny, especially as the favored mass mpys ~ 8.6GeV coincides
with the sensitivity threshold of the experiment. Despite these considerations, the result
is very interesting in light of similar anomalous results, such as from CoGeNT [6], and in
the favored-region’s proximity to the predictions of some well-motivated theoretical models

[138].

Describing a light DM particle with such (relatively) large interactions with the SM and
that wouldn’t have already been seen elsewhere is a phenomenological challenge. There
exist several “portals” (in effective operator language: SM-singlet operators built only out
of SM fields) by which such DM may easily communicate with the SM, each of which may
naturally suggest vector, scalar or fermionic mediators and have been studied in some detail

in the context of light DM [139, 140, 138, 141, 142, 143]. In this work we will consider a
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generic model of Dirac fermionic DM interacting with the Standard Model via a relatively
light scalar mediator particle. For such a model to avoid being ruled out from the outset
we consider our mediator to be coupled to SM fermions in minimal-flavor-violating (MFV
[144]) fashion, suggesting a natural connection between the physics that generates our DM
and messenger to the physics of the Higgs sector and electroweak symmetry breaking. We
will describe regions of parameter space for which our model obtains scattering in the range
of the CDMS result, where the annihilations in our model are sufficient for equalling the
cosmological DM relic density and regions that are already ruled out by collider and low-

energy experiments.

The rest of this paper is divided into four sections. In Section 4.2 we describe and discuss our
simplified model framework, in Section 4.3 we describe our model’s DM phenomenology, in
Section 4.4 we describe collider and low-energy bounds that can be placed on the parameter

space of our model and in Section 4.5 we present a concluding discussion.

4.2 Simplified Model Framework

We work in the framework of a simplified model consisting of the Standard Model supple-
mented by a Dirac DM particle y and a CP-even scalar messenger ¢. CP-even scalars induce
s-wave scattering cross sections between WIMP and nucleons, which is favorable for model-
ing a direct detection signal. Since the CDMS signal is suggestive of a WIMP whose mass is
well below My /2, we restrict ourselves to considering dark matter which is an electroweak
singlet in order to avoid large contributions to the invisible width of the Z boson [145]. Fit-
ting the CDMS signal region will imply O(0.1 — 1) coupling between ¢ and xy, suggesting
that ¢ should also be an electroweak singlet. The mass of the y is fixed by the CDMS signal
to m, =~ 8.5 GeV. In the discussion below, we fix the dark matter mass to this value and

comment where appropriate as to how our results would change for different masses.
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In order to evade very strong bounds from flavor-violating observables, we invoke minimal

flavor violation [144] with regard to the ¢ coupling to quarks,
Lint = GOXX + Y 9N odidi + > gu N dtiju; (4.1)

where A% and A\ are the down-type and up-type Yukawa interactions. In addition to the
masses m, and mg, the model is specified by the dimensionless couplings to dark matter g,,
to down-type quarks (scaled by the appropriate Yukawa interaction) g4, and similarly defined
coupling to up-type quarks g,. In what follows we will work primarily in the 3-dimensional

space (Mg, Gy, ga). We consider two distinct cases for g,:

e g, ~ 1.8 g4, leading to iso-spin preserving (IP) elastic scattering in direct detection

experiments; or

e g, ~ —1.015 g4, leading to isospin-violating (IV) scattering with f,/f, ~ —0.7, de-

signed to maximally weaken the sensitivity of Xenon-based searches [74].

It is worth noting that even for g, ~ ¢4, the elastic scattering cross section will be similar for
protons and neutrons, owing to the relatively small contribution of the up and down quarks
because of their small Yukawa interactions. One could also write down (and put bounds
on) a coupling between ¢ and leptons, but such an interaction is largely orthogonal to a
discussion of the CDMS signal. Where relevant, we will comment on the bounds on such a

coupling below.

There are also potentially renormalizable interactions between ¢ and the Standard Model
Higgs doublet, H. In general, the details of the scalar potential are not very important for
the phenomena of interest here, and we leave a detailed analysis for future work. However,

it is worth noting that mixing between ¢ and the Higgs boson allows for ¢ to be produced
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via typical Higgs production modes, including ¢Z at LEP II. For masses less than about
110 GeV, null results of Higgs searches at LEP generically imply that the mixing is no larger
than O(10%) [146], although there are windows of mass where bounds are weaker, and might

even be interpreted as not very significant hints for a positive signal [147].

While we remain agnostic as to the origin of the simplified model framework, it is worth
noting that one can imagine a simple UV-completion of the scalar sector based on a two Higgs
doublet model augmented by a gauge singlet scalar. The two Higgs doublets provide sufficient
freedom in the Yukawa couplings so as to realize g, and g4 in the desired ranges, with the
(mostly singlet) ¢ inheriting the couplings through modest mixing with a combination of the
physical CP even Higgs bosons. Perhaps the most studied model containing these ingredients
is the NMSSM [148, 149]. It has been pointed out that one can find limits in the NMSSM
parameter space that attain large scattering cross-sections with a low DM mass [150, 151, 152]
although there may be some tension with other constraints as, in supersymmetric models
like these, large cross-sections tend to come hand-in-hand with sizable couplings to W=*/Z°
[153]. Variations of supersymmetric models consisting of the MSSM plus a singlet super-field
can realize suitable cross sections [154, 155, 156]. For an example of a non-supersymmetric

UV completion see [157].

4.3 DM Observables

In this section we focus on finding regions of our parameter space that are attractive from
a DM standpoint: light DM with large elastic scattering cross-sections. Although we are
particularly interested in scattering, we also calculate relic density and discuss current anni-
hilation cross-sections for our y to give a sense of the cosmological history necessary in such
a scenario. We consider messenger masses in a wide range, 1GeV < m, < 100GeV, antici-

pating (as is confirmed below) that mediator masses above ~ 100GeV will be non-trivially
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constrained by collider monojet searches'’. We use MicrOMEGAs v2.4 [159] for all elastic

scattering and annihilation cross section calculations.

For our direct detection calculation we use a local DM density po = 0.3GeV/cm? and nuclear

form factors:

FP =0.023, JP o= 0.033, J7 =0.05,

i =0.018, 2= 0.042, i =10.05.

Appropriate values for the strange-flavored scalar form factors are hotly-debated at current
[160, 161, 162, 163, 164, 165, 166, 167|, the choice fY ~ 0.05 is on the low side of proposed
values, making it a conservative choice for our purposes. The uncertainty coming from the
strange quark is anyway not critical for our purposes: we consider a wide range of elastic

scattering cross-sections?,

107%pb < oy S 3% 107 *pb, (4.2)

as interesting for our purposes. Since the transfer energy of scattering is much less than my,

the scattering cross section depends on my and the couplings as a function of ¢, ga/ mi.

We calculate the thermal relic density of our y assuming that the only relevant processes
at freezeout are those in our simplified model. As always, this is a fairly heavy-handed
assumption and may or may not be relevant in any particular completion of our model.

Despite this, our thermal relic calculation remains useful for denoting regions of parameter

For mediator masses heavier than typical LHC center-of-mass energies the limit should be essentially
the same as the stringent EFT bounds derived in {158]
2This range corresponds to the lower-most and upper-most values on the 20 ellipse of the result [7].
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space where extra theoretical structure® may be necessary to increase or decrease the relic
density with respect to our minimal scenario and where our model saturates the Planck
collaboration’s measurement [27], Qcpyh? &~ 0.1146, on its own. Annihilations proceed
through t-channel Yy — ¢¢ (when kinematically available) and through s-channel yy —
ff, the former depending on the couplings only as gf( and the latter as ¢, gq. Both of
these processes are actually p-wave processes at leading order (suppressed by v? ~ 107%) so
current annihilations from our simplified model are predicted to be much below the canonical
(ov) ~ 3% 107?cm?®/s. Similarly low rates are calculated in the resonant region 2m,, & my,
although Planck-level relic densities are achieved for much lower coupling values. Such
processes also fall below the bound found in [168]. If our model were to also include a pseudo-
scalar state, a, then there would be available s-wave processes giving current annihilations
close to the canonical value*. Such pseudo-scalars are not hard to come by theoretically
(e.g., in approximately SUSY-preserving multiplets) and would have no effect on scattering
rates (momentum suppressed) but potentially sizable effects on the other observables, such

as collider production.

In Figure 4.1 we map out the combinations of ¢, and m, for which scattering cross sections
are within the range Eqn. 4.2 and for which the relic density matches the Planck value
for both IP and IV cases and for several values of g;. The shape of the signal region can
be understood as a restriction of gx,qd/mi to a particular interval. The features of the
relic density band are easy to understand: there is a sharp upturn where the yy — ¢¢
channel becomes phase space suppressed (my ~ m,) and a sharp downturn in the resonant
annihilation region (my ~ 2m,). Annihilation cross-sections (not shown) are (ov) < 3%
107*%cm? /s on the Planck band. In principle it is possible for my to be sufficiently light such
that tension arises with measurements of N.¢;. However, the smallest value of mg we consider

is 1 GeV. At these masses ¢ decays away before BBN and does not affect the CMB. In the IV

3e.g., non-thermal evolution or dark sector states that participate in the thermal calculation
1As may be desired given the current (inconclusive, but interesting) hints of ~ 10GeV DM particles
annihilating to ¥’s or 7’s conributing to the v-ray spectrum at the Galactic Center [169, 170].

46



case, scattering cross-sections are reduced by destructive interference and we observe a shift
of the favored region for scattering toward larger coupling values. We observe regions where
both large scattering cross-sections and (), ~ Qcpy can be obtained simultaneously, for
essentially any choice of g;. While this happens both for very light mediators (mg < 10GeV)
and for very heavy mediators (my > 20GeV), we expect these regions to be in danger
either from Y-decay data or from collider searches. In contrast, regions of overlap in the
my < mg < 2m, range are particularly hard to constrain. In principle, an s-wave yy

scattering is also introduced, although we do not consider the consequences of this interaction

in this work.
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Figure 4.1: Spin-Independent Scattering and Relic Density. The blue band denotes SI scat-
tering cross-sections within the range Eqn. 4.2 (darker and lighter regions describing the
extent of 1o and 20 ellipses in the result [7], respectively). The red band shows where our
x’s relic density is €0, ~ Qcpy. In the upper panels g, and g4 are related such that f, = f,
(IP), while in the lower panels f,/f, = —0.7 (IV).
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4.4 Collider & Low-Energy Constraints

4.4.1 Mono-Objects

Intuition garnered from DM effective theory analyses over the last few vears suggests that
collider searches may have the final say on the viability of this scenario [50, 52, 14, 53,
158, 54, 171, 172, 111, 173, 174]. Such searches typically look for DM direct production by
studying single objects (monojets, monophotons, etc.) recoiling off of a missing transverse
momentum vector and, unlike direct detection experiments, remain sensitive to arbitrarily
small DM masses. The caveat to these searches is the efficacy of the EFT description, which
can give either an overly-conservative or an overly-optimistic sense of the collider reach in
light-mediator scenarios. For our mediators, with the DM mass fixed at m,, = 8.5GeV, there
are roughly three regimes for collider production: (i) the mediator is very heavy compared to
typical machine center-of-mass energies, (i) the mediator is light compared to collider center
of mass energies but heavier than 2m, and (u1) the mediator is lighter than 2m,. Scenario
(1) is the regime where the EFTs should give basically the right answer, in scenario (ii) the
mediator can be produced on-shell so we would expect the EFT bounds to be conservative
relative to the exact bounds and in scenario (71) the mediator can never be put on-shell, the
production cross-section is a rapidly falling function of the mono-object’s pr and the EFT
bounds would suggest much tighter constraints than what one would actually get in the full
calculation. Of course these regimes bleed into each other a bit, here we seek to describe

this behavior. For studies involving light vector mediators, see Refs. [175, 176, 177, 178].

Here we focus on LHC monojet searches, which we expect to provide the tightest constraints
in this class of experiments. Monojet bounds from the Tevatron were checked (c.f., [53])

as well and they are not competitive with those coming from the LHC?. We mimic cuts

5Monophoton bounds from LEP are irrelevant unless our mediator were to have large couplings to the
electron, which seems unlikely in our construction.
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4.4.2 Heavy-Flavor Searches

While the MFV structure of our messenger’s couplings keep direct collider production of
@’s highly-suppressed, the large couplings to top and bottom quarks suggest large rates for
¢’s radiated off of the final states in heavy flavor (HF) production. Since our ¢’s may be
made to decay either dominantly to missing transverse energy (for g, > g¢4) or to bb (for
ga > ¢y ), heavy flavor searches both with and without associated MET may be applicable.
HF searches with MET are typical of the suite of SUSY searches for third-generation squarks
(e.g., |9]), while HF searches without MET are not nearly as common. An example of the
latter is the search for signals of Higgs production in the ttH — ttbb channel (in practice, the
tt+b-jet channel [10, 180]). Here we investigate bounds on our model’s parameter space that
can be derived from these two searches. Another recent work that considered heavy-flavored

final states and dark matter is [181]

The ATLAS analysis [9], uses 13 fb™" of 8TeV data to place very stringent constraints,
O(1fb), on tt + MET from BSM sources. Here we use the full MPP analysis chain to
simulate the SM background to this search and to get a sense of the acceptance profile for
tagging the two tops in our signal. To calculate the signal rate we assume that the acceptance
(more precisely, the part of which comes from top-tagging) for signal events is essentially the
same as that for the SM background. This allows us to do an initial calculation of the signal
at parton level, before applying the more involved mps cut to accurately reproduce the MET
acceptance (the quantity that is really sensitive to the kinematics of our signal events) in
reasonable computational time. The particular MET and pr cuts that we used were those
of the “110 SR” signal region defined in [9]. The resulting excluded region is described in
Figure 4.2 and is seen to be stronger for all m, than that from the monojet search. Our
model’s mediator mass is bounded to be my < 45GeV (IP) or my < 20GeV (IV), in both

cases far smaller than the model’s ultimate perturbativity bound ¢, g4 < 4.
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4.4.3 B-Factory Constraints

For mediators with m, < my &~ 10GeV one must consider the possible signatures of our
model in T(nS) decay processes. Since our DM has 2m, > m~y we do not expect signatures
in T decays with invisible products (although these would become relevant for m, < 5GeV),
instead we consider radiative T decays, T(nS) — v¢ — vX where” X is some visible system
recoiling off of a monochromatic v. We consider two BaBar collaboration analyses: [11], a
search for photon resonances in Y (35) — y+hadrons and [12], a search for photon resonances
in T(1S) — v+ 777~. Both of these results provide a bound on ¢, (independent of g, ),
the former considering only quark coupling while the latter requires the model-dependent
assumption that ¢; = g4. We calculate the associated rates in our model space, following
closely the work [182]. The resulting bounds are shown in Figure 4.4. The T data limits the
ga coupling to be generally g4 < 0.1 for models with my < 10 GeV, ruling out favored parts
of parameter space where ¢, is small. There is a large dependence on the choice of IP or IV

scattering, the latter being constrained much more tightly at a given scattering cross-section

by the T data.

4.4.4 Exotic Higgs Decays

Given the necessarily small mixing between our messenger and the SM Higgs, we expect
that the current constraint on the Higgs invisible width (about 40%, per [183]) is not tight
enough to constrain our model. If our mediator is light, ms < mpy, then, as in many
NMSSM discussions, we may imagine producing a pair of boosted ¢’s and searching for pairs
of boosted objects from their decays. While the rate of such events depends on the details of
the UV physics that give rise to our simplified model, the resultant striking signature may

be the first place in which such a model can be discovered.

TOf course, “¢” here refers to our mediator, not the light unflavored meson.
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4.5 Discussion

We have investigated diverse bounds on the parameter space of a simplified model of DM
whose phenomenology could plausibly explain the low-mass and high-cross-section signal of
DM scattering in the CDMS Silicon data. Our model is typical of some extensions of the
SM Higgs sector that give light scalars coupling to SM fermions in an MFV pattern (e.g.,
coupling like a Higgs). We have shown that such models can easily attain the necessary
large scattering cross-sections for couplings of O(0.1 — 1), while also attaining the correct
relic density, in many regions of this subspace. If such a model were to be supplemented with
a pseudoscalar of similar mass to our messenger ¢, essentially none of the above story would
change qualitatively, except that one would have the kind of canonical s-wave annihilation

rates that we may already be seeing in the Galactic Center.

We have discussed collider and low-energy B-factory bounds on our parameter space and the
complementarity of these bounds. A round-up of these results is described in Figures 4.5-4.6,
where all bounds are collected and plotted in the g,gq4 vs. mg plane. Results are given for
two different choices of g, = 1 and g, = 0.1. In Fig. 4.5 we find that, for large g, = 1,
the combination of t¢ + MET and Y (nS) data require g4 < 0.1 except in the difficult region
my@as) < Me < 2m, where g4 < 1. For smaller g, = 0.1 we see that the t{+b-jet bound
(depending only on g,) supplants the ¢+ MET bound (depending on g, g4) to require g; < 1
for all mg. In Figure 4.6 we overlay the favored regions for scattering and relic density in
our parameter space. We see that the isospin-violating case is more highly constrained than

the isospin-preserving case, owing to the generally larger product g, g, required to produce

scattering signals at the CDMS level.

The fact that a light DM particle and scalar messenger coupling so strongly to SM fermions
is even phenomenologically viable at this point is very interesting. It is completely plausible

that a model like ours could be discovered first in direct detection experiments (as it may
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already have been!), especially for mediator masses in the difficult range mysg) < mg < 2m,.
From what we have shown it is also plausible that such a discovery could be corroborated (or
such a model ruled out) by LHC searches for anomalous heavy flavor final states, strongly
motivating a more careful look at such signatures under more generic (i.e., than SM Higgs

or MSSM sparticle) expectations.
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Chapter 5

Hidden On-Shell Mediators for the

(Galactic Center Gamma-ray Excess

Mohammad Abdullah, Anthony DiFranzo, Arvind Rajaraman, Tim M. P. Tait, Philip

Tanedo, and Alexander M. Wijangco

5.1 Introduction

The particle nature of dark matter (DM) remains one of the outstanding open questions
in high energy physics. Experimental probes of the dynamics that connect the dark sector
and the Standard Model (SM) fall into three complimentary classes shown schematically in

Fig. 5.1 See [43] for a status report.

Recent analyses of the FERMI Space Telescope data find an excess of 1-10 GeV ~-rays from
the center of the galaxy. In fact, a similar excess seems to extend away from the center to high
galactic latitudes [185, 186, 187]. This may be indicative of dark matter annihilating into SM

final states which later shower to produce the observed excess photon spectrum [188, 189,
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(a) (b) (©)

Figure 5.1: (a) Annihilation, (b) Direct Detection, (c¢) Collider. Complimentary modes of
dark matter detection. Annihilation sets both the thermal relic abundance and the present-
day indirect detection rate.

190, 169, 191, 170, 192, 193, 13, 38, 194]; see [195, 196, 197, 198, 199, 200, 201, 202, 194, 203]
for recent models. While an early estimate argued that an alternate interpretation based
on unidentified millisecond pulsars is unlikely [204], [13] and [205] recently demonstrated
the consistency of this hypothesis with the ~-ray excess. Indeed, it may be difficult to
distinguish these two possibilities since the extrapolated millisecond pulsar (MSP) profile
is very similar to standard DM profiles [206]. For the remainder of this paper we assume
the excess is generated by DM annihilation. The latest analyses prefer a 40 GeV dark
matter candidate that annihilates into bb pairs’ with a thermally averaged cross section
(ov)y; = O(few) x 10726cm? /s [13, 38|. Further, because (ov),y; is close to the value required
to be a thermal relic from standard freeze-out, it is implausible that such a relic could produce
such a v-ray signal without having an s-wave annihilation mode. Combined with constraints
from direct detection and collider experiments, this signal motivates a more detailed study

of the physics encoded in the shaded regions of Fig. 5.1.

! Annihilation of 10GeV DM into 77 is also plausible fit, see [207, 208, 197, 198, 201, 209] for recent
models. {210] found that a universal coupling to charged leptons may be favored after bremsstrahlung and
inverse Compton scattering effects are included. In this paper we focus on the case where the ~y-ray excess
is generated by bb pairs; we comment on more general final states in Section 5.6.1 and Appendix 5.9.
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5.1.1 From Effective Theories to Simplified Models

A simple parameterization of the SM-DM interaction is to treat the shaded blobs as effective
contact interactions between dark matter particles () and SM states. For example, the

coupling of fermionic DM to a quark ¢ is parameterized through nonrenormalizable operators

£5 4 (X0 (@0,0), (5.1)

where, for example, O, @ O, = +* @ 7, corresponds to an interaction mediated by a heavy
vector mediator that has been integrated out. The coefficient A=2 can be calculated for
specific DM models and allow one to apply bounds from different types of experiments
in a model-independent way. This technique has been applied, for example, for collider
[49, 50, 52, 53, 14, 54, 158, 171, 55, 174, 211, 172, 212, 173, 111, 213, 214, 215, 181, 216, 217],
indirect detection [48, 70, 71, 218, 219, 220, 221, 97, 211] and direct detection [90, 82,
222, 223, 69, 224, 225, 226, 227| bounds on dark matter. The choice of pairwise dark matter
interactions assumes the existence of a symmetry that also stabilizes the DM particle against
decay while the pairwise SM interactions are assumed to be the leading order gauge-invariant
operators. This need not be the case as has been demonstrated for annihilation [228] and
direct detection [229]. In these cases, the structure in (5.1) fails to capture the physics of the
mediator fields which couple to both the dark and visible (SM) sectors: the effective contact
interaction description breaks down when the mediators do not decouple. The limitations of

the contact interaction bounds were pointed out in [53| and highlighted in [230, 231, 232, 233].

This motivates a shift in the lingua franca used to compare experimental results to models:
rather than contact interactions, light (nondecoupled) mediators suggest using ‘simplified
models’ that include the renormalizable dynamics of the mediator fields [234]. This approach
has been applied to colliders [235, 178, 236, 237, 175, 176, 238, 239, 232, 233, 231, 240, 241,

242] and astrophysical bounds where the physics of the mediator has been explored in DM
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Name Operator Constraint

D2 (xvsx) (q9) Edge of EFT validity from monojet bounds
D4 (x75x) (G759) Edge of EFT validity from monojet bounds
D5 (XY*x) (@7uq) Spin independent direct detection

D6 (X7"v5x) (@v.q)  Related to D5, D8 in chiral basis
D7 (X7"x) (@vuv59)  Related to D5, D8 in chiral basis
D8  (x7v"vsx) (Gvuvsq) Spin dependent direct detection
D9 (xo"x)(§owq)  Nontrivial spin-2 UV completion
D10 (xo"~°x) (go,wq) Nontrivial spin-2 UV completion
D12 (X75x) GwG* Monojet bounds

D14 (X75x) GwG*  Monojet bounds

Table 5.1: Contact operators between Dirac DM and quarks or gluons [14] that support
s-wave annihilation and the constraint for the galactic center. See [15] for a recent technical
analysis.

self-interactions [243, 244, 245, 246, 247, 248, 249, 250, 251, 252, 253, 254, 255, 256, 127,
257, 258, 259, 260, 261].

5.1.2 The Gamma-ray Excess Suggests Light Mediators

When the galactic center signal is combined with complementary bounds from direct detec-
tion and colliders, one is generically led to the limit where the contact interaction description
(5.1) breaks down and a simplified model description is necessary. By ‘generic’ we mean no

parameter tuning or additional model building is invoked.

The tension is summarized in Table 5.1, where we list the Dirac fermion dark matter contact
interactions that satisfy the requirement of s-wave annihilation?. Because each effective
operator simultaneously encodes the various DM-SM interactions in Fig. 5.1, requiring a
coupling large enough to produce the v-ray excess automatically generates signals that are
constrained by null results at direct detection [30, 262] and monojet [263] experiments. These

rule out operators D5, D8, D12, and D14 in Table 5.1. The operators D2 and D4 are at

2Majorana dark matter relaxes these bounds by forcing some of these operators to vanish identically.
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the edge of the validity of the effective theory [232, 233, 231]. We ignore the D9 and D10
operators since they cannot be UV completed by a renormalizable theory. Finally, the D6
and D7 operators are related to D5 and D8 by the chiral structure of the Standard Model.
The fermionic SU(2);,xU(1)y eigenstates are chiral so that gauge invariant interactions are
naturally written in a chiral basis ¢O,Fy, rq where P p = %(1 F 7°). Thus one generically
expects that in the absence of tuning?, the presence of vector or axial couplings implies the

existence of the other.

It is thus difficult to account for the ~-ray excess in the ‘heavy mediator’ limit where these
contact interactions are valid. A more technical analysis of the contact interaction description
was recently performed in [264, 218, 15] and includes the case of scalar dark matter. The
~v-ray excess thus generically implies a dark sector with mediators that do not decouple and
hence is more accurately described in a simplified model framework. Recent comprehensive
studies of simplified models for the v-ray excess have dark matter annihilating through off-

shell mediators (s- and ¢-channel diagrams) [265, 266]; see [267, 268] for an earlier model.

5.1.3 Annihilation to On-shell Mediators

In this paper we focus on a different region in the space of simplified models where mediators
are light enough that they can be produced on-shell in dark matter annihilation, henceforth
referred to as the on-shell mediator scenario. This annihilation mode is largely independent
of the mediator’s coupling to the SM so long the latter is nonzero. Lower limits on the SM
coupling—that is, upper limits on the mediator lifetimes—are negligible since the mediator
may propagate astrophysical distances before decaying to the bb pairs that subsequently
vield the vy-ray excess. The SM coupling can be parametrically small which suppresses the

off-shell s-channel annihilation mode as well as the direct detection and collider signals. This

31t is worth noting that such a ‘coincidental’ cancellation occurs in the Z coupling to charged leptons
which is dominantly axial due to sin® Oy ~ 1/4.
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Figure 5.2: (a) Annihilation, (b) Direct Detection, (c¢) Collider. DM complimentarity for
on-shell mediators; compare to Fig. 5.1. (a) The annihilation rate is independent of the
mediator coupling to the Standard Model. (b) Direct detection remains 2-to-2, here N is a
target nucleon. (c) Colliders can search for the presence of the mediator independently of
its DM coupling.

is shown in Fig. 5.2.

Because on-shell annihilation into mediators requires at least two final states®, the resulting
annihilation produces at least four b quarks, as shown in Fig. 5.2a. This, in turn, requires
a heavier dark matter mass in order to eject ~ 40 GeV b quarks from each annihilation to
fit the y-ray excess. This avoids the conventional wisdom that this excess requires 10 — 40
GeV dark matter. In the limit on-shell annihilation dominates, the total excess y-ray flux
is fit by a single parameter, the mediator coupling to dark matter. Once fit, this parameter
determines whether the DM may be a thermal relic. We remark that the spectrum is slightly
boosted by the on-shell mediator; we address this below and explore possibilities where the

mediator mass can be used as a handle to change the spectral features.

The on-shell mediator limit thus separates the physics of mediators SM and DM couplings.
The former can be made parametrically small to hide DM from direct detection and collider
experiments, while the latter can be used to independently fit indirect detection signals such
as the galactic center v-ray excess. Observe that these simplified models modify the stan-

dard picture of complementary DM searches for contact interactions shown schematically in

10ne may also consider semi-annihilation processes x1x2 — x3(mediator) [269]. See [270] for a prototype
model for the galactic center ~v-ray excess.
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annihilates to . decays to
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Dirac fermion y Spin-0 ¢, Spin-1 V' b quark

Figure 5.3: Dark matter annihilates to on-shell mediators, which in turn decay into bb pairs.
Each step is controlled be a separate coupling, A. See text for details.

Fig. 5.2. Annihilation now occurs through multiple mediator particles and is independent of
the mediator coupling to the SM. Direct detection proceeds as usual through single mediator
exchange between DM and SM. Collider bounds, on the other hand, need not depend on the
DM coupling at all and can focus on detecting the mediator rather than the dark matter

missing energy.

In this paper we explore the phenomenology of on-shell mediator simplified models for the
galactic center. This paper is organized as follows. In the following two sections we present
the on-shell simplified models that generate the y-ray excess and determine the range of dark
sector parameters. We then assess in Section 5.4 the extent to which the on-shell mediators
must be parametrically hidden from direct detection and colliders. In Section 5.5 we discuss
the viability of this scenario for thermal relics. We comment on the lessons for UV models of
dark matter in Section 5.6. Appendix 5.9 briefly describes plausible variants for generating

~v-ray spectra with more diverse SM final states.

5.2 On-Shell Simplified Models

Fig. 5.3 schematically represents the class of simplified models that we consider. We assume
the existence of a single SM neutral spin-0 or spin-1 mediator which couples to Dirac fermion
DM with coupling Apy and bb pairs with coupling Apy. Majorana fermions do not differ

qualitatively in this regime. We focus on the case where mediators couple to the Dirac DM
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fermion with coupling Apy and to bb pairs with coupling Agn.

5.2.1 Parity Versus Chirality

Before describing the mediator interactions, we remark on the utility of the parity and
chirality bases for four-component fermion interactions. In the parity basis, one uses explicit

factors of the 5 matrix to parameterize

scalar (1), pseudoscalar (7°), vector (v*), and axial (7). (5.2)

interactions. This basis is most suited for nonrelativistic interactions. Equivalently, in the
chirality basis, one inserts chiral projection operators Pr r = % (1F ~°) into fermion bilinears.

This is the natural description of SM gauge invariants. The spin-0 fermion bilinears are

(1,4 = UP W £+ U PR — oy F hec. (5.3)

where we have written the Dirac spinor in terms of two-component left-handed Weyl spinors

U = (1, x")7T, see e.g. [271]. Similarly, the spin-1 bilinears are

Uy (1, 4P U = Ut Pl + Ut Ppl = i aiah T y oty (5.4)
The ~° appears as a phase in the spin-0 coupling and a relative sign in the spin-1 couplings
of opposite chirality fermions.

The phenomenology of the vy-ray excess suggests the use of both descriptions. DM annihi-
lation and direct detection occur nonrelativistically so the choice of a scalar (vector) versus
a pseudoscalar (axial) can dramatically affect the rate for these processes. It is thus useful

to parameterize these in the language of (5.2), whether or not the DM interactions are chi-
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Interaction s (P) v (A) s (P) vV (A) s (P) vV (A)
Partial Wave  p (s) s(p/s)  p(p) s (s) p(s) p (p)
On/Off-Shell ~ Off Off On On On On

DM Mass [Gev] — ~ 40 ~ 40 ~ 80 ~ 80 ~120 A~ 120

Table 5.2: Annihilation to mediators. S,P,V,A correspond to scalar, pseudoscalar, vector,
and axial vector interactions with DM. Also shown: the leading velocity (partial wave)
dependence, whether the process may occur on-shell, and the approximate mass for 40 GeV
final state b quarks. The off-shell axial coupling is s- or p-wave for axial/vectorlike SM
coupling respectively [16].

ral. On the other hand, electroweak gauge invariance mandates chiral interactions for the

mediator’s SM coupling.

We are thus led to consider a hybrid description where the mediator’s interaction with the SM
is naturally described by a chiral coupling while the interaction with DM is most usefully
described by a coupling of definite parity. The chiral description of the SM breaks down
for direct detection; however, since chiral interactions generically include both the 1 and
~ terms, we focus on bounds from the parity-even interaction that yields stronger bounds.
Dark matter searches at colliders probe relativistic energies without polarization information
and are thus typically independent of parity. In this document we refer to the ‘spin-0" or
‘pseudoscalar’ mediator to mean the spin-0 field which has a pseudoscalar interaction with

the Dirac DM without assuming a particular parity-basis interaction to the SM.

5.2.2 Mediators Versus s-wave Annihilation

The parity basis for dark matter interactions clarifies the types of interactions that can yield
s-wave annihilation for the ~v-ray excess. In Table 5.2 we show annihilation modes to up to

three spin-0 or spin-1 mediators for the interactions in (5.2). On-shell kinematics require at
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least two final states so that the leading annihilation modes in the on-shell mediator limit
are two spin-1 particles (of either parity) or three pseudoscalars. The off-shell diagrams

represent the s-channel simplified models in [265, 266].

Also shown in Table 5.2 are the approximate masses for the on-shell mediator scenarios. In
order to eject 40 GeV b quarks from each annihilation, the two (three) body final states re-
quire that the DM mass is approximately m, = 80 (120) GeV. Observe that this mechanism
allows one to circumvent the conventional wisdom that the galactic center signal requires

DM lighter than typical electroweak scale states.

Note that these masses are back-of-the-envelope estimates that do not account for the boost
in the b spectrum from the mediator momentum or the spread in mediator energies for the
3-body final state. Further, we assume only couplings to b. This is a reasonable estimate
and does not violate flavor bounds for spin-0 mediators since it follows approximately from
minimal flavor violation (MFV) [272, 273, 73, 144]. On the other hand, spin-1 mediators
generically couple democratically to all three generations in the MFV ansatz, as can be seen
when comparing (5.3) and (5.4). Finally, one should also account for the effect of the off-
shell, s-channel annihilation modes for finite coupling to the SM, Agy. We account for these

in Sec. 5.3 where we perform a fit to the ~-ray excess.

The amplitudes for annihilation to two spin-1 mediators via the vector and axial interactions
are identical so in this case the choice of parity versus chirality basis is irrelevant. Of the
spin-0 mediators, however, only pseudoscalars generate s-wave annihilation. If the dark
sector is described by a chiral theory, one generically expects both parities to be present.
However, since the scalar is p-wave, it is suppressed by (v?) ~ 107 and may be ignored
for annihilation. On the other hand, this dramatically affects the direct detection rate, as

discussed in Sec. 5.4.2.
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5.2.3 Requirements for On-Shell Mediators

On-shell mediator models must satisfy the following conditions for the dark sector spectrum,

2my,  for a spin-1 mediator
2my > (5.5a)
3m,  for a spin-0 mediator

my., > 2my, (5.5b)

and the following requirements on the mediator couplings,

)\DM ~1 (55C)

Asm < 1. (5.5d)

These are interpreted as follows:

(a) Nonrelativistic DM annihilation has enough energy to produce on-shell mediators.

(b) The mediator may decay into b quarks to produce the spectrum of the v-ray excess.

(¢) The additional coupling(s) in the on-shell diagrams do not suppress the amplitude nor
are they so large that they are nonperturbative, A}, < 4r.

(d) Parametrically suppress the off-shell, s-channel mediator diagrams in annihilation and

simultaneously ameliorate limits from direct detection and colliders.

We now elucidate the conditions (5.5¢=5.5d) more carefully by determining the coupling
scaling of the on-shell versus off-shell annihilations. For a spin-1 mediator, the on-shell
annihilation mode goes through two on-shell mediators which subsequently decay into bb
pairs. The key observation is that unlike the case of an off-shell s-channel mediator, the

annihilation to on-shell mediators is largely independent of the coupling to the SM, Agy.
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We thus focus on the limit where the on-shell mode dominates over the off-shell s-channel

diagram,

~ )\DM2 > ~ )\DM)\SM- (56)

on shell

Note that this condition is trivial if the mediator has axial couplings since the s-channel
diagram is p-wave. As discussed above, in a UV model that avoids flavor bounds, a spin-1
mediator is likely to couple democratically to other SM fermion generations. The annihilation
rate relevant to the galactic center y-ray excess would be multiplied by the branching ratio
to bb pairs, Br(V — bb). If one insists that the v-ray excess is generated exclusively by the
decay of b quarks, then the branching ratio is an additional O(107!) factor that must be
compensated by Apy. More dangerously, one must also account for the ~v-ray pollution from
annihilations yielding light quarks. We address the effect of this pollution on the fit to the

~v-ray spectrum in Sec. 5.6.1.

For a pseudoscalar mediator the analogous limit is

",/ 4'; X
-.:--< N Abm > --- ~ ApmAsnm-  (5.7)
< \/ZE

X

Sy
on shell

We have also inserted an explicit factor of v/4rn for the additional phase space suppression

in the cross section of a three- versus two-body final state.

Both (5.6) and (5.7) impose the limit Asy < 1 to suppress the s-channel off-shell mediator

with Apy fixed (for given masses) to give the correct galactic center photon yield. The mag-
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nitude of >’ is addressed in Sec. 5.4. The limit of a very small coupling to the Standard
Model is further motivated by the dearth of observational evidence for dark matter interac-
tions at colliders and direct detection experiments. This limit also occurs naturally in models
of dark photon kinetic mixing or compositeness. In our scenario, parametrically suppress-
ing this coupling increases the lifetime of the mediator. This has little phenomenological

consequence given the astronomical distance scales associated with the galactic center.

5.2.4 Estimates for the Gamma-ray Excess

Before doing a fit to the y-ray excess, we establish a back-of-the-envelope benchmark using
the DM masses in Table 5.2 and neglecting the mediator spectrum and boost. This gives a
reasonable estimate while also highlighting the parametric behavior of the fit. The contact
interaction fits to the galactic center v-ray excess suggest annihilation to a pair of b quarks

with a thermally averaged cross section [13],

(ov)y =~ 5 x 10726 cm?/s. (5.8)

Note that [38] found a slightly smaller cross section, 1.5 x 10726 cm?3/s due to a slightly
tighter DM halo (larger v parameter in the generalized NFW profile [274, 275, 276]). The

photon spectrum from this annihilation is

a6 (o 1 dN, )
dEfy - 2 47Tmi dEfy os dxp (Tga‘l (6767 x)) 9 (59)

where (b, ¢) are Galactic coordinates, p is the DM profile, and 7y, is the distance from the

galactic center along the line of sight (LOS).

In on-shell mediator models, the DM annihilates into 2 (3) mediators which each decay into

pairs of b quarks. In order that each of these final state b quarks to carry 40 GeV, the DM
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mass must be approximately 80 (120) GeV as stated in Table 5.2. This reduces the DM
number density by 4 (9) in order to maintain the observed mass density; this is manifested
in the m;2 factor of (5.9). This is factor is partially compensated by the multiplicity of
bb pairs in the final state increases the total secondary photon flux by a factor of 2 (3).
Together, these effects require that the annihilation cross section is a factor of ~ 2 (3) times

larger than yy — bb cross section (5.8),
(0v)ann. & 2(3) X (00)4p- (5.10)

where (ov),; is the contact interaction value (5.8). Because (ov),; is already determined
to be close to the thermal relic, one may worry if the additional factor in (5.10) violates
the feasibility of a thermal relic. We address this in Sec. 5.5. Considering the range of
kinematically allowed mediator masses and accounting for the powers of Apy in the spin-0

and spin-1 cases, (5.10) gives the estimate

ApM ~1.1—14 (spin-0) (5.11)

ApM ~ 0.27 — 0.44. (spin-1) (5.12)

These couplings indeed agree with the estimate (5.5¢) while remaining perturbative, A%, <
47. The scale of the spin-1 coupling implies a slight suppression on the left-hand side of
(5.6) which must be compensated by a stronger upper bound on Asy. We show below that

direct detection also constraints Agy strongly for the spin-1 mediator.

5.3 The Gamma-Ray Excess from On-Shell Mediators

Having established the intuition developed in Sec. 5.2.4, we examine the photon spectrum

predicted from the on-shell mediator scenario and fit to the observed ~-ray excess.
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Figure 5.4: (a) xy — VV — 4b, (b) xx — 3¢, (c) xx — 3¢ — 6b. Energy spectrum with
arbitrary normalization from DM annihilation for (a) b quarks from two on-shell spin-1 me-
diators, (b) pseudoscalar mediators, (c) b quarks from three on-shell pseudoscalar mediators.
(a) corresponds to m, = 80 GeV while (b,c) corresponds to m, = 120. Lines correspond
to my = 15, 30, 55, 60 GeV or myg = 15, 45, 55, 60 GeV from red (solid) to blue (most
dashed). The ‘box’ width in (a) is not monotonically decreasing with my, as evidenced by
the 30 GeV line (orange).

5.3.1 Mediator Spectra

In 2-to-2 scattering, the final state energies is completely determined by kinematics. This is
the case for Yy — bb from effective contact interactions or simplified models with single off-
shell mediators; the monochromatic spectrum of final state b quarks vield, upon showering,
a spectrum of photons which fits the observed ~-ray excess well. In the case of annihilation
to on-shell mediators, however, the b quark spectrum is no longer monochromatic, as shown

in Figure 5.4.

For spin-1 mediators, it is well known that the final states of a yxy — V'V — 40b cascade has
box-like energy spectrum over the kinematically allowed range; see, for example, [277, 278].
The V spectrum is monochromatic in the lab frame and the bb spectrum is monochromatic in
the V rest frame. The b energies in the lab frame depend on the angle of the bb axis relative
to the direction of the V boost. Isotropy of the V boost washes out the angular dependence
and gives a flat b spectrum over the kinematically allowed region. This is demonstrated
in Fig. 5.4(a). The box becomes more sharply peaked as my — m, = 40 GeV. The

case of annihilation into three spin-0 mediators is more complicated since the mediators
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Figure 5.5: (a) Comparison, (b) Spin-1, (¢) Spin-0. Predicted spectra for the galactic center
~v-ray excess (GCE) for (a) the best fit models categorized by the number of final state
b quarks, (b) a range of spin-1 mediator masses, (c¢) a range of spin-0 mediator masses.
Overlayed is the measured ~-ray spectrum from [13], bars demonstrate an arbitrary measure
of goodness-of-fit. See Sec. 5.3.3 for details.

have a nontrivial energy spectrum and it is no longer simple to derive the b spectrum from
kinematics alone. Monte Carlo energy spectra for xyxy — 3y and the subsequent decay in to

6b are shown in Fig. 5.4(b,c) using MadGraph 5 [179].

5.3.2 Generating Gamma-Ray Spectra

~v-ray spectra for our simplified models are generated using PPPC 4 DM ID (henceforth
PPPC) [279, 280], a Mathematica [281] package that generates indirect detection spectra
based on data extracted from PYTHIA 8 [282]. Presently, PPPC only generates signals
for DM annihilation into pairs of SM particles. In order to include the effects of the on-
shell mediators, one must account for the boost by convolving the PPPC photon spectrum
dN.(Ep)/dE, with a distribution of b energies F, which may be taken as a box for the case

of two on-shell mediators or interpolated from Monte Carlo simulations such as Fig. 5.4(c).

For on-shell annihilation into spin-0 and spin-1 mediators, the shape of the photon spectrum
is completely determined by the masses of the DM particle m, and the mediator my while

the overall normalization is fit to the necessary cross section by fixing Apwy, as estimated
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Figure 5.6: Fits for on-shell annihilation through spin-1 mediators. LEFT: best fit values of
Apm. RIGHT: fit significance highlighting the best (m,, mmeq.) values. See text for details.

in (5.11 — 5.12). The effect of the mediator mass is fairly modest, as demonstrated in the
L2 dN, /dE, spectra in Fig. 5.5. The reason for this is that the requirement that the mediator
is massive enough to decay into bb pairs (5.5d) limits the extent to which the mediators are

boosted.

5.3.3 Fitting the Gamma-Ray Excess

We use the yY — bb v-ray excess spectrum assuming a yY — bb template from Figure 8 of
[13]. We note, however, that this is an approximation since the on-shell mediator scenario
predicts a different spectral shape that, in principle, should be modeled and included in the
fit for the vy-ray excess. The comparison of the best fit yy — 2b spectrum versus the on-shell

mediator spectra in Fig. 5.5(a) qualitatively demonstrates the degree of approximation.

Indeed, [13] showed how the spectrum of the excess (though not its existence) can depend
on both the background subtraction and the choice of DM template assumed in the fit. This
highlights a second caveat when building DM models for the ~-ray excess. As is standard
in astrophysics literature, [13] and [38] only quote statistical errors on their fits since the

systematic errors associated with fitting and subtracting background is nontrivial and in-
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tractable to quantify. Both [13] and [38] make this clear in their text. Model builders from
the particle physics community, however, should be careful not to interpret these statisti-
cal uncertainties in the same way as quoted uncertainties from collider data, where both
statistical and systematic errors are included. [13] demonstrated some of the systematic
uncertainties by exploring the differences in the spectral fits from different background sub-
traction. Further still, both [13] and [38] use the FERMI collaboration’s 2FGL point sources
and recommended diffuse emission model gal_2yearp7v6_v0. These assumptions also carry
an implicit systematic uncertainty that are difficult to quantify without further input from

the FERMI collaboration.

That being said, one can see from the log,,. error bars in Fig. 5 of [38] that even just the
statistical errors on the ~-ray excess can accommodate modified spectra. Combined with
the estimated systematic errors in Figure 8 of [13] and additional systematic errors from the
FERMI background, this suggests that more general final states beyond the standard bb and
77 should be considered for the v-ray excess. In Appendix 5.9 we present simple explorations

for the range of spectra that can be generated in the on-shell mediator scenario.

Because of the unquantified systematic error associated with these spectra, we do not pa-
rameterize the statistical significance of our fits in terms of confidence intervals. Instead, we

measure the goodness of fit using the y? value with an arbitrarily chosen 20% error,

log D; — log (AZ,5:) )
goodness of fit = < o8 log((?il()»];M )> : (5.13)

i

Smaller values are better fits. The index ¢ runs over the bins in the extended source data set,

D and S are the Ei% values for the extended source data and the model spectra (assuming

ApM = 1) respectively, and M2, is the overall normalization of our input spectra, where

n = 2, 3 is the number of on-shell mediators produced in each annihilation. The denominator

reflects the assumed 20% error: we emphasize that this is not a statement about the total
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Figure 5.7: Fits for on-shell annihilation through spin-0 mediators. LEFT: best fit values of
Apm. RIGHT: fit significance highlighting the best (m,, mmeq.) values. See text for details.

error, but rather a standard candle for quantifving the goodness-of-fit. This is shown as a

bar on the data in Fig. 5.5.

In Figs. 5.6 and 5.7 we fit the spectral shape over the region of DM and mediator masses, m,
and Mypeq., estimated in Table 5.2 and (5.5a — 5.5b). The DM coupling Apy parameterizes the
overall normalization and is fixed to minimize (5.13) for each value of m, and meq.. The best
fit values prefer a slightly lighter DM particle than the back-of-the envelope estimates in in
Table 5.2 due to the on-shell mediator smearing the b spectrum. The fits are flexible over the
range of mediator masses within the kinematically accessible region, as seen in Fig. 5.5(b,c).
We note that these plots assume the limit of vanishing SM coupling, Asyy — 0, so that
the contribution to the v-ray spectrum from yy — bb via s-channel, off-shell mediators is
negligible. We explore the role of finite Mgy in Sec. 5.4.1. We also note that the simplest
models spin-1 mediators typically have universal couplings to all quark generations; we

address this in Sec. 5.6.1 and display the modified results in Fig. 5.10.
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5.4 Experimental Bounds on the SM Coupling

One of the features of the on-shell mediator scenario is that the y-ray excess annihilation
mode is controlled by parameters that can be independent of the conventional experimental
probes for DM-SM interactions. Following the complimentarity in Fig. 5.2, we examine the

effect of non-negligible mediator coupling to the SM and determine the bounds on Agy;.

In contrast to effective contact interactions or models with off-shell mediators, the the on-
shell mediator scenario naturally includes the limit of extremely small SM coupling so that it
is always possible to parametrically ‘hide’ from these bounds. In principle, one may invoke
the morphology of the v-ray excess to set a lower bound on the mediator coupling. For
example, if the mediator decay were too suppressed, the observed ~-ray excess would have
a spatial extent larger than the galactic center. In fact, the DM interpretations in [190, 38|
found that the excess has a tighter profile (v > 1) than the standard NFW DM density profile
[274, 275, 276]. This lower bound on Agy is effectively irrelevant because of the astronomical

distances associated with the galactic center.

5.4.1 Indirect Detection

In Sec. 5.3 we assumed that the contribution of s-channel diagrams to DM annihilation is
negligible following (5.6 — 5.7). We can use the arbitrarily normalized goodness-of-fit mea-
sure (5.13) to assess the effect of these diagrams on the ~-ray excess fit as we parametrically
increase Agy. We assume that the mediator couplings are such that the s-channel diagram
supports s-wave annihilation, otherwise the contribution is negligible due to p-wave suppres-
sion by (v?) ~ 107%. From Table 5.2, we see that non-negligible s-channel contributions may
come from mediators with either pseudoscalar or vector coupling to the SM. For example, V'

could couple axially to both DM and the SM with a large s-channel contribution for finite
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Figure 5.8: (a) Spin-1 (b-philic), (b) Spin-1 (g-democratic), (¢) Spin-0. Fits including s-
channel diagrams to the case of a (a) spin-1 mediator coupling only to b, (b) spin-1 mediator
coupling to all quarks equally, and (¢) pseudoscalar mediator. Plots assume that the s-
channel diagrams are s-wave, see Tab. 5.2. Smaller values correspond to better fits, see

(5.13).

Asm- On the other hand, if V' couples axially to DM and vectorially to the SM, then there
may be little modification to the annihilation spectrum from s-channel diagrams even for

large values of Agp.

We scan over values of Agy that parametrically increases the relative fraction of s-channel
off-shell DM annihilations to on-shell annihilations to mediators®, allowing Apy and the
mediator mass to float to a best-fit value. The results of the fit are shown in Fig. 5.8, where
the best fit regions have smeared into lower DM masses compared to Fig. 5.6. The s-channel
contribution produces y-ray spectrum which is a poor fit due to the larger DM mass in the
on-shell mediator limit. However, because the ~-ray spectrum is smeared out relative to
the b spectrum, there are intermediate masses m, where the harder-than-usual s-channel
diagram and the softer-than-usual on-shell mediator diagram average to vield good spectral
fits. From the point of view of constructing DM models for the ~-ray excess, this shows that
not only can the DM particle be as heavy as 80 or 120 GeV, as shown in Sec. 5.2, but it can

take on intermediate values between these values and m, ~ 40 GeV. We further generalize

5 Note from (5.6 — 5.7) that the relative ratio of s-channel diagrams to on-shell mediator diagrams is
determined not simply by Agm, but a ratio of Agy to a power of Apy depending on the type of mediator.
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this in Appendix 5.9 where we find plausible fits with m, < 40 GeV, and propose a simple

mechanism to make m, > 120 GeV.

We note that in this scenario, indirect detection bounds from cosmic antiprotons can con-
strain Apy. Current constraints from the PAMELA are not sensitive to the rates required in

our model, though AMs-02 will access this region [283, 284]°.

5.4.2 Direct Detection

Unlike the other experimental options in Fig. 5.2, direct detection experiments probe WIMP—
nucleon interactions at low transfer momentum, ¢* ~ O(10 MeV), and are accurately de-
scribed in the contact interaction limit with corrections of order O(¢*/m?.,) < 1. The
present experimental bounds on the spin-independent (S1) and spin-dependent (SD) inter-

actions in the DM mass region of interest are set by the LUX [30] and XENON 100 [29]

collaborations, respectively:

s <107% cm? Oen <5 x 1074 em?. (5.14)

5We thank kc Kong for pointing this out. See Fig. 2 and Fig. 4 of [283] for the relevant bounds, recalling
(5.10) for our model. Note, however the large propagation uncertainties in Fig. 2.
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In Fig. 5.9 we apply these bounds to the contact interactions in (5.1) with the identification
A% = dgmApn/mZ .y - We use the benchmark parameters in Section 5.2.4 with the fact that
the spin-0 mediator couple only to b quarks while the spin-1 mediator couples universally to

all quarks.

In addition to the conventional spin-independent (v*@+,) and spin-dependent (7#v° @~,7°)
interactions, we present bounds on the axial-vector (7#v° @+,) and vector—axial (v ®~,7°)
interactions for a spin-1 mediator. These are suppressed by virtue of being higher order in
the transfer momentum/DM velocity; we estimate these bounds following [224]. If the spin-1
mediator couples only to b quarks, the bound on Agyr is weakened because interactions with
target nucleons go through a b-quark loop that induces mixing between the mediator and

the photon [266, 285].

As discussed in Sections 5.2.1 and 5.2.2, we only consider spin-0 mediators that couple as
a pseudoscalar to DM. We do not include the v° @ +° operator since it is so suppressed by
powers of the momentum transfer that the bounds on Agy; are weaker than the perturbativity
bound gy < V4w, We evaluate momentum-dependent operators at ¢> = 0.1 GeV following
[224]. These direct detection rates can be calculated in more detail using the nonrelativistic
effective theory developed in [69, 222, 227]. Operator bounds in this formalism are presented

in [286, 287] and Mathematica codes for these calculations are available in [287] and [223].

5.4.3 Collider bounds

The collider bounds for this class of models falls into two types: those based on processes
where the mediator couples to both the SM and DM and those that only depend on the

mediator’s coupling to the SM.

The first type of collider bounds are epitomized by mono-object searchers with missing energy
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where the DM leaves the collider. These bounds are discussed extensively in the ~-ray [off-
shell, s-channel] simplified models [38, 266]. We thus only highlight the most promising
proposed bound, the ‘mono-b" search [181]. Because of the requirement (5.5¢) of on-shell
annihilation into mediators, the class of models explored in this paper typically falls in the
range where the effective contact interaction description breaks down [53, 230, 231, 232, 233].
We leave a detailed simplified model study for future work, but instead translate the projected
scalar—scalar (1 ® 1) contact interaction bounds in [181] as a conservative estimate for the
reach of this search. Over the range of dark matter masses m, < 150 GeV, the projected

bound from 8 TeV LHC data is approximately
M, >100 GeV = AP0 <2 B! <06, (5.15)

where M, parameterizes the scalar—scalar contact interaction,

315 000 (a0 (5.16)
To estimate this bound, we have matched this to AgmApyms™ (xx) (Gg), where we have taken
s = 225 GeV, the cut on the minimum missing energy in [181]. We have estimated that
the spin-1 bound on M, is identical and used the smaller Apy value (5.12). Note that at
high energies the distinction between operators with and without a ~+° in the parity basis
is negligible. The bound (5.15) is thus fairly robust; unlike the direct detection bounds, a

judicious choice of operator cannot avoid the constraints from this search.

A second class of collider bound comes from a search for the signatures of the mediator
interacting only with the SM sector. The bounds from this type of search are relatively weak
in the mediator mass range of interest (15 — 70 GeV) because of large QCD backgrounds
in bump searches (dijet, 4b); see, for example, [288]. Because our only requirement is that

the mediator couple to b quarks (and other quarks as mandated by MFV, for example),
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a prototype for the mediator is a 7’ that gauges baryon number U(1)g. This has been
examined originally in [289, 290| where the most stringent bounds come from the hadronic

width of the 7 which sets a relatively weak bound
Asu <1 (5.17)

This bound becomes stronger in the neighborhood of the T mass, but this is already at the
edge of what is kinematically allowed for decay into b pairs (5.5d). See also [291] for a review
including loop-level constraints from mixing and [292] for discussion of bounds combined
with anomaly constraints. Another prototype for the spin-0 mediator is a gauge-phobic,
leptophobic Higgs. There exist very few bounds for such an object in the mass range of
interest. A preliminary estimate for the reach of a ‘Higgs’ diphoton search between 50 — 80

GeV ATLAS detector with 20/fb found weaker constraints than (5.17) [293].

5.5 Viability as a Thermal Relic

One of the appealing features of the simplest vy — bb mode is that the required annihilation
cross section (5.8) is so close to the value required for a thermal relic. Due to the scaling in
(5.9), the s-wave annihilation cross section for the on-shell mediator scenario is a factor of
n larger than the thermal value where n = 2,3 is the number of mediators emitted, (5.10).
This comes from a factor of n enhancement due to the number of bb final states and a factor
of n? suppression coming from a decreased DM number density. We examine the extent to
which our scenario may still furnish a standard thermal relic. Observe that this sector of the
model no longer has free parameters since the y-ray excess fixes both the dark matter mass

m,, and coupling Apy.
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5.5.1 s-wave Cross Section

For simplicity, let us first assume that DM annihilation at freeze-out is dominated by the
same diagrams that generate the galactic center v-ray excess at the present time. We ad-
dress s-channel and p-wave corrections below. The observed Dirac DM density (,h? is
approximately” [295]
_6x107°" em®/s

O 1 ~ (2,52

<UU>ann.

=012 [296, 297, 298] (5.18)

obs

where h is the Hubble constant in units of 100 km/(s - Mpc). From (5.10), the annihilation
cross section is (00)ann. & n(5 x 1072 ¢cm?/s), where n = 2 or 3 depending on the mediator.
At face value, this gives a relic abundance that is too small. One may not mitigate this by
assuming another DM component since this, in turn, reduces the galactic center signal and

hence requires one to increase the annihilation cross section further.

While the value of Q,h? is well measured, the precise value of the annihilation cross section
(0V)ann. at freeze-out carries uncertainties from early universe parameters such as the num-
ber of effective degrees of freedom. On top of this, there are further uncertainties in our
approximation (5.10) coming from uncertainties in astrophysical parameters. For example,
the Yy — bb annihilation cross section (5.8) depends on the fit to the dark matter density
profile at the center of the galaxy [299]. The analysis in [38]| found a tighter density profile
for which (ov),; &~ 1.5x 1072 ¢cm?/c. The value of (60)ann. spin-1 mediators (n = 2) required
for a thermal relic falls between these two estimates of (ov);;. We may thus assume that it
is consistent with the galactic center signal within the uncertainty of the DM morphology.
In fact, when the boost from the on-shell mediator is taken into account, the best fit DM
mass is slightly smaller than the assumed 80 GeV in our estimate. This can push the esti-

mated relic abundance from 2, 4% = 0.10 to 0.12 so that the case of a spin-1 mediator may

"The thermal cross section for Dirac DM is a factor of 2 larger than Majorana DM [294].
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plausibly vield the correct thermal relic abundance. On the other hand, it is difficult for a
spin-0 mediator to satisfy the observed DM relic abundance and seems to require additional

mechanisms to produce €, h%.

5.5.2 s-channel and p-wave Corrections

The corrections to the above estimates include s-channel Yy — bb diagrams and p-wave
corrections from additional on-shell mediator diagrams. The s-channel modes are paramet-

rically suppressed by A2,; < 1 in the cross section and can be ignored.

Corrections from p-wave diagrams are negligible for present day annihilation in the galactic
center due to a large velocity suppression. At the time of DM freeze-out, on the other hand,
this velocity suppression is much weaker and one should check for p-wave corrections to
the relic abundance. For spin-1 mediators there are no additional diagrams which are not
suppressed relative to the yy — V'V s-wave diagram. For pseudoscalars mediators, on the
other hand, the xyxy — 2¢ mode is p-wave but not parametrically suppressed by Agy. At

freeze-out these diagrams may contribute appreciably to DM annihilation,

e -

- Apm [y
: < ~ T ""T . (5.19)
X \"‘T X !
on ;hell on shell

The prefactor accounts for the additional phase space and p-wave suppression. The ratio

X 4«/_ X .a

of the DM mass to the freeze-out temperature x; = m, /Ty ~ 20 appears when thermally
averaging the annihilation cross section at freeze-out over a Maxwell-Bolztmann velocity
distribution. This factor is not especially large and so one expects the pseudoscalar annihi-

lation cross section at freeze-out to be even larger than approximated with only the s-wave
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piece. This further reinforces the observation that this class of mediator requires additional
mechanisms to attain the observed DM relic density. See [300, 301, 302, 303, 304, 305, 306,
307, 308, 309, 310, 311, 312, 313, 314, 315, 316, 317, 318] for a partial list of model-building

tools for obtaining the correct relic abundance without the standard freeze-out mechanism.

5.5.3 MSPs Can Save Freeze-Out

As noted in the Introduction, [190, 169, 319, 192, 13, 205] have pointed out that an alternate
source for the y-ray excess is a population of hitherto unobserved millisecond pulsars ( MSPs).
As an estimate, a few thousand MSPs could generate the observed ~-ray flux [13]. A recent
study of low-mass X-ray binaries (LMXB) may lend credence to this argument. It is thought
that MSPs are old pulsars that have been spun up ‘reborn’ due to mass accretion from a
binary companion and that LMXB are simply a different phase of the same binary system.
During accretion, the system is X-ray luminous and is categorized as an LMXB. The X-ray
flux drops when the accretion rate drops and the system is then observed as a MSP. One can
thus attempt to use the spatial distribution of the LMXB as a proxy for that of MSps. [320]
found that the spatial morphology of the LMXB in M31 is consistent with both the ~-ray

excess and the DM interpretation—thus making it difficult to distinguish the two [206].

This, however, can be a boon for model-building within our DM framework. [190] noted
that the degeneracy between the MSP and DM intepretations of the excess suggests that
the excess may come from a combination of the two sources. In this way one may take
the DM annihilation cross section to be that which is required for a thermal relic—thus
undershooting the expected ~v-ray flux—and then posit that a MSP population accounts for

the remainder of the ~-ray excess.
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5.5.4 Conditions for Thermal Equilibrium

In order for the thermal freeze-out calculation for y to be valid, we must assume that the
mediator is in thermal equilibrium when the DM freezes out. This imposes a lower bound on
the coupling of the mediator to the SM. In principle one must solve the Boltzmann equation
for the mediator, but to good approximation it is sufficient to impost H < I'(med — bb).
For the range of mediators that can give the ~-ray excess, this imposes a very modest lower

bound )\SM Z 1077.

5.6 Comments on UV Completions and Model Building

Simplified models, such as those presented here, are bridges between experimental data and
explicit UV models. In this section we highlight connections between our on-shell simplified

models and viable UV completions.

5.6.1 Minimal Flavor Violation

The simplified models constructed in Section 5.2 couple the mediator only to b quarks to
fit to the galactic center extended ~-ray source. Assuming only this coupling violates flavor
symmetry and can lead to strong constraints from flavor-changing neutral currents. A stan-
dard approach to this issue in models of new physics is to impose the minimal flavor violation
(MFV) ansatz where the Yukawa matrices are the only flavor spurions in the new physics
sector [272, 273, 73, 144]. This prescribes a set of relative couplings to the SM fermions up
to overall prefactors. We assume that the dark sector is flavor neutral, see [321, 203, 322]

for models with nontrivial flavor charge.
For the pseudoscalar mediator this is a small correction as can be seen by writing out the
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flavor indices in the spin-0 fermion bilinears (5.3) by which the pseudoscalar couples to the
quarks. MFV mandates insertions of the Yukawa matrices between couplings of right- and
left-handed fermions. After rotating to mass eigenstates this vields mediator-SM interactions

My,

A pdpidp; + Mot ol (5.20)

My,
Losm = )\UTSOUMUM + Ad A

where g, g = Pp gq, the A, 40 are overall prefactors, and A is a UV flavor scale. Assuming
that the A\, 4, are the same order naturally sets the dominant ¢ decay mode to be bb since
the t¢ mode is kinematically inaccessible for the range of masses we consider. The simplified

model coupling to b quarks is thus identified as
My
1= A—- 5.21
Asm Y (5.21)

The results of the simplified model above should be adjusted by including the effects of the
other ¢ decay modes, though these effects are suppressed by the relative size of the other
fermion masses to m;,. We remark that modest to large values of )\, can lead to new signatures
such as mediator emission off of a top quark at the LHC or gluon couplings through top

loops.

The spin-1 mediators couple fermions of the same chirality, as demonstrated in (5.4). Promot-
ing these interactions to an MFV-compliant coupling does not introduce additional factors
of the Yukawa matrices since each term is a flavor singlet. Thus, unless the UV model is
specifically constructed so that the spin-1 mediator couples preferentially to b quarks, the
generic expectation is the spin-1 mediators have a universal coupling to each generation, for

example

()\SM)d = ()\SI\/I)S = ()\SM)b; (522)

and similarly for the up-type quarks, leptons, and neutrinos. Unlike the case of the pseu-
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Figure 5.10: Fits for on-shell annihilation through spin-1 mediators assuming universal cou-
pling to all quarks; compare to Fig. 5.6 which assumed a coupling to only b quarks. LEFT:
best fit values of Apy. RIGHT: fit significance highlighting the best (m,, Mmeq.) values. See
Section 5.3.3 for details.

doscalar mediator, this can lead to dramatic modifications since the light quarks produce a
softer spectrum of secondary photons relative to the 0. This is demonstrated in Fig. 5.10
which shows that the best fit spectrum is very different from that of the case where the
spin-1 mediator only couples to the b: the best fit DM mass is &~ 45 GeV rather than ~ 75
GeV.

As a caveat, we note that for fitting the y-ray excess with either spin-0 or spin-1 mediators,
it is sufficient that A, is nonzero. Thus, in principle, one can set A\, and A, to vanish; the
latter condition suppresses the leptonic signals for the mediator at colliders and skirts the

most stringent constraints on bosons in the on-shell mediator mass range (5.5a — 5.5b).

5.6.2 Gauge symmetries

Gauge invariance also constrains UV completions of these simplified models. Because the
SM fermions are chiral, the parity basis spin-0 interactions on the left-hand side of (5.3) are

not SU(2)1, x U(1)y gauge invariant. The similarity of (5.20) to the Yukawa coupling gives
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a hint for how to make this interaction SM gauge invariant. The mubrb;, term is implicitly
yp(v/V/2)brby, where v is the Higgs vacuum expectation value. We may promote this to a

gauge invariant coupling by restoring the Higgs doublet H so that (5.20) becomes

Al I U R V7 A
Losw= "L oH - Qui+ Lol - Qi+ “ 0T - Lig, (5.23)

where I = io?H*, Q and L are the left-handed SU(2) doublets.

UV models for the spin-1 mediators are also constrained by gauge invariance since these cou-
plings can be assumed to be interactions of a spontaneously broken U(1) gauge symmetry. In
a UV model one must be able to assign messenger charges to the SM fermions—or otherwise
introduce new matter in the dark sector—to cancel all gauge anomalies with respect to the
mediator gauge symmetry. The axial mediator case requires particular care since the global
chiral symmetry of the SM is anomalous requiring, for example, a cancellation between the
up-type and down-type quarks. See [292] for a recent analysis of anomaly constraints on
the phenomenology of Z’ bosons in the mass range and with the type of leptophobic/gauge-

phobic couplings we consider for on-shell mediators for the y-ray excess.

5.6.3 Renormalizability

Finally, one may push further and argue that a true ‘simplified model” should depend only
on renormalizable couplings; i.e. that it should be a UV complete theory. While the spin-1
couplings automatically satisfy this, the pseudoscalar couplings (5.23) are dimension-5. We
would thus like to consider renormalizable operators that generate (5.23). Because the SM
fermions are chiral, there are no renormalizable interactions with the SM singlet ¢ and the

SM fermions. We thus left with interactions between the Higgs and the pseudoscalar,

Low = H Ay (Mo +¢%) (5.24)
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where M is a dimensionful coupling. These couplings are reminiscent of the Higgs portal
framework [323, 324] with the caveat that ¢ is now a mediator rather than the DM particle.
At energies below my,, (5.24) generates the couplings in (5.23) with the prediction A\, =
Ad = A¢. This is model dependent: In a two-Higgs doublet model such as the MSSM, one
may have ¢ mix differently with the up- and down-type Higgses. These couplings introduce
additional handles for dark sector bounds through the invisible width of the Higgs. See [325]

for an explicit model for the y-ray excess of this type.

5.6.4 Self-Interacting Dark Matter

The on-shell mediator scenario has nontrivial dynamics even in the limit of parametrically
small coupling to the SM and may be a candidate for a model of self-interacting dark matter.
However, the lower bound on the mediator mass (5.5d) is heavier than the typical scale
required to address anomalies in small-scale structure [326, 327, 243, 246, 247, 252, 254, 255,
256, 127, 259, 260, 261]. A complete study of DM self-interactions through a pseudoscalar
has vet to be completed, though the first steps are presented in [244] and have indicated
that resonance effects may be relevant even for m,, 2 10 GeV. Alternately, in Appendix 5.9
we address alternate final states that may match the y-ray excess. Of particular interest is
a mediator which decays into gluons—say through a loop of heavy quarks—could be made
light enough to plausibly be in the regime of interesting models for self-interaction. We leave

a detailed exploration for future work.

5.6.5 Prototypes for UV models

We briefly comment on directions in specific models that may be adapted to the on-shell
mediator scenario. The MSSM introduces an additional pseudoscalar state which can plau-

sibly mix with the Higgs as in (5.24), but SUSY bounds tend to rule out the mass range of
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interest. Alternately, the singlet superfield of the NMSSM may be sufficiently unconstrained
to furnish the required pseudoscalar. More generally, [325] recently proposed a complete

non-supersymmetric UV model with two-Higgs doublets for the ~-ray excess.

A second alternate direction is to develop models with spin-1 mediators. We have shown that
these typically are forced to have a constrained SM coupling if the mediator has a universal
coupling to all generations, as one may generically expect for a gauged symmetry; see [139]
for an explicit leptophilic model. While a 7’ coupling to U(1)g and parametrically small
coupling to the SM is a valid scenario within the on-shell mediator framework, one may also
consider options where the spin-1 mediator does not have universal coupling, for example
[328]. Inspiration for such a particle is motivated by Randall-Sundrum models [329] (gauge
bosons with the 4D zero mode projected out, see e.g. [330, 331]) or their holographic duals

(composite Higgs models with p-meson-like excitations) [332, 333].

5.6.6 Exceptions

Finally, we point out several exceptions to some of the ‘generic’ statements we have made in

this document.

e In Sec. 5.1.2 we motivated the on-shell mediator scenario by exploiting how bounds
on one operator ‘generically’ bound others. Some of these bounds are avoided when y
were a Majorana fermion since operators such as yv*y = 0. More generically one may
also consider bosonic dark matter.

e In the MFV ansatz, we saw from the chiral structure that scalar couplings naturally
follow the mass hierarchy while vector couplings tend to be universal. The latter
condition is not necessary even within the MFV framework. For example, if the leading

order spin-1 flavor spurion §,; were to vanish, the next-to-leading term is yj y; which
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MAss [Gev] INTERACTION COUPLING Thermal

Mediator m,  Myyes. DM SM ADM  Asm Relic?
spin-0 110 20 o 1 1.2 <0.08 MSP?
1" 1" 1 ,}/5 ,}/5 1" < 0.02* 1"
spin-1 45 14 yH o 0.18 <1076 v=13
" " " 7“75 ’Y;ﬂ’5 " < 0.004 "
11 11 11 7“75 7# 11 < 0.006 11
" " " 7# ’Y;ﬂ’5 " < 0.02 "

Table 5.3: Best fit parameters assuming b-philic couplings for the spin-0 mediator and uni-
versal quark couplings for the spin-1 mediator. The upper bound for gy for the v @ ~° is a
conservative estimate for the 8 TeV mono-b reach at the LHC (see Section 5.4.3); the other
bounds come from direct detection. In the last column, we indicate whether consistency
with a thermal relic abundance suggests a tighter DM profile (v = 1.3) or some population
of millisecond pulsars (MSP), see Section 5.5.

has an even strongly hierarchical coupling to the third generation. Such a structure
may be possible through models of partial compositeness [332, 333].

e We limited our analysis to a single class of mediator at a time. In the presence of
multiple mediator fields, one can find processes that violate the relation between dia-

gram topology and partial wave. For example, xyx — 19 is s-wave for distinct spin-0

particles g o.

5.7 Conclusions and Outlook

We have presented a class of simplified models where dark matter annihilates into on-shell
mediators which, in turn, decay into the SM with a typically suppressed width. This sepa-
rates the sector of the model which can account for indirect detection signals—such as the
FERMI galactic center v-ray excess—and those which are bounded by direct detection and
collider experiments. We have addressed ~v-ray spectrum coming from these models and
have compared used the vy-ray excess to identify plausible regions of parameter space for a

DM interpretation; the best fit parameters and bounds on the SM coupling are shown in
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Table 5.3. We have addressed the key points for UV model building and, in an appendix
below, highlight further directions for modifyving the ~-ray spectrum with more general SM

final states.
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While this paper was being prepared, [270, 196] was posted with an explicit model for on-
shell vector mediators. [270] differs from the xx — V'V mode in this work in that it examines
a specific UV completion which includes semi-annihilations. Their 1o contours also do not
account for the systematic uncertainties discussed in Sec. 5.3.3. Shortly after this work was
posted to arXiv, [334] was posted and explores on-shell mediators with diverse SM final
states and emphasizes the theme in our Figs. 5.10-5.8 and Appendix 5.9 that one need not
focus only on bottom quark couplings and, further, that dark matter masses both above and

below 40 GeV can yield the y-ray excess.
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5.9 Appendix: The Spectrum of Spectra

In the main text we have shown how the conventional 40 GeV DM model for the v-ray excess
can be converted into a heavier DM model (m, = 80, 120 GeV) by taking the limit where
annihilation to on-shell mediators dominates. We further showed that one can interpolate
the DM masses between m, = 40GeV and 80, 120 GeV by parametrically increasing the
SM coupling and increasing the fraction annihilations through an off-shell mediator. In this
appendix we briefly demonstrate nonstandard (i.e. beyond bb and 77) spectra that may also
fit the ~-ray excess in the regimes m, < 40 GeV and m, > 80, 120 GeV. We use PPPC as
described in Sec. 5.3.2 and our fits are subject to the caveats described in Sec. 5.3.3. For
simplicity and consistency when comparing to other plots in this paper, we plot the data fit

to the bb template from Fig. 8 of [13].

Fig. 5.11 shows sample spectra that show the range of behavior when considering different
final states both for off-shell s-channel processes and for those with on-shell mediators. In
each of these cases, we note that by considering either admixtures of different final states or
on-shell mediator annihilation into different species, one can find viable DM models for the
~v-ray excess where the DM mass is less than the 40 GeV value typically considered in the

literature.

For example, we point out in (a) and (b) that gluons can give a reasonable fit to the spectrum.
While the photon spectrum from monochromatic gluons takes a slightly different shape than
that of the b—presumably part of the reason why g¢g final states were not proposed for
the ~-ray excess fit—they are reasonably close to the data given the implicit systematic
uncertainties. This fit is improved significantly if the [off-shell, s-channel] mediator is allowed

to decay to both gluons or bb pairs. Shown in (b) is the fit for a mediator that decays to
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Figure 5.11: (a) xx — g9, (b) xx — gg (67%) or bb (33%), (c) xx — 77, (d) xx —
77 (85%) or bb (15%), (e) xx — 6g, (f) xx — 2 x [r7 (85%) or bb (15%)]. Spectra for
various final states, including branching ratios to different final states. 4-(6-)body final
states originate from on-shell mediators with masses my (m.,) shown. For visual comparison
with other plots in this work, the gray 2b line is the yy — bb best fit spectrum and dots
are the measured galactic center v-ray excess spectrum (GCE) assuming a bb signal template
from [13]. Bars demonstrate an arbitrary measure of goodness-of-fit with respect to this
spectrum. Note that the ~v-ray excess data depends on the template used for the DM ~-ray
spectrum so these data points are mainly for comparative purposes and are not necessarily
representative of the goodness-of-fit to the TRy excess. See Sec. 5.3.3 for details.



either gluons or bb pairs, with

Br(mediator — gg) ~ 2 Br(mediator — bb). (5.25)

The gluon mode is especially amenable to lighter dark matter masses since the final state is
massless. Couplings to a spin-0 mediator can be generated through, for example, loops of

third generation quarks.

Similarly, in Fig. 5.11(c) we show what appears to be a poor fit to 10 GeV 77 pairs. This,
however, is a consequence of comparing the ~vy-ray spectrum from 77 to the ~-ray excess fit
assuming a bb DM template. It is indeed well known that DM annihilating into 10 GeV s
fits the excess well; this should be taken as a reminder of the systematic uncertainties implicit
with the y-ray fits. It also serves to highlight that for a specific model, a proper assessment
of the fit to the v ray excess requires a full astrophysical fit to the specific annihilation
mode (along the lines of [190] and [38]) where both the model parameters and background
parameters are fit simultaneously. For our purposes here, we only highlight the change in the
spectrum from (c¢) to (d) where we introduce a 15% branching ratio of the mediator going to
bb—the fit has interpolated between the two spectra and gives an intuitive handle for how

to generate hybrid spectra. A similar hybrid spectrum was explored in Fig. 6 of [193].

In Fig. 5.11(e, f) we demonstrate the range of behavior for annihilation to on-shell mediators
that each decay to either gluons or 77/bb. Note that an on-shell vector mediator cannot
decay into two gluons by the Landau-Yang theorem so that one is forced to consider either
XX = 2% (V — ggg) or xx — 3 X (¢ — gg), each with six final state gluons. We plot the
latter case in (e). In (f) we see an example of an on-shell vector mediator that decays to 77
85% of the time and bb the remainder. This spectrum fits the y-ray excess spectrum for a

bb template with my ~ 12 GeV.

Finally, we propose a simple extension where the DM mass can be made heavier than the
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region considered in the primary text. We saw that the on-shell mediator scenario raised
the DM mass by having DM annihilation go into more final state primaries (b quarks). By
extending the mediator sector to include additional on-shell states between the DM and SM
sectors in Fig. 5.3, one may force larger dark matter masses. For example, [277] explored
the cascade where Yy — 2¢; with ¢; — 2¢;; for the PAMELA positron excess [335]. See
the appendix in that paper for analytical results for the generalization of the box spectrum
to a higher polynomial spectrum where the degree of the polynomial is set by the number
of on-shell mediator sectors. Additionally, as we mentioned above, one may use the Landau-
Yang theorem to force V} — 3¢ decays at the end of the cascade or use mediator sectors
where symmetries force ¢; — n¢;,1 with n > 2. We remember from our analysis in Sec. 5.5,
however, that increasing the number of on-shell mediators per annihilation while maintaining
the y-ray excess signal also increases the annihilation cross section beyond what is expected

from a simple thermal relic.
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Chapter 6

Conclusion

The particle nature of dark matter remains an open question, but it is a question on which a
very large body of data has been accumulated. The theoretical efforts of the community have
identified a number of very well motivated dark matter candidates, and the experimental
efforts have probed quite a bit of this parameter space. The data gained is rich, and this
thesis has presented some examples on how this data provides insights into how one should
construct a theory of dark matter. In fact, the mixed results coming from direct detection
experiments and the possible signals from indirect detection observations may indicate that
new theoretical frameworks are needed. Perhaps one of the assumptions may not be sound,
as illustrated in chapter 5 with two to two annihilations. Perhaps a particular kind of new
physics is motivated, like in the case of chapter 4 with light mediators. In the near future
a wealth of new information will be available from all the different classes of dark matter
experimentation. At colliders, the LHC will begin its second run at a twice the energy and
a much higher luminosity. Certainly new measures on the newly discovered higgs boson will
be done, and perhaps details on the gauge hierarchy will be discovered. Concurrently, direct
detection experiments continue to push their sensitivities to the neutrino floor, notably

probing many higgs mediated scattering scenarios. Finally, indirect detection is probing
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further into the realm of thermal cross sections, revealing more about dark matter in the
early universe. There is no guarantee that the answer of dark matter will be revealed in any
of these places. However, theoretical work similar to the work in this thesis will ensure that

no matter the outcome, insights on dark matter interaction will be gained.
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