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ABSTRACT OF THE DISSERTATION
Dark Matter Coupling To Quarks
By
Dillon Berger
Doctor of Philosophy in Physics
University of California, Irvine, 2021

Prof. Arvind Rajaraman, Chair

The primary focus of this work is to explore the implications of dark matter models in which
dark matter is light (< O(GeV)) and interacts with the standard model quarks. In Chapter
2 we consider dark matter coupling to the quarks as a vector current interaction for two
distinct cases. In the first case we take dark matter to be a new spin-1 vector particle
which decays into standard model particles, and in the second case we take dark matter
to be a Dirac fermion which annihilates into standard model final states. We then impose
constraints on these models by comparing the resulting photon signatures of dark matter
annihilation/decay to the background diffuse emission and to future observations of the dwarf
spheroidal galaxy Draco. Similarly, in Chapter 3 we again consider dark matter as a sub-
GeV Dirac fermion and impose model constraints by examining its photon signature that
results from the decay of its standard model final states. However, in this case we take the
method of dark matter communication to the standard model to be through an axial-vector
interaction (as opposed to a vector-like current). In both cases, we obtain constraints on the
models by comparing the estimated photon signals to current and future observations, and
show that the axial-vector DM portal is significantly more conducive to photon production
for lighter forms of dark matter than a pure vector-like portal; establishing itself as a prime

candidate for indirect detection probes with significant discovery reach.

x1



Then in Chapter 4 we slightly change gears by considering dark matter coupling to quarks
in the early universe. We explore a nonstandard cosmology in which the strong coupling
constant evolves in the early Universe, triggering an early period of QCD confinement at the
time of dark matter freeze out. We find that depending on the nature of the interactions
between the dark matter and the Standard Model, freeze out during an early period of
confinement can lead to drastically different expectations for the relic density, allowing for
regions of parameter space which realize the correct abundance but would otherwise be

excluded by direct searches.
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Chapter 1

Introduction

1.1 The Standard Model

The Standard Model (SM) provides a unified picture of the electroweak (EW) and strong
interactions, and prescribes different ”charges” to the most fundamental particles we know
of. These fundamental particles are split into 2 categories: Fermions, which carry half-integer
spin, and Bosons, which carry integer spin. The fermions are further split into two categories,
each of which consists of three ‘families’ (or ‘generations’): (1) The quarks, which carry
fractional electric charge, and (2) the leptons which carry integer electric charge. There are
4 gauge bosons, which mediate the fundamental forces: There’s gluon and the photon which
are both massless and mediate the strong interaction and electromagnetic force respectfully.
Then there are the W+ and Z bosons which are massive gauge fields and mediate the weak
interaction. The final ingredient to the standard model is the Higgs field, which is a spin-0
scalar field and is responsible for the spontaneous breaking of the SU(2), xU(1)y electroweak

symmetry and consequently generating the masses of the fermions and electroweak bosons.

More formally, the Standard Model is a Lorentz invariant chiral gauge theory based on the



SM gauge group

The representations we assign to the particle content are of the fundamental ingredients of
the SM. All of the Standard Model Fermions (along with the Higgs), are shown in Table 1.1

next to their corresponding representations under Ggyy.

Particle | Representation

(0), | @2
(&), | @

eg;? (1,1)_,
ul? (3,1)a/3
dy (3,1)_1/3
h (1,2)1)2

Table 1.1: All of the Standard Model fundamental particles and their associated represen-
tations under SU(3). x SU(2)r x U(1)y

In addition to the particle content shown in Table 1.1, we note that all of the SM gauge
fields transform in the adjoint representation of their corresponding gauge groupsand have

hypercharge Y = 0.

1.1.1 Standard Model Shortcomings

Now, despite the many successes of the Standard model, there’s still a number of open

questions. For a good overview and description of the the current open problems in the



Standard Model see [72]. In this work, however, we focus our time mainly on discussing the
problem of dark matter (DM). In short, the problem of dark matter can be summarized as
follows: There are multiple avenues of indirect evidence (see Section 1.2.1) which indicate
that there must be more matter in the universe that we can visibly see. More than that,
not only can we not ‘see’ this extra matter, but it also doesn’t appear to interact with any
of the forces other than gravity (or if it does it must do so very weakly). This inability
to strongly interact with anything other than gravity is directly responsible for what makes
dark matter so elusive in the pursuit of direct detection. We dedicate Section 1.2.1 to making
these statements more precise; giving a brief overview of the relevant background and going

over some of the evidence for dark matter.

1.2 Dark Matter Overview

1.2.1 Background and Evidence

Let us start by briefly going over some of the evidence for dark matter, the first of which

we’ll talk about is the galaxy rotation curves shown in Figure 1.1.

Observations
from starlight

Velocity
(km s-1)

Expected from
the visible disk

10,000 20,000 30,000 40,000

Distance (light years)

Figure 1.1: The lower curve is the galaxy rotation curve expected from the visible matter in
the galaxy, and the upper curve is the observed galaxy rotation curve.



On this plot, we have the average orbital speed of visible stars and gas (i.e. “visible matter”)
in the galaxy as a function of the radial distance from the galactic center. The dotted line
is the rotation curve that would be expected if the visible matter were all the matter in
the galaxy, with the rotational velocities decreasing with distance from the central galactic
bulge. However, the solid is the observed rotation curve form visible matter. The visible
matter is measured by starlight and galactic dust (in yellow) until about 18 x 10? light years,
after which point the starlight becomes too faint and the matter is estimated from 21 cm

hydrogen (in blue).

There is a very clear discrepancy in the expected and observed rotation curves, which is most
prominent in the behavior far from the galactic bulge. Heuristically, what this is saying is
that the galaxy is spinning too fast to be stable and that it should instead be flying apart.
So there must be "extra matter” there that we can’t see holding it together. Said more

quantitatively, Newtonian mechanics tells us that the rotational velocity v goes as

v (r) = Gri/d?’r plr) (1.2)

dr r

and so the rotation curve can only vary with with the mass density p(r). Hence in order to
fit the observed rotation curve we need to account for missing terms in the density function
p, which translates physically that we need to account for missing matter. This “missing

matter” was dubbed dark matter.

Next we consider the dark matter evidence known as the bullet cluster (Figure 1.2), which

is the result of a collision of two galaxies.

The blue region in this figure indicates the regions where gravity is strongest, which is found

my measuring the amount of gravitational lensing. The brightness of the blue corresponds



Figure 1.2: Bullet cluster gravitational lensing map (brightness proportional to lensing
strength). The pink region is lensing strength from visible matter, and blue region is lensing
strength from a non-luminous source.

to the strength of the lensing. The pink region shows the x-ray data associated with the gas
clouds, and so depicts the distribution of the regular baryonic matter (i.e. “visible matter”).
The main takeaway of this result is that there’s a clear separation between the x-ray and
gravitational lensing maps in the bullet cluster. Most noticeably, the regions where the
gravitational lensing is the strongest appear to actually have very little baryonic matter.
Moreover, note that the galaxy collision distorts the shape of the region containing baryonic
region, whereas the regions with the strongest gravitational lensing maintain their roughly
spherical initial shape they had prior to the collision. All of this taken together is indicative

of a collision-less non-baryonic halo surrounding the galaxies

1.2.2 Direct Vs. Indirect Detection

We now move to an overview of the different methods one can use to detect particle dark
matter. Dark matter detection methods can roughly be categorized into three separate
classes, two of which we’ll discuss here: (1) direct detection and (2) indirect detection of

dark matter. The method that we’ve not mentioned is collider searches for dark matter,



which is smashing two SMs to create a DM particle.

X X X SM
(2 () (13)
SM SM X SM
Direct B;tection Indirect%etection

In brief, direct dark matter detection attempts to measure the scattering of a dark matter
particle off of a Standard Model particle, usually by measuring the recoil energies of atomic
nuclei. Direct detection of lighter forms of dark matter (< 1 GeV) is notoriously difficult.
This is because dark matter interacts very weakly (if at all) with the standard model and
so its scattering off a nucleus produces extremely small recoil energies. To detect these
minuscule recoils of atomic nuclei of ~ GeV dark matter requires a sensitivity on the scale
of 107 c¢m? [73], as well as an extremely low background. The experimental difficulties
only increase with decreasing dark matter mass, and so for these reasons direct detection
is only realistically useful for probing dark matter candidates with masses above this GeV

threshold.

More precisely, in direct detection the measured quantity is the is the event rate of nuclear
recoils, which is a function of only two unknowns: the DM mass and the DM-nucleus scat-
tering cross section. So for a given observed event rate (or lower bound) there is a curve of
all the masses and cross sections consistent with that observation in parameter space. If no
events are detected then this curve provides an upper bound on the dark matter scattering
cross section as a function of the dark matter mass. In Figure 1.3 we have shown a collection

of the results of all dark matter direct detection experiments from 2016 through 2019.



The other method of detection is the indirect detection of dark matter, wherein one attempts
to measure the process of dark matter particles annihilating or decaying into standard model
final states. Contrary to direct detection methods, indirect detection is sensitive to dark
matter regardless of its mass, and so is accommodating to dark matter below the GeV
threshold. The price we pay for this accommodating nature of indirect detection however
is that most of the bounds obtained from indirect probes are less constraining and usually

model dependent.

10736 1
N 10738 NEWS-G (2017) 1
S
= DAMIC (2017)
c o
© 1074 cpustite (2 1
._8
v
" 10742 | darkSide-50 (2018 1
0 c (017
o XENONI1T (2019) = yperCDM> &4~
5 up 9)
o p-3600 (201
c 1044 | \ DEA 1
o
@ andaX-Il (2017)
9] /
2 1074 N 1
5
s Neutrino coherent scattering XENON1T (2018)
a 48
& 10 1

10—50

10° 10t 102 103;l
m,, (GeV)

Figure 1.3: Spin-independent (SI) cross section as a function of dark matter mass, for a
collection of different experiments. The curves indicate a lower bound on the scattering
cross section.

Throughout the remainder of this paper we will only be concerned with indirect detection

methods, though we will make use of the results shown in Figure 1.3.



1.3 Light Dark Matter Through Quark Currents

Recently, there has been significant interest in models of dark matter (DM) in which the
dark matter particle has a mass m, < O(GeV). This is appealing because such models evade
nearly all constraints on DM imposed by direct detection experiments, since direct detection
experiments are insensitive to the small recoil energies characteristic of m, < O(GeV).
If this sub-GeV dark matter annihilates or decays into SM particles, then the energies of
these final-state particles are produced with energies in the O(MeV) range. In the case
that these final state particles decay into photons, such a process would in principle be
astrophysically observable. In this case, one could then detect the indirect signatures of dark
matter by probing dark matter dominated regions of space and searching for an excess of these
photons. In Chapters 2 and 3, we will derive this photon signal directly from our models
and determine bounds imposed on the model’s parameters by current diffuse background

emission observations and future observations of dwarf spheroidal galaxies (dSphs).

Dwarf spheroidal galaxies are currently believed to be among the most dark matter domi-
nated regions in the universe [43], with mass-to-light ratios of the order O(102My,) [44-47].
As such, dSphs provide a unique and fertile testing field for searches of indirect signals pre-
dicted by theories of dark matter which couple to the standard model. In Chapters 2 and 3
we will derive constraints imposed on our dark matter model by future indirect DM searches
of dSphs. Specifically, we will consider these constraints as they apply to a future indirect

search of the Draco galaxy.

For the reasons above, there has been recent interest in sub-GeV dark matter which specif-
ically couples to quarks [4-10]. This is because at low energies, all of the ingredients
for indirect detection are present: the DM will directly couple to neutral pions (and other
mesons; instead of free quarks) through contact interactions, and these mesons will then

decay to photons leaving behind a characteristic photon spectrum.



In Chapters 2 and 3 we consider models wherein dark matter interacts with a current com-
posed of quarks ¢ interacts with a spin-1 field Z* with coupling strength a,. The most

general expression of a quark current Q" is an operator of the form

Q" =gl*q, (1.4)

where I'* is a Dirac bilinear. Then the interaction Lagrangian for a general quark current

coupling to Z# with strength «, is given by

Lim= Y agZ,(q"q). (1.5)

q quarks

Now, in Chapter 2 we will consider two models. The first model will be a model of dark
matter decay where we take Z* to be a single spin-1 dark matter particle X*. This particle
will couple to a vector quark current and so will be able to decay to Standard Model particles.
For a vector current interaction, the Dirac matrix is simply I'* = ~#. So for this model, the

interaction Lagrangian is given by

Lint - gzaun@’V“(I)a (16)
q

where g is an overall scaling constant.



The second model we consider in Chapter 2 is a model of dark matter annihilation wherein
we take dark matter to be a Dirac fermion y. We take Z* to be an effective spin-1 non-
renomalizable operator Yy*x/A?, where A is the energy scale of new physics. So for this

case the interaction with the quark current is given by

Low = Y 350" @00 (L7)

q

In Chapter 3 we again take dark matter to be a Dirac fermion y, and concern ourselves only
with dark matter annihilation. However, instead of a vector current Dirac bilinear of the
fermions we rather consider an axial-vector current interaction. For an axial-vector current
interaction, the Dirac matrix is given by I'* = ~#~5. So in this model the dark matter

interaction with the quark current is given by

Qg , _ _
Liw = ) A—Z(m“fx)(mw%)' (1.8)
q

In Chapters 2 and 3 we will fully explore the implications of these dark matter models,
calculating their photonic signatures and analyzing it in the context of current and future

observations.

10



1.4 Dark Matter Freeze Out during an Early Cosmo-

logical Period of QCD Confinement

There are a plethora of theoretical ideas and models as to how to incorporate dark matter,
and exploring how to test them is a major area of activity in particle experiment. Among the
various dark matter candidates, the class of weakly interacting massive particles (WIMPs)
remains extremely attractive, largely driven by the appealing opportunity to explain their

relic density based on the strength of their interactions with the SM.

Conventional theories of WIMPs are challenged by the null results from direct searches for
dark matter scattering with heavy nuclei [50]. For many generic models of WIMP interac-
tions with the SM, these searches exclude the required annihilation cross section for masses
1 GeV < m, < 10* GeV. While it is possible to contrive interactions which the requisite
cross section that suppress scattering (see [57-63] for a few examples), these restrictions
along with the null results of WIMP searches [52-55], suggest that either Nature has been
unkind in choosing which model of WIMPs to realize, or there is tension between realizing

the observed relic density and the limits from experimental searches for WIMPs

However, a key assumption under-pinning the mapping of the relic density to WIMP searches
today is that the cosmological history of the Universe can be reliably extrapolated back to the
time of freeze out. The standard picture extrapolates based on a theory containing the SM
plus dark matter (and dark energy), with no other significant ingredients. The success of Big
Bang Nucleosynthesis (BBN) in explaining the primordial abundances of the light elements
could be taken as an argument that it is unlikely that cosmology has been very significantly
altered at temperatures lower than ~ 10 MeV, but this is far below the typical freeze-out
temperature of a weak scale mass WIMP, which is more typically in the 5-100 GeV range.
Indeed, it has been shown that an early period of matter domination [65] or late entropy

production [64] can alter the relic abundance for fixed WIMP model parameters, leading

11



to substantially different mapping between the observed abundance and the expectations of

direct searches.

In Chapter 4, we explore a nonstandard cosmology in which QCD undergoes an early phase
of confinement. If dark matter freeze out occurs during this early confinement, then the dark
matter-meson interactions are scaled up in proportion to the increased confinement scale.
This scaled up interaction leads to a strikingly different annihilation cross section at the time
of freeze-out than during the period which current observations have bearing. We will find
that depending on the underlying form of the dark matter interactions with quarks, radical

departures from the expected relic density are possible.

12



Chapter 2

Dark Matter Coupling to Quarks:

The Vector Portal

This chapter heavily relies on previously published work in collaboration with Arvind Rajara-

man and Jason Kumar [{2].

2.1 Introduction

Recently, there has been significant interest in models of dark matter (DM) in which the dark
matter particle has a mass mx < O(GeV). These models can evade the tight constraints on
dark matter placed by direct detection experiments, since these experiments typically lose
sensitivity at low mass. If dark matter with myxy < O(GeV) annihilates or decays in the
cosmos, the photons produced will tend to lie in the current “MeV-gap” in observational
sensitivity, but a variety of new instruments (such as e-ASTROGAM [1], AMEGO [2] and
APT [3]) are being developed to fill this gap. Such instruments would be well-positioned for

indirect detection searches for MeV-range dark matter.

13



There has been particular recent interest in MeV-range dark matter which couples largely to
light quarks [4-10]. The reason is because the hadronic final states which can be produced
at such small center-of-mass energies are largely constrained by kinematics and symmetry.
Moreover, several of the accessible hadrons, such as 7° and 7, produce striking photon
signals when they decay. This scenario is thus particularly appealing from the point of view

of indirect detection.

Recent work has considered the case where dark matter couples to either scalar, pseudoscalar,
or axial-vector quark bilinears [10]. But if the dark matter couples to a quark vector current,
then the leading accessible final state (at low center-of-mass energy) is 77—, whose decays
produce few photons, making this case difficult to probe. In this work, we extend this
analysis to higher energies, where new final states are allowed . We determine the photon
spectrum which will be produced for a variety of choices of the flavor structure of DM-

Standard Model (SM) interactions, and determine the sensitivity of proposed experiments.

We will be interested in the case where dark matter appears as a vector spurion. We assume
that electroweak couplings are only relevant for the decays of hadrons produced by dark
matter annihilation/decay. As described in [10] (see also [11]), DM-SM interactions can
then be understood using chiral perturbation theory, where dark matter is introduced as a
spurion which breaks Standard Model flavor symmetries. The chiral Lagrangian used for
the analysis in [10] only involved the pseudoscalar meson octet. But since this work will
consider a higher mass range, we must also introduce the vector meson octet, following the
approach of [18]. We will find that the dominant photon signal arises from the production

of 70, either directly or from the decays of K;, Kg, K=, p or w.

The plan of this paper is as follows. In Section II, we will describe the application of chiral
perturbation theory to the interaction of low-mass dark matter with quark vector currents.
In Section III, we will describe the generation of the photon spectrum through primary

and secondary decays of the hadronic final state particles. In Section IV, we will present
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the sensitivities which can be expected from proposed experiments. We conclude with a

discussion of our results.

2.2 The Application of Chiral Perturbation Theory to

Dark Matter Interactions With Vector Currents

We will consider two models in which dark matter either decays or annihilates through a
coupling to a vector quark current. In the first model of dark matter decay, a single spin-1
dark matter particle (X,,) couples to the vector quark current and can decay to Standard

Model particles. For this model,

'Cint = gzaqXMQVMQ7 (21)

q

In the second model, we take dark matter to be a Dirac fermion () which couples to quarks

through a vector-vector interaction. In this model we take
Qg _ 0
Liw = > 22X XD (2.2)
q

For the application to chiral perturbation theory, it is useful to consider these interactions

as couplings of the quark vector current to a spurion v} where,

Qq _
v = gagX", or A—gxy“x. (2.3)
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Note that this interaction generically breaks the SU(3);, x SU(3)r flavor symmetries of

low-energy QCD.

We note that there is a specific case, viz. «, = —2a4 = —2a,, which corresponds to the
electromagnetic coupling. For this particular coupling, the dark matter annihilation rates
can be obtained by using data from e*e™ to hadrons. However, for a more general relation

between the couplings, we cannot use this data, and the chiral Lagrangian is essential.

We will take the mass of the dark matter to be in the GeV range; we shall be more specific
shortly. In this range the decay/annihilation products cannot be treated as weakly coupled
propagating quarks. We assume that the dominant final states produced by low-mass dark
matter interactions with quarks are hadronic, and that primary interactions which scale as
agy or sGp are negligible. Since the coupling of dark matter to light hadrons is governed
by QCD and the dark matter-quark current contact interaction, we can directly express the
coupling of dark matter to light mesons using a chiral Lagrangian in which dark matter

appears as a spurion which breaks Standard Model flavor symmetries.

This approach was followed in [10], under the assumption that /s < 2mg+. In this case, the

O 7% and 7, and one can describe DM-SM interactions using

only accessible hadrons are 7
a chiral Lagrangian involving only the spurions and the pseudoscalar meson octet. But
in the case in which dark matter only interacted with quark vector currents, it was found
that the only accessible two-body final state was 777 ~. Since the decays of charged pions

produce very few photons, this channel is not useful for the purpose of indirect detection

with gamma-ray telescopes.

We now redo this analysis for dark matter masses where vector mesons are kinematically
accessible. We will focus on the energy range 0.91 GeV < E,, < 1.15 GeV. Below this
energy range, the only two-body final state which is allowed by symmetry and kinematics

is 77—, and this state produces few photons, leading to reduced sensitivity for gamma-ray
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experiments. We also do not consider larger energies, in order to avoid final states involving

glueballs.

The allowed final states from a dark matter initial state are restricted by symmetry consid-
erations. The only kinematically accessible neutral two-body final states with vanishing net
strangeness are 7, 1, nr’, pm, wr®, KT K~ K°K° If dark matter couples to a vector
quark current, the final state necessarily has J©¢ = 177, As such, the 7°7°, n7°, nn, K. K,
and KgKg final states are forbidden. As a result, the only final states which we need consider
are 777, KTK~, K*K?®, pr, and wr’. We will use the chiral lagrangian to see that indeed

all these final states can be accessed.

We write the chiral Lagrangian for the pseudoscalar meson octet to lowest order in the p?
expansion. As the flavor symmetries of low-energy QCD are broken by the insertion of the
vl in the fundamental Lagrangian through eq. 2.1, the v} must also appear in the chiral
Lagrangian as spurions which break the flavor symmetries. The form of these interactions is
determined at this order by symmetry considerations, and chiral Lagrangian can be expressed

(see [13-17]) as

2

F
Lo = FTr(0U —iv,U +ill,) (9°U" +iUMv, — iv,U")] (2.4)
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where

U = exp[V/20/F],

¢ = T —\7;—02—#—:7/—% K° |,
K- K" —2
o, 0 0
o= 0 W 0 (2.5)
0 0 o

The pion decay constant is F' ~ 92 MeV. To a good approximation, ns can be equated with

the physical n meson, and we do so henceforth.

For two-body final states, the only relevant terms in eq. 3.16 are the following contact

interactions
Leontact = z{(vfj — K9, K" + (v —v")KT0,K™ + (v — v )n o, — h.c}. (2.6)

These can produce the two body final states KT K~, K, K* and nt7n~.

Other possible two-body final states involving vector mesons may also be produced. In order
to consider these final states, it is necessary to include vector mesons in the chiral Lagrangian.
For this purpose, we use the results of [18]. We found that no new two-body final states
can be produced directly by a contact interaction involving the vector meson octet, but they
can be produced through a coupling of dark matter to an intermediate vector meson. We

thus need the couplings of a vector meson to a vector spurion, and the trilinear couplings
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involving at least one vector meson. The relevant part of the chiral Lagrangian was found

in [18, 19], and can be written as

1 rvo 1 14 1 v i 14
Lo, = —Tr (D" B0 (D)) 4 o T [90,,] 2 fuTr [0 1] + % fhpte (U,80,)
1 1
+3h A" Pty ({®,,,, (D™ ®,4)}Us) + éhogwaﬂtr ([Da®,, @,5]UT), (2.7)
where
Puv Wpv + *+
V2 + V2 p;u/ Kp,l/
Cu = V2| g, e K|
K K bw
1
= 3 [elq’/ﬁF (0,0, — Byv,) eV L e ®IV2E (04, — D,0,) e’q’/ﬁp] :
1
U, = §€fz<1>/\/§F (auez\/ié/F) o —1®/VEF _ %efvb/\/iF,Uuez(b/\/iF X %e@/\/iF%ef@/\/iF’
Dy®,, = 03P + Lo, Pl
1 1
Iy, = éeflq’/ﬁF (Op —wy,) e PIVRE | §e@/ﬁF (0, —wy,) e’@/*/ﬁF,

The cubic couplings between vector and pseudoscalar meson octets are

2h
»Cint D — %g,uyaﬂ

1
[gawo (PO wra + w07 P2) + 0™ (P, 07 wra + w07, ) + C-C}

h
__\/§OF€/LVO¢5 |:(aap0p,1/) ((67—770)(")%3) + pOTﬂ ((aq—ﬂ-o)aawlﬂ’) + (877'('_ (wTﬁaap+MV + p+7/880‘w“”) + C'C> :|
8fvhp

+1i 2

{20M7r+6,,7r_p0wj + 8M[_(08VK0 <p0/w — Wy — \/§¢W> - 9,K 0,K* (pOW + Wy — ﬁ@uy)}(Q.S)
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where my, fy, ha, ho and hp are parameters (the values of the relevant parameters are

given in Section 2.5.1).

From these interactions, we find two new possible final states: pr® and wn®.

2.3 Photon Spectra

These primary mesons can then decay through multiple decay modes to produce photons.
These can be multistep decay processes; for example, the kaon can decay to pions which
subsequently decay to photons. In our case, the primary mesons are 7%, 7%, K, K, K*, p, w,
and we need to find the photon spectra produced in their decays. The 7° decays to two
photons essentially 100% of the time, and the 7% essentially never produce photons. The
p° decays primarily to charged pions, and hence does not produce photons. But decays

O as well as 7%, with the subsequent the decays of 7° yielding

of p* typically produce 7
photons. For the kaons and the omega, we use the decay modes found in the Particle Data
Book [20]. We have tabulated in Table 2.1 the important decay modes of the mesons which

we have considered, along with their branching ratios. Decay modes which are not expected

to produce a significant number of photons (e.g. decays involving only charged pions) are

not shown.
ety 5% K% | 7070 30.7%
ot muty | 3.4% KL o070 | 19.5%
% | 20.7% 7t~ w0 | 12.5%
a7 | 1.7% atr— 0 | 89%
ot | a0 | 100% || ¢ w0y 8%

Table 2.1: The relevant decay modes and branching fractions for the mesons produced from
dark matter annihilation/decay through the quark vector current portal.

For the two-body decays, the decay spectrum at rest is fixed by kinematics. The three-body

decays are described by a Dalitz plot, which parametrizes the decay kinematics in terms

20



0.6

E, (GeV)

Figure 2.1: Photon spectrum from neutral kaon production (K Kg). The center-of-mass
energy has been taken to be 1.14 GeV.

of the final state energies. We use these to find the decay spectrum at rest for each decay
mode of each meson. These details are presented in Appendix A.3. Finally, these mesons
are produced and decay with large boosts which also modify the spectrum. The boosting

procedure is general, and is described in Appendix A 4.

For illustrative purposes, we show in Figure 2.1 the photon spectrum obtained through the
production of neutral kaons produced from dark matter annihilation or decay, assuming the
E., = 1.14 GeV. The individual spectra have been weighted according to the branching
fractions. It is interesting to compare this spectrum to those found in [10], for the case
where dark matter coupled to scalar, pseudoscalar or axial-vector quark currents. In those
cases, even though the center-of-mass energy was taken to be < 1 GeV, the typical photon
energy was nearly 4 times larger than found here. The reason is because in the case of a
scalar, pseudoscalar or axial-vector spurion, one can produce an 7 in the final state, whose
decays yield photons. In the case of a vector spurion, however, almost all photons arise from
7% decay. As is discussed in Appendix A.4, the photons produced by 7° decay yield a signal
with a peak at m,/2, as can be seen in the plot above, resulting in a typical photon energy

which is considerably smaller than that of the photons produced from 7 decay.
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2.4 Comparisons to Observations

Following [10], we consider constraints on the obtained photon spectrum from observations
of diffuse photon emission, and from future observations of photon emission from a dwarf
galaxy (Draco). We will take as a benchmark, an experiment with a fractional 1o energy
resolution of € = 0.3 and an exposure of I.,, = 3000 cm? yr. Since our predicted signal peak
is at m, /2 , we will consider a bin of photon energies centered at Ey = m, /2. and a width
of 0.3Ey i.e. a bin between E_ = (m,/2)(1 —¢€) and E, = (m,/2)(1 4+ ¢€). We account for
instrumental energy resolution by convolving the injected photon spectrum with a Gaussian

smearing function

(Eobs. — E’Y)2
262E2/

Re(Eobs.7 E’y) -

)

1
— €X
VomeE, ¥ (

For each channel p, we determine how many photons are produced per annihilation/decay

within the energy bin £_ < E < E. These are listed as NN, in Table 2.2.

Channel N,
KTYK~- | 0.2471
K Ks | 0.7599

pOr? 0.31473
W0 | 0.72438
pErT | 0.24213

Table 2.2: Average number of photons produced within the energy window from a single DM
decay/annihilation process, given that the particles in the left-most columns are produced.

For the annihilation process, we define an effective cross section (o4v)rs by weighting the

theoretical cross sections for each channel p with the acceptance factor N,, and similarly we
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define an effective decay lifetime I'.f¢; explicitly

(oV)ers = Z (00)pNp= (V) total (Np)

channels
Feff: Z Fpr: Ftotal<Np>7 (210)
channels
where
(N,) = Y Br,N, (2.11)
channels

and where (00)oq is the total annihilation cross section, 'y is the total decay width, and

Bry, is the branching fraction to channel p.

Given the branching fractions to all final states, one can compute (N,), and a bound
obtained from data on (ov).ss or I'css can be directly translated into a bound on the total

annihilation cross section or decay width.

Note that, for all of the channels given in Table 2.2, the highest and lowest N, differ
by at most a factor of 3. Although the branching fractions could be computed using the
chiral Lagrangian, one could worry about higher order corrections. However, as long as dark
matter annihilation/decay proceeds almost entirely to the final states that we consider (i.e.
if > annets BTp ~ 1), then (N,) can be corrected by at most a factor of ~ 3, as that is the
largest ratio of acceptance factors between any channels. Thus, these corrections could only
change bounds on the total annihilation cross section or decay rate by a factor of at most ~ 3.
The only exception is the 717~ final state, for which N, ~ 0; if this final state is allowed
by the symmetries of the theory, then the relationship between the effective annihilation

cross section (decay width) and the total annihilation cross section (decay width) is more
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dependent on the branching fractions. But this final state is not allowed if a,, = ay, as
a result of isospin symmetry. Moreover, the branching fraction to 777~ is related to the
branching fraction to Kt K~ and K;Kg by flavor symmetry, as seen from eq. 2.6. As such,

the ratio of these branching fractions cannot receive large corrections.

The total photon signal Ng is

—ann. ,dec.
—
—ann.,dec

Ng=—¢I 7 Loy AQ 2.12
7 dmmy (LeapAS2) (2.12)
where
Eann. _ <JAU>eff Edec. =T (2 13)
2mX eff> '

and Jo"-dc are the average J-factors of the target for either dark matter annihilation or

dark matter decay. For diffuse emission, the average J-factors are [27]

Jf{[}" = 3.5x 10* GeV? cm st

Jlee = 1.5 x 102 GeV em %17}, (2.14)

while for Draco, the average J-factors are [28§]

Jom: = 6.94 x 10" GeV? em™® st !,
Jiee = 577 x 10! GeV em™? sr™ 1. (2.15)
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2.5 Results

For diffuse emission, we restrict attention to latitudes greater than > 20°. In this region,
and in the energy range 0.8 MeV - 1 GeV, the isotropic flux observed by COMPTEL and
EGRET can be well fit [4, 21] to the function

d2 (I)iso.

df dEobs.

Eops. \ "
= 2.74x 1077 (M—e”v) cm %s st T MeV T (2.16)

The expected number of observed events between the energies £ and E, is then given by

(2.17)

No — 8.6 10t (Me\/ - MeV) (Leap. AS)

E_ E. ) cm? yrsr

We impose the condition that within any such energy bin, the number of expected signal
events should not exceed the number of expected observed events i.e., we require Ng < Np.
This constitutes a conservative bound; since we assume no knowledge of the background
photon spectrum, we conservatively assume that the background could be negligible in any

energy bin.

For a dwarf spheroidal galaxy, such as Draco, the background consists of all photons emitted
by astrophysical processes as well as dark matter annihilation/decay along the line of sight
to the dwarf, but not within the dwarf. This background can be estimated purely from
data by considering the observed flux in the direction of the dSph, but slightly off-axis [22—
26]). Although one would follow this approach in an actual analysis of data from a future
instrument, for our purposes, we can estimate the background flux to be roughly the same

as observed diffuse flux given in eq. 3.19. If we assume that the number of observed events
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is the same as the expected number of background events, then a model can be ruled out
at n — o confidence level if Ng > ny/Np. We also assume that the experimental angular
resolution is smaller than the size of Draco (1.3°).
The constraint on dark matter annihilation from the diffuse emission is

(0AV)efr ~ 6.22 x 10720 cm?® 571 (2.18)

while the constraint on the lifetime is

Depp~255x 10720 s7! (2.19)

A similar study of dark matter annihilation/decay in Draco could yield a 20 constraint on

dark matter annihilation of

(0a0)err $9.83 x 1072 cm?® 71 (2.20)

while the constraint on the lifetime would be

Topp $2.07x 10727 571 (2.21)

The Planck bound on the rate of electromagnetic decays is Iosq ~ O(10724) 571 [4, 29, 30].
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Our sensitivity is to the effective decay width, which differs from I'inq by a factor (N,)
(which depends on the flavor structure of the quark couplings). But this factor is always
O(1) for any choice of flavor structure, so the sensitivity obtainable from indirect detection

is typically at least an order of magnitude better than the Planck bound.

We can also convert these to bounds on the fundamental couplings. This calculation is
contaminated by uncertainties in the chiral Lagrangian at high energies. Nevertheless, we

now present estimates for such bounds in the following subsection (2.5.1).

2.5.1 Tree Level Bounds on Parameters

Here we calculate the bounds on the fundamental scale corresponding to the bounds on
the effective cross-section and lifetime found earlier. We work to tree level in the chiral
Lagrangian; higher order effects may produce deviations from these results, but we believe

that our estimates should be accurate to a factor of a few.

We calculate the cross section using the Lagrangians (3.16, 2.7, 2.8). The various parameters

are [18, 19]

fr = (140 + 14) MeV,
my ~ 0.764 GeV,
ha = 2.33+0.03,

hp ~ 1.75 (2.22)

We consider two classes of models. In the first class we assume isospin is a good symmetry,

and we set o, = 4. In the second class we set ay, = 0.
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Figure 2.2: Bounds on the parameter space from annihilation (left panel, A = 100 GeV) and
decay (right panel, g = 1072*) on theories with a, = ag, assuming E., = 1.14 GeV. The
region in black is allowed by constraints on diffuse emission, while the grey region demarcates
the sensitivity of a search for emission from Draco.
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Figure 2.3: Bounds on the parameter space from annihilation (left panel, A = 100 GeV) and
decay (right panel, g = 1072%) on theories with a, = 0, assuming E., = 1.14 GeV. The
region in black is allowed by constraints on diffuse emission, while the grey region demarcates
the sensitivity of a search for emission from Draco.

Bounds on the parameter space of the first class of models are shown in Figure 2.2. Bounds
on the parameter space of the second class of models are shown in Figure 2.3. In each case,
we have normalized the couplings to have g = 1072* in equation (2.1), and A = 100 GeV in
equation (3.1). In all cases we have set the center-of-mass energy to be E., = 1.14 GeV.
Because we consider a narrow energy range lying between the pm threshold (~ 0.91 GeV)
and our upper cutoff (1.15 GeV), these constraints do not change dramatically as we change
the center-of-mass energy. But there is one feature worthy of note; if F,.,, ~ 1.02 GeV and
if dark matter couples to a strange quark vector current, then dark matter can annihilate

through an intermediate ¢ near resonance. In this case, the constraints on ag which could
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be obtained from indirect detection would improve dramatically. But aside from near this
resonance, sensitivity throughout the energy range 0.91 GeV < FE,., < 1.15 GeV is well
approximated by results at E., = 1.14 GeV. Note that the p and w resonances lie below

the kinematic range we consider.

Note also that, if the dark matter coupling does not break isospin, then the constraints on
the couplings are weakest if o, = ay = a,. This can easily be understood from equation
(2.6); if all light quark couplings are identical, the dark matter coupling to the pseudoscalar
meson octet vanishes. In this limit, the only remaining channels which produce photons are

wr and prr.

2.6 Conclusions

We have considered dark matter coupled to Standard Model quarks through vector currents
of the form gy*q. We have utilized the chiral Lagrangian to obtain couplings of the dark
matter to mesons, and found the photon spectrum from dark matter decay (if the dark
matter itself is a vector) or from annihilation (where it is a Dirac fermion). We have found
that current observations of the diffuse photon spectrum already can be used to constrain
the parameter space of these models. Future observations of dwarf spheroidal galaxies will

significantly improve these bounds or may discover these models.

In the case of dark matter decay, these constraints exceed those obtainable from Planck [29]
(from the effect of late-time energy injection on the CMB) by about an order of magnitude.
We note that the low value of the mass weakens direct detection bounds, and for certain
couplings (e.g. couplings only to strange quarks), the bounds are extremely weak. In par-
ticular, for m, ~ 500 MeV, the upper bound on spin-independent (SI) dark matter-nucleon

scattering found by CRESST [31] is o1 ~ O(107!) pb. For a scenario of dark matter anni-
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hilation through coupling to the quark vector portal, DM-nucleon scattering would be spin
and velocity-independent. If we set v, = ag ~ 3, as = 0 (the limit of sensitivity for a search
for emission from Draco), one would find og; ~ O(10) pb, about two orders of magnitude
above current bounds from CRESST. However, CRESST’s sensitivity is greatly reduced for
the case of isospin-violating dark matter [32-34] (a, = —ay, oy = 0), and is essentially
unconstraining for the parameter space of interest here. Similarly, if dark matter only cou-
ples to the strange quark vector current (a, = ag = 0), then the SI scattering cross section

vanishes, and there are no meaningful constraints from direct detection.

We have found that if dark matter couples to a vector quark current, then the typical
photon energy is roughly a factor of 4 smaller than in the scenarios considered in [10],
wherein dark matter coupled to scalar, pseudoscalar or axial-vector currents. This result is
largely independent of the center-of-mass energy of the process, but is instead dictated by the
Lorentz and flavor structure of the dark matter-quark current coupling, which determines

whether or not an 7 can be produced in the final state.
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Chapter 3

Dark Matter Coupling to Quarks:

The Axial-Vector Portal

3.1 Introduction

In this section, we will consider MeV-range cold dark matter which couples to quarks as an
axial-vector current. Previous work has been done on this [10] at CM energies ~ O(GeV),
but considers only the dominant 77y process (which is inaccessible at the CM energies we
consider). Moreover, the analysis therein is carried out at CM energies close to the confine-
ment scale (Agep), and so does not lend itself to a perturbative analysis and provides loose
upper bounds on the DM branching ratios and not the model parameters themselves. As
noted before, at CM energies near Agcp there are many additional kinematically accessible
final mesonic final states which decay to photons one has to consider. As a result, the net
photon signal becomes dominated by the spectrum produced by the 7%7% process, and so
while the bounds obtained on the effective cross sections found in [10] are of coarse still true,

they become much more stringent for the dark matter masses we consider coupling to quarks
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as an axial-vector.

We take dark matter to be cold and have mass m, ~ 350 MeV, and so the CM energy
of the annihilation process is v/s ~ 2m, ~ 700 MeV. Further, we make no assumptions
about the flavor structure of the DM couplings to the quarks. One of the more salient
properties of dark matter coupling as an axial-vector to dark matter is how it differs from
other portals, such as the vector-like portal we covered in Chapter 2. As we will see, the
meson spectrum characteristic of the axial couplings differs drastically from that of the
vector-current coupling, in such a way that it is significantly more conducive to photon

production at lower DM masses—making it a prime candidate for indirect detection probes.

The layout of this chapter is as follows. In Section II, we present a brief overview of the
model we consider, introducing the coupling of dark matter the quark axial-vector current.
In Section 3.3 we argue the meson spectrum that results from our model by considerations
of quantum numbers. In Section 3.4 we outline a useful general method of estimating the
resultant photon spectrum, using only the knowledge we have of the final states (i.e. without
mention to a Lagrangian description). Next, in Section 3.5 we outline and justify the chiral
Lagrangian description of the model, the technical details of which can be found in Appendix
B.1. Then in Section 3.6 we go over our methods for estimating the photon background and
expected experimental signal strength for DM annihilation photon production for current
and future observations. Finally, in Section 3.7 we report our findings on the photon signal
predicted by our theory and the constraints thereby imposed on the DM branching ratios

and the model’s parameter space.
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3.2 The Model

We consider a model in which dark matter annihilates through a coupling to an axial-vector
quark current. In this model, we take dark matter to be a Dirac fermion (). The axial-vector

coupling to the quarks is given by

(6%
Lo = Y 150"V 0(@07°0). (3.1)

q

It will be useful to denote the axial-vector current which couples to the quarks ¢ with strength

coupling oy as

1
@ = 5 (XX, (3.2)

where A is the expected mass of a new massive particle that would mediate the DM-quark
interaction. Note that, in general, this interaction does not respect the SU(3), x SU(3)r
chiral symmetry of massless QCD. However if the o, couplings do not discriminate between
the quarks then this interaction does preserve the approximate low energy SU(3)r flavor
symmetry. As mentioned before, we take the mass of the dark matter to be light at m, ~ 350
MeV, which yields a CM energy /s ~ 700 MeV well below the confinement scale. Hence
we do not expect dark matter to annihilate into freely propagating quarks, but rather into

kinematically accessible mesonic final states.
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3.3 Meson Spectrum

We now consider the possible mesonic final states of this model. Now, not only do the final
states need to be kinematically accessible, they also need to have quantum numbers consis-
tent with the initial state of the dark matter’s wavefunction. That is, the final states must
have quantum numbers consistent with a spin-1 axial-vector. We can therefore determine
the allowed SM final states by imposing the fact that they must have J¢ = 1+ [35]. Now,
recall that both the P-parity and C-parity of a particle are factored into an intrinsic C'/ P-
parity, and an extrinsic C'/ P-parity which depends on the angular quantum numbers of the
wavefunction. Further recall that the overall C'/ P-parity of a state is given by the product
of of the intrinsic C'/ P parities of each particle composing the state times the overall phase
contribution from the extrinsic C'/P-parity. For a boson, the extrinsic P-parity (P) and

extrinsic C-parity (C) of a boson is given by!

C:(—1)Fs P (—1)k (3.3)

So, kinematic constraints notwithstanding, the dark matter can decay into any J = 1 quark
bound state with appropriate P and C'. This immediately implies that there can be no
single pseudoscalar meson final states, and also no single vector meson final states, since the
vector mesons all have J” = 17. So if the vector mesons are to appear in final states, they
either need to come in pairs or with at least one pseudoscalar meson. However, at the CM
energies we consider (y/s ~ 700 MeV) such vector states are kinematically forbidden, and
only become relevant at /s 2 m,+m, ~ 914 MeV. It is insightful to compare the final-state
spectrum of the axial-vector coupling to dark matter to that of a pure vector coupling, which

we now do.

'We use C, P to denote extrinsic parities of a state and C, P to denote the overall parities of a state.
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Final State (177) | Eyr (MeV) Final State (171) | Eyy (MeV) | Order

Tt 280 nOntn~ 412 p+p
KtK~ 986 70070 405 p?

K Kg 994 70(r)%(nt)? 690 p+p

ot T 915 (703 —nt 680 p+p

Table 3.1: (Right) All kinematically accessible mesonic final states with quantum numbers
consistent with the DM axial-current, and the order in the chiral Lagrangian at which they
occur

In order for the final-state quantum numbers to be consistent with the dark matter’s initial
state, the vector states must be in the |L,S) = |1,0) state and that the axial vector states
in the |L,S) = |1,1) state. Each of the vector and axial-vector final states share the same
overall phase (—1) due to extrinsic parity. However since the intrinsic parity of pseudoscalar
and vector mesons is odd, we must have an odd number of of final state mesons for the
axial case, and an even number for the vector case. Considering the kinematic constraints
at /s ~ 700 MeV, we see that dark matter coupling to the quarks as an axial-vector can
only admit final states containing an odd number of pseudoscalar mesons. The vector case is
very similar except that the kinematic constraints are far more restrictive insofar as photon

production is concerned, and that one is forced into an even number of mesons (as opposed

to odd).

In Table 3.1 (left) we have listed the five lightest final states that result from the dark
matter coupling to quarks as a vector current, and on the right we have done the same for
the axial-vector current. Recalling that 7% — 2+ almost always, and that 7+7~ nearly never
produces photons (i.e. < 107 %), it is immediately clear that the axial-vector coupling is far
more conducive to photon production for lighter forms of dark matter, since in this case the
lightest photon-producing final state happens at /s ~ 405 MeV (producing six photons),
as opposed to the vector case in which the lightest state is 915 MeV which produces only
two photons. Specifically, for the DM mass we consider the vector-current coupling admits

zero photon-producing final states and the axial-current coupling admits four of them—all
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of these states are shown in Table 3.1 (right).

Lastly, it is important to note that, not only are there four photon-producing final states
through the axial-vector portal (as opposed to the zero via the vector portal). What is more
is that Table 3.1 (right) is an exhaustive list of all of the accessible final states through the
axial-vector portal at /s ~ 700 MeV. This is because the only accessible final states are
combinations of 3,5,7... mesons whose net mass is less than 700 MeV. Scanning over all
combinations of mesons the reader may verify that those listed in Table 3.1 (right) are the

only such final states.

Lastly, we note a convenient consequence of the set of all mesonic final states for the axial-
vector case. Namely, since there are no vertices for which the dark matter current couples to
an even number of mesons, this means that the tree-level Feynman rules for the DM-meson

contact interactions are protected from all 1-loop corrections with mesons running the loop.

In summary, we assume the dark matter is cold, and so we may take the dark matter to
be approximately at rest. We take the dark matter to have mass m, = 350 MeV so that
the CM energy of the DM annihilation process is /s ~ 2m, ~ 700 MeV. At this energy
only combinations of an odd number (> 1) of the scalar mesons whose mass is less than
Vs ~ 700 MeV are kinematically accessible. In particular, we find that the only final states
with the correct quantum numbers which are also kinematically accessible are the 77 7~

00,0 00,0, +

70070, 00707 +t7— and n07nt

7wt states, and that the tree-level Feynman rules for

these processes are protected from 1-loop corrections with mesons running the loop.

3.4 Dark Matter Branching Ratios

To obtain coarse estimates of the total DM annihilation cross section in a Lagrangian-free

way, we consider constraints placed on the the dark matter branching ratios into the allowed
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mesonic final states. We do this by incorporating the observations of diffuse photon emission
as well as observations from possible future measurements of the Draco dSph galaxy. In this
section we will treat the branching ratios as free parameters and make no mention of the

underlying particulars of the model.

Let us first define the effective average cross section (ov). s, as the sum over the cross sections
through each channel (ov)., weighted by the average number of photons produced by the
final state V., given that process ¢ occurs. In terms of the branching ratios, the effective

cross section is then given by

(OVerr = D (o0)cN, (3.4)

¢ channels

= <0'U>tot. Z BR(YX — C)Nc (3'5>

¢ channels

where (ov)0. is the total dark matter annihilation cross section.

The total photon signal Ng is given by

1

Ng = jmm. ]eac AQ ch 3.6

$ g e 2 () Y

— <0'U>t0t. jann.([ex AQ) Z BR(YX — C)NC (37)
87Tm?( ' ¢ channels

where J* is the average DM annihilation J-factor of the target, Iy is the exposure and
AQ is the solid angle subtended by the target. One can easily compute N, in the parent
particle frame for each channel, and then boosting the resulting spectrum back to the lab

frame. The details by which we do this are outlines in Appendix A.4, and the results of these
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calculations are shown in Table 3.2. Now, to calculate the photon signal Ng exactly is a
model dependent endeavor, since one would need to calculate the DM branching ratios into
each mesonic final state c. However, we can treat the branching ratios and total annihilation
cross section as free parameters and obtain an estimate on its bound, which is what we will

do in Section 3.7. It will be convenient to define

[eprQdiff

Ouirs = Jgi1} oz 1.4x10% em™ s (3.8)
X
T Iem AQ Taco —
Ouraco 1= Jgmm, ~L——11%0 1, 2.2 % 10% em ™ 5 (3.9)
8mrmy,

and label the states by an index (shown in Table 3.2). The predicted photon signal can then

be expressed as

NS = @N4<Uv>tot (BR4 + Z ncBRc) (310)

where n, = N./N4. Note that since ) BR, = 1 it follows that BRs + > _n.BR. < 1, and

so the maximum photon signal Ng*** is a pure function of the total cross section

Ngzax = @N4<Uv>tot (311)

In Section 3.7 we use (3.11) to obtain a general bound on the total DM annihilation cross

section for both Draco and the diffuse emission.
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3.5 The Application of Chiral Perturbation Theory to

Dark Matter Interactions With Axial Currents

Since the coupling of dark matter to the light mesons is fundamentally governed by QCD
and the dark matter-quark current contact interaction, we expect this interaction to exist at
lower energies as well wherein the DM couples to the quark-confined states (mesons). At the
CM energies we consider it is viable to express this interaction using the chiral Lagrangian
formalism, in which the dark matter appears as an axial-vector spurion a, which, in general,
breaks the approximate Standard Model flavor symmetry. We follow a similar approach to

that followed in [10, 42].

Channel ¢ N, | index
mOrta— 0.53 1
o070 1.58 2

7(77)%(n*)? | 0.83 | 3

(73— mt | 242 4

Table 3.2: Table of all accessible dark matter annihilation final states ¢. The N, column is
the average number of observed photons, given that the final state on the left is produced.
The index is simply to assign an arbitrary ordering to the final states c.

Now, in order to describe the dark matter axial interaction with the quarks at energies below
the confinement scale, we need to write down all operators allowed by the symmetries. We
use the chiral Lagrangian formalism, which is just a convenient parametrization of all such
operators. Our expansion parameter is p/Agcp ~ 0.7, which isn’t as small as one might
dream. Therefore, we will also consider orders of the chiral Lagrangian beyond lowest order

(3.12).
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At lowest order, the chiral Lagrangian is

£ —fIZTr DU (D*U)f
where
DU =9,U —i{a,, U}
U:ei?§<I>
0=TmE@=| B K
K- K° — 2
ay, 0 0
a"=1 0 daf 0
0 0 a#

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

and the pion decay constant is f ~ 92 MeV. Expanding U in equation (3.12) we obtain the

order p and p? contributions to the Feynman rules for the final states listed in Table 3.1.

The Feynman rules thereby obtained at this order are given below.

The next highest order chiral Lagrangian contains the order p® and p* contributions to the

Feynman rules, and is given by
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LY = L tr [(DMU)T DMU] :
+ Latr [(DHU)T DVU} tr [(D“U)T D”U}
Y Lytr [(DMU)T DU (DU D”U]

—iLgtr [V"” [(DMU)T D,U — DU (DVU)TH (3.17)

where

V,LLI/ = a,uau - aua,u (318)

and Ly, Lo, L3, Ly are phenomenologically measured dimensionless constants of order O(1073).

Now, this Lagrangian £®* only corrects processes involving 3 or more final-state mesons,
since at lowest order in ® we have that O(|DU|?) ~ O(®?)+ O(a,®) and hence O(|DU|*) ~
O(®*)+O(a,®?), where we have dropped terms of order O(a?). We note also that, at lowest
order we get O(|DU|®) ~ O(®®) + O(a,P®), so the next order chiral Lagrangian will indeed
contain corrections to our 5-meson final states. These corrections goes as Cg (p/ AQCD)5 ~
Cs-0.15, where (g is a constant of dimension [—2] introduced by the O(p®) chiral Lagrangian
L© Tt has been shown in [40] that these constants are of order O(Cg) ~ 10~3MeV 2, which
therefore gives us license to ignore these O(p®) corrections. For the remainder of this paper,
we take Lagrangains (3.12) and (3.17) to be the complete description of a dark matter axial
current coupled to quarks at /s ~ 700 MeV. We note that, contrary to [42] it’s not necessary
to treat the DM branching fractions as free parameters, although we do this analysis anyhow.

Rather, in our case the dark matter is sufficiently light to justify a perturbative treatment
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of the chiral Lagrangian and take the tree level vertices as reliable estimates of the Feynman

rules.

The details of the expansion of the chiral Lagrangian into its constituent meson fields and
their corresponding Feynman rules are given in Appendix B.1. Some notable results from
this expansion are that each of our Lagrangians is directly proportional to a,q/A?, and hence
the Feynman rule corresponding to each channel is also proportional to /A% Obtaining
a coupling of this form is to be more-or-less expected from the symmetry and kinematic
arguments we made in Section 3.3. Kinematically, the coupling «a; corresponds to the dark
matter interactions with the heavier scalar mesons (i.e. those composed of at least one
strange quark) which are inaccessible at the CM energies we consider and so we expect all

of the relevant couplings to go as a,, £ ay.

3.6 Photon Spectra & Comparison To Observations

In certain models or at higher CM energies like those in [42],[10], the photon spectrum can be
the result of a multistep decay processes of intermediate mesons (e.g. Kaons, Vector Mesons)
before finally producing photons. In our case however, the only kinematically accessible final
states are those listed in Table 3.1, which are all DM contact interactions. Consequently, the
only accessible photon producing final state meson is the 7%, which decays to two photons

+

essentially 100% of the time. We neglect the 7% photon production since the 7% — ~

branching ratio essentially zero (< 1070 %).

In Figure 3.1 we show the photon spectrum obtained through the production of neutral pi-
ons produced from dark matter annihilation, assuming that /s ~ 700 MeV. The individual
spectra have been normalized to the number of photons produced (i.e. two times the number

of pions). In our calculations each spectrum is weighted according to their branching frac-
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E, (MeV)

Figure 3.1: Photon spectrum for all kinematically accessible final states. The center of mass
energy has been taken to be 700 MeV.

tions, though this is not shown in Figure 3.1. As is discussed in Appendix A.4, the photons
produced by 7% decay yield a signal with a peak at m,/2 which smear out when boosting

back to the lab frame, which can be seen in Figure 3.1.

Following [10], we consider constraints on the model from observations of diffuse photon
emission, and from future observations of photon emission from the Draco dSph. We will
take as a benchmark, an experiment with a fractional 1o energy resolution of ¢ = 0.3 and

an exposure of I.,, = 3000 cm? yr.

For the diffuse emission, we restrict our attention to latitudes greater than 20°. In this
region, and in the energy range 0.8 MeV — 1 GeV, the isotropic flux observed by COMPTEL
and EGRET can be well fit [4, 21] to the function

dQ(I)iso.

Eo ) —2.0
m = 2.74 % 10_3 ( b ) Cm_Qs_lsr_lMeV_l. (319)

MeV

The expected number of observed events No between the energies F_ and FE, is therefore
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given by

(3.20)

E_ E, ) cm? yrsr

No — 86 x 10! (Me\/ B MeV) (Leap. ASY)

Since our predicted signal peak is at m,/2 , we will consider a bin of photon energies
centered at Ey = m,/2. and a width of 0.3F, That is, we consider an energy bin between

E_=(m;/2)(1 —¢) and E; = (m:/2)(1 + ¢).

To get an estimate on the constraints imposed on our model from diffuse emission, we impose
that within this energy bin the number of expected signal events Ng not exceed the number
of observed events. That is, we impose that we must have that Ng < Ny in order for the

model to be consistent with current observations from diffuse emission.

Now, when obtaining constraints that would be derived from future observations of a dense
dark matter region such as the Draco dSph, the relevant quantity to consider is a statistically
significant observation of the model’s predicted value of Ng. As noted in Section 3.6, even
in the absence of a photon signal due to DM annihilation there are background photon
fluctuations of order o ~ \/W, and so it makes sense take this to be our estimated
uncertainty. We can therefore rule out a model that predicts a signal Ng at 5o confidence if
in a future observation no such Ng > 5o excess is detected. Absent of new information about
the background emission that could improve resolution, this automatically renders searches
for models which predict Ng < 50 inconclusive. If however such a Ng > 50 photon excess
is detected upon future observations of Draco, then using (3.28) we can obtain an estimate
on the minimum total DM annihilation cross section consistent with such an observation.
Together these constraints provide upper and lower bounds and hence a range of cross

sections consistent with a 5o Draco photon excess and the diffuse emission.
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3.6.1 Calculation of DM annihilation photon signal Ng

In this section we briefly outline how we go about calculating the predicted photon signal
from DM annihilation Ng from the total DM annihilation cross section, for both the diffuse
emission and the Draco case. In general differential photon flux from dark matter annihilation

is given by

2P _ N.
d — <0U> Jannd Y (321)
dQ dE, 87Tm§< dE,

where .J is the average J-factor of the target for dark matter annihilation, which accounts for
the geometry and DM distribution of the target. The average J-factor for diffuse emission

[27] and for Draco [22] are given by

Jo = 3.5 x 10* GeV? cm Psr! (3.22)
Jomm. = 6.94 x 10*' GeV? cm Psr? (3.23)

We account for instrumental energy resolution by convolving the injected photon spectrum

with a Gaussian smearing function

. (Eobs. — EW)Q) ) (324)

1
R ) = e (-
v v

Now, in terms of the exposure I, and the solid angle of the target A2, the number of
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Figure 3.2: (Left) Constraints on parameter space induced purely from the results obtained
from the chiral Lagrangian. Shown are the regions of parameter space consistent with obser-
vations from the diffuse emission (green) and a future 50 photon excess from Draco (blue).
(Right) Density plot of how the total DM annihilation cross section obtained from the chiral
Lagrangian varies with the model parameters a,4, A. The two dotted contours are the curves
in parameter space which correspond to the total DM annihilation cross sections obtained
from the coarse analysis in Section 3.7.

photons expected within the energy window E_ < F,,s < F, is therefore given by

E B * dN.
T (LapAQ) / dE s / dEy——="Re(Eops, Ey) (3.25)
0

Ns = YdE
X

8mmy,

3.7 Results

We first consider the constraints imposed on the chiral Lagrangian description of our model.
Recall that the vertices for each of the kinematically accessible final states are proportional
to a,q/A? and so the entire photon spectrum will be proportional to «?;/A* and have no
dependence on «y,. This is convenient as it allows us to completely explore the parameter
space of both «a,q and A to find the combinations which are consistent with current and

future observations, which we now do.
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The bounds imposed on the model’s parameter space by a future Draco search and current
observations of the diffuse emission are shown in Figure 3.2 (left). As mentioned earlier,
we have set the center of mass energy to be /s = 2m, ~ 700 MeV. The parameter
space consistent with a Draco 50 photon excess provides a lower bound on the total DM
annihilation cross section, and that the constraints induced by the diffuse emission provides
an upper bound. The region overlap is our region of interest, as it is the region of parameter
space which must be occupied by the model to qualify as a significant finding. That is,
the region of parameter space consistent with both a Draco 5o photon excess and current
the diffuse emission observations is given by all of the (A, a,4) that fall within the region
of overlap between the two regions. This overlap region bound by two contours of constant

cross section, defined by

3

3
2.10 x 1072 % < {00y < 418 x 1072 C% (3.26)

We now consider the constrains imposed on our model that are obtained from our coarse
estimates of the cross section (3.11). Recall that, as a function of the total DM annihilation
cross section, we have found that the predicted photon signal due to DM annihilation can

be no larger than

(N&“")airs = OuirrNalov)tor = (00)1or(3.4 x 10 cm™ s) (3.27)

Nmawy o = Ouraco Nalo0) 1ot = (00)40r (5.4 x 10%Y cm ™2 s 3.28
S

Note that these values were obtained with no mention to a chiral Lagrangian, as the only
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necessary ingredients were a complete list of the possible final states of DM annihilation
(which we found from symmetries). Nevertheless, we can still use these quantities to estimate
the actual photon signal and thereby estimate the total annihilation cross section as well. We
can then compare the estimates to those obtained from the chiral Lagrangian and provide
an error estimate. Such estimates could be useful to future dark matter research for models
where the final states are known but a Lagrangian description is either not possible or readily

available.

Now, for the diffuse case we again apply the condition that the total predicted photon signal
be consistent with the diffuse photon emission. Translating this constraint on the photon
signal directly to an upper bound on the total DM annihilation cross section via Equation

3.27, we find that

cm?

(0V)or £ 9.23 x 10727 — (3.29)
S

is the largest allowed cross section consistent with observations of the diffuse photon emission.

We now consider the lower bound on the total DM annihilation cross section that would be
imposed by a 50 photon excess from Draco. Now, the minimum photon signal Ng consistent
with a 5o photon excess occurs when Ng = 5\/W . Now, using Equation 3.28 to convert
this into a bound on the total DM annihilation cross section we find that the lower bound

is given by

3
(00) 1o > 4.64 x 10728 % (3.30)
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We visualize these findings in Figure 3.2 (right). Therein we show how the bound obtained
via our coarse estimates of the cross sections (3.29), (3.30) relates to the cross sections
obtained from the more precise description of the chiral Lagrangain. The green contours
represent the upper bounds on the cross section by imposing that the dark matter signal be
consistent with current observations of the diffuse emission, and the blue contours represent
the lower bounds on the annihilation cross section consistent with a Draco 50 photon excess.
The solid lines are the predictions obtained from the chiral Lagrangian, and the dotted lines

are the predictions obtained from the coarse estimates of the photon signal (3.27) and (3.28).

Looking at Figure 3.2 (right), we see that our Lagranian-free coarse estimates on the total
DM annihilation cross section admit a region in parameter space that is larger and centered
around a smaller total cross section than that obtained from the chiral Lagrangian. Specifi-
cally, the constraints induced on the total DM annihilation cross section from both analyses

are

3 3
4.64 x 10728 % < (o < 923 x 1077 % (Coarse Estimates) (3.31)
3 3
210 x 1077 5 < (00)y < 418 x 107 S (Chiral Lagrangian).  (3.32)
S S

Note that this particular trend of discrepancies is expected of our estimates. For both cases
of Draco and the diffuse spectrum, the estimate on the predicted signal Ng*** relates to the

predicted signal obtained from the chiral Lagrangian Ng via

Ng = N (BR4 +) ncBRC> < Npaz (3.33)
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So when we fix Ng = Np from the chiral Lagrangian, we expect that to correspond to a
larger (o) than what we obtain when we fix N§*** = N, since the former is suppressed by
the sum over the branching ratios. Therefore, we expect the total annihilation cross section
obtained from the coarse estimates to be smaller for both Draco and the diffuse emission,

which is exactly what we see in Figure 3.2.

3.8 Conclusions

In conclusion, we have considered dark matter which communicates to the Standard Model
via coupling directly to the quarks as an axial-vector current of the form «,a,(qy"7°q). We
have argued the set of all possible mesonic final states resulting from DM annihilation from
kinematics and symmetry considerations. Moreover, we have also found the set of all final
states by way of the chiral Lagrangian description of the DM-quark coupling at energies
below the confinement scale, which is in agreement with our arguments from symmetry.

From these final states we found the photon spectrum for dark matter annihilation.

In this work we have found that current observations of the diffuse photon background
emission can already be used to obtain an upper bound on the total dark matter annihilation
cross section in a Lagrangian-free manner, as well as the model parameters themselves when
using the chiral Lagrangian description. Furthermore, we have found that future observations
of dwarf spheroidal galaxies (dSphs) will significantly refine the bounds on the model’s
parameter space (or possibly discover this model), as it provides a lower bound on the

total dark matter annihilation cross section.
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Chapter 4

Dark Matter Freeze Out during an

Early Cosmological Period of QCD

Confinement

This chapter heavily relies on previously published work in collaboration with Tim M.P Tait.,

Seyda Ipek and Michael Waterbury [74).

4.1 Introduction

In this chapter, we explore a different kind of nonstandard cosmology, in which the strong
interaction described by Quantum Chromodynamics (QCD) undergoes an early phase of
confinement, based on promoting the strong coupling a, to a field, whose potential receives
thermal corrections which cause it to take larger values at early times, relaxing to the canon-
ical size some time before BBN [48, 49]. If the dark matter freeze out occurs during a period

in which «ay is larger such that QCD is confined, the degrees of freedom of the Universe
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are radically different from the naive extrapolation, being composed largely of mesons and
baryons rather than quarks and gluons. Similarly, the interactions of the dark matter with
the hadrons are scaled up by the larger QCD scale, Aqcp, leading to a very different anni-
hilation cross section at the time of freeze-out than during the epoch in which experimental
bounds are operative. We find that depending on the underlying form of the dark matter

interactions with quarks, radical departures from the expected relic density are possible.

This chapter is organized as follows. In Section 4.2, we review the construction of a Universe
in which oy varies with temperature. In Section 4.3 we discuss the chiral perturbation theory
which describes the mesons and their interactions with the dark matter during the period of
early confinement, and in Section 4.4, we examine the relic density under different assump-
tions concerning «, at the time of freeze-out, and contrast with experimental constraints

derived today. We reserve Section 4.5 for our conclusions and outlook.

4.2 Early QCD Confinement

Following reference [48], we modify the gluon kinetic term in the SM Lagrangian to:

—ﬁgoGzng” = - i <gi§0 + Mi*> GGy, (4.1)
where G, is the gluon field strength, .S is a gauge singlet real scalar field, and gy represents
(after rescaling the kinetic term to canonical normalization) the SU(3) gauge coupling in
the absence of a vacuum expectation value (VEV) for S. M, is a parameter with dimensions
of energy which parameterizes a non-renormalizable interaction between S and the gluons.
It could represent the fluctuations of a radion or dilaton field, or by integrating out heavy
vector-like SU(3)-charged particles which also couple to the scalar field S. In the latter case,

the scale of the interaction is related to the mass of the new SU(3)-charged particles via
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Figure 4.1: Left panel: Evolution of the strong coupling constant with temperature in the
early Universe for three different values of v,/M,. Confinement takes place at temperatures
for which oy > 1. Right panel: The scale of QCD confinement, Aqcp, as a function of the
parameter £ = exp(247%/(2N; — 33)vg/M.,).

M, ~ 47Mg/ngyoas, where ng is the number of SU(3)-charged fermions with mass Mg

and Yukawa coupling yq.

Engineering an early period of confinement, followed by subsequent deconfinement and return
to a SM-like value of a; before BBN imposes constraints on the potential for S, and its
interactions with other fields (which determine the thermal corrections to its potential)
[48]. Generally, mixed potential terms containing the SM Higgs doublet are present, and
these may play an important role in the thermal history [49]. In this work, we remain
agnostic concerning the specific dynamics which implement the shift in vg leading to early
confinement, and we assume that the terms mixing the S with the SM Higgs are small

enough so as to be safely neglected.

A VEV for S generates a non-decoupling correction to the effective strong coupling constant
through the dimension-5 interaction in (4.1), which for negative v, strengthens the effective

coupling strength. At one loop and at scale pu, the effective strong coupling is

1 33 — 2Ny 2 Vs
= In| = 4r— 4.2
as(pt, vs) 12r (A(Q)) i WM*’ 42

where Ny is the number of active quark flavors at the scale p ~ 1. (4.1) shows the effective
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coupling as a function of temperature. QCD confinement occurs at a temperature T, ~ Aqcp,

where

2471'2 Vg

Raco(vr) = AR, 5. (4.3

Here, A(SQ%D ~ 400 MeV is the SM value of the QCD confinement scale; we adjust gy such

that it is realized for v, = 0.

At scales below confinement, the relevant degrees of freedom are mesons, whose dynamics are
described by chiral perturbation theory, the effective field theory of which is parameterized
by coefficients which depend on Agcp. We find it convenient to parameterize the physics in

terms of the ratio of Aqep to AZp,

Aqep 247?  w,
= Q0D e (T Y ) 4.4
; Y ) e Y VA (44)

The parameter ¢ is typically sufficient to completely describe the physics of dark matter

interactions during the period of early confinement.

4.3 Dark Matter Interactions and Chiral Perturbation

Theory
The dynamics of the scenario we study are encoded in the Lagrangian:

1/ 1 SN\ o . i
£~ (g_ﬁo + ﬁ) Ge,Gh + ; {iGq — yy hargr +He.} + Ly, (4.5)
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where £, describes the dark matter and its interactions. We introduce a SM-singlet Dirac

fermion field x to represent the dark matter, and couple it to quarks,

._ _ Bij Nij
Ly =iX7"9ux = myXx + ) {VJQXX Gigj + 372 XX Gy ¢ (4.6)
S \%

z?j

where the couplings 5;;/M3 and \;;/M; represent operators left behind by integrating out
states with masses > m,. Generically, one would also expect there to be interactions
with the leptons or the Higgs doublet. We assume for simplicity that such interactions are

subdominant if present.

In the case of the scalar interactions, S itself could act as the mediator, provided it has direct
coupling to the dark matter. In that case, UV-completing will require additional states to
provide a renormalizable portal to hgg, and the dimension six interaction written here will
descend from a dimension seven operator after the SM Higgs gets its VEV. The vector
interactions could represent a Z’ from an additional U(1) gauge symmetry that couples
to both quarks and dark matter. We will consider cases in which either scalar or vector
interactions dominate over the other one. We follow the guidance of minimal flavor violation

[66] in choosing the couplings such that

Bij = iéij& ; (4.7)

u

which is normalized to the coupling to up quarks, and with an over-all factor absorbed into
M?Z. The possibility of choosing either sign for 8 will play an important role, described in

4.21 below.

The vector couplings \;; are diagonal and have equal values for the up-type quarks, and
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equal (but different from the up-type) values for the down-type quarks,

5ij7 ] =u,c, t
/\ij

(4.8)
(1+a)5ij, j:d,S,b,

where o determines the difference between up- and down-type couplings. When a = 0, the
vector coupling assigns charges equivalent to baryon number, and the mesons decouple from

the dark matter.

During early confinement, the Universe looks very different from the standard cosmological
picture based on the SM extrapolation. (Massless) quark and gluon degrees of freedom are
replaced by mesons and baryons, and chiral symmetry breaking induces a tadpole for the
Higgs which is relevant for the evolution of its VEV. In order to determine how dark matter
interactions are affected by this early cosmological period of QCD confinement, we first give

a description of this era in terms of chiral perturbation theory.

4.3.1 Chiral Perturbation Theory

In the limit Aqep > my, the QCD sector of the Lagrangian for quarks,

£y {ighq -y, hqrar + He.} (4.9)

q

(where h is the SM Higgs radial mode) possesses an approximate global SU(6),x SU(6)g
chiral symmetry, which is softly broken by the Yukawa interactions. We work in the basis in
which the y,’s are diagonal, for which all flavor-changing processes reside in the electroweak
interactions. Non-perturbative QCD is expected to break SU(6),x SU(6)r — SU(6)y to

the diagonal subgroup, resulting in 62 — 1 = 35 pions as pseudo-Nambu-Goldstone bosons.

At scales below Agcp, the pions are described by a nonlinear sigma model built out of
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Pion Spectrum (T = 100 GeV)
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Figure 4.2: Spectrum of pion masses for two choices of &, with v, corresponding to the Higgs
VEV at T'= 100 GeV.

U(x) = exp (127°7%(z)/ fr), where T are the SU(6) generators. The leading terms in the

chiral Lagrangian (neglecting electroweak interactions) are

2
Lo =7 tr(IDUP) 4w tr(UM] + MUY (4.10)

where f, is the pion decay constant and « is a constant with mass dimension 3, both of which
represent the strong dynamics. The generators are normalized such that tr[T%T?] = §9°/2,
leaving the 7 canonically normalized. The mass matrix M, is a spurion representing the
explicit SU(6),x SU(6)g breaking from the Yukawa interactions,
M, = —h Diag(yu, Ya: Ys: Y, Yo, Yt) - (4.11)
V2

Expanding the field U in (4.10) to second order in 7/ f, results in pion mass terms and a

tadpole for the Higgs:

K
Lo D V2y h— ﬁtr[{T“,T”}M] o’ (4.12)
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both of which are controlled by . (In the tadpole term we keep only the top Yukawa as
the contributions from light quarks are typically negligible.) We match f, and & to the SM
pion mass, m,y = 135 MeV, and decay constant, fro = 94 MeV at ¢ = 1 and v, = v},
where v) = 246 GeV is the zero temperature SM Higgs VEV. Naive dimensional analysis
provides the scaling for other values of ¢ (for which the tadpole implies there will typically
be a different vy,):

K~ (220 MeV)? €3 | =294 MeVE,  m2 ~m2, v, /vy, (4.13)
The resulting pion mass matrix is diagonalized numerically to determine the spectrum of

mesons in the mass basis. Example spectra at T" = 100 GeV for two different choices of &

are shown in Figure 4.2.

4.3.2 Finite Temperature Higgs Potential

As shown above, a cosmological era of early QCD confinement induces a tadpole for the Higgs
radial mode h. If Aqcp is comparable in size to the weak scale, this tadpole can deform the
Higgs potential by a relevant amount during the epoch of confinement. In addition, the
plasma contains mesons (rather than quarks), which modifies the thermal corrections to the

Higgs potential from the SM fermions.

We determine the Higgs VEV as a function of temperature by finding the global minimum
of the finite-temperature Higgs potential. We assume that interaction terms between the
Higgs and S are small enough to be neglected. We focus on a cosmological history where
Aqep > Trw ~ 150 GeV, which requires £ 2 300. We further assume that the S potential
is such that there is a lower temperature 7, (which we treat as a free parameter) at which
Aqep returns to A%%D, implying that QCD deconfines and the subsequent evolution of the
Universe is SM-like.
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Under these assumptions, the finite temperature potential for the Higgs, V' (h,T') consists of
the tree level SM potential,

1 A
Vo(h) = —§u2h2 + Zh‘l : (4.14)

whose parameters are adjusted to match the zero temperature VEV v?) = 246 GeV and
Higgs mass mj, ~ 126 GeV. In three different temperature regimes, the form of the finite

temperature corrections is given as

( T4

%(h) + 2—71_2 | Z (—1)Fn2-JB/F [m?/Tﬂ (T > AQCD)

i=h,W,Z,t .
T
V(h,T) = %(h) - \/iliyth + ﬁ anJB 2/T2 (Td <T < AQCD) ,
i=h,W,Z 12
T4 F 2 2

Vo(h) + 55 %V:Z(t—l) niJpse [m; [ T°] (T <Ty) ,

\ 1=h,W,4,

(4.15)

where F' = 0/1 for bosons/fermions and n; counts degrees of freedom: n, =n, = 1, ny = 6,

nz =3, and n, = 12. The functions Jg,r are the bosonic/fermionic thermal functions,
i / 2 log (1 - (—1)Fe—vf2+m?/T2) (4.16)
0

and m?(h) are the field dependent masses,

We make use of the high temperature expansions of the thermal functions, which are given

as
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Figure 4.3: Higgs VEV as a function of temperature 7" for £ = 500, 1000 and 7y = 10 GeV.
The sudden changes occur at T ~ Aqcp and 1.
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The meson masses in the confined phase are calculated as described in the previous section.
We find that for the values of £ under consideration, the mesons containing top quarks are
typically much heavier than the temperature during the period of early confinement such
that they are Boltzmann suppressed. Hence the dominant thermal corrections are from the

mesons containing bottom quarks. We keep all 35 mesons in our numerical calculations.

At high temperatures, the potential is dominated by the T?h? term, driving v, — 0, and the
electroweak symmetry is restored. At 7" = Aqcp, chiral symmetry is broken via the quark
condensate, and the tadpole triggers a non-zero Higgs VEV that is larger than v} for the
¢ values we consider. At T,;, QCD deconfines and the Higgs VEV relaxes to its SM value.

This behavior is shown in Figure 4.3 for T; = 10 GeV and two values of &.
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4.3.3 Dark Matter Interactions with pions

At leading order in chiral perturbation theory, the interactions with the dark matter map
onto,
K l
L et (UB+UBY) + — vy e (@01 WU = UL 00)) . (4.19)
Mg My,
with x and f, determined as discussed in Section 4.3.1. Note that because the scalar inter-
action with dark matter is chosen to take the same form as the spurion containing the quark

masses, a single hadronic coefficient x determines both the pion masses and the dark matter

couplings [67]. Expanding U to second order for Hermitian choices of 5 and A produces:

2K tr [5] - 2r 1 arb - a_b 21 abc b - a c
Té XX + f_zﬁé tr[TT° 5] xxmm’ + Wf tr[T°A] xyx ©(0,7°). (4.20)

It is worth noting that the strength of the scalar interaction scales as k/ f2 oc £, whereas the

vector-interaction strength is independent of it.

The first term in Equation (4.20) represents a contribution to the dark matter mass induced
by the chiral condensate. At the time of freeze out, the effective mass is given by the sum
of m§:07 which to good approximation is m, in the Lagrangian (4.6), and this additional
correction that is operative during confinement,

106 GeV) 2

T (4.21)

For large values of &, the effective shift may be a few GeV, and may play a role in determining
the relic abundance for dark masses of O(10 GeV). In (4.4) we present our results in terms
of the T = 0 (unshifted) mass relevant for WIMP searches today. For dark matter masses of
O(GeV), the sign of the effective mass term may flip between the time of freeze out and today

due to a sign difference between m, and . For sufficiently complicated WIMP interactions,
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this could lead to non-trivial interference effects, but for the simple cases we consider here

it is unimportant.

4.4 Dark Matter Parameter Space

In this section, we consider dark matter freezing out through either the scalar or vector
interactions introduced above during an early cosmological period of QCD confinement.
We contrast with the expectations from a standard cosmology and constraints from direct

searches.

4.4.1 Relic Density

The Boltzmann equation describing the evolution of the density of dark matter in an ex-

panding Universe can be written as [68]:

dn
d_tx + 3Hn, = —(ov)(n} —n,), (4.22)

where n, is the co-moving number density of the dark matter, and n, is its equilibrium
density at a given temperature. When the interaction rate drops below the expansion rate
of the Universe, H, the dark matter number density stabilizes, leaving a relic of the species
in the Universe today. The relic density can be solved for a non-relativistic species with a
thermally averaged cross section approximated as (ov) ~ a + 6b/x where x = m, /T. The

resulting relic density is:

o 2 104X 107 e 1 23)
T Mp Vs a+3b/xp’ '
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where ¢, counts the number of relativistic degrees of freedom at freeze-out and h parame-
terizes the Hubble scale. For the standard case of £ = 1, we have g, = 92. In an era of
QCD confinement at T~ 10 — 100 GeV, the degrees of freedom changes from the standard
scenario since quarks and gluons confine into (heavy) mesons. For the cases we study, this
corresponds to g, ~ 26 at the time of dark matter freeze-out. The freeze out temperature

xp = m,/Tr can be solved for iteratively via

B 45 g, myMp(a+6b/zF)
rp=In (c(c +2)4/ S 93 - : (4.24)

where g, = 2 for fermionic dark matter and ¢ = 1/2 approximates the numerical solution

well [68]. The parameters a,b in the annihilation cross section are model dependent. We

compute them in (?7?) for scalar and vector interactions, respectively.

The preceding discussion assumes that the freeze out takes place during a time of radiation
domination, as is the case for a WIMP in the backdrop of a standard cosmology. It is
generally expected that QCD confinement results in a shift in the vacuum energy of COAéCD,
where ¢ is a dimensionless constant which naive dimensional analysis would suggest is order
1. The relic density in Equation (4.23) assumes that the subsequent deconfinement of QCD

occurs before the onset of vacuum domination,

Co

1/4
Aqep 2 Tr 2 Aqep <g_) : (4.25)

For ¢y ~ 1, this is a relatively narrow range which would involve some fine-tuning between
the freeze out temperature and Aqcp for Equation (4.23) to hold. However, the tiny value
of the vacuum energy inferred from cosmic acceleration in the current era could argue that
there is some mechanism at work which dynamically cancels the influence of vacuum energy

in different epochs, which would allow for a much wider period of radiation domination.
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4.4.2 Limits from Direct Searches

Direct detection experiments such as XENON provide important bounds on parameter space
based on the null results for dark matter scattering with nuclei. The rate for x to scatter

with a nucleus N in the non-relativistic limit is,

2,02
1 mimy

oN =~ [Zfy + (A= Z) f)?, (4.26)

7 (my + 1)

where Z and A are the atomic number and mass number respectively and f,, are the

effective couplings to protons/neutrons, given by

1 " 2 N
Scalar Interaction : f,/, = W{ Z f}l;/ ) 4 §f:(rz;/ )} 7
S

q=u,d,s
1 1
Vector Interaction : f, = — (3 +a), f=-—5(3+2a), (4.27)
Mg Mg
at leading order [71], with hadronic matrix elements fr,, and fr, defined as in references

69, 70].

4.4.3 Scalar-Mediator Results

It can be seen from (4.20) that the strength of scalar interaction between dark matter and
pions depend on the QCD confinement scale, Aqcp = SAE%D. Consequently, for dark matter
with purely scalar interactions, the relic density is a function of the mediator scale Mg, QCD
confinement scale Aqcp, and the mass of the dark matter at zero temperature, m:;:o_ We
consider £ = 1,500, 1000, where £ = 1 represents the standard cosmological history and the

other two choices correspond to Aqcp = 200,400 GeV, respectively.

The relic abundance is controlled by the thermally-averaged annihilation cross section at the
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Figure 4.4: (Top Left) The thermally-averaged cross-sections at the time of freeze-out as a
function of m=" plotted for Mg = 10° GeV (blue), 10" GeV (green) and £ =1 (solid), 500
(dashed), 1000 (dotted). (Top Right) Dark matter relic abundance today as a function
of mI=" plotted for Mg = 10° GeV (blue), 10" GeV (green) and ¢ = 1,500,1000. The
horizontal solid line is the observed dark matter abundance. (Bottom Left) The freeze-out
temperature T as a function of m] =" with Mg = 10° GeV, 10" GeV plotted for £ =1 (solid),
500 (dashed), 1000 (dotted). (Bottom Right) We show the Mg values that produce the
observed dark matter relic abundance as a function of m =" for £ =1 (solid), 500 (dashed),
1000 (dotted). For § < 0, the line is plotted in red. Shaded blue region is excluded by

XENONIT. See text for details.

time of freeze out (T' = Tr) in the non-relativistic limit,

2 2

(050} = (f—M) ) 1B o) (4.28)

Here w, are the eigenvalues of the 35 x 35 matrix tr(7°7°3), and the sum is over all the
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Note that scalar interactions lead to p-wave suppressed

pions of mass' less than miZTF .

annihilation, for which @ = 0. The relic abundance today is given by p, = m}="

n,, whereas
the energy density immediately after freeze out is mngF ny. The shift in m, between the
time of freeze out and the present epoch introduces an additional correction to the relic

density today:

mTZO

QrF=0p2 = x  T=Trp?2 4.29
X m§:0 + Am, X ( )

In Figure 4.4, we show the annihilation cross section, relic density today, and freeze out
temperature, for & = 1,500,1000 and two representative values of Mg, as a function of
the dark matter mass today. In the final panel, we show the value of Mg for each dark
matter mass (today) required to reproduce the observed relic density, for the same values
of ¢ considered. Also plotted on that panel are the current XENONIT constraints [50].
Comparing £ = 1, the standard cosmological scenario, to & = 500, 1000 cases makes it clear
that freeze-out during an early cosmological period of QCD confinement, which can realize
the observed relic density for weaker couplings, can make the difference between a freeze-out

relic WIMP being allowed versus strongly excluded by direct searches.

There are a number of features in Figure 4.4 that warrant further discussion:

o The ¢ > 1 lines end when m =" ~ Aqop = EAREp, at which point the dark matter
mass is heavier than the QCD scale, and the resulting annihilation would be into quarks

and not into pions.

e For standard cosmology, with & = 1, the kink in the annihilation cross section at
m, ~ 173 GeV corresponds to the annihilation channel into top quarks opening up.

Similarly, the kinks in the & = 500, 1000 lines correspond to new channels into heavier

LOur choice of couplings Bij aligned with the Yukawa interactions leads to diagonal interactions between
the dark matter and the pion mass eigenstates.
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pions.

e As mentioned earlier, the annihilation cross section is enhanced by the QCD scale.
Therefore this scenario accommodates larger values of the mediator scale, Mg ~

10% GeV, compared to a standard WIMP scenario.

e The effect of the quark-condensate contribution to the dark matter mass can be seen
in the bottom-right panel. Depending on the sign of 5 in 4.21, there are two values of

m,="" which correspond to a single m]=? for modest dark matter masses.

e The bottom left panel implies that a scenario in which the QCD deconfinement brings
the dark matter back into equilibrium with quarks after it has frozen out from inter-

acting with mesons is never realized, for deconfinement happening below a few GeV.

4.4.4 Vector-Mediator Results

For vector interactions, our choice of minimally flavor-violating interactions A;; with the
quarks results in leading interactions with a pair of pions, as in Equation (4.20). In the

non-relativistic limit, the thermally-averaged annihilation cross section is,

35
Qab 2 3 9 P)/ab_Qpab <U2>
= L= Yo+ pap)? |14+ (14 = O({v* 4.30
(o v) aE,b:1247TmX< Yab + Pab) [+< +41_%b+pab 5~ T O] (4.30)

summed over pairs of mesons for which m,, +m,, < 2m,. Note that vector interactions do
not induce a shift in the mass of the dark matter from the chiral condensate. The coupling

matrix )., is given by

35 9

1
Q=Y i Foetr[TeN] f2% tr[ TN o

c,d=1

(0
— 4.31
e (431)
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Figure 4.5: (Top Left) The thermally-averaged cross-sections at the time of freeze-out as
a function of m =" plotted for My = 100 GeV (blue), 1 TeV (green) and & =1 (solid), 500
(dashed), 1000 (dotted). (Top Right) The generated relic abundance today as a function
of m!=" plotted for My = 100 GeV (blue), 1 TeV (green) and & =1 (solid), 500 (dashed),
1000 (dotted). The horizontal solid line is the observed dark matter abundance. (Bottom
Left) The freeze-out temperature as a function of m!=" with My = 100 GeV plotted for
¢ =1 (solid), 500 (dashed), 1000 (dotted). (Bottom Right) Coupling as a function of m!="
to produce the observed relic density plotted for & =1 (solid), 500 (dashed), 1000 (dotted).
Shaded blue region is excluded by XENONIT. See text for details.

where we focus on o = 1 for simplicity. The kinematic factors are defined as v, = (mfra +

m2,)/(@m2) and oy = (m2, —m2,)?/(16m3).

h T,

In Figure 4.5 we show the resulting annihilation cross section, relic density, and freeze-out
temperature, as a function of the dark matter mass at zero temperature m;l(‘:l), for two choices

of My = 100 GeV, 1 TeV and ¢ = 1,500, 1000, where £ = 1 corresponds to the standard
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picture of freeze-out through annihilation into quarks. In the final panel, we show the value
of My for each dark matter mass required to reproduce the observed relic density for a given

choice of &.

Unlike the scalar interactions, vector interactions do not get the { —enhancement from QCD
confinement. On the contrary the annihilation cross-section is smaller than the standard
WIMP scenario because the annihilation products, namely the new pions, are heavier than
SM quarks at the same temperature in standard cosmology. Hence, the vector scenario does

worse than the standard WIMP case within this cosmological history.

4.5 Conclusions

The standard picture of freeze out is a compelling picture for the mechanism by which
dark matter is produced in the early Universe, and the primary motivation for WIMP dark
matter. Common wisdom states that the WIMP paradigm is in trouble, but this is the
result of comparing freeze out in a standard cosmology to searches for WIMPs. In this
article, we have explored the possibility that the cosmology looks radically different at the
time of freeze out, in particular exploring the idea that QCD could have undergone an early
period of confinement before relaxing to the behavior observed at low temperatures today.
We find that for a scalar mediator, the dark matter mass is shifted by the chiral condensate,
and its coupling to pions is enhanced during early confinement, allowing for parameter
space which allows for freeze out production while remaining safe from constraints from
XENONIT today, rescuing some of the WIMP parameter space. On the other hand, for a
vector mediator we find that the differences between freeze out during early confinement and
the standard cosmology are more modest, and the entire parameter space remains ruled out
by XENONIT. Our work highlights the fact that a modified cosmology may largely distort

the apparent messages from astrophysical observations of dark matter to inform particle
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physics model building.
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Chapter 5

Conclusions

In this dissertation, we have considered dark matter which communicates to the Standard
Model via coupling directly to the quarks. In Chapter 2 we considered a vector-like coupling

of the form «,v,(gy"q), and in Chapter 3 we considered a an axial-vector coupling of the

form aga, (@y*v5q).

In Chapters 2 and 3 we have argued the set of all possible mesonic final states resulting
from DM annihilation/decay from kinematics and symmetry considerations. Moreover, we
have also found the set of all final states by way of the chiral Lagrangian description of the
DM-quark coupling at energies below the confinement scale, which is in agreement with our
arguments from symmetry. From these final states we then found the photon spectrum for
dark matter annihilation and compared this to current observations of the diffuse emission
and prospective future searches in the Draco galaxy. We found that current observations of
the diffuse photon background emission can already be used to obtain an upper bound on the
total dark matter annihilation cross section in a Lagrangian-free manner, as well as the model
parameters themselves when using the chiral Lagrangian description. Furthermore, we have

found that future observations of dwarf spheroidal galaxies (dSphs) will significantly refine
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the bounds on the models’ parameter space or possibly discover this model, as it provides a

lower bound on the total dark matter annihilation cross section.

In Chapter 4 we have explored a non-standard cosmology that looks drastically different at
the time of dark matter freeze out. In particular, we explored the idea that QCD could have
undergone an early period of confinement before relaxing to the behavior observed at low
temperatures today. We find that for a scalar dark matter mediator, the dark matter mass
is shifted by the chiral condensate and its coupling to pions is enhanced during early confine-
ment. This enhancement admits a parameter space which allows for freeze out production
while remaining safe from constraints from XENONIT today, rescuing some of the WIMP
parameter space from being excluded by direct detection experiments. On the other hand,
for a vector dark matter mediator we find that the differences between freeze out during
early confinement and the standard cosmology are more modest, and the entire parameter

space remains ruled out by XENONI1T direct detection searches.
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Appendix A

The Vector Portal Appendix

A.1 Symmetry considerations

Since we assume that the primary dark matter annihilation/decay process does not involve
weak interactions, we will find that the hadronic final state has vanishing strangeness, and
has the same parity, charge conjugation and angular momentum quantum numbers as the
initial state. We also, for simplicity, focus only on primary annihilation/decay processes
which produce at most two mesons. As such, the only kinematically accessible neutral two-

body final states with vanishing net strangeness are 7, nn, n7°, pr, wr’, KtK—, K'K°,

The quantum numbers of the Standard Model final state can be determined in general from
the quantum numbers of the dark matter initial state (for example, see [35]). If dark matter
couples to a vector quark current, the final state necessarily has J¢ = 17—, As such, the
7979, nr®, nn, K K, and KgKg final states are forbidden. As a result, the only final states
which we need consider are 7t7~, KTK~, K'K®, pr, and wr®. Since all of the mesons in
question have odd intrinsic parity, each state transforms under parity as (—1)%, and must

thus have orbital angular momentum L = odd. From the symmetry of the wavefunction, we
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then see that the 77~ state must have isospin I = 1, I3 = 0. Similarly, we can classify the

two-kaon final states in terms of their isospin quantum numbers:

(IK*K™) +|K Ks))  I=0,

(|[KTK™) — |[KLKs)) I=1, I3=0. (A1)

Sl- 5l

Note, the choice of which relative sign corresponds to the singlet or triplet state is a con-
vention, which depends on the normalizations of the |KTK~) and |K; Kg) states. The wr®
state is necessarily [ = 1, I3 = 0, while the pm state is I = 0,1 or 2, I3 = 0. But since the
isospin quantum numbers of the final state should be the same as those of the quark current
to which the vector spurion couples, we should only be only be able to produce pm states

with I = 0 or 1; the I = 2 pr state should be inaccessible.

Thus, we essentially have six final states, two of which have I = I3 =0 ((KK)s and (pn)s),
and four of which have I =1, I3 =0 ((77)s, (KK)¢, (pm); and (wm):). Note that the (),
state produces no photons, while the (KK), and (KK); states produce identical photon

spectra.

Isospin is an SU(2) subgroup of the QCD flavor symmetries which relates u- and d-quarks.
But similarly, there are SU(2) subgroups which related d- and s-quarks (U-spin) and wu-
and s-quarks (V-spin). We thus find that the K™K~ state must have V-spin IV = 1,
IY =0, while the states (1/v/2)(|7t7~) £ |K Ks)) have IV = [V =0 and IV =1, I} =0,
respectively. Similarly, the KX K® state must have U-spin IV = 1, I¥ = 0, while the states
(1/vV2)(|7t7n™) £ |[KTK™)) have IV = IV = 0 and IV = 1, IY = 0, respectively. Note that
U-spin and V-spin are not useful for classifying the pr and wn® final states, since the p and
w transform into kinematically inaccessible states under U-spin and V-spin; essentially, the

p and w are necessarily close enough to threshold that the strange quark mass cannot be
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taken as negligible.

A.2 Feynman Rules: Vector Portal Dark Matterl

We here collect the relevant Feynman rules. For all rules below, all momenta on the left are

entering the vertex, and those on the right are exiting.

X5, P L X5, P P+
ERE L 0n e — a) (k- K), A P laa = an) k- ),
/ CUKS K , KK
—ajp \\ —047p \\
K k. KT k.
. it (ke (k)" — B (K')) it (b (k) — K (K))
e ****p*/w {/ fﬁiipi,uu
KS k. K=k~
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KT k. K+, k.

N R - R R - R
T P
KS 3 K=k (A.4)
K", ke K* k.
WL (R () — K () N BN ) - ()
S o S w
K5k K,k A5)
. —f—v(i(pﬂ?’) = i(p +p) v”) (g — ov,)
2A2 v H u
s
X (A.6)
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X3, D
,,,U;W
X
Xs,D
P
X
T, P>
\\\
7 Wabs D
pcdapp//

3% (i(P + )y —i(p + p’)w”) (g + o)

(A7)
V245 <i(p + )" —i(p + p’)w”> Qs
(A8)
5 (2 ) 4 2 )
o () (pr)" + hogabgd(mgw)
(A9)
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A.3 Decay Spectra at Rest

We begin by finding the decay spectrum at rest for the various mesons. For two-body decays

the spectra are set by kinematics. For a decay A — B + C the energy spectrum of B is

r 2 2 .2
d—:é(EB—mB+mA mc). (A.10)

Three body decays must be analyzed in terms of Dalitz plots, which encode the amplitudes

as a function of the kinematic variables.

KT (pk) = U(p1)v(p2)m°(ps)

The decay to K (px) — £(p1)v(p2)7°(ps) is controlled by the matrix element M = (px +

p3)*07,(1 — v5)v. The pion energy spectrum is controlled by

I = /dm§2dm§3 > IMP (A.11)

spins

We then find that

dr
o [y |MP o S+ ok ) — S (0 e — () )
12

+4(m§< + 2m? + m72r - m%?)((m%:%)max - (mg?,)min)

SO = (i), (A12)
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where we have defined

2 2 2 2 2 2
Miy — My + Mj E*iM_mu_mg
s =

E; =

2m12 2m12

m?j = (pi — pj>27
2
(M2 mas = (3 + E5)? — (\/ (B —m3— (B mg) ,
2

()i = (B3 + B9 — (/89— 4 B = ) (A.13)

K*(pk) = 7°(p1)7%(p2) 7t (ps)

The decay K (px) — 7%(p1)7°(p2)7 T (p3) can be expressed in terms of the invariant ampli-

tude A [20]
r B _ 2 N2
ap = - gl ((33 2S°)> +k (52 281) :
dssdss m7 mi m4
2 2
=gty (—(53 _2‘90)) +k (—282 T 380) , (A.14)
m? m?% m2
where
1+ 82+ s 1
si = (px —pi)? 50:%: g(mﬁ(—l—mf—l—mg—l—m%),
g=0626 h=0052 k=0.0054. (A.15)
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The pion energy distribution is then

dar dar
— = 2mg— d 2, Al
a5, K OC/ sz |A| (A.16)

We then find that the energy distribution of 7y in decays of K™ — 7?7 ™ at rest is (here

E, is the neutral pion energy)

ar

« (0% (0%
= Nitorinom00(ss) [ a0+ +ass + — + =+ =2 ), (A.17)
dE2 S92

&b 83

where

\/[—Qmi (m2 + s9) + (M2 — s9) 2 + mi] [—Qm% (m%+ + 82> + (m%+ — 52) 2+ mi

o(s2) = 2m3_ {A.18)

and

m2  +2m2

+

_ 2
o= 3m2+h,
20mi+2m%,  —4m2m?
2 2 2 2 h K MK 2 2 2
a1:2m++%(mK++m++2mw)—|—§( ";ri =+ 16my, —4dmz +2m7 |,

2 2\2(,,2 2 )2
m+—m,r) (m,,—mK+>

2
3m+

3 = Qh(
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g =g (mWTrLKJr mimy — My + m+mﬁ) + 3h ( mT + 2m7rmK+ MMy — My, + mw) ,



We find that the normalization constant by integrating both sides with respect to dE (picking

1
2mg

up a factor of — ). The normalization constant is given by,

+

Nict smtnopo = —0.00187217 (GeV)?.

Ki(pr) =« (p1)7 (p2)7°(ps), 70 (p1)7° (p2) 7° (p3)

The decay K1 (px) — 7 (p1)m (p2)7°(p3) can be expressed in terms of the invariant ampli-

tude A [20]

2 2
| A(s1, 52, 83)]2 = 1 +g_(59;n2 50) Ty <S3 ; SO) +j—(82 - 51) Tk <82 ; Sl) +f(52 - 51) (3 - s0) + (AL

Here
S1+ 89+ s 1
si = (px — i)’ So= " 32 : :g(mi+m§+m§+m§),
g =0.678 h = 0.076 7 =0.001 f =0.0045 k = 0.0099. (A.21)

The pion energy distribution is then (here Ej3 is the neutral pion energy)

a / dss | AP (A.22)
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We then find that the energy distribution of 7y in decays of K; — 7wt 7 7 at rest is

proportional to

dI’ (83 - 80) (Sg - So) 2 . (83 - So> (—350 - 83) (—380 - 53) 2
il R e R e L AL
+ (j + f—(s3 _280) f o35 = %) - 83)) (350 — 5)
mﬂ' ™
41 (3 , 1,
+§km_;lr0- (1(380 - S) + ZLO' > > (A23)
where
4M?
o= 1= == (s — (Mx + M)A (s — (Myc — M%) (A.24)
For the K — 37" decay, we have [20]
)2
AP =1+ hw, (A.25)
my

where h = 0.59. The energy distribution may then be found similarly to the calculation for

K; — ntn 7% above.

w — 70(p1)7 T (p2) 7 (p3)

w decays to three pions are described by a similar Dalitz plot, which was taken from [36].
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A.4 Boosting the Decay Spectrum

We now describe the general procedure to obtain the boosted spectrum from the decay

spectrum at rest.

We consider a particle of mass m which decays into a number of daughter particles, and
we assume that the kinematic distribution of the decay is known in the rest frame of the
particle. Our goal is to determine the kinematic distribution in the lab frame, where the
parent particle is moving. We take the parent particle to be traveling along the z-axis, with
an energy E,,, corresponding to a Lorentz factor v = F,,/m. We assume that there is no
correlation between the direction of the daughter particle’s momentum and the direction of

the parent particle’s boost.

In the CM frame, the four-momentum of one of the daughter particles is (E’, p’sin ¢, 0, p’ cos &').
We are given dP/dE" in the CM frame; i.e. the probability of obtaining in the CM frame
a given value of the daughter particle’s energy. In the lab frame, the four-momentum is

(E,psin®,0,pcosf). We are looking for dP/dE.

For the daughter particle in the lab frame, we have

E =~(E +p'Bcosh). (A.26)

For any given E, this equation has a solution for cos @ if £’ lies in the range

Y(E —pB) < E' <~y(E +pp). (A.27)
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The kinematic distribution of the daughter particle in the laboratory frame is then

dP(E) 1 , dP(E") , ,
R é/dE dcost T (B —~(E"+ Bp cosh)),
1 /E JdP(E') 1
- | 4E : A28
2 JE, dE" p'By (4.28)

where Fy = v(E + pp) and E; = y(F — pf). This formula allows us to obtain the boosted

spectrum from the decay spectrum at rest.

If we assume that the parent particle itself has a kinematic distribution in the laboratory

frame given by dN,,/dE,,, we then find

— dE. 2m
dE 2

dP(E) 1 / dN,, [F2(Em) apdPE) 1 (4.20)
"dEy, JE, (&) dE" p'By '

Moreover, if the daughter particle itself decays isotropically to some tertiary product, one
can determine kinematic distribution of this tertiary product by simply repeating the above

process, treating the daughter particle now as the parent to the tertiary particle.

We can apply this formalism to the case of the 7, whose dominant decay is to two photons.
In the rest frame, the photons have back-to-back momenta and the distribution is dP/dE" =

26(E" — =), where the factor of two accounts for the two photons. We then find

P Ev(1+48) 1
Z—E - / dE'S (E—%)

Evy(1-8)
B 2 my; |[1—7 my |1+
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This reproduces the usual box distribution.

If the 7° injection spectrum is given by dN,./dE,, then we may express the photon spectrum

as [37]

Ny _ / dE, (A.31)

AN, 9 ]

dEﬂ' \/E%, —m?r

This implies that the photon spectrum is log-symmetric about m, /2 with a global maximum
at that point. Moreover, the spectrum decreases monotonically as the energy either increases

or decreases away from m, /2. We see these features in Figure 2.1.

The last thing which is needed is dN,/dE,. This can be determined from the procedure
described above, treating the 7° as the daughter produced by the decay of K;, Kg, K*, p*
and w. But there is one subtlety to note. This approach is strictly valid only if there is no
correlation between the pion boost and the boost of the parent. This is necessarily true if
the parent is spin-0, but need not be true if the parent is a vector meson. But we will assume

that this effect is negligible, and ignore it henceforth.
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Appendix B
The Axial Portal Appendix

B.1 Chiral Lagrangian Technical Details

At lowest order, the relevant terms in the Lagrangian are the following contact interactions.

2
££§Ltact = \/T_aduﬁau |:7TO7T8N7T+ + 7t n%9,m — 27T+7T8H7T0} (B.1)
Oéduﬁg 02| 02=9 7+ 199 1= — 9t 0. B.2
—15\/§aﬂ(7r)777r T T 0, = 2n O, (B.2)
V2 3.~ 4| 0 _—9 4+ 4+ 05 — .~ 0
— —agfla,m |\ mon Ot 0, — 2w O, B.3
15 H 2] I H
Now, we decompose the O(p*) Lagrangian E((szltact as
4 4 4 4 4
‘Cgo)ntact = Egif + 'Cg]O)O + L(()O)()Jrf + /“’1842+** (B4)
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Expanding the chiral Lagrangian into its mesonic fields we obtain corrections to the 777~

0+

Or 000+

a7 tr, 7970707t 1~ processes and the lowest order contribution to the 7%7%7° vertex.

3
E((fi)f = a‘j;g Lod,a, |7~ 0,70, 7" + 770,m°0,7 — 70,7 0,7° — 7 0, mt 0,7 | + v

(B.5)

ﬁooo = \/§ﬁ3adu (2L1 -+ 2L2 + Lg) 8H7T06V7T0 (Clua,/ﬂ'o —+ al,auﬂ'o) (B6)

adu55

Eéé)()+_ = 6/ a,|4(2Ly + Ly + L) mom ™ (9,m0) 4+ 4(2Ly + Ly + L) mom O, (Do) 2

(B.7)
—12(2Ly + 2Ly + L3) m 7t 9,mo (O,70) 2_ 4L2(7T0)28H7r+81,7r—81,7r0 - 4L2(7T0)28“7T_8,,7T+ay71'0
(B.8)
+4(2L1 4 3Ly + L3) o~ 0, w07 0, mo + 4 (2L1 + 3Ly + L) mom 0, mo0, 7 0,70
(B.9)

—4(2Ly + L3) (720,700, Ot | + > v (B.10)
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£(4) _ adu55
O++—— 3.2

a,| (2L, + Ls) (7T+)2 8M7T0 ((%7?‘) 24 4L27r07r+8u7r+ (8V7T_) 24921, (7r+)2 6M7r_8,,7T08V7T_
(B.11)

+4 (2L, + Lo + L3) 7T07T7(9H7T+81,7T+a,,ﬂ'7 +4 (2L, + Lo + L3) 7T07T+8#7T78V7T+8V7T7
(B.12)

- 1OL27r_7r+3ﬂ7r+3,,7r08,,7r_ — 10 (2L1 + Ls) 7r_7r+8u7r08,,7r+8y7r_ +2Ls (’/T_)2 8M7T+8,,7T06,,7r+
(B.13)

+ (2Ly + L3) (7T’)2 Oy (8,7%) ? + ALy’ Oy~ (O T) ? — 10Lom 7t 0, 0,700, 7t | 4+ 1 4 .

(B.14)
Throughout this paper, we make use of the definitions
Q= — for 4,5 €{u,d, s} (B.15)
2
8= \/7_ (B.16)
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