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Henric Ernbrink
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Abstract

Dark matter (DM) is the collective name for the additional mass needed to explain
the data collected from a very wide range of different astronomical observations.
Everything from the velocity dispersion of galaxies, gravitational lensing caused by
galaxies, the large scale structure of the universe as well as the structure of the
microwave background radiation all indicate the existence of DM. The exact nature
of DM is however still unknown, but it is largely believed to be new fundamental
particle, outside of the current standard model of particle physics. The elusiveness
of DM is largely due to the fact that the effects of DM never have been observed at
microscopic scales. One promising method for detecting DM particles that permeate
the galaxy is in so called direct detection experiments, in which, detectors monitor
the recoils of nuclei caused by the scattering of DM which is hitting the Earth [1].
The goal with this work is to provide new theoretical insights into the behavior of
scattering between DM and nuclei.

In this work DM is assumed to be a weakly interacting massive particle (WIMP)
and that it is non-relativistic. Further, it is also assumed to have spin 1. The cross
section for the scattering of DM against nuclei is calculated using chiral effective
theory, which has not been done before for spin 1 DM. This methodology has a
substantial advantage over non-relativistic theories where the degrees of freedom
are limited to nucleons and DM since it also includes mesons and consequently can
model the effect of meson exchange. In this work it is shown that the inclusion
of the meson exchange is crucial especially when modeling the scattering of DM
with heavier elements, e.g. xenon, which is a common choice in direct detection
experiments [2]. It is also shown that the non-relativistic operators that span the
possible DM-nucleon interactions generally cannot be studied individually in direct
detection. This is due to the fact that the interaction operators in the more general
relativistic theory match onto several DM-nucleon interaction operators. Several
DM-nucleon interaction operators consequently share common coupling constants
and must generally be studied together.

Keywords: Dark matter, direct detection, spin 1, chiral effective theory, EFT
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1

Introduction

1.1 Background

One of the biggest mysteries in astronomy and cosmology, but also physics as a
whole, is the elusive dark matter (DM). DM is the collective name given to the
huge amount of, seemingly invisible, mass that must exist in order to explain a large
collection of various observations in astronomy and cosmology. These observations
collectively span over an impressive range of scales as evidence for DM have been
seen in everything from sub-galactic systems [3][4], such as in the kinematics of stars,
to the very structure of the observable universe, such as in the cosmic microwave
background (CMB) radiation [1][5][6]. Very little is known about the exact nature
of DM but its inability of being detected using normal light based observational
techniques indicate that it must interact extremely weakly with the electromagnetic
(EM) field which consequently mean that it neither blocks or emits light. There
have been several attempts at explaining this DM by considering ordinary matter
such as planets, dim stars (brown dwarfs, red dwarfs etc.), and neutron stars. DM
candidates such as these are often denoted as MACHOs (massive astrophysical com-
pact halo objects). Through observational results it has however been possible to
put an upper bound on how much of the DM mass can attributed to MACHOs.
This fraction is only 8% and it thus clear that DM must consist of something more
than just MACHOs [7][8]. Fundamental particles already present in The Standard
Model, such as the neutrino, which was the most prominent candidate of this type,
have been considered, but such objects have also been shown to be inconsistent due
to observations and constraints enforced by cosmology [9][1]. Thus by essentially
ruling out other alternatives scientists have largely come to the agreement that DM
consists of some new type of fundamental particle [1]. The mystery of DM then
naturally extend into particle physics, and interestingly there are already questions
on that front as well which have led scientists to believe that there should exist
additional particles on top the ones already present in our current standard model
of particle physics.

The Standard Model of particle physics has been very successful in describing the
behavior of the fundamental particles in our universe. There are however some deep
questions about the model such as the weak force/gravity hierarchy problem. The
problem is the following: The weak force is about 24 orders of magnitude stronger
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than the gravitational force and the way to explain that with the standard model
involves some very contrived methods which has lead people to believe that there
is something missing to the standard model [10][11]. In fact, by extending the
standard model with the theory of supersymmetry (SUSY) one can give a much
more believable explanation to the hierarchy problem [12]. However, a big issue
with introducing SUSY is that it predicts the existence of additional fundamental
particles we have not yet detected. The fact that there is currently no concrete
experimental result that unambiguously points towards the specific necessity for
SUSY [1][12] is one of the biggest aspects that challenge the theory of SUSY.

The hope is then naturally that these two open ends of astronomy and particle
physics are in fact connected and that DM is made up of one or more of these
predicted particles. Establishing this connection does however hinge on detecting
DM particles, which has not been done yet [1][12], and then being able to use that
data to determine the properties of the DM particles. Even though this is like looking
for a needle in a haystack there have at least been great effort put into trying to
predict what the needle vaguely should look like using theory and computational
methods.

So for example, even though the exact mass of these DM particles is still unknown,
combined results from both particle physics and cosmology has made it possible
to predict that DM particles, with interactions at the weak scale (so-called Weakly
Interacting massive particles, or WIMPs), most likely are relatively massive (>GeV)
[1]. Throughout this work DM will be assumed to be a WIMP.

1.2 Direct detection

As mentioned, a natural step to prove the particle nature of DM would be to try to
measure the microscopic effects of DM as opposed to the macroscopic effects. This
would greatly increase our understanding of DM as this would further strengthen
the connection to particle physics. One way of doing this is through so called direct
detection experiments. The idea of direct detection experiments is to utilize that
the Earth theoretically should be constantly bombarded by DM particles which
permeate the galaxy [2]. The goal is then to detect these incoming DM particles
with detectors on Earth. The detectors operate by measuring the recoil of nuclei
as they are scattered by DM. This scattering can safely be assumed to be non-
relativistic since the velocity of the DM particles needs be below approximately
600 km/s (~ 1073 ¢) in order to be gravitationally bound to the galaxy [13]. This
means that DM particles with higher velocity would fly off into deep space instead of
orbiting around the galactic center. It is consequently much more likely that the DM
that hit the Earth is non-relativistic rather than relativistic. Further, by applying
energy-momentum conservation, one can show that the momentum ¢ transferred in
the scattering is below 200 MeV for WIMPs [14]. The recoil momentum is thus
a lot smaller than the nucleon masses which means that the nucleons remain non-
relativistic in the scattering and that nucleus remains intact [13].

2
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The design and operation of detectors used in direct detection experiments is re-
viewed in detail in [2]. The type of detector that will be considered in this work
is the liquid noble-gas detector, which in first approximation can be modelled as
described below. It consists of a large container of some noble element, like xenon,
and photon detectors which detect the photons emitted from the nucleus as it is
de-excited after the scattering with DM. Molecular gases can also be used, such as
in the PICO detector, where Freon is used. The experiments are generally located
deep underground, where only particles like DM which interact very weakly will be
able to reach, in order reduce the probability of false positives [2].

1.3 Modeling of the DM-nucleus interaction

There are three prominent ways of modeling the DM-nucleus interaction in regards
to direct detection experiments. The first method is to use a non-relativistic effec-
tive theory which describes the interaction between DM and nucleons. The model is
built by constructing the most general Lagrangian obeying Galilean symmetry us-
ing a set of Galilean invariant quantum operators. The second method is to instead
use a relativistic effective theory and construct the most general Lagrangian which
describes the interaction of DM with quarks and gluons while obeying Lorentz sym-
metry. The third method is to construct a so called simplified model, and extend the
standard model with both the DM particle and a mediator particle which mediates
the interaction of DM with quarks and gluons. These three methods are related to
each other since they each represent different limits of momentum transfer in the
DM-nucleus interaction. Specifically, the simplified models reduce to relativistic ef-
fective theories in the limit where the momentum transfer is much smaller than the
mediator mass. In the limit where the momentum transfer is much smaller than the
nucleon mass, and the DM moves at non-relativistic speeds, the relativistic theories
reduce to the non-relativistic theories [15].

It can initially seem appropriate to use the non-relativistic effective theory methods
since the momentum transfer ¢ will be smaller than the nucleon mass, and since the
DM is non-relativistic [14]. However, as shown in [14][16] this can be a fallacy in some
scenarios. In these works it is shown that additional, unexpected, constraints are
imposed on the non-relativistic theory if one starts from a relativistic effective theory
and then evaluate it in the non-relativistic limit. For example, by starting from
the non-relativistic theory one can formulate an ordering scheme for the Galilean
invariant nucleon-DM operators, that shows which operators are relevant in the low
energy limit [17]. However, by starting from the relativistic theory, one can see
that several of the low energy operators are in fact not needed at leading orders.
Further, starting from relativistic theory reveals that Galilean invariant nucleon-DM
operators, which were thought to be independent of each other, are in fact in some
cases dependent. These effects have only been studied in the cases of DM with spin
0 and 1/2. One goal of this work is consequently to extend this study to the case of
spin 1 DM and see if a similar behavior is observed.

Furthermore, non-relativistic theories which only consider DM and nucleons as the
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degrees of freedom cannot capture the effects of meson mediated interactions be-
tween DM and nucleons, which can occur in DM scattering of nuclei. These effects
can consistently be described by applying chiral effective theory to the study of DM
scattering by nuclei [16] and this approach has successfully been pursued for spin
0 and spin 1/2 DM [13]. The effect of the meson exchange has also been shown to
be very relevant in the cases where spin 0 and spin 1/2 DM scatters against heavy
nuclei such as xenon (see [14]). However, this methodology has not been carried out
in the case of spin 1 DM. The main purpose of this work is consequently to apply
chiral effective theory to model the scattering of spin 1 DM by nuclei, and thus for
the first time, account for effects related to meson exchange in nuclei.



2

Theoretical framework

This section will present the theoretical foundation as well as the methodology that
will be used to obtain the theoretical results. This includes a quick review of the
essential aspects of low energy quantum chromodynamics, that being its symmetry
and degrees of freedom. This is then used to give a brief introduction to chiral
effective theory. This then culminates in an explanation of how scattering between
DM and nucleons can be described using the aforementioned theory.

2.1 Quantum chromodynamics

The Standard Model of particle physics describes the motion of all fundamental
particles and all the interactions between them. More specifically this model is a
Lagrangian which can be split nicely into different sectors, each one corresponding
to the different types of fundamental particles present in our universe. The sector
describing the quarks partly consists of terms that represent how the quarks can
interact. They can interact via all the four fundamental forces but the strong force
is, as the name suggests, much stronger than the other forces. In fact, it is about
100 times stronger than the second strongest force, electromagnetism [18]. It is
consequently valid to primarily focus on the interaction mediated by the strong
force. The theory of the strong force is called quantum chromodynamics, or QCD,
and its Lagrangian Lqcp is

o 1 5
Locp = Y iy (V"D —my) g5 — 198" (2.1)
u,d,s
f:c:b:t

Here gy are quark spinor fields carrying a flavor index f and each have a mass
mys. QCD has a local SU(3) color symmetry which necessitates the existence of a
covariant derivative D,, and a gauge field that form the field strength G,,, which is
called the gluon field strength tensor.

Experimentally we have detected six different quark flavors and these can be split
into two categories based on their masses. u,d, s have masses < 1 GeV and con-
stitute the light quarks while ¢, b,t have masses > 1 GeV and constitute the heavy
quarks. Since low energy QCD is of interest in this analysis it is appropriate to ne-
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glect the heavy quarks since the effect from virtual heavy quarks will be very small
[19]. By doing this, additional approximate symmetries of Lqcp can be formulated.
These approximate symmetries will be very important since they will give rise to
Pseudo Nambu-Goldstone bosons or PNGBs which are critical in the low energy
theory.

2.1.1 Pseudo Nambu-Goldstone bosons

On top of the local SU(3) color symmetry there are two global transformations that
are of great interest. These two transformations target the flavor index, which is
only present on the spinor fields, and as a result the gluon field strength is invariant.
Consequently it is enough to just focus on the spinor fields. The first transformation
is Ay and has the following definition

‘o Ao A
Av: q— e"ea%q ~ (11— z@a?)q
0. Aa A
7 et ~ g1 +i0,7)

(2.2)

where )\, are the Gell-Mann matrices which span the Lie algebra of SU(3). The Gell-
Mann matrices are used since only the light quark flavors are considered which means
that ¢ is a flavor-vector with three elements. Since Ay is global it commutes with the
covariant derivative in (2.1) and nothing in Ay interferes with the gamma matrix.
It is then clear that the kinetic term in (2.1) is invariant under the transformation
Ay . The other global transformation of interest is A, and is defined as follows

i~nD a )\a
Ay g—e™ ea%q ~ (1-— i’Y‘r’@a?)q (2.3)

This time the transformation of ¢ needs some care since § = ¢'7° and ¢ — qTAL.
Thus ¢ — qTAiﬁO which combined with the anti-commutation of the gamma matri-
ces yields

56, Aa s A
A G— Ge 0% ~ g1 — 0.5 (2.4)

The transformation of the kinetic term in (2.1) with respect to A4 is then

_ _ . A . Ao
V" Dug —q(1 — 275@a?>’7MDM(1 - 275@a5)q
. A _ 25
=" Dyuq — Z@aj(qv“i?w‘r’q + V""" Dug) + O(02) (25)

=q7"Duq
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where the last equality is once again due to anti-commutation of the gamma matri-
ces. Thus the kinetic term is invariant under a A4 transformation. The mass term
however is not invariant under transformations of Ay and A4. The QCD Lagrangian
is consequently only invariant under Ay and A4 if one approximates that the quark
masses are zero, which is the so called chiral limit m,,, mg, ms — 0. The masses of
the quarks are

m, =0.005 GeV
mg =0.009 GeV (2.6)
m, =0.175 GeV

and can be compared to nucleons which have masses on the order of ~ 1 GeV
[19]. Since nucleons are the objects of interest in the end, it is appropriate to
approximate that quarks are massless, and then treat the mass as a perturbation.
Thus Lqep has an approximate SU(3)y X SU(3)4 symmetry corresponding to Ay
and A4 respectively. The subscripts V' and A refers to vector and axial respectively
and stems from how the corresponding Noether currents transform under parity.
The vector current has positive parity while the existence of the v° results in the
axial current having a negative parity and thus transforming as a pseudo-vector.

From experimental observations it is known that the lightest color neutral particles
consisting of quarks are the pions, kaons, and eta mesons. They all roughly have the
same mass, have negative parity, and together they make up 8 different particles.
From the Goldstone theorem it is known that the breaking of a symmetry results in
the creation of massless Goldstone bosons. The number of Goldstone bosons and the
properties of said bosons depend on the number of generators and the properties
of the broken symmetry group. Since SU(3),4 is associated with negative parity
and has 8 generators it is reasonable to assume that the 8 observed particles are
Goldstone bosons formed from a spontaneous symmetry breaking of the SU(3)4
symmetry. That the observed particles have a non-zero mass can be explained by
remembering that the SU(3) 4 symmetry only was approximate, which then results
in the mass being approximately zero. Goldstone bosons formed due to the breaking
of an approximate symmetry are called psuedo Nambu-Goldstone bosons or PNGBs
[19]. Since the PNGBs are the lightest color neutral objects in QCD they will be
essential in constructing a theory of low energy QCD, which will be seen later.

2.1.2 Chiral symmetry

The above discussion can be recast in a slightly different way using chirality and
is nicely explained in [19]. This alternative formulation will become very useful in
upcoming sections. As mentioned previously it is appropriate to neglect the quark
masses in the low energy limit of QQCD which means that the Lagrangian describing
low energy QCD, E%CD, is
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. 1 y
E%CD = zq'y“DMq - Zguygu (27)
One can then introduce the following set of standard projection operators

!

Po=3(1-7)  Pa= (1+7) (2.8)

which can be used to define the left handed quark q;, = Prq and the right handed
quark qr = Pgrq. Using the Weyl (or chiral) basis to represent the gamma matri-
ces one can easily confirm that the only non-zero elements of gz and ¢ are the
bottom two and the upper two respectively such that ¢ = q; + qgr. Inserting this
decomposition in to Ly yields

_ _ 1
Lo = 1GrY" Duqr + iGry" Dudr — 199" (2.9)

The cross terms consisting of pairings of q; and qgr are zero which is once again
easily confirmed using the Weyl basis. One can then consider the following two
transformations V; and Vx acting on the flavor indices of the quark fields

qr. — Arqr :exp(_igg)‘a)QL (2.10)
qr — Arqr ZGXP(—i@aR)\a)QR ‘

Ap and Ap are independent SU(3) matrices and thus Lp possesses a global
SU(3), x SU(3)g symmetry often referred to as chiral symmetry. This symme-
try is in fact equivalent to the previous vector/axial symmetry SU(3)y x SU(3)4
[19]. This is most easily seen by calculating the Noether currents associated with
the symmetries and observing that they are related by

Av=Ap+Ar  As=Ap—AL (2.11)

This shows that the formulation above is just a reformulation of the previous dis-
cussion.

L{cp does actually satisfy a larger symmetry than SU(3), x SU(3)g. One can in
fact add phases to the transformations in (2.10)

qr. — Viar =€XP<—i@aL)\a - i@L)qL (2.12)
qr — Vrar :exp(—z’@f)\a - i@R) qr '
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Vi and Vg are independent SU(3) x U(1) = U(3) matrices. This additional U(1)y, x
U(1)g symmetry can in a similar fashion to before be shown to satisfy U(1) X
U1l)g=U(1)y xU(1) 4. Interestingly, U(1)4 is only a classical symmetry and thus
the corresponding Noether current, A, only satisfy d,A* = 0 before quantization
[19]. This U(1)4 anomaly, or azial anomaly, must be taken into consideration when
constructing the effective Lagrangian describing low energy QCD.

2.2 Heavy vector effective theory

Having described how to model unbound quark/gluon systems, we now focus on the
modelling of DM particles. The first step is to address the assumptions regarding the
very large mass and the non-relativistic velocity of the DM. These assumptions result
in that the typical momentum transfer ¢ that will occur in the scattering is very small
compared to the DM mass, ¢ < my. The heavy DM effective theory (HDMET)
utilizes this fact to simplify the scattering interaction. HDMET is constructed in
very close analogy to Heavy quark effective theory (HQET) and it is instructive to
first explain HQET before returning to HDMET.

In HQET the system of interest is a baryon that consist of a heavy quark and light
quarks. Here heavy refers to masses much larger than the energy scale of hadronic
bound states (Aqcp=0.2 GeV) which means that the heavy quark will move with
close to the same velocity as the baryon. In other words, in the limit of when the
heavy quark mass is infinite the heavy quark will be static in the baryon frame.
The important observation is then that the heavy quark consists of both massive
(or heavy) degrees of freedom (DOF) and massless DOF. Most of the dynamics
between the heavy quark and light quarks should consequently be captured by only
considering the massless DOF of the heavy quark since the heavy DOF are static
[20].

The same principle is applied in HDMET but in this case the baryon is the galaxy,
the heavy quark is DM, and the light quarks are the atomic nuclei in the detectors.
The analogous thought process is then that in the limit of infinite DM mass the DM
is static in the universe and thus only the massless DOF of DM should contribute
in the scattering of DM and atomic nuclei. In reality, the mass of DM is not infinite
and it is consequently not appropriate to delegate all of the dynamics to the massless
DOF; one must also include the heavy DOF. One can however write the heavy DOF
as a function of the massless DOF and then expand in an infinite series which is
in powers of inverse DM mass. Thus one can include as many terms as one deems
necessary based on the assumed DM mass.

In the case of spin 1/2 DM the conversion from HQET to HDMET is relatively
straight forward since quarks have spin 1/2, and this has been done in [13]. In the
case of spin 1 DM the conversion naturally requires a few more steps which are
shown in detail in appendix A, which includes some of the novel contributions to
the field of this thesis. In this context the main result from appendix A is that the
spin 1 DM field X* with mass mx can be expressed in terms of a massless vector

9
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field y*

—imxv-T wh 1
XH =X X' = —0xX'+ 0| — (2.13)
As described in appendix A, x* does not carry the total momenta p* of the massive
vector field X*#. Instead x* carries the small residual momenta p* such that

p* = mxvt + p* mxvt >> pt (2.14)

where v* is a reference vector which can be chosen to be time-like [21], and in later
steps where the scattering amplitudes are calculated it will be helpful to impose
that. Until then v* will be kept general. In this work only terms with one order of
inverse DM mass will be considered.

2.3 The QCD-DM Lagrangian

The next step is to formulate the Lagrangian £ describing QCD and its interaction
with DM. This will then be converted to an effective low energy Lagrangian. One
might expect that the underlying symmetry of the effective Lagrangian should be
that of Lcp, i.e. global U(3),xU(3)g. This is however incorrect. Rather, one must
consider Green’s functions and their Ward identities, or local symmetries, which then
extends the theory to include off-shell behavior which is needed to properly describe
low energy QCD. This stems from the fact that an effective Lagrangian should not
be formulated from postulated symmetries but instead should follow from the Ward
identities of the underlying theory [22]. This is outside the scope of this work, hence
only a brief outline will be provided.

2.3.1 Locally chiral symmetric QCD

Suppose that the system of interest with Lagrangian £ has Noether currents J!* nu-
merated by ¢ stemming from the symmetry group G. Using these currents one can
formulate the Green’s functions through the use of external fields f/,(z). The inclu-
sion of these external fields can be viewed as modifications to the initial Lagrangian
such that £ — L+ fﬁJ{L . The Ward identities of the system are in fact equivalent to
the Lagrangian being locally invariant under transformations of G which of course
puts conditions on how the external fields must transform. This is very helpful as
it allows one to contextualize the construction of the effective Lagrangian in terms
of including external fields to the modified Lagrangian instead of studying Ward
identities and Green’s functions. One caveat is when anomalies are present in the
symmetries of the system. In this case some of the external fields will transform
non-trivially under G [22].

10



2. Theoretical framework

As previously mentioned L{cp has a global SU(3)y x U(L)y x SU(3)a x U(1)a
symmetry which corresponds to the following Noether currents [19]

a

Vi =" VH =g (2.15)
)\a
AR =" g At =qy"°q (2.16)

Using the prescription above one should then modify EOQCD by including external
fields contracted to the currents such that

L= LAcp + q@)" [vu(x) + 750,() |a() (2.17)
where
() = S T)  Pule)  aule) = s an(a) + () (2.18)

where the two terms in each equality corresponds to the external fields of the SU(3)
current and U(1) current respectively. Equation (2.18) is included for transparency
and in the future v,(x) and a,(z) will be referred to as the external fields. Since £
must be locally invariant under U(3);, x U(3)p it forces v, (z) and a,(x) to transform.
By writing the external fields in terms of left /right external fields such that

vu(z) = ;(7‘“ +1,) a,(x) = 5(7““ —1,) (2.19)

and writing the quarks in terms of g7, and g it is clear that [, and r, must transform
as [19][23]

r, = Var Vi —i0, VeV (2.20)
L, — Vil V] —ia,viv] (2.21)

The derivatives in equations (2.20) and (2.21) cancel the terms generated in the
transformation of L{cp. In later steps it will be useful to consider v,,a, rather
than [,,7,, and is consequently useful to instead write the above transformation as

v+ a, — Vv, + a,)Vi —i0,VaVi (2.22)
vy —ay, = Vi(v, — au)VLJr — i@MVLVLT (2.23)
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2.3.2 Spurions

At this stage it is appropriate to acknowledge that E%OD is approximate since it is
only valid for vanishing quark masses. One should therefore include a mass term in
the Lagrangian and treat it as a perturbation. Inclusion of such a term would be an
example of explicit symmetry breaking as it clearly breaks the symmetries in [,?QCD.
The above framework supports the addition of terms like this by simply writing
L — L+ fJf 4+ ma(x)O* where O* is the symmetry breaking term weighted by
Mme (). my(x) will be referred to as spurions. For example in the case of a mass term:
O = gq and m(x) = my. £ must still be locally invariant under transformations
of G which means that spurions m,(x) must transform contragradiently to their
corresponding operators O% [22]. The interaction with DM will also be seen as a
perturbation and it is thus necessary to also include spurions which represent all
the ways DM can interact with QCD. Extending £ with the addition of vector (9,),
axial (a,), scalar (s), pseudoscalar (p), and gluon (s¢) spurions gives

L = Locp+a(x)" [vu() + 150,() |a()
+q(@)7" [P(x) + 50, (7) |a(z) — q(x) [s(x) — ivsp(x)|a(x)  (2.24)
+56(2) 13-G" G

where a; is the strong coupling constant. s does not transform since G,,, do not
transform. Similarly, no enforcement of transformation are imposed on 7, and @,
since the chiral quark transformations cancel each other which is made clear by
noting that

q _ﬂj(PLV}J% + PRVE) Pyt =+"Pr (2.25)
q —(PLVL, + PrVR)q Pyt =+"Py, (2.26)

Because there are no constraints on 7, and a, the need for writing them out explicitly
is diminished. Instead, they are here reabsorbed into a redefinition of v, and a,, as
it is typically done in the literature. This streamlines the upcoming steps but one
needs keep in mind that transformations of v, and a, corresponds to the external
fields and that no constraints are needed on the spurions. On the other hand, in
the terms involving s and p the chiral quark transformations do not cancel and it
consequently forces s and p to transform contragradiently. Specifically, s — VRSVLT
(or by considering the Hermetian conjugate: s — VLSVIE) and analogously for p.

As previously mentioned the initially neglected quark mass will be added as a spu-
rion. This can be considered a fundamental spurion since it is the missing piece
in the QCD theory. DM interactions will be added as spurions later but these are
optional modifications and the QCD theory should of course function without DM.

12



2. Theoretical framework

The quark mass is in s and must therefore transform as M, — VR/\/quLT , where
M, = diag(m,, mg,ms). Then, in order to avoid imposing transformation con-
straints on the DM fields, all DM interaction spurions which belong in s and p will
be multiplied by M,.

The axial anomaly must also be handled. One can write V, and Vx in terms of
vector generators «(z) and axial generators ((z)

V, = ie@-ib) Vi = eio@+ib@) (2.27)

As explained in [24] the axial generator [(z) is problematic since it induces non
trivial transformations which involve the winding number density G, ", where
g = %ew%gﬁ. This is dealt with by extending the Lagrangian with an additional
term

1

£—>£—(4W)2

0(2)G,., G (2.28)

where 0(x) is an external field which transforms as

0(z) — 0(z) — 2Tr f(x) (2.29)

As explained in [25]  must transform as

: (2.30)

The final expression for £ is then [13]

_ 0 A a apv — /
L =Lqcp + sa(x) 127TGWG M q(x)y" [I/#(J?) + 75au(x)}q(x) (2.31)
— () [s(x) — ivsp/ ()] g()
where 5 M
7 " 7
P L ALT! e — 2.32
aﬂ a/'u, 2 T]:‘(Mq_1> p b Tr(Mq_l) ( )

2.4 Effective field theory

The main difficulty when working with QCD is that the associated coupling constant
is large when the energy is low which means that “usual” perturbation theory no
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2. Theoretical framework

longer is a valid tool when doing low energy QCD calculations. In fact, it does not
yet exist an ab initio (or from first principles) analytical method for describing low
energy QCD. One can however construct a perturbative field theory describing low
energy QCD by using an effective field theory (EFT). The virtue of using an EFT
is that scattering amplitudes can be expanded in the ratio between a small-energy
and a high-energy scale, and only involve degrees of freedom that are relevant at the
low-energy scale where measurements are performed. This approach circumvents
problems arising from an expansion of the S-matrix in powers of the QCD coupling
constant [19].

This EFT must of course still encapsulate the theory of QCD. This is achieved by
considering the most general Lagrangian possible which obeys the (local) symmetries
of QCD. Since it is fully general, it will consist of an infinite number of terms.
Not all of these terms are equally important however, and a big aspect of EFT is
consequently to find a way of ordering the terms based on their importance. One
must also decide which DOF to use in the EFT, or in other words which fields the
Lagrangian should be a function of. One could in principle use quarks and gluons
but imposing color confinement makes such a theory complicated. Instead it is more
appropriate to consider color neutral objects such as mesons and nucleons. Since
a low energy theory is needed the best choice for the mesons is to use the PNGBs
since they are the objects closest to being massless as discussed previously. The
effective theory describing the PNGBs is called Chiral perturbation theory or ChPT
[26]. Nucleons can be added to this theory and will be addressed later.

2.4.1 Chiral perturbation theory

As mentioned, a crucial aspect of establishing an EFT is to have a way of ordering
the infinite number of terms based on their importance. This relies on that there
exists a separation of energy scales in the system of interest. In the case of ChPT,
where the DOF are the PNGBs, a natural transition is the energy at which additional
heavier vector mesons become prominent. At this chiral symmetry breaking scale,
Acnerr =1 GeV, the assumed DOF and the assumption of chiral symmetry are no
longer appropriate and the EFT breaks down. The second task is then to find a small
(< Acnerr) quantity present in the system of interest that will aid in the ordering
the infinite terms. The natural choice in ChPT is the small PNGB momenta and
mass, both of which are referred to as (). Thus the terms in the Lagrangian can be
ordered in powers of Q/Acperr =~ 0.3 [13], or in other words, based on the number
of derivatives and powers of mass. Further, interactions between the PNGBs must
always involve derivatives of the fields or in other words their momenta must be
non-zero. This is because the PNGBs are degenerate with the vacuum and their
interactions must consequently vanish in the limit of zero momenta [26]. (This is
only true if the chiral symmetry is considered to be exact, which it is in this case
since the quark mass is introduced as a perturbation). Instead of writing out each
power it is more elegant and useful to consider the field U(x) which collects all the
PNGBs and all their powers by utilizing the Taylor expansion of the exponential.
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0 + +
Z\/§ V2 + % O7T K
U(x) = exp <fH> M=) Amo = T -5+ % K° (2.33)
a — .0 2
TRy

where f is a constant related to the pion decay and 7w, are the PNGB fields [13].
The Lagrangian is then built using U, derivatives, and mass matrices and the terms
are ordered using the same scheme.

However, since the broken chiral symmetry must be turned into a local symmetry, as
explained above, one needs to introduce a covariant derivative and associated gauge
fields which will be the external fields v, and a,. Since U transforms as U — VrU VLT
one can construct the following covariant derivative [19]

vV,U=0,—i(v,+a,)U+iU(v, —a,) (2.34)

By also including the spurions s and p the leading order Lagrangian satisfying local
broken chiral symmetry is (see [19][24][27])

(2) f?

EChPT = Z

2
Tr (V,U'VIU) + B(’Qf Tr [(s — ip)U + (s + ip)U'] (2.35)
where By is a constant which can be determined from the quark condensate expec-
tation value (gq) &~ —f%By [13]. The superscript “(2)” refers to that the leading
order is of order 2 in momentum. The sg spurion is not yet present but can be
added to £g})1PT in a consistent manner. The specific form of the term is chosen such
that the QCD energy-momentum tensor is reproduced at this order of the chiral
effective theory [13]. Including this term and expanding E(CQﬁPT while only keeping
terms linear in the spurions gives [13]

< r2
L, chpT = — Z“; Tr {(U@MUT + UTQMU> Zess (UaHUT — UT@U)@“}
Bof2 } 10
+ Tr{sU+UT—z U—U*—U—UT]
e 0 0 - - )

. 2.36)
if? ono [ B (
-~ _Tr (U3, U —U9,U)M 1}
4 Tr(/\/lq—1> ( " " ) q
2B, f*
27

+ 56 <J: Tr (0,U10"U) + Tr [M,(U + UT)D

Equation (2.36) is a low-energy expression for £ given in equation (2.24). The
expressions contracted to the spurions will be referred to as hadronized quark/gluon
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2. Theoretical framework

currents. “Hadronized” refers to that they are in terms of mesons in £, cppr, while
the corresponding quark/gluon currents in £ are in terms of quarks and gluons.
This reformulation will be referred to as hadronization of the quark/gluon current.
Next let’s introduce the theory for how the quark/gluon currents are hadronized to
nucleons.

2.4.2 Heavy baryon ChPT

After having established the theory for PNGB the next step is to add nucleons (or
more generally baryons) to the theory. The large mass of the nucleons do however
pose a problem since the fraction Q)/Acpgrr, where @ now refers to baryon mass
and momentum, no longer is small. This complication is handled by acknowledging
that the baryons are much more massive than the PNGBs and consequently can be
treated as static, taking inspiration from HQET [28]. The chiral theory for baryons
is thus aptly named heavy baryon ChPT or HBChPT. The methodology is similar
to ChPT and is explained in [13][28]. The result is in essence similar to equation
(2.36) with the main difference being that the spurions now contracts to quark/gluon
currents which instead have been hadronized to nucleons.

2.5 Scattering

After having described the more abstract parts of the theoretical framework it is
now time to introduce how to link this to DM scattering.

2.5.1 Interaction Lagrangian

The next step is to construct the interaction Lagrangian £, which describes how
QCD and DM interact in the most general way. Since there are infinitely many
terms in £, one must find a way to order the terms based on their importance
analogously to the situation described before in the context of QCD. In the case of
L, the ordering is achieved by considering a mediator particle with mass m¢ which
interacts with both DM and QCD [13]. In the low energy limit the propagator
associated with this mediator particle will simply be described by the inverse mass
of the mediator particle. Thus any interaction between DM and QCD can in the
limit small momentum transfer ¢ (small referring to ¢*> < m%) be described by
some operator consisting only of DM and QCD weighted by some power of inverse
mediator mass. Specifically

A(d) O(d) A(d) Cf‘dg
L= Z On, Qn,q ng md7—4 (2.37)
n,d,q G

where Qﬁf}l are interaction operators of mass dimension d associated to the quark

flavor ¢ enumerated by n with coupling constants CA',(Ldg [13]. By then assuming that
mg is much larger than the momentum of the DM as well as the energy scale of
QCD the terms in £, can be ordered in importance based on their mass dimension.
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2. Theoretical framework

This then leads to the formulation of the relativistic EF'T for DM-quark/gluon inter-
actions, which was referenced in the introduction. All the leading order interaction
operators are calculated and are given in the results section 4.1.1.

2.5.2 Interaction Lagrangian and spurions

Having constructed the interaction Lagrangian £, it is then straight forward to
determine the spurions by simply cross referencing to the general QCD-DM La-
grangian £ in equation (2.24). Based on the structure of the interaction Lagrangian
in equation (2.24) it is natural to define the following quark/gluon currents

JP =qq Jr =qir’q (2.38)

Ty =g Tt =g (2.39)
G_aS apy oa G_QS apv oa

—mg "G J _8?9 "G, (2.40)

In each of the interaction operators in £, it is possible to find one of the quark/gluon
currents. The remaining part of the operator is a part of the corresponding spurion
associated to that quark/gluon current. By using the upcoming results in section
4.1.1 one can see for example that the psuedo-scalar spurion p is simply given, to
this order of mass dimension and order of inverse DM mass, by p = M Cé ) XX,

where C@) = dlag(C(d C’nd, C @) is used.

In addition to working with spurions, which are flavor matrices, it is beneficial to
simultaneously think of £, in terms of quark/gluon currents and DM currents .J,,
(i.e. vectors) as done in equation (2.41). The usage of DM currents and spurions
will be somewhat concurrent.

S 78
o JI A ITIL I T+ (2.41)

q=u,d,s

where for example (once again using the upcoming results from section 4.1.1)

ZJP quqw a(Copn) + - (2.42)

The ellipsis refers to higher order terms. It is useful to factor out the quark/gluon
currents since they will be hadronized to either nucleons or mesons depending on
the specific type of scattering that occurs. This will be described further in the next
section. Quark/gluon currents hadronized to mesons will be denoted by “hat”; like
for example qu , Whereas hadronization to nucleons will be denoted by a tilde, like

for example J:f . The expression for the mesons hadronized currents are obtained by
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2. Theoretical framework

studying £, chpr in equation (2.36) and comparing the terms to the ones in £,. So
for example, the expression multiplied by the scalar spurion s in £, chpr is Jqs and
the expression contracted to v* is j(XL etc. As a concrete example consider

) o
T =g =, S (vt vto,0) = 0Y, 249

hadronization 2

Obtaining expressions for the nucleon hadronized currents is in essence achieved
by using the same methodology i.e. comparing £, to the heavy baryon ChPT
Lagrangian £, gpchpr. Compared to the meson hadronization this is however more
complicated and the reader is referred to [13] for a detailed description.

2.5.3 Feynman diagrams

At leading order there are two Feynman diagrams describing the scattering of DM
with a nucleus [13]. These are given in figure 2.1.

Figure 2.1: The leading order diagrams describing the scattering of DM with
a nucleus. The dashed lines with arrows denote spin 1 DM, the solid lines with
arrows denote nucleons, and the dashed line denote mesons. The ellipsis represent
additional nucleons potentially present in the nucleus. The effective DM-nucleon
and DM-meson interaction is denoted by a crossed circle whereas the meson-nucleon
interaction is denoted by a dot.

The crossed circle in the left diagram of figure 2.1 denote the effective interaction
between DM and nucelons. Thus when calculating the amplitudes generated from
the left diagram the quark/gluon currents must be hadronized to nucleons, and when
using the right diagram the currents must be hadronized to mesons. Only specific
terms in the interaction Lagrangian £, give contributions to the two diagrams in
figure 2.1 at leading order. Specifically, the left diagram get leading order contri-
butions from terms involving Jf , J;‘, J%, and J’. The right diagram get leading
order contributions from terms involving J, J4, and J? [13]. The right diagram is
especially interesting as it has not been studied before in the case of spin 1 DM. One
can also consider diagrams which involve multiple nucleons and/or multiple meson
exchanges, but these are next to leading order (NLO) corrections [13] and will be
neglected in this work. The scattering amplitudes are calculated in appendix C.
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2.5.4 Momentum and constraints

The momenta involved in the scattering is, for both diagrams in figure 2.1, described
by figure 2.2

ks K,

Figure 2.2: Figure showcasing the momenta involved in the DM-nucleon scattering.
p1 and ps denote the momentum of the incoming and outgoing DM. k; and ko
denote the momentum of the incoming and outgoing nucleon. ¢ is the momentum
transferred to the nucleon in the scattering.

In figure 2.1 there are seemingly 4 independent momenta: py, py, k%', and k5. The
system is however constrained by both frame independence and momentum conser-
vation which means that there are only two momenta which are linearly independent.
It this stage it is important to note that the HDMET operators in section 4.1.2, and
consequently also the amplitudes in appendix C, are non-relativistic even though
they are written in Lorentz covariant notation. The appropriate symmetry is there-
fore actually Galilean symmetry which means that the scattering amplitudes will be
in terms of objects which obey Galilean symmetry. The Galilean invariant vectors
¢" and v are often chosen as the two independent basis vectors [29]. v/ is defined
as

~p ~L A | LM
2 mx my

where my is the nucleon mass. However, due to the fact that the underlying theory
is Lorentz invariant there will be terms in the scattering amplitudes which break
Galilean invariance. These symmetry breaking terms only start to show up at NLO
in momentum [14]. Since non-relativstic dynamics is of main interest, only terms
with leading order in momentum will be considered in each amplitude which means
that the final result will obey Galilean symmetry.

2.5.5 Coherent enhancement

Since scattering against nuclei is considered the effect of coherent enhancement can
be important. Coherent enhancement is a phenomenon that occurs when the (de
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Broglie) wavelength of an incoming particle is of the same order of magnitude as
the target nuclei it scatters against. Since the position of the incoming particle is
“smeared” over a large region it interacts with several nucleons simultaneously [30].
If the interaction is the same with each of the nucleons the contributions add up and
lead to the cross section scaling as A% in the long wavelength limit, where A is the
number of nucleons in the nucleus. If the interaction for example is spin-dependent
then the interaction is not the same with each nucleon and contributions no longer
add up, thus negating the enhancement [29].

2.5.6 Non-relativistic effective Lagrangian

After having calculated the scattering amplitudes it is useful to write the result in
terms of an effective scattering Lagrangian L.g

Lot =Y (") O + (%) O (2.45)

i

Here O; are non-relativistic (NR) operators enumerated by i, which together form
a basis that spans all non-relativistic DM-nculeon interactions. The basis operators
are weighted by the coefficients ¢;. The two terms in equation (2.45) corresponds to
DM-proton scattering and DM-neutron scattering respectively. The general O; up
to order ¢* have been formulated in [17][15] and are given below. There is a relative
sign difference in the definition of q in this work as compared to the definition used
in [17][15]. Letters in bold refer to spatial 3-vectors. The operators below have been
written using the definition of q used in this work.

2
OI,N == 1)(1]\/ OQ’N = (UL) 1)(1]\[ (246)
OS,N =1x Sy (’UJ_X Zq) 047]\[ =Sx-Sy (247)
mn
057N:SX' (ULXZQ) 1y (967N: (,S’X.q> (S’N-q> (2.48)
my my my
O?,N = 1X (SN . 'UJ_) O&N == (SX . UJ_> 1N (249)
1 7
097N =Sy - <q % SN> OlO,N = —1x <SN . q> (2‘50)
my my
Onn = _(SX : zq) In O1an = Sx - (SN X 'UL) (2.51)
mn
OlS,N:—<SX"UJ_> (SNZq> 0147N:—(Sx'qu> (SN"UJ_) (252)
my mn
Oisn = — (Sx'q> [(SN X ’UL) -q} (2.53)
my my
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The basis operators which are unique to spin 1 DM are

Ol?,N :Z'iq Svly OIB,N :ii'S'SN (2.54)
mN mN

OlQ,N = 7q (Si 02071\7 = <SN X q)Sq (255)
my my mpy my

with N = p,n. Further, §;; = %(egej +e;€}) where €’ and e is the polarization vector
of the outgoing and incoming DM respectively.

The benefit of writing the result in terms of this non-relativistic effective Lagrangian
is two-fold. Firstly, as described in the introduction a primary goal of this work is
to study the constraints that are imposed on the non-relativistic theory from the
relativistic theory. Writing the result in terms of non-relativistic objects will natu-
rally make this easier. Secondly, it will allow for a more streamlined computation of
observables since there already exists a Mathematica package [17] that utilizes the
above basis operators to compute observables related to DM direct detection.
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Computational framework

After having formulated the effective scattering Lagrangian L.g the last step is to
calculate measurable quantities, which in this work will be how often a nucleus
is scattered, with some recoil energy, by DM. More specifically the quantity of
interest is the total event rate R which describes the expected number of DM-
nucleus scattering events per unit recoil energy per unit detector mass per unit time
and is obtained by

dER mamx

dR pPx / do

_ = 73
- dEvaE(U)dv (3.1)

where m 4 is the mass of the nucleus, px is the local density of DM (i.e. density of
DM in the vicinity of the Earth), do/dER is the differential cross section, and fg is
the DM velocity distribution relative the Earth’s frame [14][17]. v, refers to the
minimum velocity required to induce a recoil energy Er. The recoil energy Eg refers
to the energy transferred to the nucleus in the scattering with DM and is related
to the momentum transfer ¢ through Er = ¢*/2my4 [17]. The local DM density
is approximately pxy ~ 0.4 GeV/cm™ [31]. The velocity distribution is obtained
by utilizing the standard halo model which states that the velocity distribution
should be a Maxwell-Boltzmann distribution where the average value is set to the
local orbital velocity relative to the galactic center (vg = 220 km/s) [2]. In order
to account for the escape velocity of the galaxy the distribution is truncated at
Vese = D44 km/s [2].

It is important to point out that all scattering amplitudes that have been calculated
describe the scattering between DM and nucleons. Additional steps are thus needed
to describe the scattering between DM and nuclei. As previously mentioned this step
will be automated through the use of the Mathematica package written by Anand et
al. [17], which is built around L and the associated non-relativistic basis operators
in equations (2.46)-(2.55). One simply needs to input the coefficients associated to
the basis operators, the DM density, and the assumed velocity distribution of the
DM. One also need to specify which type of nucleus that the DM scatters against.
This is important since the mass of the nucleus will greatly influence the predicted
total event rate. This will be shown explicitly in the results section. The choice of
nucleus also alter the DM-nucleus interaction in more subtle ways since intricacies
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of the nuclear structure can influence how the nucleus responds to the scattering.
This is modeled through so called nuclear response functions that partly depends
on density matrices which encapsulates the nuclear physics of each nucleus. This is
explained in more detail here [17].

Another reason for why the choice of nucleus is important is due to its strong
connection to experiments. As previously mentioned, the detectors that are used in
the direct detection experiments considered in this work can, if one greatly simplifies,
be represented by containers filled with homogeneous nuclei. One can thus rather
easily make predictions about what a specific detector theoretically should detect
by simply choosing the nucleus used in that detector. Another aspect to keep in my
mind however is that each detector have a limited range of recoil energies that it can
detect. Where relevant, the two detectors that will be used as examples are LUX and
PICO. LUX uses xenon and has the following sensitivity region Fr € [3,50] keV.
PICO uses chlorofluorocarbon molecules (Freon) which contain carbon, chlorine,
and fluorine atoms. As done in [14], these molecules will be approximated by only
considering the contribution of fluorine. The sensitivity region of PICO is Er > 3.3
keV [14]. This choice of detectors makes it possible to clearly showcase how the mass
of the nucleus influences the behavior. It also allows for a more direct comparison
to the results obtained in work similar to this, where spin 0 and spin 1/2 DM
were investigated, since they considered the same detectors [14]. XENONIT is a
more modern experiment as compared to LUX. However, since XENONI1T also
uses xenon, all the xenon related results in this work are equally as applicable to
XENONIT as they are to LUX. The sensitivity region of XENONIT is also very
similar to that of LUX Ex € [4,50] [32]. LUX is just used in order to establish a
more direct comparison to the work of Bishara et al. [14].

It is important to note that °F is the only stable isotope of fluorine and is conse-
quently the species that will be used in the analysis. Xenon on the other hand has
eight stable isotopes. Due to this, scattering involving xenon will be calculated for
each isotope and then be combined using their natural abundance as weights.

In order to properly analyze spin 1 DM the Mathematica package needs to be slightly
modified to include support for the additional non-relativistic operators that are
unique to spin 1 DM (these are given in equations (2.54) and (2.55)). This is done
by adding the additional terms listed for the DM response functions in [15] to the
DM response functions in the source code for the Mathematica package. This is
described more closely in appendix E.

The analysis in the results chapter in general revolves around setting all but one
of the coupling constants C,, to zero in order to isolate specific behaviors and/or
to showcase specific comparisons. Two types of plots will be used to visualize the
results. In the first type is the DM mass fixed to some value and dR/dEF is plotted
against Fr. Different graphs of dR/dEr will be superimposed where the scattering
cross section have been calculated using different sets of scattering amplitudes that
carry the same C.,. Further, in order to make it more clear if potential differences
are experimentally interesting, the Fr-sensitivity bands for LUX and PICO will be

23



3. Computational framework

visualized together with the graphs. The magnitude of the graphs are normalized.
This is not an issue since it is only the behavior with respect to Ez and the relative
difference compared to other graphs that are of interest in this work.

The second type plot visualizes how a change in DM mass influences dR /dEg. In this
case an example is in order. Imagine that the relative importance of two scattering
amplitudes A; and As is sought after. Let’s also assume that these two amplitudes
stem from the same interaction operator and thus carry the same coupling constant
C. dR /dER can be calculated including just the contribution from A; or by including
the contribution from both amplitudes. Generally one can summarize the result as

dR A dR N
E(Al) :C’Qf(q,mx) TER(AlaA?) 2029((1#”)() (3.2)

where f, g are general functions. One can then impose a bound b, which is the
same for both rates, that represents how large the rates can be while still avoiding
experimental detection. Both sides of the equations are then integrated with respect
to ¢ using the sensitivity span set by the relevant experiment (so in the case of LUX
q € [3,50] keV). This then gives two functions of the DM mass for the coupling
constant that describes how strong the coupling can be and still avoid detection
given some bound b.

. b [ dg ) b [ dg
o, N o, SN L S 33
O [ dq f(q,mx) OO [dq g(q, mx) (3.3)

Dividing the two functions and studying the fraction is helpful as it removes the
need of specifying b.

Or  _ Cb, _ [dgg(g,mx)
O, and Op 6%4’06 [dq f(g,mx)

(3.4)

Studying this fraction as a function of the DM mass is very useful as it allows one
to evaluate the importance of including the additional amplitude A,. If the ratio
is 1 then the required value for the coupling constant obtained from just using A;
is the same as the value obtained from using both A; and A,. Thus if the ratio
is 1 then the contribution of A, is zero and is not important. As the ratio moves
further away from 1 the importance of Ay increases. As will be seen later in the
results section, this type of analysis can be used to compare a non-relativistic EFT
approach (where one amplitude A; at the time is considered) to a relativistic EFT
approach which predicts that A; can be related to some other amplitude A; such
that the two amplitudes must be analyzed together.
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Results and discussion

This section will be split in to two parts. The first part will consist of theoretical
results on the cross section for DM-nucleus scattering in a relativistic EF'T for spin-1
DM, quarks and gluons. The second part will focus on the numerical evaluation and
physical interpretation of such theoretical predictions.

4.1 Theoretical results

A first important theoretical result of this thesis is the systematic classification of
DM-quark/gluon interactions for spin-1 DM (section 4.1.1). They define the rela-
tivistic EFT for DM-quark/gluon interactions used in this work for the calculation of
DM-nucleus scattering rates. A second important result, is the heavy field expansion
(HDMET) of such interaction operators (section 4.1.2). By using this expansion,
the amplitude for DM-nucleon scattering is computed for each relativistic operator
considered in this work, and the result is then matched onto a non-relativistic effec-
tive scattering Lagrangian (section 4.1.3). The latter is the starting point for the
numerical results presented in the next section.

4.1.1 Interaction operators

In this subsection, all the leading order (i.e. of lowest mass dimension) spin-1 DM-
quark and -gluon interaction operators, that are identified in this thesis, are listed.
All interaction operators must be Hermetian, Lorentz invariant and CPT invari-
ant. Leveraging on the work of [13][15][33], the leading order (mass dimension 6)
operators are found to be

Q) =m, g X; X" QL) =im, 77 ¢ X X" (4.1)

Type a
Q) iy 4X; 0, X" QY —igy "y X0, X" (4.2)

Type b
QL) =4 X} 0, X e O =Gy, q X2 D, X e (4.3)
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Type ¢
ng; :Z’QquaAX:XA)GWM Qé?é :i57u75q3p(X:XA)€“ypA (4.4)

Type d
Q) =7"q [X;0" X, + c.c] QY =G, q[X:0" X, + c.d] (4.5)

Type e
Oy ="q[iX;0" Xyt Q) =qun qliX;0" X, +ec]  (4.6)

At this order there are two operators involving gluons. One consists of ordinary
gluon field strength tensors whereas the other involves the dual gluon field strength
tensor G, = %QW‘EWP,\.

s Hauw pa * Xs HauvFa *
QY =G Gp, X, X" Y = GG XX ()

The follovy_)ing notation were and will be used a lot in the remaining part of this
work: X;@VXP = X;&,Xp — 8,,X§Xp. Operators containing 9, X" are zero due to
the Proca equation. It is important to note that 9,x* # 0 since x* is not a massive
vector field and consequently does not obey the Proca equation. The operators
involving quarks now also carry the index ¢ = u,d, s to reflect the fact that the
interaction can occur with either a up, down, or strange quark.

The above interaction operators must be converted using the framework of HD-
MET in order to reflect the assumed non-relativistic nature of DM. This is done in
appendix B and the results of this expansion are presented in section 4.1.2. The
expansion is done to next to leading order which means that

) Xt
XM ~ e—zmxv-l‘ (X,u _ :::Xapxp> (48)
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4.1.2 HDMET interaction operators
The interaction operators expanded to NLO using HDMET are

Q@ =mqqqx,x" Qg =imqqy qx ;X" (4.9)

4.1.2.1 Type a

6 — *x UV 6 — * UV
Q) =2mx gy qu.xix Q) =2mx Gy "y quuxix (4.10)
e e
+1qy"qx; 0 X" +igy" Y qx 0 X"
2 ) 2 .
+ 7" qu. 0 x50 +— 1" qua 0 X50Ax
mx mx

4.1.2.2 Typeb

6 - * v 6 . - * v
g,; = — 2mxiqYuqUpX, XA€" P Qé,q)z =- 2szq’Yu75quXuX>\€u N
A d A d
Fq1.0X 0 A€ +70 X O pxae™ (4.11)
1 — . *H o VoA 1 — 5 . *H o VpA
+—q7.qv, (zXA(‘?p&,X + C.C) elre +—q7 quy (zx,\ap(‘%x + c.c) etve
mx mx

4.1.2.3 Typec

Q%) =igy,q8, (x5 xn) e OF) =G,y ° a0, (X5 x )€ (4.12)
1 — * o v, 1 — * o v
———Guqun [0,(X 505 X7) + c.c]e P —— 7,70 [0,(X30,X7) + c.clet
mx mx

4.1.2.4 Typed

QL) =a"al0” (X X) + -] O, =140 (ixu) +ec)  (4.13)
1 — a4 * 1 P - YV *
——— 7" quu[i0” (X, O\X) + c.] —— 7" qua[id” (X 0x) + c.d]
mx mx
1 1
+——q7"qli0” X ;v-Ox, + c.c] —i——qﬁ“v%[i@”x}iv-@xu + c.c]
mx mx

4.1.2.5 Typee

Q1Y =igy"ald” (X} x,) — e.c] Q) =i v ql0" (Xjx,) —c.c]  (4.14)
I V(K L V(L k
+— " quald” (X;0ax") + c.c] +—07"7 qua[0” (x;0rX") + ]
mx mx
L * L 5 *
—m—quy“q[apovﬁxu + c.c] —m—Xqv“fy q[0”x,v-0X, + c.c]
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The operators containing gluons become

6 s Houvpa 6 s HauvFa .+
Qg ) :Eg a gWXpo g) :gg " gWXpo (4.15)

4.1.3 Matching to the effective scattering Lagrangian

The next step is to calculate the scattering amplitudes by using the two Feynman
diagrams in figure 2.1 and utilizing the Feynman rules. The vertices that need to be
considered are all the HDMET interaction operators listed in section 4.1.2. Not all
vertices are however needed for both diagrams at first order as explained in section
2.5.3. The quark/gluon current of the operators also needs to be hadronized to either
nucelons or mesons depending on whether the left or right diagram in figure 2.1 is
considered, as explained in section 2.5.3. A detailed calculation of all diagrams using
all leading order vertices is provided in appendix C. As mentioned, it is advantageous
to summarize the results from the various scattering amplitudes using an effective
scattering Lagrangian L.g. As opposed to appendix C however, the following result
is written in a manifestly non-relativistic notation using the conversions in appendix

D.

Lot = Y (M) O + () O (4.16)

i

Here O; are non-relativistic (NR) operators enumerated by 4, which together form
a basis which is weighted by the coefficients ¢;. The two terms in equation (4.16)
corresponds to DM-proton scattering and DM-neutron scattering respectively. The
relevant basis operators are (using the same definitions as in [17] and [15])

Ol,N =lxln (94,]\[ =Sx-Sy (4.17)
(’)57N =Sy- ('UL X Zq) 1y OG,N :(SX . q) (SN . q) (4.18)
mpy my my
Oy =1x (SN : UL) Ogn = (SX : 'UL) In (4.19)
1 1
0971\[ :SX- <q X SN) 010’]\/:—1)( (SN'q) (420)
my my
1 1
Onny =— (SX - ) In Oun=— <SX-q) (Sy-vy) (4.21)
my my
Orr,n —iL 50,1y O1s.n —i-L.8.Sy (4.22)
my my
Oy =151 O = (SN X q) T
my my my my
o :—( 1 .51 ) 4 .Sy (4.24)
my my/ My
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Here N = p,n, Sy is the nucleon spin operator, and Sx is the DM spin operator.
Further, 8;; = $(eje; +e;e)) where ¢’ and e is the polarization vector of the outgoing
and incoming DM respectively. All of the scattering amplitudes can be written in
terms of these basis operators. Basis operators of orders higher than 2 in ¢ are not
defined in [17][15]. In this work there is however necessary to include one order 3

operator (’)S). The coefficients corresponding to the basis operators are

AR = — (O + CEloh + O)a?) — 2myx (205, + CF,) + QZG oo

iR == 2mx A, (CS ) + PW(CF )

C5N,zljL == mN(QCn u T Cn )

con == 2miymxB,(CE,) — maW,(CY, ) (4.25)

017\{5 —2mx.flp(é§7q)

cgNR —QmX(QCA'g’u + 6'56 d)

7p
1 A N
Cll\lol:’{p — mNBO |:ga'rn2—q2 (Céizmu — Céigmd>
(Au+ Ad—2As) 1

3 mQ—q (C’ mu+C’(6)m —QCQSmS)]

—mNé§6’0){ - {D(m + m> + F( - ) + G}
My M My M

q 1 m m (Au+ Ad —2As) 1 mom
+{9a2_2<—)+ 2_2<+—

2 m q* \m, My 3 my —q° \my, My
(4.26)
Cll\llRp _mN(Qé'?,u + é’?,d) Cll\I4Rp Tn’N"4 ( 8 q) (427)
Cl?,p ZQmN(QCg,u + Cg,d) CII\ISRp = QmN-A ( 10 q) (4.28)

m2 o m2 . .

Cll\IQRp = 71(2011 ut 011 d) CQNORp = Qm?va(cg,q) mizAMCg,q) (4.29)
RO =2m3 B,(C%.,) (4.30)

Coefficients correspondlng to DM-neutron interactions are obtained by letting p —
n,u— d. A,, W,, and B, are defined as

A (Cl)=2((D+F+@)Ce, +GCL,+(D—F+G)CL) (4.31)
A A 1\ A 7 A Ms A
Wy(Cl) = (901 = 90 Ct — dhCila = 322 C1L) ) (1.32)
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A A 1 A A(d
BP( g,q) =Ya 2 m2 (Cé,c,lu - C(,;>
(AutAd=283) 1 (o | A _ op (4.33)
3 qg N m% ( n,u + n,d ,s)

The numerical values and physical connection for the various constants can be found
in appendix C of [13].

4.1.4 Non-relativistic operators

The non-relativistic operators O; that span the basis are formulated in [17][15].
These are constructed by considering all the ways that spin 1 DM can interact with
nucleons up to order ¢? under the constraint of Galilean symmetry. However, from
studying the above result one can see that not all the non-relativistic operators are
needed in order to span the scattering amplitudes. (The unused operators are O,,
O3, 019, O13, and O;5) This behavior can also not simply be attributed to the
operators being at higher order in ¢ since some operators of order ¢? are retained
while some of order ¢° are missing (e.g. Oj2). This is interesting as it shows that
some of the constraints from the relativistic theory carries over when considering the
non-relativistic limit. Moreover, this result is very helpful from a strictly practical
viewpoint as well since it reduces the number of interaction operators one has to
consider when comparing against experimental data, at least to leading orders.

4.2 Computational results

In this section DM-nucleus interactions are analyzed. This is done by utilizing the
Mathematica package developed by Anand et al. [17].

4.2.1 Meson exchange

The first result that will be introduced is that the inclusion of mesons, and conse-
quently the meson exchange, can be a critical component in properly describing how
DM scatters against nuclei. This is exemplified by studying the interaction operator
Qg?; first introduced in section 4.1.1. The coupling constant associated to this inter-

action operator is C’é?q). After enforcing the non-relativistic nature of DM through
the use of HDMET, calculating the scattering amplitude, and writing in terms of a
non-relativistic effective Lagrangian, one can see that C’éil) shows up in the coefficient

of two different non-relativistic basis operators. These two coefficients are c}'% and

cg v (see equation (4.25)). This means that the relativistic operator Q((f; matches

onto the two non-relativistic operators Oy x and Og . This is important since it
shows that it is generally dangerous to analyse the behavior of O4 y on its own as
the inclusion of O, y necessitates that also Og y should be considered since they

share the same coupling constant éé?g . It is also important to note that the term in
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cg{% that involves C’é?q) stems from an amplitude generated from the diagram that
involves a meson exchange (see figure 2.1). In other words, that amplitude would
not be present if one were to use a non-relativistic theory which does not include
mesons as a DOF. Thus starting from the non-relativistic theory means that one
would be completely oblivious to the fact that Qs and Og y are connected. The
question is however how big the correction is when one includes both operators as
opposed to just one.

It is at this stage instructive to write out the operators O, x and Og .

O4n =Sx-Sx O :<SX - q) (SN - q) (4.34)

my my

Naively one might expect that operator Og y could be neglected since it suppressed
by two powers in the small momentum ¢ < my. However, when combined with
the associated coefficient, which contain a meson propagator, the term is of order
O(¢*/m2 ), where m2, is the mass of the m and 1 meson which both are of the
same order of magnitude as ¢. This means that the contribution from Oy ¢ generally
cannot be neglected. To be more explicit dR/Eg is calculated for both instances,
first using only the amplitude with basis operator O, n, and then using both the

amplitudes. The result is presented in figure 4.1.

From studying the left panel of figure 4.1 it is clear that the inclusion of mesons can
cause a rather large correction when DM scatters against xenon. The drastic part
of the alteration to the graph is also well within the sensitivity region of currently
operating xenon based experiments such as XENONI1T. This correction is however
dependent on the DM mass which can be seen in the right panel of figure of 4.1.
This is due to fact that the meson exchange correction scales as O(q*/m?2 /n) and
thus depends on the amount of momentum that is exchanged. So as the DM mass
goes to zero, q goes to zero, which means that correction term becomes negligible
and ratio approaches 1. Conversely, as the DM mass increases, ¢ increases, and the
effect of the meson exchange becomes important. One can however see that the
increase in importance of the meson exchange tapers off as the masses of two bodies
coincide at my ~ mxe ~ 100 GeV. This makes sense since the momentum transfer
does not change much when only one of the masses increases. This also explains
why the meson exchange correction is so small for scattering on fluorine; fluorine
is less massive which means that momentum transfer is smaller. This can also be
explained more specifically by using the equation ¢u.x = 2uv, where gua, is the
maximum momentum transfer in the scattering, u is the reduced DM-nucleus mass
and v is a given DM velocity in the laboratory frame. If the DM mass is much larger
than the target nucleus mass, ¢max ~ 2M7v, where Mr is the target nucleus mass.
Consequently, for mx > Mr quax becomes independent of myx and grows linearly
with Mr. Both effects are apparent in the right panel of figure 4.1. The fact that the
ratio is less than 1 may seem contrary to the result in the left panel of figure 4.1 as
the rate is smaller when both operators are included. The reason that it is less than
1 is however due to that it is the coupling constants that are compared (see section
3), where the rates end up in the denominator hence inverting the expression.
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Figure 4.1: Left Plot showcasing the rate dR/ER associated to the interaction
operator Qgi; plotted against Er in 4 different scenarios. The graphs with solid
lines are calculated using the contribution from both Oy 4 and Oyg. The graphs
with dashed lines are calculated using only the contribution from Opy4. The red
and blue graphs represent scattering against fluorine and xenon respectively. The
shaded rectangles indicate the Eg-sensitivity regions for PICO (fluorine) and LUX
(xenon). The coupling constants are chosen to be CA'((;GZ = — Aéi} =1and C’é@ =0 as
to match the analysis done in [14]. Right Plot showcasing the relative importance
of using just Oy 4 compared to using both Oy 4 and Oy, for different values of DM
mass (see section 3). The y-axis is the ratio between the two coupling constants.
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The fact that the inclusion of the meson exchange actually decreases the rate, rather
than increase it, is interesting and warrants some additional comments. This be-
havior stems from the interference between Oy 4 and Oy . One can easily calculate
this interference by subtracting the rates obtained from just using either Oy 4 or
On from the rate obtained from using both.

dR dR dR
E(ONA, Ong) — E((’)NA) — E((’)Nﬁ) = Interference (4.35)

The interference is plotted in figure 4.2 and one can clearly see that the interference
has a negative sign, which then explains why the combined rate, that includes the
meson exchange, is lower than when the mesons exchange is excluded. It is also
interesting to note that it is actually the interference caused by Oy ¢ that leads to
the big discrepancy seen in figure 4.1 rather than the contribution of Oy itself.
This is clear from comparing the rate obtained from using Oy to the interference,
in figure 4.2.

B my=200 GeV

— 04 and 06

05 1 5 10 50 100 500
Ex [KeV]

Figure 4.2: Plot showcasing the rate dR/FER associated to the interaction oper-
ator Q((fg plotted against E'r using the contribution from different combinations of
amplitudes. The interference (see equation (4.35)) between Oy 4 and Oy is also
visualized. In this figure only scattering against xenon is considered.

4.2.2 Matching onto non-relativistic operators without mesons

There are also examples, which have nothing to do with the meson exchange, where
the relativistic operators match onto several non-relativistic operators. Thus, as
opposed to the last example, the non-relativistic theory knows about the ampli-
tudes, but the relativistic theory shows that some carry the same coupling constant.
One example is ng; which matches onto both Oy 17 and Oy g9. Oni17 and Op g
are unique to spin 1 DM and can thus only arise from a relativistic theory that
specifically is in terms of spin 1 DM.
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O17rn :ii'S'ULlN On = <SN X q) s-L (4.36)
my my my

Determining the relative importance of these two terms is bit more complicated
compared to the last example. First of all, On 99 is g-suppressed relative to Oy 17,
but Op 17 consists of a v;. The magnitude of v, is O(¢/my) [29] which results
in that there is no net suppression between the two operators. Oy 7 is however
coherently enhanced as opposed to Op g9 which is dependent on the nucleon spin.
On,17 is consequently expected to dominate over Oy 99 when DM scatters against
heavier nuclei, but equalize in importance when DM scatters against lighter nuclei.
This exact behavior is seen in figure 4.3.

Xenon Fluorine
15000 myx=200 GeV 150
— Oy7and Oy
; Only 017 ;
[5) Only Oy 75
g 10000 Interference g 100
R o
3 &)
¥ 5000 ¥ 50
= =
O oo AR s 0 = e
05 1 5 10 50 100 500 0.1 05 1 5 10 50 100
Er [KeV]
3500 40
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3000
52500 &30
5] [
< 2000 o
= = 20
§ 1500 &g
£ 1000 € 10
500
O oo B s SR 0
1 5 10 50100 500 0.1 051 510 50100
ER [KGV] ER [KeV]

Figure 4.3: Plots showing different dR/FEg associated to the interaction operator

g?;. The different rates are calculated using different combinations of operators.
The shaded boxes indicate the Eg-sensitivity region for LUX and PICO respectively.
Left Scattering against xenon. Right Scattering against fluorine. Top myx = 200

GeV. Bottom mx = 1000 GeV.

From studying figure 4.3 it is clear that Oy 17 almost captures all of the dynamics
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when DM scatters against xenon. There is however some amount of interference
between Oy 17 and On g at around ~ 100 KeV. Around this Ep region it is not
correct to just use Oy 17 and this is a good example of why using the relativistic
theory is so important. Dismissing the importance of O g9, in the case of DM-
xenon scattering, is at the surface very sound. Using the non-relativistic theory
does however not show that Oy 17 and Oy 99 in fact occur together and consequently
give rise to interference that is not negligible. The range of recoil energy where the
deviation occurs is however very small which means that it is fairly unlikely that
this will be of much aid when one analyzes experimental data. This is due to the
fact that many interactions must occur specifically at around ~ 100 keV which is
unlikely since the total number of interactions, over the whole Ex range (¢ < 200
MeV), is expected to be rather low. The previous example with the mesons is for
example more useful in this regard since the deviation occurs over a larger range of
recoil energies. This could potentially change in the future if detectors that have
much larger detector media masses, compared to current generation of detectors,
are built in order to increase the number of observed interactions. This deviation at
around 100 keV is also outside the sensitivity region of XENONIT, but the result
could be important to other xenon detectors with a broader region of sensitivity.

In the case of DM-fluorine scattering the two operators are, as expected, almost
equally important. Op 17 does however dominates in the low Eg limit while Oy 9
dominates in the large Er limit. It is important to remember that both operators
are approximately equally suppressed in this case of fluorine which means that it is
meaningful to study their dependence in small and large g. The observed behavior is
thus simply due to the fact that Oy 0 depends on ¢? whereas Oy 17 only depends on
q. For most recoil energies however, both operators are needed in order to describe
the actual behavior.
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Conclusion

In this work I formulated all the leading order relativistic interaction operators
between spin 1 dark matter (DM) and quarks/gluons. These operators are as general
as possible and are only constrained by the enforcement of being Hermetian, Lorentz
invaraint, and CPT invariant. The assumed non-relativistic nature of DM was then
incorporated through the use of heavy DM effective theory. I then calculated all
the scattering amplitudes using the two leading order Feynman diagrams for DM-
nucleon scattering in chiral perturbation theory. One of the diagrams describes a
contact interaction between DM and a nucleon whereas the other diagram involves a
virtual meson which mediates the interaction between the DM and nucleon. I then
matched the calculated scattering amplitudes onto an effective Lagrangian consisting
of non-relativistic basis operators which made it straight forward to compare the
results obtained from the relativistic theory to results that would be obtained from
a non-relativistic theory that does not include mesons a degrees of freedom.

I showed that some of the DM-quark/gluon interaction operators match onto several
non-relativistic operators. In some circumstances, studying individual operators,
which actually occur in conjunction with another operator, can lead to scattering
rates that are very incorrect. This is both due to simply not taking into account
the contribution coming from the other operator, and, more subtlety, not taking
into account the interference effects between the operators. I also showed that the
inclusion of mesons, and consequently the meson exchange interaction, is important
when DM scatters against heavy nuclei, such as xenon. Interestingly, this meson
exchange contribution, which is not always negligible, is associated with a non-
relativistic operator that is g-suppressed.
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A

Heavy vector fields

Consider a massive complex vector field X#. This field can be decomposed into
to two constituent fields by defining the following projection operators proposed by
[34].

P = g — vt” P = v” (A.1)

Where v is a 4-velocity and thus satisfy v? = 1. These are projection operators since
they obey the normal projection operator identities (P? = P and P, P| = 0)

A
(P3>M :gVPPJ;fVPﬁA = gup(QW - UM”UV)(gpA — UpU)\)
=(0 — v"v,) (g7 — v"0Y) = g" — vt — wtt + oot (A.2)

:glM — oM = Pf‘
A
(Pﬁ)“ :gl,pPﬁ“’P"‘oA = g, V" VP = vkt = Pﬂ“ (A.3)

A
9o PP =gu,(9" — v Pt = (o8 — Vi, 0Pt = vt — vt

IS (A.4)

At this point it is necessary to introduce the concept of residual, or soft, momenta
p* such that total momenta p* of the heavy vector field at low energies is

pr=mxot +p" mxot >> pt (A.5)

where mx is the mass of the field and v* is a reference vector which can be chosen
to be time-like. The idea is that only the soft momenta change during the scattering
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A. Heavy vector fields

whereas the large momentum component mxv*, associated to the large mass, does
not change and is therefore irrelevant to the dynamics [21]. Due to this, the large
momentum component will be factored out from the field such that the field only
carries soft momenta. Consider two such fields defined as

W= e MXUEPIY X, Xﬁ‘ = eimX”'IPﬁWX,, (A.6)

It is clear that one can use x* and X |‘|‘ and formulate X*# as the following

XH = emmxve (x4 XI) (A7)

In the upcoming steps it will however be preferable to write

Xi=v"X = X= XTIy X, (A8)

such that

XH = 7 "MxUT (v 4 X)) (A.9)

The fact that v,x* = 0 will also be important.

no__imxv-x g _ _imxv-T 172 2N VS 7
v, X" =e v, P"X, =e v,(g vHu”) X,

=eMXUT (Y — p2") X, =0

(A.10)

To see why the decomposition of X* in (A.9) is useful one must consider the Proca
Lagrangian £, which describes a free massive complex vector field X*

1 * * v v *
L, = —5(%)@ — 0,X;,) (0" XY — 0" X") + mA X X" (A.11)
Inserting the expression for X* given in equation (A.9)

0, X = eimxve (0. + 1,0, X" + imxv, (X + v, X)) (A.12)

Using this the positive terms look like

44



A. Heavy vector fields

DX XY = MXV TNV 3 0,0, X* + imxv,(xE + v, X))
S[OMXY v O*X — imx vt (XY + v"X)]

=0, ;0" X" + 0, X "X + [—immx (v-Ox,x" + v-0X*X) + c.c]
+m% (X" +XX)
The negative cross terms look like
0, X107 XM =eMxVTeTIMXVE[G v 0,0, X* + imxv, (X + v, X))
[0V x* 4+ v 0"X — imxv” (x" + v"X)] (A1)

=0,X,0"x" + v-0X"v-0X + [—imx (0,X*x" + v-0X*X) + c.c]
+m%X*X

Note that there is no mass term generated for x* in the negative cross terms. This
means that only a (negative) mass term for x* is generated from the kinetic term
of £,. The mass term in £, is simply

mg(X;X“ = m%{(XZXM + X*X) (A.15)

Once again using the fact that v, x* = 0. Using all of the above £, can be reformu-
lated as

L,=— ;(auxz —0x;) ("X — 9"x") — 0 X 0" X + mi XX

+v-0X"v-0X + [imxv-0x, X" + c.c] + interaction

(A.16)

This Lagrangian describes a massless vector field x*, a massive scalar field X, and
their interaction. Thus it is clear that the DOF for X* can be decomposed into
massless DOF which correspond to x*, and massive (or heavy) DOF which corre-
spond to X. This is similar to the result obtained for spin 1/2 fields within heavy
quark effective theory [20]. These heavy DOF can be eliminated by using the equa-
tions of motion for X* (the Proca equation). The Proca equation is obtained by
solving the Euler-Lagrange equation for the Proca Lagrangian £, and is as follows

0, (0" XY — " X") + mE XY =0 (A.17)

Evaluating the derivative of the reformulation of X* from equation (A.9) gives

QXY = e XY 4+ 0 0P K — imx vt (XY + v7X)] (A.18)
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A. Heavy vector fields

Which means that 9,0* X" is

9,0 XY = e~imxvE {—z’mxvu (8“)(” +0"OHX — imxot (X" + v”X))

(A.19)
10,0y + 078,0"X — imx v (D x" + v”auxﬂ
The other double derivative term is
9,0" XH = emimxve {—imxv“ ((9”)(“ + 00X — imxv” (X" + U“X))
(A.20)

10,0"" + v#0,0X — imxv” (D" + v“@uX)}

Using v, x* = 0 simplifies the first row of equation (A.20). The Proca equation is
then

m5 v X+imx (—20,0°x" — v"0°9,X + 0"X + v 9,x")

(A.21)
+0,0°x" + v70,0°X — 0,0"x” — v°0,0"X =0
Acting with Py, on equation (A.21) yields
(9,07 +m5 — (v:0)*) X = (v — imx)Oax* (A.22)

Focusing on the left hand side and considering X as a plane wave one obtains the
following eigenvalue equation

(9,07 +mX = (v:0)?) X = (=K + m% + (v-k)?) X (A.23)

The eigenvalues of the operator acting on X are real and one can thus divide with
the operator granted one includes a small complex offset ie. Using this in equation
(A.22) one obtains the relation

X — 1
0,00 +m% — (v-0)2 +ie

(v-0 — imx )0 (A.24)

The fraction can be expanded in a series
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1 1 1

0,00 +m% — (v-0)2 +ie  m% 5p3”—£12~8)2+z’5 1

1 0,00 — (v-0)* + ie 1
()

mx mx mx

(A.25)

Where the Taylor expansion of 1/(z+ 1) was utilized. It converges for |z| < 1 which
is true in this case since mx is assumed large. By only considering one inverse power
of mx one can write X as

' 1
m m
This result coincides with the result obtained here [34]. Inserting this back into

the reformulation of X* in equation (A.9) one obtains an expression for X* as a
function of only y*.

n o —imxvx T (s A 1
Xt =e X'——0x + 0| — (A.27)
mx m

2
X
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B

HDMET conversions

Heavy DM effective theory (HDMET), in the case of spin 1 DM, was described in
detail in appendix A. One result from appendix A is that a massive vector X* with
mass my can be written in terms of a massless vector field x*.

. Xl
o (o 2 0) ®

In this appendix some commonly used expressions involving the DM vector field
X* are converted using heavy DM effective theory (HDMET) to be in terms of the
massless vector field x*.

1% 1ok
X, X!~ (X; + —*= 8’))(;) (X“ — 8)\)@)
mx mx
1 . (B.2)
=X, X" + o "X 00X
X

* ~ i * A i * Uply * A
XX, ~ XX — m—vaxué’Ax + m—Xvuxyé’pxp + mig((?"xp(%x (B.3)

g
X:0,X" =X:0,X" — 0,X: X"

~ * [ * v i v A . v i v A
~ <XV + mxv,ﬁpxp> (%X — %U 0,0\X" — imxv, (X" — m—XU O\X )>

" ? % . % ( * v i v A
- <8NXI/ + %Uuauapo + imxv, (X, + mXUuapo)> (X - mixv %% )
* v . * U 1 * A 4 * A
=X OuX” — imxvuX, X+ 507,000 —mfx’vuapxpaxx
* U 1 * A . * U i * A
—0ux, X" — mfg(@ué”’xpaxx — imxvx, X" — mfxvué‘pxp&x

*H v . * U 2 9°v* O A 1 P *3 o A
=X, 0uX” — 2imxvux, X = O XX +7m§( X, 000X
(B.4)
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B. HDMET conversions

Pt A A
X0, X0 =(X;0,X, = 0, X:XA)EW’)
(XVG,)XA + vyx/\é? Do X — 1mxUpX,Xa + ——0,07 X 0,Xa
X mX
—(Opxixx + Xvuapxﬁ X7+ Imx U XA+ —vaa X))
— (=2 VXX + XD +— vuxﬁ 0o X — Xvuanpa”xi)e””pA

(B.5)

Where 'U,,vpe‘“’p)‘ = (0 was used.

(XX \) e =(X20,X ) + 0,X X, )e P

~(0,(x; ) 0,8, (0800x7) + —— 0,0, 1)) e in
~\Op\ X XN mXUV P\ X20c X mXUV X\ X,Y €

* QU ~n QU i * QU A i * 1 * A
X,0" X, =x,0" X, — miXU#Xya X"+ mixapoU'aXu + mig(vuapxpvﬁa)\x

V% i V% i * 1 *
=0"(XpXu) — miXUua (XyaAX)\) + miXapov'aXu + mTvuapoU'aa)‘X)\
X
(B.7)
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C

Scattering amplitudes

C.1 Feynman rules and definitions

To begin with a few general comments are needed. The derivatives acting on y*
produce soft momentum p since the hard momentum have been factored out from

the field as explained previously. It is also worth mentioning that, in contrast to
QED for example,

pe0 (C.1)

where the € is the polarization vector of the DM field. This is because no gauge
invariance is assumed for the DM field which consequently means that the corre-
sponding Ward identity does not exist.

The vertices that will be used are all very similar. The derivation of one will be

given in more detail, the others follow analogously. Consider the interaction L =
g

X0 0uX" = X50uX" —0ux;x”. The sign of the momentum produced by the derivative
depends on if the field it acts on is incoming or outgoing which is clear from studying
the quantized expansion of y,,

3
Xy = /d P 71 Z (a;eie_i’"x + afef,*e”p'x) (C.2)

N

Thus by using the Feynman rules for external vector fields

/Cint :X,WMXV - auX;XV =1 (Ei<_iﬁ1u)ey - (—l—iﬁzu)EiG'j)

o - . C.3
= — (Pry + Dop)ese (©3)

The additional 7 comes from the usual vertex coefficient. In the case of a Hamiltonian
it would be —¢ but since L;, is a Lagrangian a Legendre transformation must be
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C. Scattering amplitudes

done which generates an additional minus sign. One may also define

P, = Py + oy (C.4)
in contrast to
qu = ﬁlu - ﬁ?u (05)
The rules of interest are
<> ~
X5 0uX” —i(—i)Pee”
B (Xox") —i(—1)quene” (C.6)
I'X;0X" —iphprene,

> ~ < ~
X10,0,X° —i(—1)P,ere-pe X2 0,0,X"7 —i(—1)P,er(€e-pe)” (C.7)
9p(X305X7) —i(—1)qpere-Pe 0p(X20sX™) —+iqpex(€-Pe)” (C.8)

Where €-p, is defined such that

€ Pe =€-P1 (€ Pe)” =€"Po (C.9)

It will be beneficial to introduce the following operators

* * Suv — % NN —
(eue,, + euel,) S =€ €x€ S =

(eZe,, — euel*,> (C.10)

N | —

S =

N | —

Using this, one can write some commonly occurring expressions in a nicer way

l€)€, + c.c] =28,
q"l€;ePe + c.cf —q-S-P (C.11)
q“[eZe-@ - C'C] :qu + Quplfglw

The second row is calculated using p} = %(15“ +¢") and ph = %(]5“ — ¢") such that

q“[e;e-ﬁe + c.c] :q“(e;eﬁ + €, Do)
=~ q" (e (P +q) + e (P~ q)) (C.12)

=5 (q“ﬁ”(e;@, + e,ﬁj)) = q“SWp”

=N | =

The third row is obtained through an analogous calculation.
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C. Scattering amplitudes

C.2 Amplitudes

Throughout this section only the amplitudes for the DM-proton scattering will be
written out. The DM-neutron amplitude is obtained by letting p — n,u — d in the
DM-proton amplitudes.

As stated previously in section 2.5.4, only the terms with leading order in momenta
are guaranteed to obey Galilean symmetry [14]. Since DM is assumed to be non-
relativistic it is therefore appropriate to neglect higher order terms in the final
expression. Further, it is important to note that gy (and consequently also v-q, if v
chosen to be timelike) is of order 2 in momentum. This is due to that the energy of
the incoming and outgoing DM can be written as

2 2

Ein ~mx + P1 Eout ~Amx + P (013)
2mX 2mX
which means that
1
qo =B — Eout = mx —mx + W(pf —PQZ)
X (C.14)
_ 1 . p
_QmX d

C.2.1 Contact interaction diagram (left diagram in Fig. 2.1)

Terms consisting of Jqs, J;/, J;‘, J% and JY contribute to the left diagram [13].
In the case of the left diagram the quark/gluon currents have to be hadronized in
terms of nucleons. The expressions for these currents will be taken from [13]. The
numerical values for the constants that are needed in the currents can also be found
in appendix C of [13].

C.2.1.1 Scalar current
Using equation (B45) and (B54) in [13] (where now ¢ = u, d)
j(f = — 2b0quN — 2(bD + bF)ququ + -

- _ C.15
where NN = DoPo + NNy, Ny = pp and Ny = n,.
The DM-proton interaction is then

£59 = xix"pupo| 0t + CSot + Cor (C.16)
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C. Scattering amplitudes

The DM-neutron interaction is obtained by simply letting p — n,u — d.

The constants are defined as

O'g = —2mu(b0 + bD + bp) O'g = —2md(bo + bD + bF> (C17)
O'Z = —2mub0 O'g = —debo (018)
Og = —Qms(bo + bD - bF) (Clg)

and the numerical values can be found in appendix C of [13]. The scattering ampli-
tude is then

iMy = i€y pupy | Clol0h + Co + o7 (C.20)

C.2.1.2 Vector current
Using equation (B46) and (B52) in [13]

- 1 _ _
JVH = ( o ) N,N, + NN
a v +2mN ( aVq T ) (C.21)
+ e Mgy (94NqSN,BNq - QQNSNﬁN> o
jSV,u = —i(gs — g5+ gﬁl)eo‘ﬁ/\“vaq,\NSNgN 4+ (C.22)
It is beneficial to define
W,u(Uv Q) = an)\S]BVEuaB)\ (C23)
such that
Wuq" =0 Wt =0 (C.24)
Another useful definition is
Wo(C? ) = ((ga — g)C4 — gt G, — 3 s C.25
p( n,q) (94 94) n,U 94 n,d my n,s ( : )
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C. Scattering amplitudes

C.2.1.2.1 Type a

K A A
.2 rVa . * =
iM; " =i [meeue“pvpvv“ (Uu + ﬁ) (2C3, +C3,)

N KH R R IR
Vi(—i)Boete” (ﬁvpv (0 5 —) (208, + C) + iﬁvW“pUWp(ng)> (C.26)
N

2 e ~ ~
+—— sy e e Dupy (2C5 , + C§,d)]
mx

The leading order in momentum is zero, hence only the first row contributes to
leading order. Writing in terms of basis operators

iM;/a ~ QimXGZG“ﬁvpv(zégu + C’gd) (C.27)

C.2.1.2.2 Typeb

. . 14 -~ K 9 0 D A\ y
Y =ie (e (v, + 51 )RR + G + W (CE) )|

—20Mx V€, € (C.28)
+(—Z')pp€i€)\

) ~
—(=1)v, P,[e e D — c.
o (~DuBlgep - ed

The leading order in momentum is linear, hence only the terms on the second and
third row contributes to leading order. Writing in terms of basis operators

iM;/b %2mwivyg§“”]§vpv(2@'§7u + C’gd)

A IR (C.29)
_QimXSMVUVﬁquvap<CS6,q)
C.2.1.2.3 Typec
iMYe =ieod (pvpv (v + Ay )@2CE, + C8 ) + ipWup W, (CF )){
p 1 2mN 7u 7,d H p 7,9
i(—i)gpesen (C.30)

“ivgpleserpe—
——— 1V, (Q,|€\€ P — C.C
T dpl€ENE"D

The leading order in momentum is linear, hence only the term on the second row
contributes to leading order. Writing in terms of basis operators

iMYC ~ —ig,0,8" pypy(2CE, + C8 ) (C.31)

o4



C. Scattering amplitudes

C.2.1.24 Typed

1

. PN K R
zMg/d =i|(—1)q"[€, €, + c.c] (pvpv CT. (QC’SU + C’9 q) + DWW vap(C’gq))

@ lenlepo” + e (pvpv (0 + ﬁ) (2C5, + Cg,d))

+m7X[(€'p€) UrPe1€py — ] (pvpv N (QCgu + ng) + ip, W vap(ng))]
(C.32)

The leading order in momentum is quadratic, hence only the terms on the first and
second row contributes to leading order. Writing in terms of basis operators

zMVd —2v,-S- qpvpv(QC’gu + 096 2)

) (C.33)
+i2q¢" S, p, W vap(C’gﬂ)
C.2.1.2.5 Typee
aVe |l wrox ‘f( 6 A6
iM,© =i|i(—i)q" [, € — ](]%1%2 (2%, wt Chg) + ip V" vap<Cll,q)>
o, B K,
_mixq [eye-pE - C'C]’UM <pvpv (Uu + 2m )(20% u + C’11 d))
1 RM 6 A6
_mix[(e pe) v peleu +c. C] <pvpv 2my (2011 U + C(11 d) + vaW vap(Cll,q))]

(C.34)

The leading order in momentum is quadratic, hence only the terms on the first and
second row contributes to leading order. Writing in terms of basis operators

iM, %< = 2ig" v} Sy — s —S- Q)pvpv(2011 Wt L)

_ (C.35)
_QQVSMV];UW“vap(O?Lq)
C.2.1.3 Axial current
Using equation (B47) and (B53) in [13].
JAu = 2(D+ F)N, (5“ - & SN)N +2GN<S“ "k SN> . (C.36)
2m 2mN
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C. Scattering amplitudes

~ _ e
JAm—o(D - F + G)N(SJ“V - ”K-SN>N T (C.37)
QmN
Note that Sy-v = 0.
Let
A(Cl ) =2((D+ F+G)Ci, +GCL,+ (D - F+G)CL)) (C.38)

C.2.1.3.1 Typea

.2rAa LA A « u Mx _ =
2.2\4;)4 = ZAP(Cg,q) [_QE#EMMvaK.Sva
+i(—i)ee" PP Sy po (C.39)
* v 1 —
—2¢,phe, D] WPUK‘SNPU

The leading order in momentum is linear, hence only the terms on the first and
second row contributes to leading order. Writing in terms of basis operators

C.2.1.3.2 Typeb
ZM;‘b = Z'GHVP/\AP<CA'8(1) _QimXUP€zE)\vaNupv
N v, -
H(=i) Bpeex(PSnupy — Mva'Sva) (C.A41)

1 = . 3
+(_1) PPUV[E/\E'pE - C'C]vaNupv
mx

The leading order in momentum is zero, hence only the first row contributes to
leading order. Writing in terms of basis operators

z’MpAb ~ —2mXSMVUVﬁvSNMpUAp(CA'g7q) (C.42)
C.2.1.3.3 Typec
S Ae o R A o . v, _ =
ZMZ;4 = gt p/\Ap(ng) i(—1)q,€,x(DSN Dy — ﬁva.Sva)

1 . - _
+—1,q,[€x€ De — c.C|PySNuPy
mx

(C.43)
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C. Scattering amplitudes

The leading order in momentum seems to be linear but is actually quadratic due to
S"q,Sn, = O(¢?) (see appendix D). All the terms in the amplitude are therefore
necessary. Simplifying

~ A A

. c . A V(= v = 2
L = i,(CE) |~ 0.8 (S, — 5P Sp)

1 5 = _
+€w/p)\m7XUVQp(S)\/@PK + S)\nqﬁ)vaNupv}

o A i (C.44)
- ZAP(CSG,Q> [ B qVSHVﬁSN#pU + 27(_7'>(_1)S;(QV]5UKSNPU
mn
1 .
e 0, (Sae P+ smqﬁ)pvswpv}
mx
C.2.1.3.4 Typed
MM =i A,(CF )| (—)g [, + c.clpuShp,
1 1
Ly 5 ,~6* ) *,UK.S v )

i [ev(€-pe)” + c.c] o P S (C.45)

i - -
+——[(€-Pe) v Per€, — €.C|Pp SN Do
mx

The leading order in momentum is linear, hence only the first row contributes to
leading order. Writing in terms of basis operators

INIAY ~ 284", pu Ay (CE ) (C.46)
C.2.1.3.5 Typee
ZM;E - Z'AP(CfQ,q) (—'L.)Y:QV[EZEV - C-C]ﬁUSK,pU
1 1 _
——— "6, Pe — c.c|5—puK-Snpy (C.47)
mx QmN
]' ~ \ % ~ _
———[(e:Pe) v Per€y + c.|pu SNy
mx

The leading order in momentum is linear, hence only the first row contributes to
leading order. Writing in terms of basis operators

INIA® & 2i8,,q"BoSipuAp(CS,.) (C.48)
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C. Scattering amplitudes

C.2.1.4 Gluon current
Using equation (B56) in [13].

. 2mg
@Mf(ﬁ) =—j— 57 € e“pvval 6) (C.49)

C.2.1.5 Dual gluon current
Using equation (B57) in [13].

iM©) = —ipyiq - Snpec; 6“0(6)l (- 2y r(2 -2y G] (C.50)

My, ms

C.2.2 Meson exchange diagram (right diagram in Fig. 2.1)

P 7A 0 ; ; -
Jy ', Ji and J” contribute to the right diagram [13].

The hadronized QCD Lagrangian is given in equation (B23) in [13].

Au+ Ad — 2As

LnghCP]?[‘ o ga (ﬁv Z'Q'Sva_ﬁv iQ'SNnv)ﬂ-o'i_ (nv 1q- SNnv+pv 1q- SNpU) +--
f V3f
(C.51)
The meson propagator is given in equation (A.47) in [26]
ot (C.52)
5 )
@* = Miay
C.2.2.1 Pseudo-scalar current
Using equation (B44) in [13]
JP . = Byfm d(:l:7T0—0—177>+'“ jP:—lBofmn+~~ (C.53)
u,d U, \/g s \/§ ]
PO —f By |5 (OS2 Aéiz‘”md)
(C.54)

(884 P2
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C. Scattering amplitudes

The scattering amplitude is

_ o . _ ) A(6 (6
ZM; :vaQ'SvaeueuBOZQ {QGM (Cg(ﬂzmu - Cé,cgmd)

(Au+ Ad —2As) i
V3V3 ¢* —m3

(Cm, + Cma — 208m,) ]
(C.55)
The additional 7% comes from the usual vertex coefficient (two vertices in this case).

It is also important to note that quark current is J* = gi7y°¢ and thus includes an
1. The DM-neutron interaction is obtained by letting p — n,u — d.

C.2.2.2 Axial current
Using equation (B43) in [13]

Gt = (7o =) b (= Zomee (C30)

Let

A A(d
Ol — )

¢* —m; (
(Au + Ad — QAS) 1 ( A(d A(d)
VeV A

Note the sign difference occurring in flp(CA’g’q) on the first row of equation (C.57)
when letting p — n,u — d, which must be done to get the expression for the
DM-neutron interaction. It is also important to note that 9,m = d,n = iq,.

C.2.2.2.1 Type a
z'M;‘“ = i2]§viq~Sval§’p(CA'2q) 2mxv-qe,e"
—i—i(—i)e:e“]s-q (C.58)

1 o
+2—v-qe; phe,py
mx

The leading order in momentum would be quadratic but due to v-q = O(¢?) it is
actually order 3. One can simplify the expression
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C. Scattering amplitudes

iMA = iQﬁviq.SvaBp(ézq) QEZEMp,q

1 (C.59)

+2——v-qe,phe Py
mx

and see that is not Galilean invariant. This is however not an issue since this
amplitude is associated to the interaction operator Qfg which has its leading order
contribution from the left diagram (see equation (C.43)).

C.2.2.2.2 Typeb

ZM;;% = i2ﬁviQ'SNpU€HVp)\Bp(ég,q) —mel’qu’l]pE;’;G)\
+(=i) Pyguesex (C.60)

1
—1)—Pq.v, et pe — c.
HED=SPganlgep. - ed

The leading order in momentum is quadratic, hence only the first row contributes
to leading order. Writing in terms of basis operators

iMy" ~ —2imxS" g 0,piq-Snp.By(CF,) (C.61)
C.2.2.2.3 Typec

ZM;I)“C = iQﬁviQ'SvaequABp(égq) i(—i)qpqueie,\

. (C.62)
—m—Xw,,qpqﬂ[ge-p6 — .
Both terms are zero due to g,q,e"”* = 0.
C.2.2.24 Typed
iM;‘d = izﬁviq-SNpUBp(CA‘fog) (—i)q"q"[e, €, + c.c]
1 v ~ O\ %
+i—1-qq"[e,(e-pe)" + c.c] (C.63)

mx

i
B 1 _
+qu [(6-Pe) v-Per€, — c.C]

The leading order in momentum is cubic, hence only the first row contributes to
leading order. Writing in terms of basis operators
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C. Scattering amplitudes

DM-neutron interaction is obtained by letting p — n,u — d.
C.2.2.2.5 Typee

iM' =i*pyiq-SnpoBy(CHy,) [

+i(—i)q"q" 6,60 — c.c]
1 C.65
——wv-qq"[€, € P — c.C] ( )
mx

1
Y D V\.D
qu [(€Pe) v-Per€, + c.c]}

The leading order in momentum would be cubic but the term in second row is zero
due to antisymmetrization. The term on the third row is actually of order 4 due to
v-q = O(¢*). The remaining term on the last row is of order 3 but is not Galilean.
This is however not an issue since this amplitude is associated to the interaction
operator QQq which has its leading order contribution from the left diagram (see
equation (C.47)).

C.2.2.2.6 Dual gluon current Using equation (B45) in [13]

Jo = ;Km - m>827r0 + <m ML zm)a%} (C.66)

My, mq

~ ~ ~ 2
£ = (s J;[( - m)a27r° + (m + - 2m>a"} (C.67)

m

my mq
The scattering amplitude is

. _ . « A6

zMg = (pvzq-Svaeue“C’Q( )> .

i2q2[ i (m m> (Au+ Ad —2As) i (m+m 2m>]
2 7" V3V3 q> —my \m, Mg Mg

q2 - mgr My, mq

C.3 Effective Lagrangian and basis operators

The effective scattering Lagrangian L.g is
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C. Scattering amplitudes

Lo = Y (D) QLY +clia®) QL) (C.69

id

where di) are operators of momentum order d enumerated by ¢, which together form
a basis which is weighted by the coefficients cgd). The two terms in equation (C.69)
corresponds to DM-proton scattering and DM-neutron scattering respectively. The

basis operators of order zero are

Qg(,)y); 2626"]3@])” Q vaSNMpU (C?O)

The basis operators of order one are

Qf}, =€, Puiq- SNPo Qg,), =1q" SX PvPo (C.71)
QS) =€.e"BovL - Snp, Q) =v.1 -SxPupo (C.72)
Qéﬁ ="M 05 Sx uPoS NP Q(l) S, @ V! Dopo (C.73)
lezz =" SuwbuSips Qsp =018 qPupu (C.74)
Q) =" SuPuSkpy (C.75)
where iS* v, = S4 was used. The basis operators of order two are
Q) =iq-SxPuiq-Snp, QY) =¢" S5 W, (C.76)
Q) =4-S-qpop. QP =¢8P W'p, (C.77)
Q%) =P 0,4, 804" o SnpPu (C.78)

i - 1 s B
Qiy = ~ 08" PNy + 5 Sk @B K -Supy + P ——0,q,80 P (C.T9)
my mx

The basis operators of order three are

An analogous set of operators corresponding to DM-neutron interaction is obtained
by letting p — n. All the scattering amplitudes can be written in terms of these
basis operators. The coefficients of order zero are
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C. Scattering amplitudes

_[EO0n 1 0o+ EO02] 1 2my (205, + CF,) — 2E O
1,d%d 1 X( 3, 3,d) 27 (C.81)

cg; :2mXA(C'66’q)

The coefficients of order one are

a% (C(e) e md)

Cg}; =By [9

m7r - q
(Au+ Ad —2As) 1 A(6)
+ . e (G, + Cmy — 260m,) }
+C§6°){ - [D( + ) + F( — ) - G]
My My My M
¢ 1 Mmoo om\  (Au+ Ad—2As) 1 Mo m
() (oo
217"m2 —¢2 \m, my 3 m2 —q* mq
(C.82)
A =208, +C8 ) ) =2my A(CS) (C.83)
nglzl — 2mx (205611, + ég,d) Cé; _2mXW (C J) (C.84)
Célz); - 2(20161 wt C11 ) C7p _2'/4(0162 2) (C.85)
chp =2i(2C5, + C§) o) = — 21 A(CY, (C.86)
The coefficients of order two are
Cp =2Mx o ( 6,q) C2p i ( 11 q) (C.87)
1 A ~
iy =20k, + Ch) o) =20, (C8,) (C.58)
@_ 1 7. B
C5.p mixAp(Cg,q) Cﬁp —A (ng) (C.89)
The coefficients of order three are
iy =2B,(C} C.90
cip =2B,(Chyq) (C.90)

Coefficients corresponding to DM-neutron interactions are obtained by letting p —
n,u — d.
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D

Manifestly non-relativistic basis
operators

As previously mentioned the basis operators in section C.3 are non-relativistic and
obey Galilean symmetry but are written in a Lorentz covariant notation. In order
to compare these basis operators with the results obtained from calculations using
non-relativistic theory as the underlying theory the basis operators will be rewritten
here in a manifestly non-relativistic notation. This will also be useful since it enables
streamlined usage of the Mathematica package in [17]. In the non-relativistic limit
the polarization vector can be written as [15]

es €y

A (P+q)-e (P —q) €,

e ~ ( g ( q)-es ) el ~ ( g ( , 9)- e (D.1)
where e is the non-relativistic polarization vector with polarization s. Explicit
mention of the polarization states will be omitted below. The “mostly negative”
metric convention will be used such that g, = diag(1,—1,—1,—1). Using this, and
only keeping terms with leading order in momentum, ;€ is

et ~ P+q) e(P—q)-e —¢€-e
M 4m§<( q)-e(P—q) (D2)

~—¢e-e

The operator W, = vaq’\vaeuaﬁ,\ can be simplified when the reference vector is
chosen to be timelike

A A A
Wlt :an S]ﬁzleuaﬁk =4q S]%GMOBA = —q SZE\IGO;ABA

0 w=0
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D. Manifestly non-relativistic basis operators

Hereafter the indices i = 1,2, 3. Similarly, iS" v, can be simplified if v is chosen to
be timelike

iS"v, = —i(e* x €)' = —i(e x e)' = 5% (D.4)

Which then makes it clear that iS"v, = Sk, where S% is the DM spin operator
[15]. The other operator which involves S is S q,p, SN, uPo-

A Y T , %0 , Ok , ikl
SquySN”u Neiequ,SN?Me””” = —eiejqoSMke” — €i€jqkSN70€” —+ eiejSN,kqle”
=(e' x e)-Sy ¢" — (€' x e)-q S}
q-P
=1 ) SX'SN
2mX

(D.5)

where the last equality was obtained using S% = 0 which is due the reference vector
being set to timelike.

Lastly let’s address the operators involving S, = %(6;61, — €,€,). First note that
ene, = eje; + O(q) which means that

= Leading order 1 1 7
SIW %5(626]' - 61'6;) = 5(6/ X e)keijk = §S§(€ijk (DG)

So for example

Another example is

SuW'q" ~ 5Sx-(q X (g X Sx)) = 55% (ax(a-Sw) — Snad’) (D.8)

Lastly, consider the term
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D. Manifestly non-relativistic basis operators

1 — o~
E/U/p/\m Uqu(SANPH + S/\fqu)SNu
X

1 ~ S 1
:7GHOPASN,ALQ/)PKS)\K + 76#0pASN,quqKS)\/@

mx mx
— L 1

~ 0A J i 0\ K

~—=E€ Mpe,\ijSXP SN,qu — —¢€ W)SN#(]pq Sxx (D9>
mx mx

—1 s 1

:m—X(éféf — 5{’6;‘)5;P SN,“qp — m—X (SN X q)~8-q
. . X

= ' Sy qP-Sy+-——8x-Syqg-P— — (Sx X q)-S-q
2mX me mx

D.1 Relation to the basis of Anand et al.

In the non-relativistic limit, almost all of the basis operators in section C.3 coincide
with the basis operators in [17], up to some small modification such as sign (The
ones which does not coincide involves S and will be addressed in the next section).
q is defined differently in [17] which leads to difference in sign when compared to
the definition used in this work. The operators in [17] will be rewritten using the
definition of g used here. The relevant operators from [17] are

Ol,N :1X1N 047]\[ :SX'SN (DlO)
O5,N :SX‘<’UJ_ X Lq > 1N OG,N :<SX . 7q > (SN . 7‘] > (Dll)
my my my
O?,N :1X (SN : ’UJ_) O&N = (SX . 'UJ_) 1N (D.12)
1 1
(997N :SX : (q X SN> OlO,N = — 1X <SN . q) (D13)
my my
iq iq
Oll,N = - (SX . > 1N 01471\7 = — (Sx) (SN"UJ_) (D.14)
my my

with NV = p,n. The relation between the coefficients associated to the basis opera-
tors in section C.3 and the coefficients associated to the basis introduced in [17] is
presented in the following equations.
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D. Manifestly non-relativistic basis operators

(0) NR (0) NR

—C.N =G N —Co N =C N (D'15)
—mycih =cloty mcsy =y (D.16)
A =i —city =% (D.17)
el = e
. 9
q 1
—7 gz)v o Méz)v:zg (D.19)
)
—miey =ik e =R (D.20)
(2 _ R i’ 2 _ xw
MNCs N =C14,N _702,1\[ =C4 N (D.21)

where uy = mxmy/(mx +my).

D.1.1 Additional operators

The operators which consist of S are yet to be addressed. In [15] the list of basis
operators of Anand et al. has been extended to include the non-relativistic operators
which consist of 8. The relevant ones are

O N =— i-L.Swly Oign = — i-L.S.Sy (D.22)
mN my
OlQ,N = Si OQO,N = (SN X ) S — (D23)
my my my my

Basis operators of orders higher than 2 in ¢ are not defined in [15]. In this work
there is however necessary (see section C.2.2.2.4) to include one order 3 operator

o :—< 1 5.1 > 45y (D.24)
my my/ my
The relations between the coefficients are
B (1) _ NR i (1) ~_NR D.25
IMNCy N =Ci7, N MNCig,N =C18 N (D.25)
m?VCéQJ)V _Cll\I9RN _m?vcz(fj)v _CQNORN (D.26)

(2) _ NR
_mNC5N =Co0, N

3 (3) _ NR(3)
myC N =Cn

(D.27)
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Modification of the Mathematica
package

In this appendix it is explained how to modify the source code of the Mathematica
package by Anand et al. [17] so that the non-relativistic interaction operators unique
to spin 1 DM (equation (2.54) and (2.55)) are incorporated into the script. The
inclusion of the additional operators will alter the expression for the DM response
functions R™™ as described in [15].

The modification of the script starts with extending the dimensions of the vectors
cnvector and cpvector from 15 to 20 (or to whatever the new total number of
non-relativistic operators is). They are both defined in the beginning of the script.
Next, search for

For[iii=1,iii<=15,iii++,

and change it to

For[iii=1,1iii<=20,iii++,

Next, search for

If [Op==1, coeff=(4mN*mchiFORMAL/mV"~ 2)coeffdimless;];

and add both

If [Op==17, coeff=(4mN*mchiFORMAL/mV~ 2)coeffdimless/mN;];

and

If [0p==20, coeff=(4mN*mchiFORMAL/mV~ 2)coeffdimless/mN~ 2;];

Next, search for

If [! (Integer [Op]l &&1<=0p&&0p<=15),

and change it to

If[! (Integer [Opl &&1<=0p&&0p<=20) ,

An optional step is to also expand the list where all the symbolic expressions for
the operators are defined, as to include the new operators. Doing this will make it
so that the Lagrangian that is printed out when running the script is correct. The
list is found by searching for Op[1]="1";. I would recommend extending the list by
something simple like Op[17]="0p17"; for each additional operator.

After having fixed the script to allow for a greater number of operators, the final step
is to extend the DM response functions in the script. The DM response functions
are found by searching for DMResponseCoeff [MJ]. Then simply extend the response
functions with the new terms associated to the new operators.
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