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Matrix element analyses of dark matter scattering and annihilation
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We provide a compendium of results at the level of matrix elements for a systematic study of dark matter
scattering and annihilation. We identify interactions that yield spin-dependent and spin-independent
scattering and specify whether the interactions are velocity and/or momentum suppressed. We identify
the interactions that lead to s-wave or p-wave annihilation, and those that are chirality suppressed. We also
list the interaction structures that can interfere in scattering and annihilation processes. Using these results,
we point out situations in which deviations from the standard lore are obtained.
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L. INTRODUCTION

Recently, several experiments have reported signals that
may be interpreted as hints of dark matter interactions
[1-6]. However, since none of these signals have been
recognized as smoking guns for weakly interacting mas-
sive particles (WIMPs) of the minimal supersymmetric
standard model (MSSM), there has been renewed interest
in more general studies of dark matter models. One par-
ticular area of recent interest is in an effective operator
analysis [7-10], where the detailed microscopic physics
underlying interactions between the dark sector and stan-
dard model (SM) sector are abstracted away, leaving a
description in terms of effective 4-point contact interaction
operators.

Thus far, this type of analysis has been carried forward
in a somewhat piecemeal manner. For example, many
analyses assume that dark matter interactions involve a
single contact interaction operator, without accounting
for possible effects arising from interference between mul-
tiple operators. Only initial steps have been taken toward
complementary studies of effective operators using direct,
indirect and collider search strategies. Although it is well
recognized that the effective operator approximation
can break down if the mediating particles are not heavy
enough, there has been little study of the features of the
effective operator analysis which are robust.

Our goal is to provide tools needed for a systematic
matrix element study of dark matter interactions with the
standard model sector, and results relevant for direct,
indirect and collider searches. We address the following
questions:

(1) Which interaction structures yield spin-dependent
(SD) or spin-independent (SI) scattering? Are these
matrix elements unsuppressed, or suppressed by
factors of the relative velocity or momentum
transfer?

(2) Which interaction structures permit s-wave annihila-
tion or p-wave annihilation, and which are chirality
suppressed?
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(3) Which interaction structures can interfere with each
other in a scattering process? Which can interfere
in an annihilation process?

(4) What unique signals arise from interaction structures
that are CP violating?

(5) How may we distinguish between spin-0, spin-1/2
(Majorana or Dirac) and spin-1 dark matter by
utilizing signals in direct, indirect and collider
searches?

Terms in the scattering matrix element can be suppressed
by factors proportional to the relative velocity, or to the ratio
of the momentum transfer to dark matter or nucleus mass.
For cold dark matter, these factors are all very small. It is
common to focus on scattering matrix elements with no
velocity or momentum suppressions, since these terms will
typically dominate the scattering cross section. However,
velocity- or momentum-suppressed terms can dominate if
the unsuppressed terms have very small coefficients. We
therefore provide a complete treatment of the velocity- and
momentum-suppressed terms as well.

The basic structure of a dark matter-SM interaction can
be written in terms of a dark matter bilinear I'y, and a SM
bilinear I';:

0= FxrfF(S, 1, M) (1)

F is a form factor which describes deviations from the
structure of a pure contact interaction (if the form of F is
determined for a scattering interaction, it is determined
for an annihilation process by crossing symmetry); for a
contact interaction, F = constant. F' depends on the details
of the particle physics model, including the mass of the
mediating particles, as well as nuclear form factors. On the
other hand, at lowest dimension, I'y and I’ ¢ are somewhat
more restricted and can be characterized by their Lorentz
structure. If the interaction structure mediates a process
such as 7-channel scattering, then the Lorentz structure will
be determined by the spin and parity of the mediating
particle which is exchanged. But if the mediating particle
is exchanged in the u or s channel for a scattering process,
then the interaction structure will be more complicated,
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and can be determined through use of Fierz transformations.
Our focus will be on the features that can be determined
from knowledge of these bilinears. In the following, we
denote a quark field by ¢, a spin-0 dark matter field by ¢,
a spin-1/2 dark matter field by X, and a spin-1 dark matter
field by B,,. A general fermion field (either dark matter or
standard model) will be represented by .

For simplicity, we focus on interactions only between
dark matter and SM fermions, or with the Higgs. In Secs. II
and III, we describe our computation of the scattering
matrix elements and dark matter annihilation matrix
elements, respectively. In Sec. IV we compile our results.
In Sec. V, we conclude with a discussion of interesting
features and deviations from standard lore that arise from
the application of our analysis.

II. SCATTERING

The kinematics of a scattering process in the center of
mass frame are determined by the relative velocity v and
the momentum transfer . In addition to these kinematic
variables, each bilinear can contain terms that are either
independent of spin, or depend on the spin matrix element.
If the spin matrix element is a vector, then it can be
projected on any of three orthogonal axes. It is useful to
define these three axes as § = ¢/lgl, vt =@ — -
§)/1—v- ¢l and 9 = § X ©+. In other words, each
bilinear will be a sum of terms of the form

(' . ‘)<§out|r|§in>r (2)

where (...) is a function of ¢ and U, i, oy is the spin state
of the incoming and outgoing particle, respectively, and
=1, Sqé, Syt i, S;,ﬁ (if dark matter is spin-1, then
there can also be spin matrix elements which transform as a
symmetric traceless tensor). Terms with I' = 1 are spin
independent, while the others are spin dependent.

The spin and kinematic dependence of these bilinears
can most easily be understood from their transformation
properties under rotation and parity. Each bilinear can
depend on only the incoming and outgoing momenta
(which are odd under parity) and the spin matrix element
(which is even under parity). A bilinear with a single
spatial index transforms as a vector under rotations, while
a bilinear with only timelike indices transforms as a scalar.
A bilinear must then consist of a sum of terms in which the
momenta and spin are contracted in such a way as to have
the correct rotation and parity transformation properties.

For each bilinear interaction structure, these matrix ele-
ments are computed in Appendix A, and listed for conve-
nience in Table X. Also computed there are squared matrix
elements, summed over all initial and final state spins. By
contracting a dark matter bilinear with a SM bilinear, one
gets a possible interaction structure. From Table X, one can
determine the full momentum and velocity dependence of
the spin-dependent and spin-independent matrix elements
for all such interaction structures.
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Also from Table X, we see that there are only a few
Lorentz structures for the standard model coupling such
that the nucleon matrix element is momentum and velocity
independent. These are g (SI), 3v°q (SD), Gy'y>q (SD),
and go'/q (SD).

III. ANNIHILATION

For the annihilation process, we are guided by the C and
P quantum numbers of the initial and final state. We
assume that both the initial state and final state consist of
a particle and its antiparticle, which may be identical to the
particle. For a fermion/antifermion state, the transforma-
tions under charge conjugation and parity are given by

C: (1S P (=DEH 3)

while for boson/antiboson initial states, the transforma-
tions are given by

C: (_ 1)L+S

The only allowed s-wave states are L =0, S=0
J=0); L=0, S=1 (J=1); and L=0, S=2
(J = 2). Consequently, we are primarily interested in ini-
tial and final states with J = 0, 1, 2. In Table I, we list the C
and P eigenvalues for a fermion/antifermion state (left)
or boson/antiboson state (right) in terms of the angular
momentum quantum numbers.

For any bosonic or fermionic bilinear, the transforma-
tion of the bilinear under rotations determines the total
angular momentum of the state that this bilinear either
creates or annihilates. This information, along with the C
and P quantum numbers of the bilinear, are thus sufficient
to determine (from Table I) the spin and orbital angular
momentum of the initial and final state. The S and L

P: (-1~ )

TABLE I. The C and P transformation properties of a fermion/
antifermion (top) or boson/antiboson (bottom) state for given S,
L and J quantum numbers.

S L J C P
0 0 0 + —
0 1 1 - +
1 0 1 - -
1 1 0,12 + +
1 2 1,2,3 - -
1 3 234 + +
0 0 0 + +
0 1 1 - -
1 0 1 - +
1 1 0,1,2 + -
1 2 1,2,3 - +
2 0 2 + +
2 1 1,2,3 - -
2 2 0,1,2,3,4 + +
2 3 1,2,3,4,5 - -
2 4 2,3,4,5,6 + +
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quantum numbers of the states created (annihilated) by
every lowest-dimension bilinear are listed in Table II.

We see that the only dark matter bilinears that can
couple to an s-wave initial state are 1 Xy°X, Xy'X,
Xy’y’X, Xo"X, ¢t¢, BLB*, BB, - BIB) and
B”9,B°. Note that the structures ¢y, Im(pta¢)
and [Im(B}9°B") cannot couple to any state and cannot
contribute to any nonzero annihilation matrix element.

The standard model fermion bilinear must be able to
produce a final state with the same J quantum number as
the initial state (though the C and P transformations need
not be the same, since a general interaction structure can
violate either symmetry). Thus, the spin and orbital angular
momentum of the final and initial state may be different.

Finally, we address the question of whether or not there
is a chirality suppression (o m}/mf() of the annihilation
matrix element. This suppression arises if a SM mass
insertion is required to produce a final state with the
appropriate spin. An outgoing state of SM fermions ff
canonly be ina S, = O state if the fermion and antifermion
are from different Weyl spinors (f; and f). They are in an
S, = =1 state if the fermion and antifermion are from the
same Weyl spinor. We take the z axis to lie along the
direction of motion of the outgoing fermion and antifer-
mion, so L, =0, and J, = S,. [Note that for particles
moving along the z axis it is clear that L, = 0, because
Yim(@ =0, ¢) # 0 only if m = 0.]

TABLE II. The C, P and J quantum numbers of any state that
can be either created or annihilated by the bilinear. For each
possible state, the S and L quantum numbers are also given.

Bilinear C J State

Y + 0 S=1,L=1
1y + - 0 S=0,L=0

Py -+ 0 None

by'y - -1 S=1,L=0,2
YOy + - 0 §=0,L=0

Yy P + + 1 S=1,L=1
Yoy - -1 S=1,L=0,2
Joily -+ 1 S=0,L=1

ot + 4+ 0 S=0,L=0
Im(¢pt%¢) - + 0 None
Am(ptoie) - -1 S=0,L=1

B}, B* + + 0 S$S=0L=085=2L=2
Am(B}a°B") -+ 0 None
Am(B}o'BY) - — 1 §=0,L=1;8§=2L=1,3
(BB, —BIB) — + 1 S=1,L=0,2
(BIBy—BiB) - - 1 §S=0,L=1,5=2,L=1,3
€"/*B;d,B, + - 0 S=1,L=1
—€%*Byd By + + 1 S=2,L=2
B¥d,B, + + 0 S§S=0,L=0;S=2L=2
B”9,B; + -1 S=1,L=1
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In Table III, we list the possible fermion and antifermion
helicities for final states with fixed choices of S, L, J and
J,. We assume that the fermion moves along the +z axis
and the antifermion along the —z axis, and that the initial
state is written in a basis with angular momentum projected
along the z axis. In our notation, f; is a right-handed
antifermion, the CP conjugate of f;. For a SM bilinear
to produce one of the listed final states, it must be able to
produce a state with appropriate S, L and J quantum
numbers. The helicities of the produced fermion and
antifermion are then determined by the number of Dirac
matrices in the bilinear; a bilinear with an even number of
Dirac matrices will produce a fermion/antifermion pair
from the same Weyl spinor, while a bilinear with an odd
number of Dirac matrices will produce a pair from differ-
ent Weyl spinors. If a bilinear does not produce a fermion
and antifermion of the needed helicities, then there will be
a chirality flip arising from a mass insertion.

We can now bring together all of the pieces which
contribute to an understanding of the annihilation matrix
element. The procedure is as follows:

(i) For each interaction structure, we find the C and P
transformations and J quantum number of the dark
matter bilinear, and from this identify the initial state
that can couple to this bilinear; s-wave annihilation
is only permitted if this state has L = 0.

(i1)) We then determine if the standard model bilinear
can create a final state with the same J as the initial

state. If so, the matrix element for annihilation
from the initial state to the appropriate final state
is nonzero.

(iii)) We then check if the matrix element has an addi-
tional m,/my chirality suppression. For each J,
projection of the final state, we find the helicities

TABLE III. The possible fermion and antifermion helicities of
a fermion/antifermion state with given S, L, J and J, quantum
numbers. It is assumed that the fermion is traveling on the
+z axis, and the antifermion is traveling on the —z axis. f LR
denotes the CP conjugate of f; p (so, for example, £, is a right-
handed antifermion).

S L J J, =S, Fermion helicities
0 0 0 0 fuo Fos fo Jo
1 0 1 1 Irofr
1 0 1 0 fL!fR;]fR’fL
1 0 1 -1 fofo
0 1 1 0 fL’]fR;fR7]fL
1 1 0 0 fro frs frs L
1 1 1 1 Tr> IR

1 1 1 0

1 1 1 -1 fus fL

1 2 1 1 ]_"R,fR )
1 2 1 0 o frs Fro fL
1 2 1 —1 Jis f1
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of the final state fermion and antifermion. If there is
no choice of J, for which the SM bilinear can
produce fermions with the appropriate helicities,
then the annihilation cross section is suppressed
by m7/m3.

In Appendix B, we list the matrix elements arising
from fermion/antifermion creation or annihilation, for all
choices of interaction structure. In the interest of general-
ity, the antifermion is not assumed to be the antiparticle of
the fermion, and the two particles are allowed to have
different masses. These matrix elements can thus be used
for the case of dark matter coannihilation, or if dark matter
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annihilates through a flavor-violating process. The stan-
dard case can be obtained by setting the masses of the two
particles to be equal.

IV. RESULTS

We summarize our results in the following four tables. In
Table IV, we list the dependence of the spin-independent

and spin-dependent scattering matrix elements on S, g
and vl. For each structure, we indicate whether the
momentum or velocity dependence arises from the
dark matter or standard model bilinear. For interaction

TABLE IV. The kinematic suppression of the spin-independent and spin-dependent scattering cross sections for all possible
interaction structures. F1-F10 correspond to fermionic dark matter (with F5, F7, FO and F10 absent for Majorana fermions),
S1-S4 correspond to real or complex scalar dark matter, V1-V10 to real or complex vector dark matter. Each suppression is labeled to
indicate if it arises from the SM or dark matter (DM) bilinear. If a cross section contains several terms with different kinematic
suppressions, each is listed on a separate line. We also list if s-wave annihilation is permitted and unsuppressed, if it is chirality
suppressed by a factor =« mJ% /m%, or if it is not permitted at all; although the interactions are expressed in terms of quark fields g, by a
slight abuse of notation we allow for annihilation to any pair of SM fermions ff, each of mass my.

Name Interaction structure g suppression Osp suppression s-wave?
F1 XXgq 1 q*v+? (SM) No
2 Xy3Xaq 4 (DM) 7?v1? (SM); ¢ (DM) Yes
F3 XXgyiq 0 q%> (SM) No
F4 Xy XGvyq 0 g% (SM); ¢*> (DM) Yes
F5 Xy Xqy,.q 1 q*v*? (SM) Yes
(vanishes for Majorana X) q* (SM); ¢2 or v12 (DM)
F6 Xyry3Xqy,.q v1? (SM or DM) q* (SM) No
F7 XyrXqy,v’q ¢*vi? (SM); 4% (DM) viZ (SM) Yes
(vanishes for Majorana X) v12 or ¢% (DM)
F8 Xy v Xqy . vq q*v*? (SM) 1 o« m}/m3
F9 Xo*'Xgo,,q q* (SM); g* or v'? (DM) 1 Yes
(vanishes for Majorana X) qzvl2 (SM)
F10 Xo#'y’Xgo,,q q* (SM) v1? (SM) Yes
(vanishes for Majorana X) q* or v12 (DM)
S1 dTdpgq or Pp2qq 1 q*vt? (SM) Yes
S2 ¢Thgy g or $?Gy°q 0 q* (SM) Yes
S3 $19,0qv"q 1 q*vt? (SM) No
7 (SM); v12 (DM)
S4 d19,dGv* v q 0 v12 (SM or DM) No
A1 BYB"gq or B,B"qq 1 q*vt? (SM) Yes
V2 BYB"Gy3q or B,B*Gy°q 0 q* (SM) Yes
V3 Bla,B"Gy"q 1 ¢*v+? (SM) No
2 (SM); v1? (DM)
V4 Bla, B qy*vq 0 v12 (SM or DM) No
V5 (BLB, — BIB,)go""q ¢?vi? (SM) 1 Yes
V6 (BB, — BIB,)go""y’q g* (SM) v12 (SM) Yes
V7 B18”B,gy*q or B,d"B,Gy"q vi2 (SM); ¢* (DM) 4% (SM); ¢* (DM) No
V8 Bo"B,qy"y’q or B,d"B,q3v"¥q g*v*? (SM); ¢* (DM) g% (DM) o m? /m
V9 €7 B13,B,qv,q of €7 B,d,ByGY,.q v12 (DM or SM) 4% (SM) No
V10 EMVP‘TB,tapB,,cij'ysq or e””p"B,,apB,T(?'y#fq q*vt? (SM) 1 No
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structures that yield several matrix element terms with
different kinematic dependence, the kinematic dependence
of each term is listed on a separate line. We also list if
each interaction permits s-wave annihilation, and (if so)
whether or not s-wave annihilation is chirality suppressed.
Note that, using Lorentz gauge, one can rewrite B,0"B,
as 9”(B,B,) = 9"[(1/4)g,,B’B, + B,B,(sym)], where
“(sym)”” means symmetric and traceless in the p v indices.

A. Interference

Of course, it is certainly possible for dark matter to
couple to standard model matter through a sum of several
effective interaction structures. In that case, it is important
to understand if these operators can interfere. For the
annihilation process, interference can only occur between
structures that annihilate states of the same quantum num-
bers (S, L and J) and create states of the same quantum
numbers. Table V indicates the interaction structures that
can connect initial and final states for all possible combi-
nations of quantum numbers; interaction operators that
appear on the same line can interfere with one another in
annihilation processes. In particular, interference between

PHYSICAL REVIEW D 88, 014035 (2013)

two interaction structures can only occur for s-wave
annihilation. It can be seen from Table II that if dark matter
is spin-0, then there are no interference terms.

We now consider interference between different inter-
action structures in scattering processes. As we have seen,
each of the SM or dark matter bilinears depends on a spin
matrix element which is either spin independent (1) or
depends on a spin projection (S;, S;1 or S5, if the dark
matter spin matrix element is a vector). For the full inter-
action structure, there are sixteen possible choices of the
full spin matrix element. The four choices that are inde-
pendent of the quark spin (but may or may not depend on
the dark matter spin) yield spin-independent scattering,
while the remaining twelve choices yield spin-dependent
scattering. Two interaction structures can interfere in a
scattering process only if they have the same full spin
matrix element. Two operators that couple to different
spin projections will not interfere as the interference terms
vanish on summing over spins.

We denote the four choices of the spin-independent
matrix element by the numbers 1-4, and the twelve choices
of the spin-dependent matrix element by the letters A-L.
We list in Table VI, for each interaction structure for

TABLE V. The interaction structures that can annihilate an initial state with quantum numbers
Sinits Linie and J and create a final state with quantum numbers Sgna, Lena and J. If two
interaction structures are listed on the same line, then they can interfere in an annihilation

process.

Sinit Linit Sfinal Lfinal

Interaction structure

0

=]

0

=)

—_ = = = = = = = OO O = = === == OO0 O O~
NN = == = O 00O, OO R P MFPMPRROO~=O
NN = = OO === =) 00O, O~k OO === =0
e R e e =l e R e R
—_ O = O O = = O = O =) O O = = O = O = = O =

Xy’ Xqyiq. Xy° v’ Xqy’v’q
Xy’Xqq
XXqy’q
XXqq
XoinQO'ijq
XoiXgoiyiq
Xoiy Xgoiq
Xy'Xqy'q, Xoiy’ Xgoiyiq
XYY’ Xqy'v’q
Xy'Xqy'v’q
Xy'y’Xqv'q
Bl,B*qy°q, B"9,By37y"y’q
BiB"gq
€ B;0 B3y’ v q
(B} By — Bl By)go"yq
i(BI By — Bf B))go"q. Im(B}9,B")3v'q
Im(B}9,B")qy'v’q
(Bl B; — BIB))go'iq
l(B;rBj - B?Bj)c_](rijy*sq
B"9,B;4v'q
B"9,B:qy'v’q
€"*B;00Bqv:q
€"kB0yByqv:v q

014035-5



JASON KUMAR AND DANNY MARFATIA

TABLE VI. For each interaction structure, we indicate if the scattering matrix element is
independent of the dark matter or SM spin (1), or if it depends on the projection of the spin on
any of three orthogonal axes: the direction of momentum transfer (§), the direction of the
relative velocity transverse to the momentum transfer (), or the direction perpendicular to §
and o1 (7 = § X ©1). If an interaction structure yields several terms with different spin
component dependence, they are listed on separate lines. The sixteen possible couplings to
dark matter and nucleon spin are divided into four classes (1-4) that are independent of the
nucleon spin, and twelve classes (A—L) that are nucleon spin dependent. For each structure, all
of its coupling classes are listed; if two interaction structures are listed in the same class, then

PHYSICAL REVIEW D 88, 014035 (2013)

they can interfere.

Interaction structure

SI (Sx-dep.) SD (Sx-dep.) SD (Ssm-dep.) SI class SD class

F1 XXgq 1

F2 Xy’Xqq S;

F3 XXgv’q .-

F4 Xy XgGvq .-

F5 Xy Xqy,.q 1
(vanishes for Majorana X)

F6 Xyry3Xqy,q Sp1

F7 Xy*Xqy,v'q Spu
(vanishes for Majorana X)

F8 Xy*y’Xqy,v'q S5

F9 f(o"“’Xéo’w,q L, S;
(vanishes for Majorana X)

F10 X’a’“”'ySXQG'M,,q S;

(vanishes for Majorana X)

1 S5 1 C
S; S5 2 F

1 S oo A
S, S, oo D
1 S5 1 C
Syl Syl H
S5 S5 L
S5 Syt 3 K
SﬁL S.;] I
1 Syl 3 B
SyL S5 I
S5 Syt K
S; S; 4 D
Syl Syl H
S5 S5 L
S; S; 1,4 D
Syt Syl H
S5 S5 L
1 S, 2 A
S; S5 F
S5 S; J

spin-1/2 dark matter, the leading spin matrix elements.
If an interaction structure contains terms with multiple
spin matrix elements, then they are listed on separate lines.
Note, it is possible for two operators to each interfere with
a third, even if they cannot interfere with each other. In
Table VII we list the leading spin matrix elements if dark
matter is spin-0, and in Table VIII we list the spin matrix
elements for spin-1 dark matter. Note that, for spin-0 dark

TABLE VII. Similar to Table VI, but for spin-0 dark matter.
Thus, there is no dependence on the dark matter spin. All of
these structures can interfere for spin-independent scattering.
For spin-dependent scattering, two interaction structures can
interfere if they couple to the same projection of the nucleon
spin.

Interaction structure SD (Sgv-dep.)

S1 ¢t pgq or $?qq S,
S2 ¢t dgy g or $*Gy°q S,
S3 ¢19,bqy"q Ss
S4 19, 03v"yq Sy

matter, it is not necessary to list the dark matter spin matrix
element, which is always trivial. Thus, all interaction
structures can interfere for spin-independent scattering of
spin-0 dark matter. There is interference in the spin-
dependent scattering matrix element if two structures
couple to the same nucleon spin matrix element. For
spin-1 DM, the interaction structures V7 and V8 couple
to a dark matter spin matrix element that transforms as a
traceless symmetric tensor, denoted by II. We represent it
by its components in the orthogonal basis defined by g, 0+
and 7.

If two interaction structures can interfere, but their matrix
elements scale with different powers of ¢ and v, then the
interference terms will be small unless one of the structures
has a very small coefficient. But if two interfering interac-
tion structures are suppressed by the same number of powers
of g and v+, then the interference terms will be significant
as long as the coefficients are comparable. In Table IX, we
list each interaction structure according to the number of
powers of g or v that appear in the SI (top) or SD (bottom)
matrix element. Interaction structures that appear within
parentheses can interfere.
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TABLE VIIL

PHYSICAL REVIEW D 88, 014035 (2013)

Similar to Table VI, but for spin-1 dark matter. For structures V7 and V8, the dark matter spin bilinear is a traceless

symmetric tensor represented by IT with components in the orthogonal basis defined by g, o+ and 7. Note that V7 and V8 cannot
interfere with any other structure.

Interaction structure SI (Sx-dep.)  SD (Sx-dep.)  SD (Sqq-dep.) Slclass SD class
V1 B B*Gq or B,B"gq 1 1 Sy 1 C
V2 BYB*Gy°q or B,B Gy’ q 1 S; A
V3 Bla,B"Gy"q 1 1 S, 1 C
V4 Bla,B"qy*y'q - 1 Sy1 1 B
\& (BL,B, — BIB,)go*"q S, S, S, 4 D
SpL Sy1 H
S, S, L
V6 (BB, — BIB,)go""y’q S, S S, 2 F
S, S, J
V7 B,ta”BMq‘y'“q or B,0"B,qv"q 50 50 Ss
I, Sy1
V8 B}a”B,gy*y’q or B,d"B,Gy"vq S, m,, S, 2
g5 154 Sq
1 S;
V9 €“"*" B3 ,B,GY,.q or €“""7B,d,B,qY,.q S, SpL S, 3 I
S5 St K
V10 E“”P”B,tapB[,cj'y’uySq or e“”"‘TB,,apB(,Q'yMySq Si S; S, 4 D
Spi Sy1 H
S S L

=
=3

TABLE IX. The number of powers of g and v that appear in the spin-independent and spin-
dependent scattering cross section for each interaction structure (if dark matter is spin-1/2).
Interaction structures that are listed together in parentheses can interfere and have the same

kinematic suppression.

Powers of g and v+

Interaction structures

SI 0

SD

AP DO

(XXgq, Xy*Xqvy,.q)

Xy’ Xqq, Xo*" vy’ XG0 ,,q), Xy* v’ Xqv,.q

Xy*y’Xqy,v’q. Xo"' XG0 ,,q)

XyrXqy,v’q

Xy Yy Xqy .y q. Xo*'Xqo ,,q)

(XXqy>q, Xo*" v’ XG0 @) Xy v’ Xqy,uq. Xy Xqy,7v’q)

(XXqq, Xv*Xqy,9). X’ Xqv’q

Xy Xqq

V. INTERESTING FEATURES AND DEVIATIONS

FROM THE STANDARD LORE

These results lead to some interesting observations,
including deviations from the standard lore which arise
from consideration of more general models than WIMPs of
a constrained version of the MSSM. We find:

(1) The standard lore is that neutralino annihilation to

the light Higgs (XX — hh) is necessarily p-wave
suppressed [11]. In fact, we see from our analysis
that the annihilation of Majorana fermion dark mat-
ter to identical scalars is either p-wave suppressed
or suppressed by CP-violating phases [12]. Since
the final state consists of identical scalars with
S =0, symmetry of the wave function requires

@)
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that L must be even. If the initial state is S = 0,
L =0, J=0, CP-odd, then the final state of
identical bosons must be S=0, L =0, J=0,
CP-even, and there must be CP violation in the
annihilation matrix element. The relevant interac-
tion structure is then Xy>Xhh. If the initial state is
S =1, L =1, CP-even, then the matrix element is
p-wave suppressed.

More generally, there are interesting interaction
structures which are CP violating and usually
ignored—so some ‘“‘suppressed” annihilation chan-
nels can be open if new physics is CP violating.
The lore is that, if dark matter is a Majorana
fermion, then s-wave annihilation to SM fermions
is chirality suppressed. In fact, we find that this is
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only true if the term in the dark matter bilinear which
annihilates the s-wave initial state couples to the time
component of a pseudovector standard model bilin-
ear. For other interaction structures, there need not be
any chirality suppression. From the point of view of
the microscopic theory, these interaction structures
can arise from any new physics which interacts with
both Weyl spinors, including sfermion mixing, heavy
fermions, etc. Although sfermion-mixing contribu-
tions to the matrix element are often assumed to scale
as mf/ my, this is only true if one makes certain
assumptions (such as minimal flavor violation) about
the flavor structure of the theory.

As a concrete example, consider models of isospin-
violating dark matter [13,14] that have been enter-
tained in the context of recent signals of low-mass
dark matter [14]. The contribution to the spin-
independent matrix element from s- and u#-channel
squark exchange can be sizable if left-handed and
right-handed squarks mix; squark mixing for first
generation squarks can therefore contribute to iso-
spin violation. A consequence of this squark mixing
is the presence of interaction structures other than
pseudovector exchange [15], that can contribute to
s-wave annihilation to fermions which is not
chirality suppressed.

If the SM fermion bilinear is pseudoscalar (Gy’¢q),
then the spin-independent scattering matrix element
vanishes, including velocity- or momentum-
suppressed terms [9]. This can be understood simply
from the Lorentz structure of the interaction; one
cannot construct a nucleon matrix element which is
invariant under rotations and odd under parity unless
it depends on the nucleon spin.

Interestingly, if the SM fermion bilinear is pseudo-
vector (§y*vy>q) and the dark matter is spin-0,
then the spin-independent scattering matrix element
is zero. Again, this can be understood from
the Lorentz structure of the interaction. A spin-
independent fermion bilinear matrix element with
the rotation and parity transformation properties
needed for a pseudovector coupling must be a vector
proportional to ¥ X §. A nonvanishing scalar can
only be produced if this vector is contracted with a
dark matter spin polarization, which is not present
for spin-0 dark matter. In fact, if dark matter is spin-
1, then the V4 interaction structure will also have an
exactly vanishing SI-matrix element, because this
interaction structure does not depend on the dark
matter spin. Note that these interaction structures
involving gy*y’q with an exactly vanishing
SI-matrix element are all CP violating.

An interesting corollary of this result is that, if it can
be shown that SM quarks couple to dark matter
through exchange of a pseudovector, and if a
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spin-independent scattering cross section can be mea-
sured (even if velocity or momentum suppressed),
then dark matter cannot be spin-0O. As dark matter
direct detection experiments increase in sensitivity,
this result may have useful applications.

For spin-1/2 dark matter, only two sets of interac-
tion structures can interfere in an annihilation
process, and both sets annihilate an L = O state.
Only one is relevant for Majorana fermion dark
matter. If interference occurs for p-wave annihila-
tion, then dark matter must be spin-1. Spin-0 dark
matter does not exhibit interference in annihilation
processes.

For both SI and SD scattering processes, the inter-
action structures whose matrix elements have no
velocity or momentum suppression can interfere
with each other. But for interaction structures with
momentum or velocity-suppressed scattering matrix
elements, interference effects may be small. For
example, the structure Xy*y°Xgy,q yields a
spin-independent scattering cross section which is
suppressed by v12, but can only interfere with
interaction structures whose SI-matrix element is
suppressed by even more powers of g or v<.
For this interaction structure, interference effects
will be small unless it has a very small coefficient.
Note that these results do not depend on whether or
not the dark matter-SM interaction is short ranged.
A noncontact interaction can induce additional form
factors in the scattering matrix element, but the
kinematic suppressions found here will always be
present. Similarly, although dark matter annihilation
can receive additional suppression if the interaction
is noncontact, the results regarding which interac-
tion structures yield s-wave or p-wave annihilation
are independent of whether or not the interaction is
short ranged.

Most of these interaction structures are dimension 6.
In a collider production process (pp — XX), these
operators will receive an ~(E/my)? enhancement,
where E is the energy scale of the dark matter
production process. The dimension 5 interaction
structures are S1, S2, V1, V2, V5 and V6; these
dimension 5 structures will only receive an E/my
enhancement. But if dark matter is a spin-1 particle,
then the matrix element can receive additional
E/my enhancement from the longitudinal polariza-
tion tensor. In particular, all interaction structures
for spin-1 dark matter except V7 and V9 can couple
to an § = 0 or § = 2 state, which will yield terms
with an additional (E/my)? enhancement with both
dark matter particles longitudinally polarized.
Since structures V7 and V9 couple to an § = 1 state,
they will yield terms with an additional E/my
enhancement. Scalar dark matter which interacts
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through interaction structures S1 and S2 will have
suppressed monojet/monophoton production rates at
the LHC [10]. These features can be used to distin-
guish between different interaction structures.

One can potentially distinguish the dark matter-SM
interaction structure by combining information from
indirect, direct and collider search strategies. As an
example, we see that if dark matter is a Majorana
fermion, then the only interaction structure which
permits spin-independent scattering without veloc-
ity or momentum suppression is XXgq (F1). But if
dark matter is a Dirac fermion, then there is another
interaction structure which permits unsuppressed
SI scattering; Xy*Xgy,q (F5). It is difficult to
distinguish these possibilities with direct detection
experiments, but they can be distinguished by the
event rates at indirect detection experiments [10],
since the first operator permits only p-wave annihi-
lation (which is highly suppressed) while the second
operator allows annihilation from an s-wave state.
However, if dark matter is a real scalar, then the
operator ¢>3q (S1) also permits unsuppressed SI
scattering and s-wave annihilation. This structure
can be distinguished from the previous two by
monojet and monophoton searches at the LHC;
since this operator is dimension 5, it does not receive
as large an energy enhancement as the other opera-
tors [10]. But if dark matter is spin-1 or is a complex
spin-0 particle, then there are other interaction struc-
tures which can yield unsuppressed SI scattering
(83, V1, V3). Interaction structures V1 and V3
will yield an LHC production rate with a large
enhancement due to the longitudinal polarization
tensors. This may permit them to be distinguished
from the other interaction structures (and may be
distinguished from each other because V1 allows
s-wave annihilation, while V3 does not). However,
it is difficult to distinguish structures F1 and S3
without a more detailed analysis. Unfortunately,
the spin-dependent scattering cross section is not
very useful in distinguishing these two possibilities,
since both interaction structures yield spin-dependent
cross sections suppressed by the factor g>v12.

If the mass of the mediating particle is small
compared to the dark matter mass or the collider
production energy scale, then the form factor F will
scale as E~2 for a production or annihilation pro-
cess. Then, the rate of dark matter annihilation or
production at colliders will be suppressed. On the
other hand, striking signals of the mediating particle
at a collider experiment may then be possible [16].
Combined studies of indirect detection and collider
production rates can thus provide independent
probes of the mass of the particles which mediate
the dark matter interaction.

PHYSICAL REVIEW D 88, 014035 (2013)

(10) Many directional detection experiments are either
operating or under construction [17]. For such
experiments, the magnitude and direction of ¢
can be measured on an event by event basis. With
a sufficient number of events at such a detector, one
can potentially distinguish a dependence on ¢ from
a dependence on v'. One interesting question has
been the possibility of dark matter astronomy: the
possibility of probing the dark matter velocity
distribution using the event rate of direct detection
experiments. A difficulty is that the event rate
really probes the integral of the velocity distribu-
tion. But since the v dependence of the spin-
dependent and spin-independent matrix elements
are generally different, measurements from direc-
tional detectors sensitive to SI and SD scattering
can potentially probe two independent moments of
the velocity distribution. This may permit a more
detailed study of the velocity distribution of dark
matter.

These are immediate and general results which arise
from a study of generic dark matter interaction structures
in the formalism which we have described here. An inter-
esting long-term program for future study is the use of this
formalism to determine the prospects for distinguishing the
nature of dark matter interactions from the many data sets
that are becoming available though direct, indirect and
collider experiments. If a clear indication of dark matter
interactions is discovered, the next step would be to utilize
this formalism to piece together the full dark matter-SM
interaction structure.
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APPENDIX A: SCATTERING MATRIX ELEMENTS

In Table X, we summarize the bilinear spin matrix
elements for an incoming dark matter particle of mass
my with momentum k= pv and an outgoing particle
with momentum k' = k — §, where u = mymy/(my +
my) is the reduced mass of the dark matter-nucleus system,
¥ is the relative velocity of the dark matter and the target
nucleus, and the &’s are two-component spinors; v is
defined below. If dark matter is spin-1, then e* is its
polarization vector. The spinor bilinears of the standard
model are related to those for the dark matter bilinears by
g— —q, v — —v, my = my, £ — {. We have grouped
together terms that have the same Lorentz structure, but
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TABLE X. For each bilinear for spin-0 (¢), spin-1/2 (i) and spin-1 (B,,) particles, we list the
spin-independent and spin-dependent scattering matrix element at leading order. In the last row,
“(sym)” means symmetric and traceless in the ij indices. The spinor bilinears of the standard
model can be obtained by the substitutions, ¢’ — —¢', v+’ — —vll my = m;, £ — £

Bilinear Spin independent Spin dependent
s 2my (7€) L € g v (€155
Iy 0 —24'(£'15'¢)
A 1 0
B;B” et e 0

Yy 2my(E1¢) —1 ke ligluti(gt 8 é)
PV y 0 —4uvti(g'e)
—Im(pt9%¢) 2my 0
—Im(B}9°B”) 2my€e't € 0

"k B3 ,B, 0 ~2ipetvte;e,
Py v 2uvti(Ete) el qi(£155¢)
YV o €V HgHETE) —4my(£157¢)
—Im(¢’f8 ) 2,u,v 0
—Im(B}9'B") 2uvtiet - e 0
€%k BBy 0 2imyeke ;e
Jo'y q'(€1¢) dipeitut! (£185¢)
oy — (g — grti)Ete) —dimyeli(£'154¢)
BB/ — B1iBY) 0 Wetie/ — e'tieh)
BiB/(sym) 0 €''€e/(sym)

including the possibility of parity violation. The entries of
the table are derived below.

In the center of mass frame, the incoming and outgoing
four-momenta of the parton, p and p’, and the incoming
and outgoing four-momenta of the dark matter, k and k’, to
first order in the three-momenta, are

p= (Y} 7 =)~ (mpu =),
p = (mi @R 5) =i~ )

(A1)
k= ( m% + p, 13) ~ (my, p),
¢ = (i + =225 = 7) ~ x5~ .
It is useful to define vt via
WG =——p+d) =2t =2, XD X 5

g?
We compute spinor bilinear matrix elements of the form

XTX, (A3)
where I' is a Dirac structure. Where helpful, we also

compute the square of the matrix element, summed over
initial and final spins.

We write our spinors as

T
pro+tm pro+tm
u(p) = L ! ,
\/2(190 + my) \/Z(po + my) (Ad)
T
. + o (T +
u(k) — k-o+my _ k-o+my

V2(k + my) ~ V2(k° + my)

1. Scalar

For a scalar Lorentz structure (I' = 1), the matrix
element is invariant under rotations and even under parity.
It can therefore only contain terms that are either constant,

or proportional to p’ - p or p’ Xp- S.
We get

M, = a(p')u(p)
1
V(p® + m)(p® + m)
X é’/'l‘[mQ + pl -p— leijkp/ipja.k
+m(p” + p°)1¢ ~ 2m({'17)
_ ieijkp/ipj(glfs‘vkév).
m

(A5)

The dominant term is spin independent, and the spin-
dependent term is suppressed.

014035-10
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Then, the standard model matrix element is

Mysmy ~ 2my (1) = 7 elkgipi({11S4)

~2m (1) + zmifeffkql‘vif(z'*ﬁ"z), (A6)
and the dark matter matrix element is
M,x) ~ 2my(£17€) + mLX et qiki(£184€)
~2my(EME) +1— - elkgvti(Etste). (A7)

If dark matter is spin-0 and the bilinear has a scalar
Lorentz structure (¢ T ¢), then the matrix element is

Mspm 0 =1

S(X) (A8)

Similarly, if dark matter is a real or complex spin-1 and the
bilinear has a scalar Lorentz structure (BLB”), then the
matrix element is

spin—1
MIPRT = et g

S(X) (A9)

where € and €' are polarization vectors.

2. Pseudoscalar

For a bilinear with pseudoscalar Lorentz structure, the
matrix element is invariant under rotations, but odd under

parity. It must then be proportional to either p - S or [;’ - S.
The matrix element is given by

M, = a(p')y’u(p)
- ! (0 ol
N rAETIET) JM(p? + m)(p' - 5)

— (" +m)(p- )L~

(p' — p)- ¢

~2(p' — p)i({'t87¢), (A10)
which gives
Mpsmy = i@(p)y ulp) ~ 2qi(§“’*SAi5), Al
M) = a(k)y>ulk) ~ —24'(£15°€).

This structure is spin dependent and velocity dependent;
interestingly, there is no spin-independent term at all.

3. Vector

For a bilinear with vector Lorentz structure, the timelike
component is invariant under rotations and parlty So it

can either be a constant, or be proportional to p’ X p X S.
The spacelike components must rotate as a vector, but be
odd under parity. They may then contain terms that are

proportional to either p’, p, p’ X S or p X S.

PHYSICAL REVIEW D 88, 014035 (2013)

We get
MY = i(p")y ulp)
1
= JT(p" + m)(p® + m)
V(° + m)(p°® + m)
+p - bt e pliplotly

~ (1) + — el pl(E1184), (A12)
m
M, = a(p")y'u(p)
_ 1
V(" +m)(p° + m)
+1(m + p'0)eikpi gk — 1(m + p°)elik pli gk
~(p'+ )" O) + 21 (p — p')i (LT SFQ).
The leading term of this matrix element is spin independent,
but there are also momentum-suppressed spin-dependent

terms.
We thus find, for the SM matrix elements,

{T(m~+ p°)p" + (m + p)) p’

(A13)

T, .
Moy ~ 2mp(&10) + my etqpI({'T8%¢)
~2mg ({1 g) — 1 B ek giu (1154,
myg
M np ~ @p + @) ({0) — 2€%qi ({11$4Y)
~ =2pvti(T) — 2elkgi ({155, (Al4)
and for the dark matter matrix elements,
MO ) ~ 2my(¢11€) — — €likgiki (g1 8k ¢)
my
—~ 2mx(§/‘r§) _ z— eijkqivlj(g/fﬁkég),
my
M~ 2k — q)'(£1¢) + 2uelikgi(gt Sk )
~2lei(§n‘§) + 2l6ijkqj(§l‘]‘§k§). (A15)

The squared matrix elements can be written as the
tensors,

T = 2m@2m + Eg) Y {17 = 8m? + 23,

spins
T =-mY {[(o"a' = a*0)pl1¢
spins
= —2mq Y {tokoll = —2mq'y (1L = —4mg’,
spins spins

) =mY (Moiool + o'a"al)p, — 2ma'al)
spins
= 2mz Motol(m + Eg) — ma'lol ] = 2¢%8Y.
spins

(A16)
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So TY ~ 8m?, with all other components momentum
suppressed.

If dark matter is a spin-0 particle and the bilinear has a
vector Lorentz structure (— Im(¢pT 9% ¢)), then

MSJspin*O),U« = (p + p~. (A17)

Similarly, if dark matter is a complex spin-1 particle

and the bilinear has a vector Lorentz structure
(— Im(B}0#B")), then
MEPRIE — (p + et - e (A18)
Thus,
(spin—0)0 __
MU(X) 2mx,
M~ 2pwt, (A19)
spin—1)0
MS&? 0 2mye't - €

ijg;;*l)i ~2uvtiet - e

4. Pseudovector

For a bilinear with a pseudovector Lorentz structure, the
time component is rotation invariant and odd under parity.
It must therefore be a sum of terms that are proportional to

either p - S or ;;’ - S. The spacelike components must
rotate like a vector, but be even under parity. They must

then be a sum of terms proportional to either S or ;;’ X p.
We find

My, = a(p") Y’y u(p)
1
= - (PP + m)(p -
Jo T rm g
+ (" + m)(p - DL

—=2(p' + p)i(L'1870),

\Ei

!

(A20)

My, = a(p')y'y u(p)
~ 1
V© + m)(p® + m)
X LM(p" - p+ m(p® + p°) + m*)a’
+p'pal + pplol + 1€ pIp*IL

~ —Am(8I) + el p (),

(A21)

Thus, the leading term of the pseudovector structure is
spin dependent. Interestingly, while the timelike compo-
nent has no spin-independent contribution, the spacelike
components have suppressed spin-independent terms.

PHYSICAL REVIEW D 88, 014035 (2013)

Then, the SM matrix elements are
MOy ~ —2Q2p + @) D) ~dpvti(1Si),
. A 1 .. .
My ~ —4m(1S70) + %E”kl”qk@'u)

~ —dm ({1870 - lﬁe"kv“qk(ﬂ 0),

X
(A22)
and the dark matter matrix elements are
Mgv(x) ~—2(2k— Q)i(flJr Sﬂf)
~—4pvtiEsie)
(A23)

/ ai [
‘,MEW(X) ~—4my(£18°€) —Mellkqulk(é:lf &)
- _4mX(§/TSAl§) - lLe‘ijka-jq/k(f/f f)
2my
We can write the squared matrix elements as tensors:

TN =mY (o +6)pl,—2m){=2mEg Y {T7=2,

spins spins
Toi=—mY {(o%o' =ac)p, )
spins
=—2mgq; Z Tokolf=—2mq' Z [Te=—4mgq,
spins spins

Té£=m Z (oo ol+ad'a o)) pl,+2motal
spins
=2mz Moo/ (m+Eg)+moial]¢

spins

y 16 2\
=(@dm?+¢*)57 ) gfgng(H 1)<m2 +qz>g”.

spins

(A24)

Thus, T, = %6J (J + 1)m?g' is the dominant component,
with all the others momentum suppressed.

If dark matter is spin-1, then there is one other possible
structure, €#"?B,,d,B,,, which gives

MPT = qenreo(p + P, €€, (A25)
so that
M;Svp(i;;l)o ~ —2l,ude"jkvl¢ej6§6,
N . (A26)
MLSVT;) Di 2imye'ite ;€.
5. Tensor

Under parity, ¢y o*” i transforms with the sign (—1)#* X
(=1)*, where (—1)* =1 for x4 = 0 and (—1)* = —1 for
w = 1,2, 3. The structure ) 0% ¢ thus rotates as a vector,
but is odd under parity. It must therefore be a sum of

014035-12
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terms proportional to p/, p, p' X S or p X S. Similarly, the
structure o/ should transform under rotations
as a tensor, and be invariant under parity. So it should
contain terms which are proportional to p’p/ or SS/.
We find

MY =a(p')y"y'u(p)
1
VM m)
XM= (p°+m)(p" — 1€ pliat)
+(p" +m)(p' +1e% plat)]¢
(= Y+ 2+ pESD)

(A27)
MY = a(p')y'yu(p)
leijk
V(P + m)(p° + m)
X (PP + m)(p® + m) — p' - plo*
_ pkp/la. + lEkmlpllpm + p’kp”‘a'm]{
3 . 1 o
~ ~4me (NS + —(p"p) = pUp(EY).
m
(A28)

This structure is spin dependent, and also has a
momentum-suppressed spin-independent term.
For the SM matrix elements, we get

My =—4' (") + 2 2p +q) (1540
==/~ due vt 1SY)
M;(SM) 4szeuk(§/’r5k§)+ (q P =g/ p)(T )

= —dim el (1§54 — (q’vlf —g/vt)({"1 D),

(A29)
and for the dark matter matrix elements, we get
My = q'(£7€) + 2172k — q) (£'154¢)
= ¢'(£18) + dipehu ' (£185¢),
Ml = —dimy ek (¢155¢) —(q = giki)(Eg)

= —dimy ek (£ §kg) — (CI'UJ'J — gvti)(€1¢)

= —4zmxelfk(§/Tsk§). (A30)

PHYSICAL REVIEW D 88, 014035 (2013)

The squared matrix elements are

TP =N a(p)at’(—p + m)ar u(p)
spins
=mY a(p)ot (1 + Yo’ u(p),
spins (A31)
T =m Y alp)or ot (1 + Y u(p),
spins
ga 16J(J + 1) Lo
T = == (g gl — g"g™),

with all other components vanishing.

If dark matter is a complex spin-1 particle with tensor
Lorentz structure (z(BLB,, — BB x)) then the matrix
element is

MEPESPINTDLY (e gy g e,

1X) (A32)

For a real spin-1 particle with tensor Lorentz structure
[B*BY(sym), where “(sym)” means symmetric and trace-
less in the wv indices], the matrix element is

M (real spin—1) v

1) = €/*€”(sym). (A33)

APPENDIX B: ANNIHILATION
MATRIX ELEMENTS

We begin by listing the (exact) spinor bilinears for a dark
matter creation or annihilation process. For the sake of
generality, we allow the particles to have different masses.
In terms of two-component spinors ¢;, the Dirac spinors
may be written as

TABLE XI. The annihilation matrix elements for spin-O and
spin-1 dark matter bilinears.

Bilinear Annihilation matrix element

ot 1

Im(pta¢) 0

iIm(ptaep) —ik!

B, B"* €1 €

zIm(BT 3°B") 0

Am(B}o7BY) —lk’os1 €

1(B;fBj - B;.fB,-) l(ElIEQJ e;rle]j)

(BT B® — BT BY) i(elTe) — eif )
0”"B 9By 1€ 1 k' (6261 — ekel
EOUkB 097 B 1€k ()€l — €he?)

B”9,B, —2E€)€) — ik;(eh€d - ege’i)A
Y9 ,B —1E(e3¢| + €Veb) — k(€ el — €] €h)
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T
ki-o+m ki-0+m
u(ky) = l 5 l 1 ] 5 l ,

\/Z(kl +my) \/2(k1 +my) B1)

T

(k,) o+ m2 o+ m2
U\Ky) =
where the particles have four-momenta,
kl = (El,]zl):< m%-l—lzz,/;)
(B2)
= (Ea k) = (3 + . -F).
The bilinears for an outgoing fermion/antifermion pair are then
_ El + my E2 +
= +
ik v(ko) |:\/E2 . ‘/El ]k (3¢,
1
(k) y v(ky) = — [(E, + m)(Ey + my) + E1E] &),
V(E| + m)(E; + m;)
_ 1 -
(k) y 'y v(ky) = [(E, + m)(E;y + my) — E1(E] &),
\/(El + m)(Ey + my)
. o [Ey+m E E,+m E,+m

Tk vivSu(ks) = 1€k ki 2 2, 5 toke) + ki 1 1 |E2 2 )(ete), B3
i(ky)y'yvlky) = 1€ <\/E1 + my Ez (f &) E, + m, E, + (f &) (B3)

E,+m —E, —

V(E + m))(E; + mz)
(E, + m))(Ey + my) + K
V(E| + m)(E; + mz)

(E1 + m)(Ey +my) —
VE, + m)(E; + m,)

. E, + m E
i(k 0i 4,5 — i 2 2 + 1
i)™y vlky) = ik (\/E1 +m  \E,

The bilinears of the initial state fermion/antifermion pair
can be obtained by conjugating the above expressions.

In Table XI we provide the annihilation matrix elements
for various dark matter bilinears in the case of spin-0 and
spin-1 dark matter. For spin-1 dark matter, the two particles
have polarization vectors €; and €,.

One can verify that the structure (€€ — €€)) is only
nonzero for an initial state with total spin and z-axis spin

i(ky)yv(ky) = K(ETolsy),

i(ky)y'v(ky) = —

(k) o%v(k,) =

(éloiey) +

(fl* oléy) — 2

2k Kk

V(E| + m)(E; + m;)
k'k’

VE, + m)(E; + m,)

(lalgy),

(€laigy),

+ml t ik E2+I’Vl2 El +m1 t
+ €likp - .
+m2)(§1§2) € <\/E1 T, E, +m, (f]a' &)

[

projection |S, S.) given by |2, 1), |2, 0), |2, —1) and |0, 0).
Similarly, the structure (6{ el — €t eé) is only nonzero for
initial spin states |1, 1), |1, 0) and |1, —1), and the structure
(el €3 + €%€!) is only nonzero for initial spin states |1, 1)
and |1, —1). The structure €, - €, is only nonzero for initial
spin states |0, 0) and |2, 0). Finally, €7€J is only nonzero for

initial spin states |0, 0) and |2, 0).
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