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1 Introduction

For heavy neutralino dark matter (DM) there is class of radiative corrections to the tree-
level pair annihilation cross section, which can become larger than naively expected by the
electroweak nature of the interaction, and even exceed the lowest-order cross section by
orders of magnitude. This so-called Sommerfeld effect arises when an attractive interaction
between the non-relativistic DM particles significantly distorts their wave function, such
that they have a larger probability to undergo annihilation. In terms of Feynman diagrams
the effect arises from the exchange of the electroweak gauge bosons between the DM par-
ticles, which contributes a factor g?Mpy /My, such that an additional particle exchange
is not suppressed by the electroweak coupling g? when the DM mass is much larger than
the mediator mass. The Sommerfeld effect is non-perturbative in the sense that a resum-
mation of diagrams to all orders in g2 is needed in order to calculate the annihilation cross
section. The relevance of the Sommerfeld effect was first pointed out for the annihilation
cross section of (wino- or higgsino-like) neutralino DM into two photons [1], although it



was not until 2008, when an anomalous positron excess was measured by PAMELA, that
Sommerfeld enhanced DM models attracted more attention as a mechanism to boost the
DM annihilation rates [2]. For these models, the larger velocities around DM freeze-out in
the early Universe (v ~ 0.3¢) can yield an annihilation rate in accordance with the observed
relic density, whereas the much smaller neutralino velocities today (v ~ 1073¢c) enhance
the annihilation rate into electrons and positrons observed as cosmic rays. Since then the
Sommerfeld enhancements in cosmic ray signatures and in the thermal relic abundance
have been discussed extensively for relevant MSSM scenarios with neutralino DM [3-10],
but also for generic multi-state dark matter models [11-13].

Here, and in our previous papers [14] (from now on referred to as paper I) and [15] (pa-
per IT), we develop a formalism that improves the calculation of the DM annihilation cross
section in the general minimal supersymmetric standard model (MSSM) with neutralino
DM by including the Sommerfeld corrections. By allowing the lightest supersymmetric
particle (LSP) to be an arbitrary admixture of the electroweak gauginos and higgsinos, the
framework can be used to study regions of the MSSM parameter space where the Som-
merfeld correction may no longer be an order one effect, but still constitute the dominant
radiative correction. Our method builds upon the non-relativistic nature of the pair of
annihilating particles and separates the short-distance annihilation process (taking place
at distances O(1/mpgp)) from the long-distance interactions characterized by the Bohr
radius of order 1/(mpspg?) or 1/myy, responsible for the Sommerfeld effect, in analogy to
the NRQCD treatment of quarkonium annihilation. However, in the MSSM co-annihilation
effects of the LSP with heavier neutralino and chargino species have to be accounted for in
regions where mass degeneracies are generic. Dealing with many nearly mass-degenerate
scattering states (channels) requires an extension of the conventional NRQCD setup, which
is provided in this work to accommodate any number of neutralino and chargino species.
Previous works on the Sommerfeld enhancement focused on the wino and higgsino limits
of the MSSM with at most three neutralino-chargino two-particle states in the case of the
neutral sector of higgsino-like scenarios. Further aspects where the formalism we present
extends previous approaches are:

e The total annihilation cross section for a given co-annihilating state x;x; is obtained
from the imaginary part of the forward scattering amplitude x;x; — - — Xe; Xea —
XaXB = XesXez — ---XiX; Where X, Xp denotes a pair of SM or light Higgs parti-
cles. The transitions of x;x; to other two-particle states through electroweak gauge
boson exchange prior to the short-distance annihilation e, Xe, = XAXB — Xey Xes
are accounted for by off-diagonal terms in the potential interactions, which are pro-
vided in analytic form in this paper. Likewise, off-diagonal entries in the space of
two-particle states are required to describe the short-distance part. The (off)-diagonal
annihilation matrix entries in the general MSSM were obtained in analytic form in pa-
pers I and II. The off-diagonal annihilation terms cannot be be obtained directly from
the numerical codes that compute the MSSM tree-level annihilation rates, and were
consequently not considered previously except in the strict wino and higgsino limits.



e Our multi-channel approach implies that an incoming state x;x; can scatter to heav-
ier two-particle states that are kinematically closed for the available center-of-mass
(cms) energy. Eventually, when some mass-splittings become larger than M3, /Mpu,
numerical instabilities in the solution of the matrix-Schrodinger equation for the scat-
tering wave functions prevents one from obtaining accurate results for the Sommer-
feld factors. We circumvent this problem by reformulating the Schrédinger problem
directly for the entries of the relevant matrix that provides the Sommerfeld factors,
instead of solving for the wave functions. Leaving aside limitations related to the CPU
time needed to solve a system of many coupled differential equations, this method
allows to compute the Sommerfeld factors reliably also when many non-degenerate
two-particle channels are present.

e The short-distance annihilation rates are obtained in the non-relativistic limit includ-
ing corrections of O(v)), where vy = |y — 2| denotes the relative velocity of the
annihilating particles in their center-of-mass frame, i.e.

2
FXel Xeg_)XAXB_>Xe4Xe3 ~ a-+ bvrel . (11)

While the leading order describes only S-wave annihilations, the subleading term b
contains both S- and P-wave contributions, that get multiplied by different Sommer-
feld factors when building the full annihilation cross section from the rates above. A
separation of the two partial-wave components of b is thus needed, which is automat-
ically achieved in our EFT framework, since the Sommerfeld factors in question arise
from different non-relativistic operator matrix elements.

In the EFT approach the short-distance contributions to the neutralino and chargino
pair-annihilation processes are encoded into the Wilson coefficients of local four-fermion
operators, whereas the absorptive part of the matrix element of these four-fermion oper-
ators gives the full annihilation rates, including the Sommerfeld corrections. In papers
I and IT we have written down the dimension-6 and dimension-8 four-fermion operators
that mediate the short-distance annihilation rates at leading and next-to-next-to leading
order in vy, respectively, and presented the complete results for the corresponding Wilson
coefficients in the general MSSM. In the present paper we turn to the long-distance part of
the annihilation process and provide all the technical details required for the computation
of the matrix elements of the four-fermion operators. Apart from the annihilation rates,
the other model-specific ingredient, the non-relativistic potentials generated by electroweak
gauge boson and Higgs boson exchange in the MSSM, are also provided in compact an-
alytic form in this work. The contents of papers I-III therefore allow us to compute the
full Sommerfeld-enhanced neutralino and chargino co-annihilation rates for an arbitrary
MSSM parameter-space point and the corresponding relic abundance. A detailed investi-
gation and discussion of Sommerfeld enhancements in the relic abundance calculation in
some popular MSSM scenarios is the subject of an accompanying paper [16]. The general
phenomenological study of Sommerfeld enhancements in the MSSM parameter space is
postponed for a future publication.



A number of limitations needs to be mentioned. The formalism in its present form
cannot be applied to DM annihilation through a narrow-width s-channel resonance, since
in this case the annihilation process is no longer short-distance. Furthermore, we computed
the pair annihilation and potentials of neutralinos and charginos, but not of neutralinos
and sfermions, which excludes MSSM scenarios where neutralino-sfermion co-annihilation
is important. Both, resonant annihilation and neutralino-sfermion co-annihilation scenar-
ios require the accidental coincidence of some MSSM parameters and are in this sense
less generic than neutralino-chargino co-annihilations, especially when the LSP is heavy
(mrsp > my ), and therefore a member of an approximate electroweak multiplet. On
the technical side, we presently neglect the scale dependence of the electroweak couplings
as well as electroweak double logarithms of the Sudakov type. The latter, of course, are
only important when the formalism is applied to exclusive final states, as is relevant to
indirect detection signals of DM. EFT methods have been proposed recently for summing
up the Sudakov logarithms in multi-TeV DM annihilation [17-19]. More important to
relic-density computations is the fact that for heavy dark matter the freeze-out occurs at
temperatures where the temperature-dependence of the electroweak gauge-bosons masses
can be relevant, as can be the temperature-dependence of the gaugino masses. While in
general the thermal corrections to DM freeze-out are tiny [20], the case of Sommerfeld
enhancements is special, since they depend sensitively on the range of the potential and
the small mass splittings between the co-annihilating particles. In the wino and Higgsino
limits some of the above effects have already been studied in the context of Sommerfeld
enhancement [4, 11]. For the general case, this is left for future work.

The contents of the paper are the following. The theoretical framework is summarized
at some length in section 2. We discuss the structure of the EFT Lagrangian and derive the
master formula for the Sommerfeld-corrected cross section in subsection 2.1. The standard
formalism to obtain the thermal relic abundance is reviewed in 2.2. The computation of the
potentials for neutralino and chargino scattering in the MSSM is one of the main results
of this paper, and we have devoted section 3 to outline the details. The computation of
the Sommerfeld factors is the subject of section 4. In the first part of this section we relate
the four-fermion matrix elements with the scattering wave functions that are determined
by solving a multi-channel Schrédinger equation with MSSM potentials. Subsection 4.2
describes the standard method to solve the Schrodinger equation and points out to the
numerical instabilities that are caused by kinematically closed channels. The improved
method that solves this problem is then explained in subsection 4.3. As in NRQCD, the
matrix element of second-derivative operators can be related to the leading order ones,
though here it becomes more involved due to the presence of Yukawa-like interactions
generated by massive gauge bosons; the exact relation is derived in subsection 4.4. In the
final part of section 4 we give an approximation to the treatment of heavier channels which
can be used to reduce the number of channels to be treated exactly in the multi-channel
Schrédinger equation, and thus the time required for its numerical solution. A summary
of our main results is given in section 5. Finally, we collect the analytic expressions for
the potentials in the MSSM in appendix A, and we show the equivalence between the two
different basis of two-particle states that can be used to evaluate the Sommerfeld factors in



appendix B. As mentioned above, the present papers concentrates on technical aspects of
the framework, which is rather general and applicable to any model of heavy dark matter
with electroweak interactions. A non-technical discussion of results is presented in an
accompanying paper [16].

2 Theoretical framework

Together with previous results given in [14, 15], the formalism that we present in this work
allows to describe Sommerfeld-enhanced neutralino and chargino pair-annihilation rates
within generic R-parity conserving MSSM scenarios, including the most general form of
flavor mixing in the squark and slepton sector. After electroweak symmetry breaking the
four neutralino states x?, i = 1,...,4 result as combinations of the four SU(2); x U(1)y
eigenstates bino, the electrically neutral wino and the two electrically neutral higgsinos.
The chargino states X;t, 7 = 1,2 are a mixture of the charged wino and higgsino electroweak
eigenstates. While the bino and the winos are related to the soft SUSY breaking mass-
parameters M7 and Mo, respectively, the higgsino states are associated with the mass-
parameter y in the underlying SUSY Lagrangian.

A MSSM scenario can be obtained with publicly available MSSM spectrum generators,
for example [21-23], where the parameters M;, My and p among other required SUSY
parameter inputs have to be specified. In constrained MSSM scenarios, as for instance
models with grand unification of gauge couplings, certain relations among the input SUSY
parameters are assumed. Our setup is not restricted to such cases, but allows to analyze
Sommerfeld enhancements in x°, x* co-annihilations in the most general MSSM models.
Generically we require for our calculations a (SLHA formatted) MSSM spectrum including
mass parameters, mixing matrices and angles, typically provided as output of a MSSM
spectrum calculator. From this spectrum we determine the corresponding Sommerfeld-
enhanced x°, x* co-annihilation rates as well as the xY relic abundance. Our formalism
requires positive mass parameters of the neutralino and chargino states, which we auto-
matically account for by an appropriate rotation of the neutralino and chargino mixing
matrices, as explained in appendix A of paper I [14].

A rigorous analysis of Sommerfeld-enhanced x", x* co-annihilation processes in a given
model should refer to the on-shell mass spectrum of the neutralino and chargino states,
instead of to the DR-parameters that are provided by most spectrum calculators. Fur-
thermore, the mass splittings between the co-annihilating states play an essential role in
the precise calculation of Sommerfeld enhancements, requiring one-loop on-shell renormal-
ized masses in some cases. Results on the one-loop on-shell renormalized x°, x* sector of
the MSSM are available [24-27], but have not yet been implemented in public spectrum
generators.

We perform our calculation in the framework of an effective field theory (EFT) of
non-relativistic neutralinos and charginos, which generically covers the case of models with
ng < 4 neutralino-states X?, i1 =1,...,n0 and ny < 2 chargino-states X;-—L, j=1,...,n4,
that are nearly mass-degenerate with the x{. The description of our EFT framework is
the purpose of section 2.1, starting with the discussion of the Lagrangian in the effec-



tive theory in section 2.1.1. In section 2.1.2 we recall the notation for the four-fermion
operators that reproduce the short-distance annihilation reactions and that were already
introduced in [14, 15]. The relevant formulae for the Sommerfeld-enhanced annihilation
matrix elements, which determine the co-annihilation cross sections entering the x! relic
abundance calculation, are given in section 2.1.3. Finally the x{ relic abundance calcu-
lation is summarized in section 2.2. Our EFT framework does not cover scenarios where
co-annihilations with nearly mass-degenerate sfermion such as the #; or 7; are important
in the relic abundance calculation. These cases require a straightforward extension of our
EFT setup but are beyond the scope of this work. For the time being we exclude MSSM
scenarios from our analysis, where other than x°/x* co-annihilations are important in the
xY relic abundance calculation.

2.1 Effective theory approach
2.1.1 Lagrangian

In [14] we have introduced an effective field theory (EFT), the non-relativistic MSSM
(NRMSSM), designed to describe the dynamics of charginos and neutralinos which are
off-shell by an amount of the order of (mpspv)?, where mysp is the mass of the lightest
neutralino and v its small velocity. The framework allows us to compute the inclusive
annihilation rates of pairs of charginos and neutralinos moving at small velocities in a sys-
tematic expansion in the coupling constant and the velocity. The NRMSSM shares many
similarities with the non-relativistic EFT of QCD [29], that has been employed for comput-
ing heavy quarkonium properties and radiative corrections to heavy quark production with
remarkable accuracy, and can be considered as an extension of the latter in two aspects.
First, the NRMSSM can account for several non-relativistic particle species, namely those
neutralinos and charginos whose masses are nearly degenerate with mygp, and second, it
includes potential interactions generated by massive gauge bosons (i.e. Yukawa potentials)
and not just Coulomb potentials.

The structure of the EFT Lagrangian has already been discussed in [14]. It consists
of three parts:

LRSS = £yt Loy + 8 Lann T - 21

where the dots stand for terms of higher order in the non-relativistic expansion, that are
not required for the present calculation of the Sommerfeld-enhanced annihilation rates.
Lyin contains the bilinear terms in the two-component spinor fields &; and v; = n;, (; that
represent the non-relativistic neutralinos (x?) and charginos (X; and X;r), respectively.
For ng < 4 non-relativistic neutralino species and n4 < 2 non-relativistic chargino species,
Liin is given by

ng . H2
Lign = Y & <23t — (m; —mygp) + ) &i
i=1

— 2mygp
ng ; g2
+ > > Wb 0 — (my — musp) + 5 Vj - (2:2)
b= i=1 MLsp



neutral reactions | single-charged reactions | double-charged reactions

xOx% = XY O = x0T XX = xTx"
XX = xx* x X" = xx° XX XX
x xT = x%°

X xT = x"x"

Table 1. Possible e, Xe, — XesXes Scattering reactions classified according to the total charge.
The labels e; on the fields x., are suppressed in the above table. If x., represents a field Xgi, the
label e; can range over e; = 1,...,ng, whereas e; = 1,...,n4 for the case of a X;‘i field. Redundant
reactions where the type of particle in position 1 and 2 and/or 3 and 4 are interchanged (e.g. the
reaction xTx~ — xx?) are not explicitly written.

In order to have a consistent power-counting in the amplitudes describing transitions be-
tween two-particle states formed from the neutralino and chargino species included in the
EFT we need that the mass differences (m; — mpgp) are formally considered of order
mpspv? [14],! of the same order as the time-derivative and kinetic-energy term in the La-
grangian. This implies that heavier neutralinos and charginos (as well as further heavy
SUSY particles and higher mass Higgs) are not among the degrees of freedom of the ef-
fective theory, and their virtual effects can only appear as short-distance corrections to
the operators in LNEMSSM 15y the same way, the hard modes associated to the SM and
light Higgs-particle produced in neutralino and chargino pair-annihilations are encoded in
the Wilson coefficients of four-fermion operators in dLann, which are local in space-time
because the annihilation takes place at short-distances of O(1/mysp), as compared to the
characteristic range O(1/myspv) or O(1/my ) (whichever is smaller) of the non-relativistic
interactions between the charginos and neutralinos. The explicit form of the operators in
0 Lann, which are relevant for this work, and the details on the associated Wilson coefficients
are given below in section 2.1.2.

The term Lo accounts for the exchange of SM gauge bosons and Higgs particles
between the two-particle states Xe, Xe, and Xe, Xe; With non-relativistic relative velocity. In
the non-relativistic limit, such interactions become instantaneous but spatially non-local,
and are described in the EFT by four-fermion operators whose matching coefficients are
Yukawa- and Coulomb potentials depending on the relative distance ¥ = Z' — Z (r = |F|)
in the two-body system:

Lpot = — Z /dSF Vféfgf{ﬁm}(r) XL; (t, f)Xid (& 4 7)Xey (£, D) Xeo (6, T+ 7). (2.3)
XX—XX

The sum in (2.3) is taken over all x¢, Xe, — XesXes neutral, single-charged and double-
charged reactions with x., = Xgi, chi, which have been summarized in table 1. The par-
ticular particle species (x° or x*) participating in the reaction is indicated by the label

! As discussed in [14], a straightforward extension of the EFT covers the case where the non-relativistic
particle species are nearly mass-degenerate with respect to two well-separated mass scales m and m; within
this modified set-up pair annihilations of a set of hydrogen-like two-particle states can be also considered.



XX — XX in the potentials. The explicit form of the terms in (2.3) are generated by re-
placing the generic fields x., by the field symbols &, 7ne, or (,,, corresponding to particle
species Xgi, Xe, and Xét. in all possible ways compatible with charge-conservation in the
reaction. At leading order in the non-relativistic expansion, the potentials depend only on
the total spin of the two-particle states, which is thus conserved. An individual potential
contribution from the exchange of a gauge boson or Higgs particle with mass m has, at
leading order, the generic form

e—m¢r

a4a1,a3012) r ’

V{X(:Qi({xe“a}(r) = <A616264635a4a15a3a2 + Beieseses (52) (2.4)
where we have written explicitly the spin indices «; omitted in (2.3), which are contracted
with the corresponding indices in the field operators x.,. The total spin operator S is
built from the spin operators acting on the particles interacting at points Z; and X as
§a4a17a3a2 = Cogar /2 0asas + Oanar Oazar /2 =1/2(6®1+1®7). Since we shall decompose
the two-particle states Xe, Xe, and Xe,Xe; Undergoing potential interactions into 25+1;
partial-wave states with defined spin S = 0, 1, we can drop the spin indices in the potentials
in what follows and replace the 52 operator acting on Xe, Xeg;XesXes DY its eigenvalue
S(S+1)=2Sfor S=0,1.

In this work we account for O(v?) effects in the (co-)annihilation of neutralino and
chargino pairs coming from the short-distance part of the annihilation but ignore O(v?)
contributions from the long-range part. Consequently, only the leading-order Coulomb- and
Yukawa potential interactions need to be considered in L. Details on the calculation
of the potentials at O(g35) in the MSSM, where g; are the generic SU(2);, ® U(1)y gauge
couplings, will be given in section 3.

2.1.2 Annihilation matrices

The short-distance annihilation of the chargino and neutralino pairs into SM and light Higgs
final states is reproduced in the EFT by local four-fermion operators contained in 6L,py.
The Wilson coefficients of these operators can be determined by matching the MSSM am-
plitudes for the process Xe1Xe, — X — XesXes With SM and light Higgs intermediate states
to the tree-level matrix element of the four-fermion operators for the same incoming and
outgoing states. For the computation of the neutralino and chargino inclusive annihilation
rates, only the absorptive part of these Wilson coefficients are required, see (2.12), and con-
sequently the matching can be done for the absorptive part of the amplitude only. At lowest
order in the electroweak gauge couplings g;, the contributions to the Wilson coefficients arise
from the absorptive part of Xe1Xe, — XesXes; One-loop scattering diagrams with two SM or
light Higgs particles in the intermediate state, X4 Xp, and are of O(a?), where o; = g2 /4.
Note that the annihilation rates include the absorptive parts of off-diagonal amplitudes in
the space of two particle states yexe, since the exchange of gauge and Higgs bosons before
the short-distance annihilation may transform one two-particle state into another.

The leading-order contributions to dL,,, are given by dimension-6 four-fermion op-
erators, that describe leading-order S-wave neutralino and chargino scattering processes



XelXes = XesXes- Lhey read [14]

d=6 XX—>XX 25+1 XX—XX 25+1
£ann - Z Z 4 7 {ere2}{eses} ( SS) 0{6465}{6261} ( SS) ) (2‘5)
XX—xx S=0,1

where féfe_;ﬁ(ews} (2571S) are the corresponding Wilson coefficients, which will be often

abbreviated as f (QSHS J). The explicit form of the dimension-6 S-wave operators with
S=0,1is

O ey (150) = xExE, Xélxe, (2.6)
O X ey (P51) = xd,o'xE, xélo'xe, - (2.7)

The first sum in (2.5) is taken over all neutralino and chargino scattering reactions xe, Xe, —
Xes Xez specified in table 1, including redundant ones where the particle species at the first
and second and/or third and fourth position are interchanged. This redundancy implies
that several operators describe one specific process with a x., and xe, (Xe; and xe,) particle
in the initial (final) state, and as a consequence their respective Wilson coefficients obey
certain symmetry relations under the exchange of the labels e; <+ ey and/or e3 <> ey [14],
see (2.11) below. The absorptive parts of the Wilson coefficients, f (ZSHS J), have been
calculated in [14] in the MSSM at O(a?). A master formula and necessary ingredients to
obtain the contributions to f (QSHS J) from individual states X 4 Xp in analytic form can
be found therein.

At O(v?) in the non-relativistic expansion in momenta and mass differences, dimen-
sion-8 four-fermion operators contribute to § Lann:>

1

d=

6‘Canr?_ g 4M2 {Xefe_;)}(i(meg}( ) 0?6)51;?](’){(6261}( )
XX—XX

1
+ Z Z 4M? ﬁefe_;i(?ewg,} (3PJ) O?;i;?]f?ezel} (3PJ)
XxX—xx J=0,1,2

25+1 25+1
B S i e (5759 PR C5715)
XX—7XX $

1
+ D D D e laetteen (789 QN ey U118 - (28)

xx—xx s=0,1i=1,2

The operators O (1P1) and O (3PJ), J = 0,1,2, contain one derivative acting on each
of the initial and final bilinear operators (XS; Xe, and X24X§37 respectively), while in the
P (25 +1S3) operators the two derivatives act either on the initial or in the final state. The
explicit form of these operators can be read off from table 1 in [15]. The remaining next-

to-next-to leading S-wave operators Q; (25+155), 1 = 1,2, are the same as the dimension-6

?In a parity-violating theory such as the MSSM, there exist also O(v) contributions to § Lann, correspond-
ing to dimension-7 four-fermion operators which describe 1S, — 3Po, 381 — 1P, and 3S; — 2P, transitions
where the spin and/or the orbital-angular momentum of the xx pair is changed. They are not considered
here because they contribute to the annihilation rates only in conjunction with O(v)-suppressed potential
interactions in Lo, which we neglect. For the same reason, dimension-8 four-fermion operators in dLann
causing 3p, =5 1P and 281 — 3Dy transitions are ignored.



operators O (2°T15g) written in (2.7) up to a factor (§m M) in the case i = 1 and (6m M)
for ¢ = 2, where

4
1
M = ; Me, (2.9)

with me, the masses of the x., particles involved in the reaction Xe, Xe, — XesXes, and

Mey — Mey

2

Mes — My

2

om = ) om = (2.10)
The mass scale M and mass differences dm, dm are process-specific quantities, their value
being determined by the curly bracket labels of the short-distance coefficients f, g, h; mul-
tiplying them. Since dm = dm = 0 for diagonal annihilation reactions Xe, Xe; — Xey Xes
(where the absorptive part of the amplitudes is related to the corresponding annihilation
cross section), the Q; (ZSHSS) are only relevant for the computation of the off-diagonal
rates. The convergence of the non-relativistic expansion for these off-diagonal terms re-
quires that the mass differences are considered as O(v?) effects [14]. Therefore, in scenarios
where the off-diagonal annihilation terms can be relevant, the non-degeneracies among the
particle species whose long-distance interactions are described within the EFT formalism
are limited to dm < mpgp. Particles with masses such that dm ~ mygp or larger should
be decoupled explicitly and integrated out — they cause small modifications of short-
distance coefficients in the effective Lagrangian, which are not relevant to the relic density
computation.

Analytic results for the absorptive parts of the Wilson coefficients appearing in §£4-8
in the general MSSM can be extracted from the expressions given in [15]. For the P-
and O(v?) S-wave Wilson coefficients in (2.8) there are symmetry relations under the
exchange of the particle labels analogous to those for the leading-order S-wave Wilson

coefficients [15]. We reproduce them here for later reference:

XX—XX 25+1 _ S+L 1. XX—=XX 25+1
k{egel}{e463} ( LJ) - (_1) {e1ea}{eses} ( LJ) ’
XX—XX 25+1 _ S+L 1. XX—=XX 25+1
Tarestesey O L) = (D7 REEAE oy (5 La) (211)

where k refers to any of the Wilson coefficients, f,g and h; in (2.5) and (2.8).

2.1.3 Sommerfeld-corrected cross section

The spin-averaged center-of-mass frame x;x; annihilation cross section summed over all
accessible light final states is given by the corresponding cuts of the forward-scattering
amplitude x;x; — Xix; by virtue of unitarity, see figure 1 below.? In the non-relativistic

3We note that the forward amplitude shown in the second line of this figure has further cuts whenever the
mass of the two-particle state ejes or eseq or of any other two-particle state in the shaded blob representing
ladder diagrams is less than the centre-of-mass energy of the initial state ¢j. These cuts are automatically
excluded in (2.12), where the state |x:x;) ({xix;|) refers to a scattering energy eigenstate of the non-
relativistic Hamiltonian rather than to an in-state (out-state). This also explains the appearance of the
complex conjugate wave-function in (2.17) below, which in turn guarantees that the operator matrix element
is hermitian such that (2.14) follows.
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effective theory, including up to O(p?) corrections, this observable is obtained as

Xixg—light |\ - <i2> 2Im (xix;| 6Lann [XiX;)
- % > { <f‘(150) + %n hi(1So) + %m fzz(lSo)) (xix;| O(180) Ixix;)
+(Fes0+ 57 s+ 57 haCs0) (gl 061 o)
+ g(;j;()) (x| P So) [xing) + g(jfgl) O | P81 D)
+ f(;;l) (xix;| OCPy) [xix;)
bz (FOR) +37CP) +55CP) (s OCR o) b (212)

with wve = |¥; — U;| the relative velocity of the annihilating particles in the center-of-mass
frame,* and assuming the non-relativistic normalization (p|p") = (27)36®) (5 — p”) for the
incoming chargino and neutralino one-particle states. In order to make the notation simpler
we have omitted in (2.12) the sum symbol over the intermediate states xe, Xe, and Xe, Xes
that undergo annihilation and the labels in the Wilson coefficients and operators (as well
as in the quantities M, dm and 077). This means that, for instance, the first term in (2.12)
in full form reads

1 ~
g Z Z fice)i;??meg} (150) <Xin’ O?éijﬁ?ma}(lso) ’Xin> ’ (2'13)

SiyS5 XX—XX

and the sum extends over all X, Xe, —* XesXe; annihilation reactions where the states
Xei1 Xes > XesXes have the same charge as the incoming x;x; pair. In what follows we will

always omit the symbol > and when repeated indices e; appear in an expression a

XX—XX?
summation over the particle species will be implied. To obtain the last equality in (2.12)

we have used that
Im{f(23+1LJ) (xix;| O Ly) ’Xin>} = fC5TLy) (axs | OCS T L) [xaxs) s (2.14)

following from the definition of the absorptive part of the Wilson coefficients f [14], which
implies®

i (f{xx—>><x (25+1L,) — [f{><x—>xx (QS“LJ)]*) _ 2f{xx—>xx (2SI, (2.15)

erea}{ese3} eses}{erea} erea}{ese3}

4To make contact with commonly used notation in quarkonium annihilation, we abuse notation when
writing in (2.12) the matrix elements of operators §Lann, O(**T'Ly) and P(**T'L;) instead of the cor-
responding forward scattering amplitudes; the former contain an additional factor (27)*6*(pr — pi) which
should not be included in the relation (2.12).

5Tt follows directly from the definition of f that f?e’i;;’ﬁmes}(QS“LJ) = A{Xei;?felez,}(QSHLJ)]*‘ In
papers I and II this relation was incorrectly written for the Wilson coefficients themselves and not for their
absorptive parts; we take the opportunity to correct it here.
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Figure 1. Diagrammatic picture for the relation among the annihilation amplitude and the ab-
sorptive part of the corresponding forward scattering amplitude in presence of long-range potential
interactions.

and the fact that the adjoint of the four-fermion operators in d L.y, satisfy

0{6463}{6261}(2S+1LJ) - O{Telez}{ese4}(2s+lLJ) ) (2.16)

Note also that we have related the spin-average of the matrix element of the operators
O(Py), J = 1,2, with that of O(3P) in the last line in (2.12).

The matrix-elements of four-fermion operators in (2.12) account for the long-distance
interactions between the annihilating pair, while the short-distance annihilation into light
particles is described by the Wilson coefficients. The matching calculation of the absorptive
part of the Wilson coeflicients can be performed for exclusive two-particle final states X 4 X
at the tree-level [14] (i.e. at O(a?)), since infrared divergences are absent at that order.
Therefore (2.12) also applies separately for every final state X4 Xp to yield the exclusive
annihilation rates oy,y; X, xp Urel With O« ) short-distance corrections.

It is well-known from quarkonium physics that matrix-elements of four-fermion opera-
tors analogous to those in (2.12) can be expressed in terms of non-relativistic wave functions
and their derivatives evaluated at the origin. This relation becomes clear, if we explicitly
insert the operator |0) (0| that projects onto the Fock space with no neutralino and chargino
states into the four-fermion operators, which is exact at the level of terms included here in
Lyin + Lpot- For instance, the matrix element of the operator OXe1XezXeaXez (153} can be
written as

x| O N enery (F50) Ixixs) = (xaxil X, xE,10) (O1xE xe, i)
[<€CT&> (Qpe4eg,z] +¢£ge?1 z]):| <£CT§Z> (’(vbelez iJ + 7/}$e()1,zg) (217)

S)

where ¢£1Lé2, i 18 the Xe, Xe,-component of the scattering wave function for an incoming x;x;
state with center-of-mass energy /s, orbital quantum number L and total spin S, evaluated
for zero relative distance and normalized to the free scattering solution. The symbols &;, &;
in the second line of (2.17) denote the Pauli spinor of the incoming particles x; and x;, and

(L,S)

(...) stands for the trace in spin space. The multi-component wave function JijL accounts
for the potential interactions of the incoming x;x; state with all possible intermediate

two-body chargino and neutralino states with the same charge and identical spin and
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partial-wave configuration. Recall from section 2.1.1 that we consider only leading-order
potential interactions in L., which cannot change the spin and orbital angular momentum
of the two-particle states. Both wave-function components ejes and ese; are generated by
the matrix-element of operator X«Cleq; for an operator with quantum numbers L and
S, there is a relative sign (—1)“T5 between the two components, see (4.1). The precise
definition of ﬁi(]-L’S) is postponed to section 4. Let us just mention here that the lowest-

order perturbative result for the matrix-elements of four-fermion operators is obtained by
(L,S)

eq€p, ]
In terms of the non-relativistic wave functions the spin-averaged annihilation cross

section (2.12) takes the form

replacing ¥ — Oe,i 0eyjs s can be easily checked by explicit computation.

O_XZ'X]'thht Vrel
* [ . om - Om - N
= [%bégéog),ij] <f(150) +ar hi(*So) + M ha("So) + gs(* S )) wé?e(;m

* om - om - R
+ 3 [wiﬂ;ﬁm} (f( S1) + — h(3S1) + M@(?’Sl) +9:(°S )) wf(;?ei,”

M
£l
o [ 1o 1% fCP) (10
T Pij {w€463,1]:| M2 welez,ij
= 1) 1* 1 (1 5 5 ; 1,1
+ 7 [7#24@3), i]} Ve ( 3 fCR)+ fCP) + 3 f(3P2)> I/Jilez), ij o (2.18)
where we have used the symmetry relations (2.11) for the Wilson coefficients, and the spin
sums .
- Z e €flay =1, 5 Y (gl (T0')" = b (2.19)
sl,sj Siy5j

For a given two-particle state, the relative momentum of particles x;, x; in their center-of-
mass frame is related to the center-of-mass energy of the collision by ]5;23 = 2pi5(v/s—M;j) +
(9(17%), where M;; and p;; are the total and reduced mass, respectively, of the two-particle
system. In addition we have used the relation

g(>518g) 25+1 . 2541 2541
T@axﬂp( Ss) Ixixs) = 9=(*°7"Ss) (xaxsl O Ss) [xix;) (2.20)

between the matrix-elements of operators O(271Sq) and P(2+1Sg), where

Tferest{eaest (POT1SS) (H*

(s 10 (5 ! K )
2M2 erez,e) 6’2 eqez,e e + 6162,6182 6463,6463) )

(2.21)

. 1
gn{e’leg}{eﬁleg}( 5t S )

and
) (a)
Kejes,elel, = Pejes 5616276/16,2 + 2 plejer 2 E Mg, 6516275/16’2 : (2.22)

a
In (2.21), (2.22) the value of M? is determined by the particle labels of the short-distance
coefficient in the numerator of the fraction. The sum in the second term in (2.22) ex-
tends over all potential interactions xe, Xe;, — Xe| Xe, arising from ¢4-boson exchange. The

(a) , ,, are given in table 2 of appendix A. The deriva-

ejez,e] ey
tion of (2.20) is postponed to section 4. It is interesting to note that when we reduce

coefficients of the potentials, ¢
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the spectrum of two-particle states to just one state and the exchanged bosons are mass-
less, the relation (2.20) between the leading and the v2-suppressed S-wave operators ac-
quires the simpler form familiar from the NRQCD applications to heavy quarkonium,
O PPHSs) [xx) = 52 (xx] O(°+1Ss) [xx)-

We define for an incoming state y;y; with center-of-mass energy /s the Sommerfeld
enhancement factor associated to a generic Wilson coefficient or combination of Wilson
coefficients, f , describing the short-distance annihilation of yx states with spin S and
orbital-momentum L as the ratio
éfef,)z]] f {e)ie_;i(?ez;eg}@SJrlL )wgfc:i)ij

FGnim L)k

Silf 5 L)) = [ (2.23)

The subscript “LO” in the denominator of (2.23) means that only the leading order in ay
of the Wilson coefficient f (25 +11;) should be kept in the denominator. For our purposes,’
this is only relevant for the case of S;; [95(25“55)] where we have to set the ay term in &
to zero, so that g;‘ﬁj}%}(25+155)|m = P /M gﬁ;ﬁfj’; (25+185). The Sommerfeld factors
are functions of 1/s or, equivalently, of the relative velocity vy of the incoming state. They
allow us to parametrize the long-distance corrections to the annihilation rate of the state
XiXj in a convenient way. Indeed, in terms of the Sommerfeld factors, the spin-averaged
annihilation cross section (2.12) acquires the simple form

T = 8L S0)] F5 55 50) & SilaC80] 377553 OS)

(sw[ <(150)] G257 (150) + Syl (PS0)] 3T (CSy)
¢ A3
v [ 1522 usoro + 5[ 2552 Revisern). oy

where we have introduced the combinations of Wilson coefficients

om -~

Fu"S0) = 0+ 0 (o) + O ha(*50)

fu81) = 80) + 57 (P81 + 5—%( 5.
fCPy) = SICR) + FCP) + 2 fCP). (225)

The last relation in (2.25) reminds us that the knowledge of the spin-weighted sum over
the three different 3Py, 3P; and 2P, partial-wave Wilson coefficients is sufficient, since
the leading-order potential interactions while being spin-dependent, do not discriminate
among the three spin-1 P-wave states >P; with different total angular momentum J =
0,1,2. The pure tree-level annihilation rate with no long-distance corrections is readily
recovered by setting all the Sommerfeld factors in (2.24) to one. The tree-level annihilation
cross section thus obtained depends only on the diagonal entry of the Wilson coefficients

®In general, the definition (2.23) also allows to incorporate the higher-order (hard) radiative corrections
to the short-distance part of the annihilation into the Sommerfeld factor.

— 14 —



corresponding to channel y;x;. Note that we have written in (2.24) fﬁ;ﬁ;ﬁczx? (25+185)

and not f,f?j;;;i}m(”ﬂk%) because for the diagonal entries dm = dm = 0.

We close this subsection with a comment on the parametric accuracy of our treat-
ment. As mentioned above, we compute the operator matrix elements with the leading-
order NRMSSM Lagrangian, neglecting O(v, gf) corrections to the potentials, hence the
Sommerfeld factors Sjj|...] have O(v°) accuracy. Thus, (2.24) reproduces the tree-level
annihilation cross section to O(v?) accuracy, and dresses each term by an O(v°) accurate
Sommerfeld factor. This is not the same as an O(v?) resummed cross section, which would
require the evaluation of S;; [fn(1S0)] and Sij [/, (351)], which multiply the O(v°) tree cross
section, with O(v?) accuracy. When the Sommerfeld effect is very large, the Sommerfeld-
corrected cross section given by (2.24) therefore receives relative corrections formally of
O(v?, g?). This is of the same order as generic, non-enhanced electroweak radiative correc-
tions. We also note that contrary to bound-state calculations, where v ~ g2 are in a definite
relation, the two quantities are independent parameters here, since we consider scattering
states with variable energy. The non-relativistic matrix elements sum all terms of order
g?/v, where v is effectively replaced by max (v, Mgw /m,) for the Yukawa potential. This
resummation can be done for any value of g?/v. Of course, when g?/v < 1 the matrix
element will be close to its tree-level value.

2.2 Relic abundance

The thermal relic abundance of neutralino dark matter can be obtained by solving the

Boltzmann equation

d
ditl +3Hn = —(oeqv)(n® — ngq) J (2.26)

that describes the time evolution of n = ZZJ\; 1 M, the sum of the particle number densities of
all supersymmetric particles x; taking part in the relevant annihilation reactions x;x; —+ X,
which change the lightest neutralino number density n1, either directly or indirectly through
the later decay into x; of the species involved in those reactions. Note that one can
solve (2.26) for n to obtain n; in the present Universe because R-parity conservation implies
that all other y; must decay into the lightest one by today. In this work the supersymmetric
particles x; considered in the relic density calculation are the neutralinos and charginos.
For SUSY models where other particle species (staus for example) may have important
co-annihilation effects with the neutralino, an extension of the EFT framework presented
here to a larger set of two-particle states would be needed. The co-annihilation rates
enter the Boltzmann equation through the thermal average of the effective cross section,
(0ev), whose specific form is given below. The other quantities entering (2.26) are the
Hubble parameter H and neq, the sum of the equilibrium number densities of each particle
Nieq- Eq. (2.26) is derived using Maxwell-Boltzmann statistics for all species in thermal
equilibrium instead of Fermi-Dirac for fermions and Bose-Einstein for bosons, which is a
very good approximation for the temperatures relevant for the relic density calculation of
heavy dark matter (" < Ty with T ~ my, /20 the typical temperature where the departure
from equilibrium takes place). Furthermore, the evolution equation (2.26) is valid under
the assumption that the particle’s phase-space distributions are proportional to those in
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equilibrium, f;, with a factor of proportionality that depends on 7" but not on the energy.
As argued in [30], this is true if the y; particles are maintained in kinetic equilibrium
through elastic scattering with the much more abundant standard model particles in the
thermal plasma during all of their evolution, even after they leave chemical equilibrium.
In this work we assume that dark matter is kept in kinetic equilibrium after chemical
decoupling sufficiently long until freeze-out is completed. The possibility that the elastic
scattering processes stop to be effective and the consequences of early kinetic decoupling
in the context of Sommerfeld-enhancement have been investigated in [31-34].

The quantity (oegv) that feeds into the equation for the dark matter relic density reads

N

n; n;
(oeiv) = > {oijv35) $ , (2.27)
i,j=1

where (o;;v;;) is the thermal average of the co-annihilation cross section of x;x; into stan-
dard model particles and v;; is the so-called Mgller velocity of particles x; and Xj-7 In the
cosmic comoving frame, i.e. the frame where the plasma is at rest as a whole, the thermal
average (0;;v;;) can be calculated using f; = e~P/7 for the Maxwell-Boltzmann equilib-
rium distributions. A general expression for (o.gv) written in terms of Lorentz invariants
was first derived in [35] and further generalized to include co-annihilations in [36]. It reads

N 2 2,2
1 9i9j * (pi - pj)* — mim;
(OeffV) = — T ds oij K1(V/s/T), (2.28)
ngq =1 4t (mi+m;)? 2\/§
r X
2
Meq = 5 g 1 gim; Ko (m;/T) (2:29)
=

with g; the internal degrees of freedom of particle species x;, which for neutralinos and
charginos is ¢g; = 2, and K, the modified Bessel function of the second kind of order
n. The integrand in (2.28) evaluated in the center-of-mass frame allow us to use the

expressions obtained in section 2.1.3 for (oy; v;;) (there denoted as oXiXi*1shty ) in the

2

non-relativistic limit including up to O(v;,,

) corrections. Note that the thermal average of
a heavy co-annihilation channel is typically suppressed by a factor e~ (mitmi—2m1)/T with
respect to (o11v11), which arises from the asymptotic expansion of the Bessel function
Ki(y/s/T) for large +/s/T > 2my /T > 1.

The efficiency of dark matter production and annihilation processes to maintain chem-
ical equilibrium with the plasma in an expanding Universe can be better understood when
the Boltzmann equation is written in terms of yield Y = n/s, defined as the ratio of the
particle density to the entropy density in the comoving cosmic frame. This is because, as-
suming that the entropy per comoving volume is conserved, the change of n and s due to the
expansion of the Universe is the same, namely ds/dt = —3H s, and gets scaled out from the

Boltzmann equation. Since (oegv) is computed as a function of the temperature rather than

Tvi; is defined by vi; = /(psi - p;)? — m? m3/(E;E;) with p; and E; the four-momentum and energy of
particle i, and is equal to the relative velocity of particles i and j in any frame where the two particles
move collinearly.
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time, it is also convenient to trade the independent variable ¢ in the evolution equation by T'.
In terms of the yield, and defining = = m; /T, the Boltzmann equation (2.26) takes the form

dy 1 ds
— = V2 - v2 2.30
dx 3H dx <Ueﬁv>( eq) ? ( )
where Yoq = Meq/s. The final step requires the Friedmann equation that relates the ex-
pansion of the Universe (Hubble rate H) to its energy density. In a radiation-dominated

universe at early times, the equation for the evolution of Y can be finally written as [35]

dY s giﬂm
= VEa = ) (- YE), (2:31)

with G the gravitational constant. The parameter gi/ 2 is defined as
12 hes T dheg
= 1 2.32
» gif/f ( " 3heg dT’ (2.52)

in terms of the effective degrees of freedom geg and heg of the energy and entropy densities:

2 92 2
% T4, s = hea(T)Z T3, (2.33)

The effective degrees of freedom are slowly-varying functions of the temperature except
at the QCD quark-hadron phase transition (7" ~ 150 — 400 MeV), where there is a sharp
increase [35, 37]. The equilibrium yield Yq can be obtained using the formula for neq given
in (2.29) and the parametrization of the entropy density in (2.33) above.

In the form (2.31), we see that the change in the yield tries to compensate for deviations
from the equilibrium, such that if ¥ was initially close to Y¢q at high temperatures (low
x) it will continue to track Yo, as the temperature decreases. At a given temperature the

/2 constant) is not large enough to provide the change in Y

prefactor (o.gv)/x? (take g
needed to keep up with the rapid exponential drop of Yy, and chemical decoupling of
the massive particle from the plasma takes place. The yield then remains constant as the
universe cools down (phenomenon known as “sudden freeze-out”) or, if the annihilation
cross section is further increased for lower temperatures the yield continues to be reduced;
that is the case when the annihilation rates get enhanced by Sommerfeld corrections.

In order to obtain the relic density we solve (2.31) numerically from = = 1, where one
can safely assume that the yield still tracks the equilibrium value and take Y = Y, as
initial condition, up to xg = my /Ty, where Ty is the current photon temperature in the
Universe. Once the present value of the yield, Yy = Y (zg), is known, the neutralino relic
density today in units of the critical density is determined by the relation

Q= PODM/Pcrit = m150Y0/ Perit (2.34)

with peis = 3H?/87G the critical density and sg the entropy density of the present universe,
that can be calculated from (2.33). It is customary to provide the relic density as Qh?, where
h is the value of the Hubble parameter determined at present in units of 100 km s~ Mpc~!.
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Xij Xea Xes

Figure 2. Box subgraph of a characteristic diagram with multiple ladder-like exchanges of
vector and Higgs bosons among intermediate yy states, which contributes to the set of radiative
corrections to the annihilation of the incoming pair x;x;. Arrows in this picture indicate the
direction of the labelled momenta.

In the presence of Sommerfeld corrections the effective annihilation cross section oegv
acquires a complicated velocity dependence that can no longer be parameterized in the
simple form a + bv?. For the results that we present in [16], Y has been obtained by
solving (2.26) using numerical routines for differential equations built in MATHEMATICA.
Due to the stiffness of the evolution equation, the numerical integration of the equation
is done by splitting the region from = = 1 to = 10® into several pieces and adapting
the starting and maximum step sizes in each of them. For gi/ 2(T) and heg(T') we have
used the values derived in [35], which can be found conveniently tabulated as a function
of temperature among the package files of the automated programs DarkSUSY [38] and
micrOMEGAs [39, 40]. Other numerical values needed for the computation of the relic
density are Ty = 2.7255 K and perit = 1.05368 x 1075h% GeV cm ™3, both taken from [41].

3 MSSM potentials

Sommerfeld enhancement occurs when the interaction between the incoming DM particles
significantly distorts their two-body wave function away from the initial plane wave. In
terms of Feynman diagrams the effect arises from the exchange of electroweak gauge (and to
a lesser extent, Higgs) bosons between the neutralinos and charginos. In the non-relativistic
limit the dominant contribution arises from the potential loop momentum region in ladder
box graphs, which have to be summed to all orders in agw, as is shown in section 4 below.
A necessary input to perform such resummation are the potential interactions generated
by electroweak- and Higgs-boson exchange, which are given in this section.

In the center-of-mass system of the incoming x;x; pair, p; +p; = P = (\/5,6), the
potential loop momentum p’ running inside a box graph with internal fermions ye,Xes
can be chosen to be the relative momentum of the x.,Xxe, pair, i.e. p’ = (ps — p3)/2;
the momentum carried by the exchanged boson is then equal to the difference between the
relative momenta in the xx pair before and after the interaction (see figure 2). The potential
loop-momentum routed in this way is characterized by the scaling p'? ~ 5”2 /misp < mrsp
(idem for p), and fermion and boson propagators can be expanded accordingly. To leading
order in the potential-region expansion, the denominator of the boson propagator, D =
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[(p" — p)? — M?]7! becomes energy independent, Dpor = —[(5" — p)? + M?]~! and thus
represents an instantaneous interaction between the xe, Xe, and Xe;Xe, pairs, that in the
non-relativistic EFT is taken into account by the potentials in L. We note that the
(p'® — p°)? term dropped in the boson propagator has a term proportional to the mass
difference squared (m4 — m1)?, which we neglect consistently given that we are dealing
with a set of nearly mass-degenerate with the neutralino LSP and mass differences are
assumed to be at most of order of pgj/mLsp ~ O(myspv?), where p;; = (p; — p;)/2 is the
incoming relative momentum.

The leading-order potential interactions in the EFT can be obtained by expanding
the full-theory tree-level scattering amplitude Xe, Xe, — XesXes for on-shell charginos or
neutralinos exchanging a gauge or Higgs boson. Three tree diagrams which differ in the
direction of the fermion flow have to be considered depending on the particle nature of the
scattering particles, see figure 3. By means of an example, Z-boson exchange, we illustrate
in the following the essential steps to perform this tree-level matching.

Let us denote the vector (v), axial-vector (a) interaction vertices of charginos and
neutralinos with gauge bosons in the MSSM generically as

92 Xe; LViV" + aij7"v5] Xe, A}, | (3.1)

where the spin-1 field AL/ stands for either the Z-boson (then Xe; Xe; = Xgi ng, X;‘: X;’;), the
photon field (X, xe; = X4, X;;), or the W-field (which sets X, Xe; = X ng).s In the latter
case, the hermitian conjugate of (3.1) has to be added to describe the charge-conjugated
interaction, i.e.

g2 X0, [(W" iy + (@ iy as | T (3.2)
Likewise, the interaction vertices of charginos/neutralinos with Higgs particles has the
generic form

92 Xe, [ 5ij + Pij V5] Xe; (3.3)

where the scalar field ¢ can be any of the CP-even (HY,, m = 1,2) or CP-odd (A%, m =
1,2) Higgs bosons, in which case X, Xe; = Xgl ng, in ij, or a charged Higgs boson
(HEX, m=1,2), then Xe; Xe; = X4 ng. Note, however, that our results apply as well to the
C P-violating MSSM where the neutral Higgs particles are no longer C'P eigenstates. For
charged Higgs-boson exchange the hermitian conjugate of (3.3) has to be considered as well,
which introduces the hermitian conjugates of the coupling matrices, (SH’J’ST)U and (pH"tT)ij.
Explicit expressions for all the v;j;, a;ij, si;, pij couplings are given in the appendix A.
The amplitude of figure 3a with Z-boson exchange is obtained at leading order in the
non-relativistic expansion by taking the limit of small relative momenta, g, p” ~ mysprel ~

My and p°,p'0 ~ mLspvrzel, in the particle spinors and Z-boson propagator,
—1i Q,uQV> quqv —1
3 (9w — + (3.4)
q2—M%<“” Mz ) Mj ¢*—EM3’

8We adopt the convention that the x-field annihilates positive charginos. Therefore, the arrow on the
fermion line for a chargino refers to the direction of x™ flow. For consistency, the W T-field in the interaction
vertex (3.1) must annihilate positively charged W bosons.
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Figure 3. Tree-level diagrams with ¢-channel boson exchange that generate the leading-order
potential among non-relativistic neutralinos and charginos. The arrows in the neutralino/chargino
lines indicate the fermion flow, such that each diagram contributes only to the scattering processes
written below.

here defined in the R¢-gauge. At leading-order, the non-relativistic expansion of the prod-

uct of Dirac bilinears in the amplitude of diagram 3a, @(p4)I"*u(p1) @(p3)T  u(p2), is equiv-
alent to the replacements (¢ = ps — p1 = p2 — p3)

PRy =181, YRy = —0' ®d,
Y5 @ Y s Y @ Yy = 0,
qdq— —(Mey, — Mey ) (Meg —Me,) 1R 1,
d@q4vs, 475 @ ¢, 475 @ ¢75 — 0, (3.5)

in the full-theory amplitude, where the right-hand-side of these relations should be under-
stood as the matrices acting on the two-component Pauli spinors of the non-relativistic
neutralinos and charginos at the upper and lower interaction vertices of figure 3a. Written
in components, the spin operators above read o' ® o' = 0}, 4,00, a0d 1@ 1 = daya;0asas-
The use of the non-relativistic normalization for the relativistic spinors, uf(p)u(p) = 1, is
implied in the replacements (3.5). The relation in the third line of (3.5) can be obtained
using the equation of motion for the relativistic spinors; we comment on the non-relativistic

scaling of this term below. Using (3.5) we thus obtain

;2
—i 0Meye; OM ; ;
(figure 3a)% = c?—}—iw [ (1 + 646]:426362)1154611)62362 11— aielaé@ o' ®o'
z zZ
. 2
ig5 OMeyer OMeges 7z
i o 09

2

for the leading-order term in the expansion in g, " ~ myspvrel ~ Mz and p°,p'% ~ mygpo?,

of the amplitude in figure 3a when the exchanged particle is a Z-boson. For simplicity we
have considered the case where the couplings in both vertices are equal, which applies to
YOx? = x%xY and xTxT — xTxT processes.

The term in the second line of (3.6) arises from the {-dependent term of the Z-boson
propagator (3.4). Gauge invariance requires that this term is cancelled against the contribu-
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tion from the exchange of the Goldstone boson A9 = G, which has a mass £M2. The can-
cellation holds because certain conditions among the vector and scalar couplings of the neu-
tralinos and charginos are fulfilled in the MSSM. To see this, write the leading-order contri-
bution corresponding to diagram 3a with scalar-boson ¢ exchange by expanding the scalar
propagator, i/(q? —mé), and the Dirac bilinear in the non-relativistic limit; the result reads
¢ 95 6

(figure 3a)? = m StyerSeney 1@ 1. (3.7)
The pseudoscalar interactions do not survive in (3.7) because 1®75, 15®1, 5@ — 0 at
the leading order. Adding (3.7) for ¢ = G° (mgo = €M) to (3.6) one obtains the condition

OMeye, OM R
4€1 esex 7 7Z G G -
T a2 7\12 Ue4€1v€3€2 + 86461 86362 - O (38)
Z

for the cancellation of the £-dependent terms. Eq. (3.8) holds provided that vg (m; —

m;) /My = :l:isiGjo, a relation which can be proven using the explicit definition of the cou-
plings in terms of the mixing matrices given in appendix A and their diagonalization prop-
erties. We can therefore drop the second line in (3.6) together with the pseudo-Goldstone
contribution to the potential.

The term proportional to the mass differences in the first line of the potential (3.6) typi-
cally yields a very small contribution, since in the EF'T we treat only those species for which
dm ~ O(myspv?). For a very heavy LSP, where we could nevertheless have myspv? > Mz,
the size of this term would still be at most of O(1) due to suppressed vector couplings.
To see this, consider the decoupling limit mpsp — oo. If the mass difference dm;; refers
to particles within the same electroweak multiplet then dm;; ~ MI%W /mysp at most? and
the mass-difference terms in (3.6) are suppressed at least as dm;j/Mz ~ Mgw/misp. If
particles i and j belong to different multiplets, dm;; /My can be large, but is multiplied by
vg ~ Mgw /dm;j, as follows from (3.8). Since the axial couplings go to zero in the decou-
pling limit, it follows that the gauge-independent off-diagonal terms in square brackets in
the first line of (3.6) are given in this limit by the pseudo-Goldstone couplings —sgoelsger.

The corresponding results for diagrams b and ¢ in figure 3 can then be easily obtained
from (3.6): for every line where the fermion flow has been reversed we need to interchange
the labels in the vertex couplings (for instance, Xe,e, — Xe,esto go from a to b), change
the sign of the scalar, pseudo-scalar and axial-vector couplings (which arises when writing
the antiparticle spinors as the charge-conjugate of particle ones), and add a global sign
due to Wick ordering. For the sake of clarity, let us write the results for Z- and neutral

Higgs-boson exchange for diagram b:

;2
i 0Meye, OM , ;
(figure 3b)Z = qﬂf# [ (1 + W)vielvezzeg 1®1+ anMICLeZ263 o' ®ao'
z z
;2
192 OMeye, OMeses 7 7
TPtz Mg laelanl®l

9The mass splitting dm.; is of O(MAw/misp) in the electroweak doublet, but much smaller,
O(Mpw/misp), in the triplet. In the latter case, the radiative correction to dmi; is O(g3Mgrw) and
dominates over the tree-level mass splitting in the LSP mass region of interest. However, it still yields a
suppressed contribution for the §m.,e; dMege, /M2 term in (3.6).
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- 2
g
(ﬁgure Sb)d) = q_‘2_|_727712 82461 82263 1 X 1. (39)
¢

The potentials generated by photon exchange can be obtained from the result for the
Z-boson case by plugging the corresponding vector coupling and keeping only the g,, part
of (3.4) with Mz — 0 for the photon propagator. W and charged Higgs-boson exchange
are relevant for the processes x°x? — x*xT and x°x* — x*x". For these amplitudes,
we have to hermitian conjugate the coupling matrices at vertices involving either an initial
xt or a final x~. The potential from charged boson exchange can be obtained from the
neutral boson amplitudes with trivial replacements in the couplings and the boson mass.

The amplitudes above provide the potentials in momentum space. However, the
Schrodinger equation which sums the all-order exchange of bosons among the chargino
and neutralino pairs acquires a simpler form in coordinate space. The coordinate-space
potentials are obtained by taking the Fourier transform

P iz "

e ) = [ G TR ). (3.10)
where r = ||, and TXY,cX stands for the momentum-space amplitude as given above
in (3.6), (3.7), (3.9). From the identity

d3(j icd 1 e—mr
T = 3.11
/ (2m)3 N q2+m?  Admrr (3:.11)

we immediately obtain the well-known Yukawa-like potential for amplitudes with exchange
of a force carrier of mass m. Applied to the massless case, (3.11) gives the Coulomb
potential.!? Before we write the result for the potentials in coordinate space, let us write
the spin operator o’ ® o in terms of the total spin operator as

o'®o =252 -52-53)=25"-31®1), (3.12)

where § = 51 + 5 = 1/2(6 ® 1+ 1 ® &), with § 2 the spin operators acting on the
particles at the upper and lower vertices in the scattering diagram, and we have replaced
5’12’2 by s(s+1)(1®1) =3/4(1®1) for charginos and neutralinos. Working in the basis
of eigenstates of total spin for the neutralino and chargino pairs, we can as well replace 52
by S(S+1)(1®1)=25(1®1) for S = 0,1 in the potentials. Since the operator 1 ® 1
is the identity operator, we find that a leading-order potential contribution in the basis of
total spin and in coordinate space thus has the form

—mxr
e X

V{?f;i({é[leg}(r) = (a61626463 - (3 - 45) b61€26463) 77“ , (3.13)

for the case of the exchange of a vector boson with mass myx, among the incoming and
outgoing yx pairs. For leading-order scalar boson and photon exchange, the coefficient

10The +ie prescription in the full-theory gauge boson propagators provides the necessary regularization
for the m = 0 case.
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be,egeses vanishes. For Z- and W-boson exchange the spin-dependent part of the potential
arises from the axial-vector coupling, see (3.6), (3.9).

We show in section 4 by analysing the perturbative expansion of the annihilation
amplitude x;x; — XaXp with ladder-like exchanges in the non-relativistic limit, that
the amplitude can be described as a product of potential interactions like (3.13) times
the two-particle propagator of the internal pairs x.,, X, in the diagrams, integrated over
corresponding loop momenta, and finally multiplied by the short-distance coefficient f
with the appropriate quantum numbers. No additional combinatoric factors arise as long
as for the internal states we consider as different the states xe,Xe, and Xe,Xxe, and sum
over all of them. Diagrammatically this means for instance that we have to consider a
graph like figure 2 and the one where particles xe,, Xe; are interchanged. At this point,
it is convenient to switch from the two indices {ej, ez} that denote a two-particle state
Xe1 Xe, to a single label m = 1,... N|g|, where N|g| is the total number of channels for
each total charge sector, |Q| = 0,1,2. For the case of ng neutralinos and ny charginos,
we have nd x*x" and 2n3L xExT neutral states, 2ngn . different states with Q = +1 (i.e.
of the type x%x* or xTx"), and ni xExT states of charge Q = 42. Therefore, the total
number of neutral states is Ny = n% + Zni, whereas N1 = 2ngn4 and Ny = ni If all four
neutralinos and the two charginos are relevant for the long-distance part of the annihilation
(ng = 4 and ny = 2), then we have to consider the interactions among Ny = 24 states in
the neutral sector, as well as those among N; = 16 and N2 = 4 states in the singly-charged
and doubly-charged sectors, respectively. For instance, in the charge-0 sector with all four
neutralinos and two charginos, the single label runs over states

+ + + +
XX XX x0T, -5 xS X XixTs i o xds o xd (3.14)
with 24 different states in total, whereas in the charge-1 sector we have 16 channels,

+ + + + +
XX Xy X - xaIxgs xaxd (3.15)

and just 4 in the charge-2 sector,
XEXT XTXa s Xa X1 Xa Xo - (3.16)

The ordering of the states in each sector is of course a matter of convention.

An alternative basis of two-particle states with a smaller number of states can be used,
which takes into account the fact that states xe,Xxe, and xe,Xxe, have identical particle
content. The new basis, that we shall refer to as “method-2 basis” in order to distinguish it
from the basis just described above, is built only by states xe, xe, With e; < ez, provided we
identify y; = X? fort=1,...4and x5 = Xf, X6 = X; X7 = X1 X8 = X3 - The two potential
contributions of method-1 corresponding t0 Xe; Xes —* XesXes a0A Xey Xes —> XesXes (the
so-called “crossed” contribution, different from the former if x., 7# Xe,) are accounted for
in method-2 by a single potential entry describing the scattering of state (xX)ee, into
(XX)eqes, Where we have introduced the notation (xx).. to denote a state in the new basis,

and assumed that e; < es and eq < e3. The potential entries for method-2, V{(éﬁi;{(;gz},
are obtained from those of method-1 as
. 00)—=0xx)  _ 1xx—xx L+S 17XX—XX
€1 ;é €2 a‘nd €4 ;é €3 : ‘/{6162}{6463} - V{eleg}{€463} (_1) {6162}{6354} ’
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el #eyand eg =e3 : V{gﬁﬁgﬁ} = V2V

{erez}{eses}
_ . Co)—=(xx) XX—XX
e] =eg and eq # e3 : V{elel}{e463} = \/5‘/{@161}{6483} ,
_ _ . )= (xx) 1 xx—xx
e1 =egand eqg = e3 : (erer}esea} = V{elel}{e4e4} . (3.17)

The (—1)%+9 in front of the crossed diagram amplitude in the first line of (3.17) arises from
the product (—1) x (—1)% x (=1)*!, where the (—1) comes from Wick ordering, and the

exchange e3 «+ e4 produces a factor (—1)+!

in the spin wave function and a change of sign
in the relative momentum which translates into the factor (—1)%. An additional rule has to
be accounted for when building the potential matrix for method-2: since identical spin-1/2
particles cannot form a 2-particle state with odd L+ (i.e. with quantum numbers 35; and
1 Py in the case at hand), the entries involving such states for the potential when L+ S is odd
have to be set to zero. This prevents that method-2 yields a non-zero annihilation amplitude
for a forbidden state of two identical neutralinos or charginos through an intermediate
transition to an allowed state, such as (x°x°)11 — (x"x )11 — light particles. In method-1
this transition is automatically zero because there are two annihilation terms, x; x] — light
and XIXT — light, which cancel each other by virtue of the symmetry properties of the
Wilson coefficients f under exchange of the particle labels, see (8) and (6) in [14] and [15],
respectively. We note that the the relations (3.17) and the selection rule just mentioned
imply that the potential in method-2 depends on the orbital angular momentum L even
at the leading-order in the non-relativistic expansion.

Likewise, the annihilation matrices built from the Wilson coefficients of the four-
fermion operators must be supplemented with additional factors in the method-2 basis.
Namely, the absorptive part of the one-loop annihilation amplitude (XX)e;es — (XX)eses
involving method-2 states in a 251 ; partial-wave configuration is given by the Wilson co-
efficient ff‘ef;’}?meg}(QSHL 7) multiplied by (1/v/2)™¢, where n;y = 1,2 if the two-particle
states (XX)eje, Or/and (xX)e,es are formed of identical particles, and n;q = 0 otherwise.

The basis of states in method-2 for the case of ng neutralinos and n4 charginos, contains
Ny = no(no + 1)/2 4+ ni neutral states, Ny = non+ states with @ = +1, and Ny =
n4(ny+1)/2 states with charge Q = £2. The reduction in the number of states in method-
2 as compared to method-1 is more significant as more particle species are considered in
the non-relativistic EFT framework. For instance, if all neutralino and chargino species are
considered then (No, N1, N») = (14,8, 3), whereas for method-1 (Ng, N1, No) = (24, 16,4).
The list of method-2 states can be read off from (3.14), (3.15), (3.16) by dropping states
that differ only in x;x; where ¢ > j. In what follows, quantities with indices referring
to two-particle states, such as the Wilson coefficients that built the annihilation matrices
and the potentials, will be written using the single-label notation with lower-case letters,
ie. fmn(QS“LJ) and Vipn(r), with m,n = 1,... Njg| in the case of method-1, and m,n =
1,...N|g for method-2. We shall also adopt the convention that the potential matrix
element V,,,, describes the scattering m — n, whereas for the annihilation matrices, the
entry fmn(25+1L J) is the absorptive part of the one-loop amplitude for m — n. The
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formula for the Sommerfeld enhancement factor (2.23) using this notation reads

[@Z’z%’sq * FaPSHLL ) S
faa®S+H1L 1) Lo

for an incoming two-particle state a, and the same equation holds in both methods. In

Salf(*FTLy)] = , (3.13)

appendix B we demonstrate explicitly for a simplified example that method-1 and method-2
yield the same Sommerfeld factors.

To provide an example, let us give both the potential and the annihilation matrices in
the well-known wino limit of the MSSM. The relevant particles in this limit are the pure-
wino lightest neutralino !, with mass my, and its mass-degenerate chargino partners Xf
In the neutral sector, the potential matrix of method-1 for both S = 0,1 derives from the
formulae given in appendix A after plugging in the values of the neutralino and chargino

mixing matrix entries relevant to the calculation in the pure-wino, i.e. Zn;1 = ;2 and
Zyin = b
— My r — My r
e w e w
0 —Q po —Q9 o
(1) _ —Myyr ~Mgr
Volo(r) = | —az <= —2 gl 0 : (3.19)
— My,r —-M
e w e 2 e Zr
2 T 0 TGy T

where the matrix indices (m,n = 1,2, 3) correspond to channels x9x9, x{ X1, X7 X7 - The
potential for method-2 then follows from the rules given in (3.17) together with the rule
that sets to zero entries involving a forbidden 35 or 1P} x{x{ state:

eflwwr

0 —V2as
Ve (r) = i (3.20)
Q=0,even L+S —Mwyr —Mgr )
_\/§OC26 rW _%_QQC%/VE rZ
2) _ (0 0
VQ:0,0dd L—‘,—S(r) - 0 _% s c%/v efJ:IZT ) (321)

where the matrix indices m,n = 1,2 refer now to channels x9x?, XTXI- The annihilation
matrices for any MSSM model to O(v2,) can be obtained from the analytic formulae given
in [14, 15]. In the pure-wino limit, the explicit expressions for the absorptive parts of
the Wilson coefficients have been worked out in detail in appendix C of [15], and can be
read off from (147) and tables 5-7 therein. In the neutral sector, the leading order S-wave

annihilation matrices read

, (211 , (0 00
. T . 25 T
[Feson®=—21133 FCsO = S50 1-1 . (322)
X X
1 % % 0-1 1
in method-1, and
s mad [ 1 = 5 25 ma3 [ 00
Flso®="2 | 2] o e = 52 , (8.23)
1 3 24 m 01
X V2 2 X
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in method-2. The results (3.23) have been given before in [3]. Let us also write the P-wave
annihilation matrices in both methods:

1 I EANLIMEN B A (3.24)
M2 6 mglc ) M2 3 m;;( 2 2 ’ .
0-1 1 133
V(lpl)] @ 1703 (00 [f(i”Pj)]@) _Tmas [ 13 (3.25)
M? 6m2 |01 Mz S\ %

Recall that the entries in the annihilation matrices of method-1 which differ only in the
replacement XTXI > XIXT as in or out state are equal up to a factor (—1)L+S , which
arises as a consequence of the exchange of labels in the Wilson coefficients (see eqgs. (2.7)
and (2.4) of [14, 15], respectively). The potential and annihilation matrices for the other
charge sectors can be obtained similarly.

4 Sommerfeld enhancement

In this section we discuss the computation of the Sommerfeld factors S;;[ F(25+1L ;)] defined
in (2.23). Within the non-relativistic MSSM the Sommerfeld enhancement arises from the
matrix elements of annihilation operators such as O?e)i;;>ﬁ{<6261} (*5*1L;). They receive
large quantum corrections, which have to be summed to all orders. Generalizing (2.17), we

determine 11}2{2;9,)@']' by computing the left-hand side of
c =g c — L,S L,S
OETE | = 59 | bos) = (67060 KT3] (02, + (-0 ul,). )

Here I' = 1949, & for S = 0,1, respectively, and K is a polynomial in relative momentum
(derivatives) corresponding to a given angular momentum L. p" denotes the relative mo-
mentum of the x; and x; particle as defined below in (4.3). With this definition wéféf,)ij
is normalized to one, when the Sommerfeld effect is neglected, and the matrix element is
evaluated in the tree approximation.

In the first part of this section, we establish the relation between the non-relativistic
(NR) matrix element above, diagrammatic resummation and the solution of a multi-channel
Schrodinger equation. We then describe the actual solution of the Schrodinger equation.
We shall find that the standard method fails to provide an accurate result in many relevant
cases with kinematically closed channels and derive an alternative method that solves this
problem. This is our main result, since it allows to compute the Sommerfeld factors for
general MSSM parameter points. In practice, the solution with the full number of channels
is time-consuming and often not relevant, since the heavier channels have only a small effect
on the final result. In the final part of this section we therefore describe an approximation
to the treatment of heavier channels, which is accurate and fast for most practical purposes.
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Figure 4. Diagrammatic representation of the leading (ladder) contributions to the non-relativistic
matrix element (4.1).

4.1 NR matrix elements and the Schrodinger equation

The enhancement of non-relativistic scattering originates from the potential loop momen-
tum region, when the momentum k of the exchanged virtual particle satisfies k? < |E | <,
where p is the reduced mass of the two non-relativistic particles. It can be shown by power-
counting arguments, see for instance [42], that no other region requires resummation, and
that the enhancement from the potential region is only present in ladder diagrams. Relat-
ing the sum of ladder diagrams shown in figure 4 to the solution of a Schrodinger equation
involves a number of steps, which we now sketch.

The first consists of kinematic simplifications of the propagators in the potential region.
We already mentioned that the (k)2 term can be dropped in the propagator of the ex-
changed particle, so that the interaction corresponds to a potential between the heavy parti-
cles. The pair of heavy-particle propagators in each ladder rung can also be simplified. Let

— Hij 5 — — Hij = —
pi=—2P+p, pj=—"2P-p, (4.2)
mj my;
be the momenta of the on-shell external state x;x;, and p;; the reduced mass. Since
1P|,|17] < tij, the center-of-mass energy of the annihilation process is

;5*2

2045 '

Vs=mi+m;+E&=2mygp + E, E (4.3)
up to higher-order terms in the non-relativistic expansion. For later purposes it proves
convenient to introduce the variable F, which measures energy from the common reference
value 2mpsp. Since mass differences m; +m; —2mygp scale as myspv? by assumption, both
energy variables have the non-relativistic scaling E ~ £ ~ mpspv?. The masses of the two-
particle state @ in a given ladder rung are denoted by mg, , Mq,, and M, = mq, +mg,. The
loop momentum energy-component integrals in each ladder rung can then be performed
employing

/ dk? 2, 2myg,
21 (pi + ka)? — m2, +ie (—pj + kq)? — m2, +ie
- —! . (4.4)

Sk )2
E—[Ma—QmLsp] —%
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To arrive at this result we systematically neglected higher-order terms in the non-relativistic
expansion. As discussed before, we must require that the mass differences along a given
heavy particle line are small, that is mq, —m; and m,, — m; should be of order mLspv2,
but we do not have to assume that m; — m; and mg,, — mg, are small. Note that within
these approximations the denominator of the kinetic energy term, p,, could be equivalently
substituted by p;; or mrgp/2, or any other two-particle state reduced mass.

With these simplifications to the ladder-diagram sum, the annihilation matrix element,
including the tree diagram with no exchange, can be written as

142 c
T | = 3T | o) = €T

L 37 N . . )
< Jim (<) (£ F= ) [ G5 Kl (6400 )+ ()P GGG B (45)

where i refers to the initial two-particle state ij and e (€) to the state ejes (e2e1) which
annihilates into light particles. Below we employ this compact notation to label two-particle

states by compound indices a, b, . ... The function G is defined through
~ab 5ab 35(3)
TR E) = - 7 (26 (5= )
E —[M, — 2mysp] — %
1 abr e = 1
+ = iH" (7, E) = (4.6)
E —[M, —2mysp] — % E — [My — 2mysp] — Y
and
> " A3k - 1
Hab("’q”E) — ZZ/ [H 23 Vaal(kl) __
- 1 ) ~
X VQIQQ(kQ kl) —— Vanb(q'_ﬁ_ kn) . (47)
E — [M,, — 2mygp] — GHEn)l

2Man

(For the term n = 0 we set ag = a and kg = 0.) The first term on the right-hand side of (4.6)
accounts for the tree diagram, a term with given n in (4.7) for the (n + 1)-loop ladder dia-
gram with n + 1 exchanges.'! The factors V“b(kz) contain the propagator of the exchanged
particle and coupling factors from the two vertices. These are the momentum-space poten-
tials discussed in section 3. Note that using the on-shell condition for the external particles
and non-relativistic approximations, the Dirac matrices from the numerator can be reduced

to the tree structure §§TF&. Depending on whether I' = 1249 or &, the potentials for S = 0
(L,S)
eijea,ij

the total spin S. The angular-momentum dependence arises through K[7] in (4.5), which

or S = 1 must be used in the above equations, which causes the dependence of ¥ on
reads K =1 for L =0 and K = ¢ for L = 1. The limiting procedure in (4.5) is required
since the factor [E—p?/(2u;)] vanishes for E = E, while G® (5, ¢; E) develops a singularity
that corresponds to scattering states with relative-momentum kinetic-energy E.

"The loop integration of the last loop before the annihilation vertex is the ¢ integral in (4.5).
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The second step consists of verifying that éab(ﬁ, ¢; E) is in fact the momentum-space
Green function of a certain Schrodinger operator. Indeed, one easily checks that it satisfies
the Lippmann-Schwinger equation

9 ~
< P - [E - Ma + 2mLSP]> Gab(ﬁ7 (f, E)
g

dSE Srac(\ Fehi = 1 = a S o
+ [ VR G- R ) = 6 0 OG- ), (@)

hence the Fourier-transform G (7, #’; E) is the Green function for the Schrédinger equation

= 2
<_2v - E> G(7 7 E) + V(r)GP(F 7 E) = 6% 6O (7 — ') (4.9)
Ha

with the coordinate-space potential
Ve(r) = VO(r) + 6 [My — 2misp] . (4.10)

Note that this result could be obtained directly as an equation of motion from the effective

Lagrangian given in section 2 by including the potential in the unperturbed Lagrangian.
The third and final step uses elementary scattering theory to express (4.5) in terms of

eigenfunctions with energy F rather than the full Green function. Let us define the Green

operators

- 1

G(E) !

= GyE)=————— 4.11

H—FE —ie (&) Hy— E —ie (4-11)
for the interacting and free Hamiltonians of the Schrédinger problem and the corresponding
momentum eigenstates

P P
H’ﬁ+7 CL> = QM |ﬁ—|—,(1>, H0|ﬁ7 CL> = 2# ’]7,(1) . (412)
a a

Note that G, Gg are matrix-valued operators with dimensionality related to the number
of two-particle states (XX)a = XajXay- Accordingly, the eigenstates carry a compound
index a that refers to the component of the wave-function proportional to the two-particle
state a. The states |p+, a) are the exact stationary scattering states of H with eigenvalue
E = p?%/(2u,), while |, a) are plane waves. We may represent the former in the plane-wave
basis by [1& 2(7)]ab = (7, alp+, b). The Lippmann-Schwinger equation can be used to derive
[P+, a) = GGy |, a). With these preparations we use (4.1), (4.5) to compute

0 (L,S) 1. ~ P /dq L el o 7
K o= lim (=1) | £ — Kl G°(p,¢; F
P15 = im0 (B g7 ) [ s K0 GG )
(PlG(E)|T )

: A e BN [ d*q s
= EAh—I>nE (271')3 K[Q] <p71| (ZNZ] - E> G(E)’q,€> = / (27_[_)3 K[Q] WE(Q)]& (413)

(BilGy ' (E)
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The same result can also be derived from the spectral representation

Z/ 2m) ‘Zz iﬁﬂi .4l (4.14)

of the Green operator (ignoring the bound states not relevant to our discussion). Finally,
since K =1 for L =0 and K[¢] = ¢ for L =1, we obtain

7S * — ,S
wé?eg?z] = W}E(O)}eleg,ij a’nd pwéieg?z] = [vwE( )]6162 7,_] (415)

in terms of coordinate-space scattering wave-functions at the origin. Note that the result
carries two compound indices referring to two-particle states. The second, 7, refers to the
incoming two-particle state |p’, ) with kinetic energy E — (M; — 2mygp) in the cms frame
of the annihilation. The first, e = ejeq, specifies that only the component proportional to
the two-particle state e of the Wave function at the origin for this incoming state is picked

out by the annihilation operator X x, , that defines 1,/} The wave-function [ g (7)),

e1 62 ’Lj
can be obtained directly from the matrix-Schrédinger equation

<_

with the potential (4.10). The label ij refers to the fact that this equation should be solved
with the initial condition corresponding to a particular incoming two-particle state ij. Let

—

2
v - F
2Uq

5% 4 VC“’(T)) [VE(F)]bi; =0 (4.16)

us finally mention that the complex conjugated scattering wave-function appears in (4.13)
because of the convention used for the left and right states in the definition of the Green
function (4.6). Using the opposite convention we would end up with [¢g(7)]e in (4.13)
but with V% instead of V% in the Schrédinger equation (4.16).'2

4.2 Solution of the multi-channel Schrédinger equation

We first solve the matrix-Schrodinger equation for the Sommerfeld factors by following
closely the method described in [43]. Although, eventually, we will not use this method, we
discuss it to set up the framework for the subsequent improvement. Under our assumption
for the mass splittings, we can approximate p, ~ mysp/2 in the kinetic term, since the

2

difference is a v® correction, which we consistently neglect in the long-distance part. The

Schrédinger equation now reads

62
([— —E| 6"+ Vab(r)> [V (F)]w =0, (4.17)
MLSP
and we recall the definitions
Vs =2mysp + E and Veb(r) = V(1) 4 6% [ M, (M, — 2mygp) . (4.18)

2For a symmetric potential the solutions for g (7) and [¢g(7)]* are identical and the correct result
would be obtained even if the conventions for the Green function and the potential were not consistently
taken care of. However, in the MSSM the potential matrix is complex-hermitian in general.
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We also use the velocity variable v defined by

E = mygpv?. (4.19)

This implies that the threshold for co-annihilation channels occurs at finite velocities vt =

((m; +mj — 2mygp) /mrsp)/?
scattering state appears only in the initial condition for the solution as indicated by the
subscript @ of [¢vg(7)]p, but not in the equation itself. We note that the MSSM matrix
potential is hermitian, but in general not symmetric, since the entries of the potential

. With the above redefinitions the dependence on the initial

matrix can be complex numbers. The potential is spherically symmetric. For large r, the
potential approaches the diagonal matrix Vi,s with diagonal entries Viyt o, = M, — 2mpsp.
We therefore define the wave numbers

k2 = mysp(E +ie — Vigt.a), (4.20)

which determine the asymptotic behaviour of the solutions. When E > Viy¢ 4, channel a is
kinematically open and k, is real. Otherwise the channel is closed and k, is imaginary.

The scattering solution describing an incoming plane wave propagating along the z-
direction and an outgoing scattered spherical wave takes the asymptotic form

ikqr
[WE()]ai "= 0ai €% + fai(6) 67 (4.21)

where, due to the azimuthal symmetry of the problem f,;(f) does not depend on the
azimuthal angle.'® Since the potential is non-diagonal, the scattered spherical wave is not
proportional to d,;. The asymptotic behaviour (4.21) should be matched to the behaviour
of the general solution

- [ur(r)]ab
wi = Ay P, 9), 4.22
(Ve ()] EL: . bi Pr(cos ) (4.22)
where Pr(cos ) denotes the Legendre polynomials. This expresses [¢0g(7)]q4i as a superpo-
sition Ayp; of basis solutions [ur,(7)]4 of the radial Schrodinger equation

(£

_W ) — mLSpE] 5ab + mLspvab(T)> [UL(T)]M =0 (4.23)

13The asymptotic form (4.21) applies to radial potentials vanishing faster than 1/r as r — oo. This holds
for Yukawa potentials, arising from massive mediator exchange, which is — besides the Coulomb interaction
from photon exchange — the relevant case for xx pair annihilations. For Coulomb potentials, (4.21) does
not apply. However, photon-exchange does not change the neutralino state, so the 1/r potentials arise
exclusively in the diagonal entries of the potential matrix V(r), when written in the two-particle mass-
eigenstate basis. For large values of r, V(r) then always approaches a diagonal matrix (the non-diagonal
Yukawa potentials being exponentially suppressed) with entries Vinf,q + co/r, containing the Coulomb
potential contributions as well as constant mass splitting terms. Accounting for the presence of long-range
Coulomb potentials, the exp (ikqz) factor in (4.21) should be replaced by the incoming wave-function in
presence of the Coulomb potential in the aa component of V(r), and in the outgoing scattered wave, one has
to replace exp (ikqr) by exp (i(kar + mrspcat/(2kae) In(2k,r))). Since it can be shown that the subsequent
derivation of the Sommerfeld factor including Coulomb potentials on the diagonals of V(r) is completely
analogous to the short-range potential case, and leads to the same result for the enhancement factor, we
will for brevity refer to the asymptotic behaviour (4.21) in the following.
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for each partial wave. When V is a N x N matrix, there exist 2N linearly independent
solutions to (4.23) corresponding to the N independent initial conditions ¢, each of which
is an N-component vector with index a. N solutions are irregular at the origin, hence
restricting us to the set of N regular ones. The asymptotic behaviour of the ath component
of the regular linear independent solution for initial state 7 is given by

[ur,(M)]ai "=~ N sin <ka7“ - % - 5(”') (4.24)

with constant coefficients n,; and scattering phases dq;.'* Matching the asymptotic be-
haviours of (4.21) and (4.22), we obtain
o

Ay =it (2L + 1) M

- (no sum over 1) (4.25)

with
My = ng; e P | (4.26)

The basic ingredients (4.15) for the Sommerfeld factors now require the wave function
and its derivatives at the origin. We suppose that the annihilation operator is constructed
such that it overlaps only with a single partial wave L, the relevant cases in practice being
L = 0 (S-wave annihilation) and L = 1 (P-wave annihilation). The leading term in the
Taylor expansion of [ur(r)]q; around the origin is given by

[ur(r)]ai = (L—il—l)‘ [u(LLH)(O)]m- rtt (4.27)

with [u(LLH)(O)]m- denoting the (L + 1)-th derivative at the origin. Hence using (4.25)
in (4.22), we have

L ib(2L + 1)

M1 i
(L+1)! [ : '

[ O

Ve (F))a "= Pr(cosb) (4.28)

The quantity @/)éféi)i ;

to the same matrix element evaluated in the tree approximation, which corresponds to

is defined in (4.1) as the ratio of the annihilation matrix element

replacing V by Viu¢ in the Schrédinger equation. The free Schrodinger equation can be
solved exactly, and one finds

1 iP(2L 4+ 1)
,

[ (7))o =" Pr(cos ) (2L + 1)1t

kL 5a; . (4.29)

Both depend on L, but we do not indicate this explicitly. Eq. (4.24) assumes short-range potentials. In
the presence of Coulomb potentials in the diagonal entries of the potential matrix V (r) into account, the
asymptotic behaviour of the regular basis solutions reads

[ur(r)]ai "2 e sin (kar — % + % ln(2kar)5m') .

The modifications match those of the scattering solution, see footnote 13.
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Comparison with (4.28) gives

w(Lvs) _ (2L+ 1)” (L+1)(0)]* [M_I]Zz

erez,ij (L+1)! ur, eb /ﬁiL—H (4.30)

for general L.

We can avoid the computation of the phase-shift matrix Mp; by making use of the fact
that the Wronskian matrix is r-independent. Let [vf(7)]4; be the N linearly independent
singular basis solutions with asymptotic behaviours

et 2028 o () " (Mg (4.31)

which defines the matrix T". The Wronskian is defined as

Welij = [0 (rV)ialus (r))ag — (] (r))ialuz ()]s (432)
where the prime denotes the derivative.'® Inserting the asymptotic behaviour of the regular

and singular solutions, we obtain

Wiy "2 Gy Oy Wy R TuM . (039

Both expressions must be equal due to the constancy of the Wronskian, which implies

L+1)!
DO [ = T st (4:31)
Plugging this into (4.30) gives
LS R
Y = @L -1t =, (4.35)

%

(L,9)
e1ez,j
can be obtained from the regular solutions as described below. The Sommerfeld factor is

which expresses 1) in terms of the large-r behaviour of the singular solutions. This

defined through the square of the annihilation amplitude. The definition (2.23) can now
be evaluated in the form

2 XX S
2L—1)!!> [TT]je £X7X(2 +1LJ)T6/Z-’ (436)

T =
ki fl?l{X%XX (2S+1LJ)

Si[f(2S+ILJ)] — <(

Lo

which is equivalent to the result first derived in [43]. Note, in compound-index notation,
FXX—XX J?xx—>xx and j?xx—>xx — FXXTXX
ee’ {ere2}{eses} u“ {igHis}

In practice, the matrix-Schrodinger equation must be solved numerically. We obtain

the matrix T from the regular solutions by the following three steps:

5Eq. (4.32) is a generalization of the expression Wr considered in [43]. There the potential matrix
was assumed to be real-symmetric, such that the transpose of the matrix vy, appeared in the definition
of Wp, instead of the hermitian conjugate. Due to the generic hermiticity property of the Schrédinger
equation, the definition of Wy with hermitian conjugates (4.32) looks more natural even in the case of
real-symmetric potentials.
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(1) Determine the N linearly independent regular solution vectors [ur(r)]s; for i =

1,..., N for given L by solving the radial Schrodinger equation with initial conditions
1 L+1
[ur,(10)]ai = 5L+ 1 o G [, (r0)]ai = L1 & Sai s (4.37)

where 7 is close to zero. In practice, we work with the dimensionless, scaled variable
7 = mpspvr and use 7p = 1077, The normalization is chosen such that [uS;LH)(O)]m- =
dai(L +1)!/(2L + 1), in which case the Wronskian equals [Wp(r)]i; = ;.

(2) Pick a large value ro, such that the asymptotic behaviour (4.31) of the irregular
solution applies, and the Wronskian evaluates to

!
(Wilij = TiaUaj = 0ij (4.38)

with
Uaj(roo) = €7 ([ (roo)]aj — ika[ur(roo)]aj) » (4.39)

and [ur,(r)]q; known from step 1. Hence the matrix T" appearing in (4.36) follows
from matrix inversion,

T=U". (4.40)

(3) Since in practice the Schrodinger equation can only be solved up to some finite
value of r, check the stability of the result by varying (and increasing) ro, until 7" is

independent of ro, within a certain target accuracy.

The procedure described here has been implemented in MATHEMATICA and works well,
when all N states included in the multi-channel Schrodinger equation are degenerate to a
high degree. This is the case in MSSM parameter regions where the Sommerfeld enhance-
ment is most effective, such as the wino or Higgsino limit for the neutralino, and when the
other states not related to the wino or Higgsino electroweak multiplet are decoupled and
ignored. However, our aim is to compute the Sommerfeld-enhanced radiative corrections in
a larger part of the MSSM parameter space, when the mass splittings become larger than
in the wino or Higgsino limit. In this case the method outlined above encounters severe
numerical problems, as we now describe, and fails to provide the desired solution.

For the purpose of illustration we consider a MSSM parameter point where the LSP
is wino-like. The relevant masses are mpsp = myo = 2749.4 GeV, M+ = 2749.61 GeV
and myo = 2950.25 GeV. Further details of the models are not relevant for the following

discussion. We first compute the Sommerfeld factor S = S, 0,0] f(1S0)] as function of
Too = MLSPUToo by keeping only the X?X(f and XTXI two-particle states in the Schrédinger
equation and the annihilation process. The velocity is chosen v = 0.012, slightly below
the threshold for the xix; state. The result S(z4) is shown as the light-grey (red),
dashed curve in the upper panel of figure 5. After a rapid variation with a peak structure,
the Sommerfeld factor reaches a plateau and for xo, > 50 stays at the constant value
S(c0) &~ 199.59. Next, we add the x{x3 state to the problem, so that the Schrodinger
system is now for a 3 x 3 matrix. Since the new state is 200 GeV heavier and moreover
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Figure 5. S- and P-wave Sommerfeld factors S = S 0,0 [£(1S0)] (upper plot) and Syox0 [F(3P))]
(lower plot) for v = 0.012 in a wino-like model as described in the text. The light-grey (red) dashed
curve shows S(7), when only the x9x? and x{ x| two-particle states in the Schrédinger equation
and the annihilation process are kept and the asymptotic regime is reached for xz,, > 50. The
dark-grey (blue) solid curve shows the result when the x{x3 state is included. In this case, the
evaluation fails for z., > 2 and no reliable result is obtained.

rather weakly coupled to the two lowest, nearly degenerate wino states, we expect that it
should have little effect on the value of the Sommerfeld factor. However, now the numerical
solution fails when z is slightly large than 1, as seen from the dark-grey (blue) curve in
figure 5, which drops to 0 after a few spikes. It is not possible to reach the plateau, where
S(rs) stabilizes. A similar behaviour impedes the calculation of the P-wave Sommerfeld
factor, as shown in the lower panel of figure 5.

The numerical instability originates from the presence of kinematically closed two-
particle state channels, here the x{x9 state. When the mass splittings become larger or v
small, the situation 2my,gp +mpspv? < M, is rather generic. To quantify the issue suppose
that b in the Schrédinger equation (4.23) is a closed channel, while a refers to the two-
LSP x9x¥ channel. The solution [ur,(z)]; for the closed channel involves an exponentially

growing component proportional to e®" where mg = mysp(Mp — [2mrsp + mrspv?]). In
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the absence of channel mixing, the solutions for the kinematically open channels would be
oscillating. The off-diagonal potentials V() that couple the different channels decrease
as e MewW™ /r swhere Mgw is the mass scale set by the electroweak gauge boson exchange
that mediates the channel mixing. Hence, the open-channel solutions [ur (z)],; inherit the
exponential growth from the closed channels. For the two-LSP x?x{ channel, exponential
growth occurs when at least one of the included kinematically closed channels b satisfies

M, — [2misp + mispv?] (4.41)
Since typically mpgp > Mgw for the dark matter scenarios of interest, this condition is
easily satisfied unless all two-particle states included in the computation are very degenerate
within a few GeV or less. In consequence the formally linearly independent solutions [ur ]
degenerate and the matrix U, becomes ill-conditioned with exponentially growing entries
in the rows corresponding to open channels a. The matrix inversion (4.40) can no longer
be done in practice for 7o, large enough such that the asymptotic regime is reached, which
causes the instability seen in figure 5.

4.3 Improved method

To avoid the matrix inversion (4.40) we seek a method where the inverse of U defined
in (4.39) follows directly from the solution of a differential equation system. This can indeed
be found by an adaptation of the reformulation of the Schrédinger problem described in [44].

We work with the dimensionless radial variable x = mpgpvr and dimensionless wave
numbers ko = kq/(mrspv) = [1+ie—(My—2mygp)/E]/2. The radial equation (4.23) reads

UL g V()

) ()i + [(1 ., . ] ()i = 0. (1.42)

We separate the asymptotic value of the potential by defining V(z) = Viyr + V(a:), such

that Vi,¢ contains the mass splittings, and is diagonal, while V(x) 2 0. The method
proposed in [44] starts with the variable phase ansatz'
[up(2)]ai = fa(®)ai(z) — ga()Bai(z) (no sum over a). (4.43)
Here
T - T ~ . ~
fol@) = |5 T (har)  gale) = =[5 [YL+%(kax) —idy 1 (hav) (4.44)

are linearly independent Bessel function solutions of the free Schrodinger equations

L(L+1)

@l + 1 = 23 fun s =0 (1.45)

1We do not indicate the dependence on L of the functions of the right-hand side of the ansatz. Further-
more, in subsequent equations we do not write explicitly when an index appearing twice is not summed,
since this should be clear from the index structure of the equation. For instance, in the following equation
as well as later ones, such as (4.45), the left-hand side has indices ai, so a should not be summed.
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The Wronskian of the free solutions is

fa()ga(z) — fa(z)gy(z) = 1. (4.46)

The ansatz doubles the set of unknown functions by introducing a,;(z) and B4;(z) and the
additional freedom can be eliminated by imposing the condition

fa(z)agi(z) = ga(x)Bei(x) = 0 (4.47)

for every ai [44]. The condition reduces the N second-order differential equations (4.42) to
a system of 2N coupled differential equations of first order for ag;(z) and Bg;(x).

The important quantities in the present approach are the matrix-functions IV, &, de-
fined by

Nab = fa9adab — 9aOab9p (4'48)
with Oy defined through £, = Oy api, and

i = 228 (4.49)

Ja

From the original Schrédinger equation for [ur].; and the above definitions, one derives
that N and & satisfy the first-order differential equations

N,b—5b+<gg—|-gllj>Nb—NacVCdeb (450)
- a Qa 9 .
¢ Ga 9o E
L . _ Vac
Olyi = ZabOip with Zop = —2 g + Nep . (4.51)
Ya E
The initial conditions (4.37) translate into
x -
Nab(J:O) = 2[47—0%1 5aba aai(mO) = l'(% 5ai . (452)

where g is a number close to zero, which we set to 10~7. Up to this point we essentially
reviewed the modification of the variable phase method proposed in [44].

The crucial observation is now that
/

[t )i = @i + 22 [ur)ai, (4.53)

Ga

which implies that the matrix U, from (4.39) is asymptotically trivially related to dy;,
since

Ui = o ([uly (#)]os — ihalur ()]s
R . / N 5
= e'he? Gy 4 e'ha” (za - ika) [ur(@)]a = €T Ggi (4.54)

The last equality follows, because ¢,/gs — ik, vanishes for large x. Specifically, for the
relevant cases L =0, 1,

/
Ja _ ik, = 1 (4.55)

ga —_—_ L:l
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We recall that our task is to compute the inverse U~! for large enough x, such
that the result is practically z-independent. This is now easily accomplished, since us-
ing d(a&~1'a)/dx = 0, (4.51) can be turned into the differential equation

at = —ay' Zpa, a (o) = 29" Sia - (4.56)

with Z given in (4.51), and then

Tia(oo) = [U ial(00) = €707 G (100 (4.57)

a

from the solution to (4.56) for sufficiently large z.
To summarize, the matrix 7" and hence the Sommerfeld factors (4.36) are computed
by the following three steps:

(1) Solve for Ny the first-order differential equations (4.50) with initial conditions (4.52)
for every b=1,...,N.

(2) Solve (4.56) with Z given by (4.51).

(3) Evaluate (4.57) for several z~ and check (by varying and increasing =) that 1" is
independent of x,, within a certain target accuracy.

To illustrate the improved performance of the method developed in this section, we
show in the upper plot of figure 6 the same result as in figure 5, that is, the S-wave
Sommerfeld factor Sx?x? [ f (150)] in the wino-LSP model described at the end of section 4.2,
but now using the new method. The solution for the three-state case that was impossible
to obtain with the standard method can now be evolved to sufficiently large z.,, such
that the Sommerfeld factor can be extracted without difficulty. In fact, the two curves
referring to the two-state solution and the one including the heavier x{x9 state cannot be
distinguished on the scale of the plot. As expected, the heavier state has no effect on the
Sommerfeld enhancement in this particular model — the enhancement factor changes only
by a tiny amount from S(0c0) &~ 199.59 to S(o0) & 199.72.

The lower plot of figure 6 shows the corresponding results for a P-wave Sommerfeld
factor, here for S0, 0] F(®Py)]. Once again the two-state solution (light-grey/red curve
[invisible]) and the one including the heavier x{x9 state (dark grey/blue curve) cannot be
distinguished on the scale of the plot. The plateau is reached for zo, > 50 with S(oc0) ~
4.31. We also show the two-state solution with the standard method (light-grey/red dashed
curve). All results agree for large enough x.,, but contrary to the S-wave case there is a
visible difference for z,, < 10. The difference arises from the approximation in the second
line of (4.54), which implies that the U matrix in the standard and new method agree only
for large zo, in general. The “approximation” is exact only for L = 0. For the P-wave case
the difference vanishes as 1/x2,. Since there is no numerical restriction on z,, with the
new method, the difference can always be made sufficiently small as seen in the lower plot.
Note that it would not be possible to compute the P-wave Sommerfeld factor with the
standard method for the three-state problem, since the matrix inversion becomes unstable
at o & 2, as in the S-wave case.
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Figure 6. S- and P-wave Sommerfeld factors S = S 0,0 [£(1S0)] (upper plot) and Syox0 [F(3P))]
(lower plot) for v = 0.012 in a wino-like model as described at the end of section 4.2 using the
improved solution method. The light-grey (red) curve shows S(7.), when only the x9x? and
X1 x; two-particle states in the Schrodinger equation and the annihilation process are kept. The
dark-grey (blue) curve shows the result when the xx9 state is included. In both plots the two cases
are now indistinguishable. The lower plot shows in addition (light-grey (red) dashed) the P-wave
Sommerfeld factor with the “old” method for the two-state problem.

4.4 Second-derivative operators

The above method allows us to calculate the matrix elements of the S- and P-wave op-
XX—XX : XX—HXX : :
erators O {eaesHeser} and the associated operators Q {exes Heser} proportional to mass dif-
ferences. In order to fully describe the Sommerfeld enhancement of the short-distance
annihilation cross section at order v2, we further require the matrix element of the second-

derivative operators P?gﬁg’ﬁ@el}. For spin-0 it is defined as [15]

XX—XX 1 Ll v e o i) 1 i\’ ¢ et
P{6463}{6261}( SO) = 5 e4Xe3 Xeg - 5 0 Xel + Xe4 - 5 0 X63 XegXel ) (458)

with obvious generalization to spin-1. We show in this section that the matrix element
of PXXXX can be obtained from the non-derivative S-wave operators by the rela-

{eses}{ezer}
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tions (2.20), (2.22). To this end, we show that

, 2
i 4= .
<0|X§lF< ~5 3) XeaIXixs) = Kter (01X Dy IXiX3) (4.59)
where in compound index notation (2.22) reads

Ree = 1752 566’ + 2N6a2 Zm%cg . (460)
a

We start from (4.5) and (4.13), which for the specific case at hand imply

i 2 37 - ~
Or( = 59) b = (66D [ 5% 7 (el + (-0 el@) - (460

The momentum-space Schrodinger equation (4.16) leads to

3 ~ 35
[ oy @ W) = 2c@mse — M+ B) [ o

B§ Bk - .
-2 Ve (k)] i(d—k 4.62
e [ G Ve Welin(a =) (462)
The momentum-space potential is a sum of terms from the exchange of gauge and Higgs
bosons,

(a)
Vee’(k) =47ron Z ]%,2—6:67;12 R (463)
a %

where m, is the mass of the exchanged gauge boson, as = g3/(4) the SU(2) gauge coupling
(a)

ee’
in (4.62) factorizes the two integrations. Employing dimensional regularization gives the

k1
/ A izt T (4.64)
GO R | dn

and ¢, the coefficients of the potentials given in table 2 of appendix A. Shifting ¢ — ¢+ k

finite result

for the linearly divergent integral. Inserting this into (4.61), we obtain

3 -
(;ﬁjg (WDEln(d)

X [2ue(2ngp - M, + E)(se’e + 2pecra Z m¢ac$2*

a

. 2
o0t (=57 ) o) = €1 |

+(=1)%{e— e}

35 -
(618 [ G5 i@ (st + (1) ). (1.65)

where the last equality follows from the definition (4.60) of the matrix x and the expression
for the relative momentum of the two-particle state e, p2 = 2u.(2mpsp — M. + E) +O(p2).
We can rename the dummy index ¢/ — € in the second term of (4.65), and use that
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Keer = Keer (since the potentials for xe, Xe, — Xe Xel and Xe,Xe, — Xel Xe/, involve the same
coupling structure), to write (4.65) as

oy (1BE@)+ (-1 [Ba@) . (460

which proves (4.59). Note that the second term in the definition (4.60) of x is only present

. 2
C (Ar=¢ * C
o0 (59 ) v b= (€760 [

for the exchange of massive particles, and not for the Coulomb potential. The factor x can
be absorbed into an effective annihilation matrix g, as has been done in (2.22).

In parameter-space regions where the Sommerfeld effect is important and the exchange
of a particle with mass my < mysp leads to an enhancement of the radiative correction,
all terms in k are parametrically of the same order, since M, — mygp ~ E ~ mLSPUQ,

2. A general MSSM parameter point, however, may also

and agmg ~ vMEw ~ MLSpY
lead to heavy Higgs bosons, which though strongly suppressed in the potential, may give
a large contribution to the last term in square brackets. The origin of this unphysical
power-counting breaking contribution is the linearly divergent integral (4.64). Since heavy
Higgs-boson exchange causes a suppressed, local ()(Tx)2 potential interaction, the simplest
solution is to decouple the heavy Higgs bosons by not including them into the MSSM poten-
tial of section 3. After this decoupling, the generated local interaction is a O(v?) correction
to the long-distance part, which we consistently neglect. In practice, we simply eliminate

Higgs-exchange from the potential for Higgs masses my /mpsp > 0.5 unless my < 100 GeV.

4.5 Approximate treatment of heavy channels

For a generic MSSM parameter space point the two-particle states will span a certain mass
range and not be degenerate. While the improved method for the Schrodinger-equation
solution allows us to cover the non-degenerate case without numerical instabilities there are
still practical limitations related to the increasing CPU time, as the number of states, and
hence the dimensionality of the matrix increases. For example, if for a given MSSM model
and scattering energy E, the computation of the 1Sy Sommerfeld factor in the charge-
neutral channel for a velocity close to the threshold of a nearly degenerate state takes 0.1s
when only two out of the total of 14 channels are included in the computation, the CPU time
increases to 14 s for four channels, 5 min for 8 channels and reaches nearly three hours for
the solution of the full 14 x 14 matrix problem.!” Since even for a single MSSM parameter
set, many Sommerfeld factors must be computed for a single scattering energy, and further
the thermal average requires an integral over the scattering energy, CPU considerations
restrict the number of channels, for which the Schrodinger equation is solved exactly.
However, an exact solution of the 14 x 14 problem is only necessary if all 14 states are
nearly degenerate, which is rarely the case. As soon as the mass splitting becomes large,
the heavier two-particle states should have little effect on the Sommerfeld enhancement
of the lighter states, since the propagator of the heavier state in one of the loops of the
ladder diagram series is off-shell and does not lead to an enhancement. Yet there is the

7The numbers strongly depend on the model and velocity but provide an indication of the increase in
CPU time as the number of channels increases.
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possibility that a heavy state couples more strongly to the annihilation process than the
lighter states and hence effectively enhances the annihilation rate. To cover this case, we
allow the heavy channels to appear in the last loop before the annihilation vertex, but not
elsewhere in the ladder diagrams. Moreover, the non-relativistic power-counting shows that
there is a suppression factor of order [E/(M}, — 2mpgp)]* when a light channel is replaced
by a heavy one, with a = 1/2 for the contribution in the last loop before the annihilation,
but a = 3/2 when the heavy state appears inside the ladder, which justifies the omission.
In the following, we describe how the effect of the heavy channels in the last loop can be
absorbed into an effective annihilation matrix for the lighter channels.

We divide the total number N of two-particle states (14 in method-2 in the charge-
neutral sector) into n light states, which will be treated exactly, and N — n heavy states,
which we include only in the last loop.'® Suppose that h = {hihy} refers to one of the
heavy states, then by extension of (4.5) we obtain

il — 2 o) = €tey Tim (1) (£ — Lo
0GR | =59 o) = (€16) Jim (1) (£~ 2 )

—F
437 / >k . 1 o
X | —= | —= K[7]V"G—k _— GNp ks E
[ s | o KT VBt a2 PR
+ (=) {h = b}, (4.67)

where [ refers to the light channels summed over, and G is the Green function of the
Schodinger operator for the n x n problem for the light-states. The potential interaction
VI converts the light channel into the annihilating heavy channel h.

The annihilation cross sections matrix elements such as above are multiplied by annihi-
lation matrices foo = f{xefzi?@eg} and summed over all two-particle channels e, see (2.13).
Dividing the sum over e into the sum over light and the sum over heavy channels and
proceeding for the heavy channels from (4.67) to the integral involving the wave-function

similar to (4.13), we find

R ; d3a -
froOhrie [~ 18 oy =2 'r) [ S dlita)

s Br oo 1
< \F K@)+ o [ s KRV E =) | e
(2m) E—[My —2misp] — 5,-

where the sum over [ (h) runs only over the light (heavy) channels, and the equality in (4.68)
holds when heavy channels contribute only in the last loop before the annihilation of the
perturbative expansion of the matrix element.

Our aim is to write the square bracket as an effective annihilation matrix ﬁeef/fK [q] for
the light channels. We write the potential as in (4.63) and perform the integration over

18We also include them as external states, but only at tree-level. Heavy external states are not relevant for
the relic-density calculations, since they are Boltzmann-suppressed, except for special cases such as resonant
annihilation of the heavy state, in which the resonant enhancement of the cross section compensates the
Boltzmann suppression.
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loop momentum k to obtain

it B = fur + T (4.69)
with
In=ay e (=2n) I (M, — [2musp + E] — ie),my, . 7?). (4.70)
for S-wave matrix elements (L =0, K[7] = 1)
. . 2 -9 9 =
Iofym,q%) =~ AT I (@.1)
2@ i(m? —y—q%) +2\yq>
and for the P-wave case (L =1, K[7] = q)
_ 2 ) 2 22\ 4 9 /a2
Lym,q?) = YY—m i —y+q7) ) im” —y+G7) +2myg (4.72)

2@ it —y— i) + 2
The superscript “right” reminds us that (4.67) represents only “one half” of the four-
fermion operator that accounts for the square of the annihilation amplitude. Accounting
for the fermion bilinear matrix element that multiplies the annihilation matrix from the
left then gives

Fi = fu + T frr + T fon + TinTiops fre (4.73)

for the effective annihilation matrix in the space of light states including the heavy states
in the last loop of the ladder.

We wish to note that the result (4.69) taking channel index h to run over all rele-
vant two-particle states regardless of their mass provides the leading-order non-relativistic
approximation to the 1-loop annihilation amplitude of the state [, which has also been
obtained by direct expansion in [45]. It can be checked that the loop integrals Is p defined
in the latter reference, are equal to (27|q|)Zo1."

The expressions for 17, above are not yet useful, since they define functions of 7’2, hence
the evaluation of (4.68) would require the full momentum-space wave-function [¢x];(q),
which is not available, and not just the value and derivative at r = 0 in coordinate space.
However, we would like to make use of these expressions only for heavy channels when
the mass splitting My — 2mpgp is large compared to the scattering energy F. Since the
typical relative momentum scales as ¢2 ~ mpspE, we can expand the integrals I7 in
\/(j’>2 /(M}y, — 2mysp). Keeping only the leading term in this expansion, we approximate

1 24 +m
Sv E W (4.74)

9The non-relativistic expansion performed in [45] keeps in addition terms proportional to mass differences

IO(yvmv (72) Il(]J,m,q_'Q) —

between the incoming x’s and the virtual x’s inside the loop that originate from the numerator of the full
1-loop amplitude. In our approach, the latter can correspond to corrections of O(v2) to the long-distance
part, which we do not consider, as well as to the short-distance annihilation, where we have kept all
(mi — mwsp)/musp ~ 0(122) terms in the Wilson coefficients of the annihilation operators. We note that
similar (m; — mysp)/muLsp terms arise as well from other sources, for instance from the anti-particle pole
contribution in the ¢°-integration of the full amplitude, which have been neglected in [45] and also in our
approach, since they are a class of O(’UQ) long-distance corrections.
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Inserting this into (4.70) gives
Clh)
lipjp=0 = —2pncx 22 T + (4.75)

2\/yn +mgy,
Dipp=1 = —2pn02 Zcm) M (4.76)

with yp, = 2un(Mp — [2misp + E| — i€), from which the effective annihilation matrix (4.73)
follows.

The case of the second-derivative S-wave operator is somewhat more complicated,
since one has to apply the equation-of-motion relation discussed in the previous section to
the factor K[k] = k2 in (4.68). This is done by writing

- k2
k2 — 2uh <2mLSP + FE — Mh - 2mLSP + FE — Mh - 2#]) (477)
h

which leads to the same factor as in (4.65). The result is that the effective annihilation
matrix for the second-derivative operators reads

~ ghl ghh 9hh
gf@,ll/ gf-c w5 [Ilh D2 M2+ I'h,D? M2 +Ilh|L OIl/h/ D2 M2 +Ilh DQIl/h'|L 0 Mg] ) (4-78)

where

Iin,p2 = 2upc ((2mLSP + E — Mpy)(—2pn) Z \/—Jr e quba i, > . (479)

The factor M in each term in (4.78) is built from the particle species that enter the two-
particle states specified by the indices of the accompanying ¢g matrix, as defined in (2.9).
For instance g, /M? = gin/[(mu, + muy + mp, +mn,)? /4].

To illustrate the quality of approximation to the heavy channels described in this sec-
tion, we employ the same wino-LSP model as discussed at the end of section 4.2. The spec-
trum of neutralino masses is m,o0 = {2749.4,2950.25, 3062.98, 3083.54} GeV, the chargino
masses are m,+ = {2749.61,3074.26} GeV. We consider the charge-neutral two-particle
state sector with method 2, in which case there are 14 two-particle states of increasing
mass. We study the approach to the full treatment of the 14 x 14 matrix problem by
plotting in figure 7 the dependence of the Sommerfeld factor S = S 0,0 [f(1S0)] of the
lightest x{x{ state in the S-wave, spin-0 configuration on the number of states included in
the computation. As n increases from 1 to 14, the dashed curve shows S(z~ = 200), when
only the n lightest states are included and the remaining ones are ignored. The solid curve
shows the result, when the n lightest states are included in the solution of the Schrodinger
equation, and the remaining 14 —n heavier channels are treated approximately by including
them in the last loop before the annihilation. For the purpose of this comparison we keep
the 5me4€15me461/M%7W terms in the potential for all 14 two-particle states, not only for
those n treated exactly, such that the potential is independent of the number of states n
treated exactly.?’

20This is explains why S(zs = 200) for v = 0.012 shown in the upper plot approaches the value 212.18
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Figure 7. Dependence of the Sommerfeld factor S = Syo,0[ f(150)] in the charge-neutral sector
on the number of states included in the computation. As n increases from 1 to 14, the dashed
curve shows S(zs = 200), when only the n lightest states are included and the remaining ones are
ignored. The solid curve shows the result, when the n lightest states are included in the solution
of the Schrédinger equation, and the remaining 14 — n heavier channels are treated approximately
by including them in the last loop before the annihilation. We show the result for two velocity
points, v = 0.012 (upper plot), slightly below the threshold for the nearly degenerate x{ x; state,

and v = 0.15 (lower plot).

We show the result for two velocity points, v = 0.012 (upper plot), slightly below the
threshold for the nearly degenerate Xf X; state, and v = 0.15 (lower plot). The figure shows
that n = 1 is always a poor approximation. This says that it is necessary to treat the nearly
degenerate XTXI state exactly, as is of course expected, since the bulk of the enhancement

rather than the previously quoted value S(co0) & 199.59, which corresponds to n = 2 on the dashed curve.
If, one the other hand the mass-difference terms in the potential are neglected entirely, we obtain S(ze =
200) = 206.06, hence their effect is small. This is expected, since the Sommerfeld enhancement is mainly
generated by the two lowest, nearly degenerate states, for which the mass difference terms are completely
negligible. The rise of S in figure 7 when adding states 11, 13 and 14, which suggests that these states are
comparatively more important than the lower ones (except the first and second), should be taken with a grain
of salt, since it originates from the (6m/Mgw)? terms of the potential, which here are included for all states.

45 —



comes from the mixing of the x{x! state with the charged state in models where the LSP
is almost pure wino. Once n > 1, the dependence of the Sommerfeld enhancement on the
remaining states is no longer large, resulting in only another 5% increase. We observe that
the results that include the heavy channels approximately have a smoother approach to the
full result attained for n = 14 than the ones that leave out the heavier channels completely.
This demonstrates that it is a good approximation to include the heavy channels only in last
loop before the annihilation process, but to neglect them in the Schrédinger equation. In
the two cases shown, it is essentially sufficient to treat only two states exactly and all other
states approximately, as the solid curve for n = 2 is already very close to the n = 14 value.

While this shows that the one-loop approximation for heavy states is often a good
approximation to the full, resummed result, it does not prove that either of the two, the
one-loop or full resummed treatment of very heavy channels in the non-relativistic approxi-
mation is a reasonable approximation to the true loop corrections, since the non-relativistic
approximation in the potential region is not expected to be a good approximation to the
exact loop integral for very heavy channels. Since such states have little influence on
the Sommerfeld factor anyway, in practice, we simply include them by the approximate
procedure described in this section.

5 Summary

With this paper we conclude the presentation of the non-relativistic MSSM effective theory
formalism, designed to calculate the enhanced radiative corrections to pair-annihilation of
neutralinos and charginos at small relative velocity. The construction of the NRMSSM
is similar to the non-relativistic EFT for heavy quarkonium annihilation. Characteristic
features of the NRMSSM are the presence of more than one heavy particle species; mas-
sive mediators exchanged among the heavy particles, which generate electroweak Yukawa
(rather than colour Coulomb) potentials; and weak couplings that allow one to compute
the long-distance matrix elements; these contains the so-called Sommerfeld enhancements.
The framework developed here applies to general MSSM scenarios, where the LSP is an
arbitrary admixture of the electroweak gauginos, and accounts for the co-annihilations with
all the neutralino and charginos, which are nearly mass degenerate with the LSP.

Papers I [14] and II [15] focused on the short-distance part of the annihilation process,
providing analytic results for the Wilson coefficients that reproduce the tree-level annihi-
lation rates of neutralinos and charginos including up to P- and next-to-next-to-leading
order S-wave effects, i.e. up corrections of O(vrzel). The present paper describes all the nec-
essary ingredients to account for the long-range interactions that produce the Sommerfeld
enhancements in the annihilation rates at the leading order in the non-relativistic power-
counting, which treats oy ~ vy ~ Mz w /migp. The calculated enhancements thus sum
up large O(ag/vel)™, n = 1,2,..., quantum corrections to the tree-level annihilation rates
to all orders. The main results of this this work are:

e A general formula for the Sommerfeld-corrected annihilation cross-section for a given
channel x;y; that includes O(vZ)) corrections in the short-distance part has been
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written down in (2.24). The formula is a generalization of the tree-level approximation
Oxixj Vrel = @ + bvfel. Since the Sommerfeld factors depend on the partial-wave
configuration of the annihilating state, oXiXi v, has been decomposed in (2.24) as a
sum over partial waves, where the annihilation coefficients for each partial wave were

computed in papers I and II.

e Compact analytic results for the potential interactions among the chargino and neu-
tralino pairs for a general MSSM parameter point, which feed into the multi-channel
Schrédinger equation that has to be solved to obtain the Sommerfeld correction fac-
tors. Transitions among different states are accounted for by the off-diagonal entries
in the potential.

e A novel method to solve the multi-channel Schrédinger equation. The standard
method does provide an accurate result for the Sommerfeld factors when kinemat-
ically closed channels are included due to numerical instabilities caused by the ex-
ponential growth of some of the solutions. The new method solves this problem by
reformulating the Schrodinger equation for the quantity relevant for the Sommerfeld
factor instead of solving for the scattering wave functions. This important improve-
ment yields accurate numerical solutions when many non-degenerate two-particle

channels are included, up to CPU time limitations.

e An approximate treatment of heavy channels, which can includes them in an effective
annihilation matrix for the Schrodinger equation of a lower-dimensional problem. We
demonstrated that including heavy channels only in the last loop before annihilation
provides a good approximation to the full resummed result, and thus reduces the
number of channels to be treated exactly.

While this paper, as well as papers I and II, have been dedicated to the technical details
describing the computation of the Sommerfeld-enhanced annihilation cross sections, the
investigation of the effect on the relic abundance in well-motivated MSSM scenarios with
heavy neutralino LSP is the subject of an accompanying publication [16], which further
illustrates the general use and potential of the framework.
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A Explicit expressions for the MSSM potential

The leading-order non-relativistic potential interactions among MSSM neutralino and
chargino two-particle states are given in this appendix. Table 2 provides the coeffi-
cients of the Yukawa terms e X" /r generated by the exchange of boson X;(X; =
Z,W* ~,HY A} H*) for each process. The complete potential is obtained as the sum of
the coefficients multiplied by the corresponding potential terms. The contribution from the
pseudoscalar Goldstone boson (A49) does not have to be considered, since it cancels against
a piece of the Z-exchange potential, as explained in section 3. A similar cancellation occurs
between the charged pseudo-Goldstone bosons G+ = Hzi and part of the W*-exchange
potential. The coefficients have been written in terms of the coupling factors as defined
n (3.1), (3.3), whose explicit expressions are given next.

The (axial-) vector and (pseudo-) scalar couplings, that encode chargino interactions
with the neutral scalar and pseudo-scalar Higgs particles (HO,, AY)), the Z-boson or the
photon read

5521 ( zy ﬁ [Z m( 2] le* 4+ Z21Z1]) + ZIQ%m (Zij ZJQFZ* + Zl’LZiJ)} ,
s (pf;o ) 723/5 |z (22 24 5 722 ) + 2 (2923 5 28 7)) |
1 * 7lix 717
vZ = o (thlﬂ + 7Y 7 1 o(ck, — s%v)%') )
1 S
aj; = dew (ZM*ZU Zi@zlﬂ*) ’
vl = —swlij,

ij
where HY = H?, HY = h° and A} = A% A = G°. We have used the abbreviations
sw = sin Oy and ¢y = cos Oy, with Oy denoting the Weinberg angle. The coupling factors
for the three-point interaction of an incoming neutralino X?, an outgoing chargino XT and
either an incoming charged Higgs particle G or HT or an incoming W -boson are given by

1 745 Z1i* L o 52j ~1j%
H+ (pg+):_2[ Z2m (Zf\; Zi +5Z3 (ZJ* + tan Oy Z)) ))

IUNSUEE BN =1
4 Z}{m <Z§’{Z£Z _ EZE’(Z% + tan QWZJI\/J)> } )

1 ~ep i~ ~o o~ 1 ~ai ~o: 1 ~4i ~o-
w 2 1 2 lox 3j% 772 4 %
v = B <Z]\?*Z_Z+Z]\fZ+’ —I——\@Z]\f Z_Z—\@ZA{Z_J> ,
1 ~op i~ ~o o~ 1 ~ai ~o: 1 ~4i ~o.
w 25% 1 2j ~1ix 3% 2 45 2%
aij = 5 <ZN7 Z?Z—Z]V]Z+l +EZ]VJ Zl+\/§Z]\;Z+z> s (A2)

where Hf = HT and Hf = G*, and the mixing matrices are defined as in ref. [48].
Finally, three-point interactions of an incoming X? and an outgoing x? with a (pseudo-)
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Table 2. Potentials describing the non-relativistic interactions among chargino and neutralino pairs
in the MSSM. The potential from neutral scalar exchange ¢ has to be summed over the “physical”
neutral Higgs bosons, ¢ = H? hY, A°. The expressions obtained from the table correspond to the
potential entries in method-1. The potentials for the channels not shown are obtained trivially by
interchanging indices (like Y~ x* — x~x or x*x? — xTx?) or are vanishing (like x " x* — xTx 7).
We have introduced A\g = (3 — 45) and MW =1+ dme,e, 0Meye, /Mg/W.
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scalar Higgs particle or the Z-boson involve the following (axial-) vector or (pseudo-)
scalar coupling factors:

1 . ~ai \ [ o0k 1% o
(0. Hy, (p((.))vHEn) = [(Z%m A _ zim ]3\;*) (ZJQ\Q — tan Oy Zjl\‘; ) + (i < j)] +cc.,

ij ij Z
sy = 1| (28 28 - 2h Z3) (2 — tanbw Z") + (i ) | £ e,
U [ osizape  saigdis .
UZ(Q),Z(GZ(Q),Z) _ (Z%Z]?g ~Z8Z9° £ (i 5 ) ) , (A.3)
J J 4oy

The (axial-) vector and (pseudo-) scalar coupling factors in (A.1) and (A.3), which are all
related to interactions with neutral SM and Higgs particles, satisfy

* —_— .. * f— ..
U’ij = Vji, aij = GQjj,

; Sji s pij = —Dji- (A.4)

as a consequence of the hermiticity of the underlying SUSY Lagrangian.

B Equivalence between method-1 and method-2

We wish to show in this appendix by means of an example, that using any of the two basis
of two-particle states introduced in section 3, named as method-1 and method-2, gives the
same outcome for the Sommerfeld enhancement factors.

Let us consider the simple case of a system which in method-1 consist of three states
labelled with a = 11,12,21, corresponding to x1Xx1, x1x2 and Xx2X1, respectively. We can
think of x1 and y2 as two different neutralinos (or two different charginos), and we note
that only state 11 is composed of identical particles. Conversely, the basis of method-2 is
built from only two states, (xx)11 and (xx)12-

The Schrodinger equation in method-1 is a 3 x 3 matrix where the generic potential
matrix Va(bl) (a,b=1,2,3) reads

Vi1 Viz Vio
VO (r) = Vo1 Voo Vo3 | > (B.1)
Va1 Vag Voo

and we have used that the potential for scattering of state 11 to either 12 or 21 is the same,
since the exchange of state 12 by 21, which corresponds to crossing the lines of x1 and xa
in the diagram, gives the same amplitude due to the identical particle nature of the state
11. In addition we have taken into account that V3o = Va3 (as well as Vas = Vag), since the
amplitudes that produce these potential terms only differ by a relabeling of the internal
vertices of the associated diagram. Note that hermiticity requires as well that Vi, = Vi, .
The Schrédinger equation (4.23) in method-1 when applied to a generic multi-component

wave function ¥ = (uq, ug, u3) reads

Duy 4+ Vitug + Vig (ug +u3) =0,
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Dug + Vo1 uy + Vagug + Vozug =0,
Dug + Vo uip + Vogus + Voouz = 0. (B.Q)

D stands for the differential operator multiplying d% in (4.23), whose specific form is
irrelevant for the current discussion, and we also omit writing explicitly the dependence
of the quantities u, and V,; on the independent variable r. We have to seek for three
independent solutions of the system (B.2). Let us first choose two solutions of the form
U, = (vV/2uyy, ug;, ug;), with i = 1,2. Then the set of equations (B.2) applied to VU 2 reduce
to two independent ones (since egs. (B.2) are symmetric in ug and ug), and acquire the form

Duy; + Vit uti + V2 Vigug =0,
D ug; + V2 Vay ugi + (Vag + Vaz) ugi = 0, (B.3)

for i = 1,2. A third solution to (B.2) is chosen as V3 = [ur]q3 = (0, u23, —u23), in which
case only one equation remains:

Dugs + (Vg — Vag) uaz = 0. (B.4)

In order to compute the Sommerfeld enhancement factors we need the matrix 7" and the
annihilation matrix, see (4.36). The entries of the annihilation matrix in method-1 read

)S+L o S+L ~ S+L ~

fin fia * f12
FEHL)W = | DT e o f <—1>S+Lf22 : (B.5)
ﬂle (—1)5HL fa faa

where we have used the symmetry relations under the exchange of the particle labels
e1 <> eg derived in [14, 15], namely f{egel}{meg} (2S+1LJ) = (—1)S+L f{€162}{e463} (23+1LJ)
and likewise for the exchange ez <> e4, to write the annihilation matrix entries involving
state 21 in terms of those of 12. These same relations also tell us that the annihilation
rates involving channel 11 vanish for odd L + S, since such an state cannot be formed
out of two identical spin-1/2 particles. Note also that fgl = f1*2 On the other hand, the
matrix 7" is determined following (4.34) from the matrices [u(LL+1)(O)]ab and My, (4.26),
which are both built from the independent solutions of the Schrodinger equations. Given

the solutions ¥;, ¢ = 1, 2, 3, suggested above these matrices must have the structure
V2U11 V2Uis 0 V2 My V2 Ms 0
L+1
[U(L )(0)] = Uy Uso Uss , M= Moy Moo Mos . (B'G)
U Ux —Uss My Mz —DMos

With the matrix 7" built from (B.6), we can readily compute the Sommerfeld factors
for method-1 using (4.36). For the case L + S = even, and up to the global factor
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[(2L + D)!/(L + 1)! kE+1)2 ) we obtain

geven _ Mso Uy — Moy Uy Moy Usy — Moy Upy |? @
Mo Moy — Myy Mo My May — My Moz | fyq
Moo Uy — Moy Uk Moo Uy — Mo U-
+2\/§Re[( 22 Uy 21 Uaz) (Mo Uty ! 21 U12)* f12]
|M1a Moy — My Moo fi
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whereas for L + S = odd
SOdd
Upe |2
odd _ Y23
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Stz M23 (B.8)

The Sommerfeld factors for the state 21 are found to be equal to those of state 12; this
should be the case since both states are physically equivalent. We have used that f21 = f12
to write (B.7) in a more compact form.

Let us now turn to method-2. As mentioned above in this case the basis is given by
the two states @ = 11,12. Applying the rules described in section 2 (see (3.17) and the
discussion following that equation), we can build the potential matrix entries corresponding
to method-2 from those of method-1. Distinguishing even and odd S + L, we find

Vii V2 Vo 0 0
V(2),even(r) — , V(2)v°dd(r) = . (B.Q)

V2 Vay Vag + Vag 0 Voo — Va3

In particular, note that for odd L + S the identical-particle state 11 does not exist, and
the entries of the potential matrix involving that state have to be set to zero, to avoid that
a potential transition 11 — 12 could give a non-vanishing annihilation amplitude for an
incoming state 11, as argued in section 2. In method-1 this is taken into account auto-
matically and one gets the result S39 = 0, as found in (B.8), at the expense of using two
different states (12 and 21) to descrlbe the physical state built from y1 and 2. Coming back
to method-2, we then see that in the odd L+ .5 sector we deal with just a single annihilating
state. We can therefore switch to a one-dimensional problem with V/(2);odd (r) = Vg — Vas.

The Schrédinger equations which derive from the potential V(2):-¢ve® for the wave func-
tion W = (4, @i2) of method-2 read

DfL1+V11ﬂ1+\f2V12ﬂ2 =0,
Diig + V2 Vay ity + (Vag + Vag) g = 0. (B.10)
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Egs. (B.10) agree with (B.3) obtained previously for the components of the solutions ¥ o
of method-1. Therefore we can choose \Ill = (u11,u21) and \Ilg = (u12,u22) as linear
independent solutions for method-2 in the case L + S = even. The matrices [u(LLH)(O)]
and M that derive from solutions \1'1,2 follow immediately:

U11 U12 Mll M12
Meven = . (B.11)

Ua1 Uz Moy Mas

[y VO] =

For the case of odd L + S, there is just one equation,
Dy + (Vag — Vag) e =0, (B.12)

which is the same differential equation as (B.4), satisfied by the component us3 of ¥s3.
Hence, we can choose ¥ = ug3 as solution for odd L + S. The (one-dimensional) matrices

[u(LLH)(O)] and M for odd L + S are simply given by

W (0)]° = Uy, MO = My (B.13)

Finally, we require the annihilation matrices in method-2 to compute the Sommerfeld
factors. These are obtained from those of method-1 by adding a factor of 1/y/2 for each
identical-particle state involved in the entry, as explained in section 2:

@) : ful % fi2 22)0dd _
f ,even __ , f ,odd _ f22 . (B14)
% for fo2

From the expressions for [u(LL+1)(O)] and M obtained for the even and the odd cases
in (B.11) and (B.13), respectively, it is immediate to compute the corresponding T
matrices. The Sommerfeld factors for method-2 then follow from (4.36) by inserting
the annihilation matrices (B.14). This straightforward computation yields results for
the Sommerfeld factor of states 11 and 12 for even and odd L + S that match the
formulae (B.7) and (B.8) derived above using method-1.
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