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The inferred value of the relic density from cosmological observations has reached a precision that is
akin to that of the LEP precision measurements. This level of precision calls for the evaluation of the
annihilation cross sections of dark matter that goes beyond tree-level calculations as currently implemented
in all codes for the computation of the relic density. In supersymmetry radiative corrections are known to be
large and thus must be implemented. Full one-loop radiative corrections for many annihilation processes
have been performed. It is important to investigate whether the bulk of these corrections can be
parametrized through an improved Born approximation that can be implemented as a selection of form
factors to a tree-level code. This paper is a second in a series that addresses this issue. After having provided
these form factors for the annihilation of the neutralinos into fermions, which cover the case of a bino-like
lightest supersymmetric particle (LSP), we turn our attention here to a higgsino-like dark matter candidate
through its annihilation into ZZ. We also investigate the cases of a mixed LSP. In all cases we compare the
performance of the form factor approach with the result of a full one-loop correction. We also study the
issue of the renormalization scheme dependence. An illustration of the phenomenon of nondecoupling of
the heavy sfermions that takes place for the annihilation of the lightest neutralino into ZZ is also presented.
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I. INTRODUCTION

There is circumstantial evidence [1-3] from different
astrophysical and cosmological observations for the exist-
ence of dark matter (DM). In a particle physics context, the
DM candidate can only be part of a theory of new physics
that has, alas, been elusive at the colliders so far [4,5]. The
next runs of the LHC will perhaps tell us whether the Higgs
boson with a mass of 125 GeV is part of a richer underlying
spectrum. Apart from its possible connection with the
Higgs boson, in particular bringing in a solution to the
naturalness problem, this new physics may perhaps shed
some light on the nature of dark matter. Although current
LHC data set the scale of many new physics scenarios in
the TeV range [5], this inferred large scale refers in fact to
the nonobservation of new colored particles. On the one
hand, the mass of the noncolored weakly interacting dark
matter candidate is much less constrained from LHC
analyses. On the other hand, measurements of the relic
density are now accurate at the percent level [2] and provide
very strong constraints on the properties of DM. This
supposes of course that we know the thermodynamics and
cosmology of the Universe; the standard approach for
example incorporates thermal production but there are
alternatives to the standard approach [6]. In any case,
considering the percent precision on the relic density
measurement, one needs to provide, from the particle
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physics side, dark matter annihilation cross sections at
the percent level or better. State of the art codes [7-10] for
the calculation of the relic density have been developed
during the last decade. They are practically all based on
tree-level cross sections and are therefore not precise
enough. In some instances large corrections to the DM
annihilation cross sections occur, for instance the classical
Sommerfeld [11-15] effect or the electroweak Sudakov
effect with the concomitant inclusion of final state radiation
[16,17]. These special effects are common to cases with
TeV and above DM due to the presence of two disparate
scales, the DM mass and a low mass mediator for which an
example is the W gauge boson. In these regimes, the
leading corrections that take into account these effects can
be extracted. It remains that there are also important
corrections in much more general situations irrespective
of the mass of the DM. These corrections are far from being
negligible, as shown in [16,18-21].

For the last few years some of us have set up a program
[16,18,22] for the calculation of the full one-loop electro-
weak corrections for practically all annihilation channels of
the dark matter candidate in the minimal supersymmetric
model (MSSM). The first important ingredient of this
program requires a coherent and flexible renormalization
of all sectors of the MSSM, allowing for different renorm-
alization schemes. To be able to handle the large variety of
possible annihilation and coannihilation channels of the
neutralino, a tool for the automated calculation of one-loop
corrections in the MSSM was developed. This tool, SloopS
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[16,19,22,23], based on [24-27], allows us to perform
full one-loop calculations [16,18,19,23]. Ultimately the aim
is to implement these corrections in a code such as
mictOMEGAs [7], thus improving on the tree-level calcu-
lation of the annihilation cross sections. The difficulty is
that one needs to correct some 3000 processes at one loop
in the case of the MSSM. Considering the large number of
fields and parameters, the one-loop correction for each
process requires computing a few hundred to a few
thousand Feynman diagrams at one loop. This is far more
demanding that a computation at the leading order. This is
also totally intractable, for instance, in a scan over the
parameter space. Yet, one can inquire whether the bulk of
these corrections could be captured in a more compact form
through effective form factor corrections to tree-level
couplings. This would mean that these corrections are
universal in the sense of being process independent and
amount to an overall shift of the couplings of the different
tree-level vertices. This improved Born approximation
works quite well for LEP observables. Part of these
corrections are for example due to the running of coupling
constants, but there might be other genuine corrections. If
such an approximation works, one could very easily recycle
these improved Born couplings for any process which
would very much improve a code such as micrOMEGAs.
In Ref. [28] we explored whether this approach works in
the case of the most simple of all annihilation channels,
770 — ff, the annihilation of the neutralino into fermion
pairs. In that case we introduced the effective vertices )}? f]‘
and 777 together with the improved vertex Zff. Some of
these effective vertices had also been discussed in [29,30]
outside the context of dark matter annihilation and later in
[31]. Our first study revealed some very interesting results.
In the case of a bino-like neutralino the percentage
correction in the effective approach turned out to be a
very good approximation falling short of about 2% com-
pared to the full one-loop calculation. However, as the
bino component drops, the effective approach is a very
rough approximation that worsens as the mass of the
lightest supersymmetric particle (LSP) increases; this is
due to “nonuniversal" rescattering effects (for example,
box diagrams obtained from 7979 — WW~ followed by
Wtrw- — ff). However, in these cases, the important
point is that as the bino component drops the 7079 — ff
is not an efficient annihilation channel, the largest channels
being by far the annihilation processes of the neutralino
into vector boson pairs. There is typically a factor of 10*
between the two cross sections. In these scenarios, it is
much more important to concentrate on annihilation to
vector bosons, take the radiative corrections to
) = WTW~, ZZ into account and implement 379 —
ff at the tree level, if at all. We must therefore pursue the
implementation of an effective couplings approach to the
annihilation into vector bosons. The aim of the present
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analysis is to concentrate first on 77" — ZZ before
presenting our results for 307" — WHW~; this will help
us identify some new features without the need to worry, for
example, about QED corrections and other complications
that usually affect processes with charged particles.
Another important point is that radiative corrections to
neutralino annihilation are sensitive, though only logarith-
mically, to the presence of heavy sfermions with masses far
above those of the LSP. We discussed this point when we
computed the radiative corrections to ;}(1))}(1) — ff. So even
if no colored particles have been discovered at the LHC,
meaning they may be in the TeV range, neutralino
annihilation, if measured precisely, does probe their effect.

As we will see, the process V79 — ZZ is relevant when
the 79 has a fair amount of a higgsino component.
Therefore, in our applications we consider a neutralino
LSP with a mass in excess of 110 GeV to conform with the
LEP limit on the chargino mass. For bino-like LSP this
limit does not apply, but, as we will see, for a bino-like LSP
the process 707" — ZZ is not relevant. The LHC [32-35]
may also provide some more stringent limits on the
chargino/neutralino; however, these are often model de-
pendent. Even when LHC analyses are recast within a
simplified model [36,37], the limits are not necessarily
applicable to our setup; for example, we work here with
very heavy sleptons and squarks. Moreover, the higgsino
scenario is extremely challenging because of the small
energy that is left for the visible tracks due to the small
mass splitting within the higgsino system.

We will write 74 for tan 5. 15, at the tree level, measures
the ratio of the vacuum expectation values in the up to down
sector. The crucial parameters for calculating 7970 — ZZ
are those of the neutralino/chargino sector, namely M, M,
[respectively the U(1) and SU(2) soft gaugino masses at
the electroweak scale] and y, the higgsino mass parameter.
Apart from these three parameters, and unless explicitly
stated, we fix all other SUSY soft masses. The mass of the
SU(3) gaugino, M3, is set to 1 TeV. We take 7; = 10 and a
common sfermion mass for both the left and right sfer-
mions: m; = 800 GeV. The trilinear mixing parameter is
set at Ay = 2 TeV for all sfermions. This high value is in
fact of relevance for the third generation squarks, in
particular the stop. The reason we take this value is to
reproduce a Higgs mass in accord with that of the observed
Higgs boson at the LHC. With our default parameters we
obtain M), = 121.5 GeV. This could be easily increased by
taking heavier stops as will be done when we will study the
“nondecoupling” universal effects. Moreover, as we will
see, Higgs boson exchange is subdominant in the scenarios
we will cover and, therefore, for the cross sections we
study, sensitivity to the Higgs masses is negligible. All
cross sections are calculated for a center of mass energy,
5 = 4M)?(0 /(1 —v?), with » = 0.1, which gives a relative
scattering velocity, v, = 0.198 ~0.2, as befits a relic
density calculation. M)-(? is the mass of the neutralino LSP.
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IL %" — ZZ AT THE TREE LEVEL,
RENORMALIZATION AND EFFECTIVE
VERTICES

A. %) — ZZ at the tree level

The diagrams contributing to ;}? )}(1) — ZZ at the tree level
are shown in Fig. 1. In practically all cases, and certainly
when %" — ZZ is a relevant annihilation channel, the
largest contribution proceeds through the #-channel dia-
grams via the exchange of all neutralinos. The Higgs
exchange contribution is then subdominant. The cross
section is therefore largely driven by the strength of the
70Z(i = 1,..4) vertex. First of all, at the tree level one has
only the following structure:

9z ~ * *
L‘,}E;?)??Z = Z)(? (Ni3Nj3 - Ni4Nj4)7/4PR

— (N5Nj3 = N3Ny P 2+,
e

(1)

9z = ’

CwSw
where Pg/, = 1/2(14ys). N is the unitary complex
matrix that defines the physical fields )}? (i=1,....,9
in terms of the interaction eigenstates (y")' = (B°, W, HY,
Hg) (respectively bino, wino and higgsinos):

7 = Ny 2)

N diagonalizes the mass mixing matrix of the neutralino
sector Y; see [19] for details and conventions.

As can be seen from Eq. (1), the strength of the 7779Z
coupling is solely related to the higgsino component (note
the presence of the matrix elements N;; and Ny in it).
Therefore, 79%) — ZZ is expected to play an important
role, as an efficient annihilation channel, for a higgsino-like
neutralino. From Eq. (2) we define the amount of bino,
wino and higgsino of ¥ as follows:

P =NyB "+ N,W° + N3HY + N, HY, (3)

which defines the bino, wino and higgsino fraction
of 70 as fy=|Nu[%, fw = [N’ fu = NP + [Nl
respectively. The composition of the other neutralinos is
defined in an analogous way.

We consider two cases of higgsino dominance.
The higgsino-like scenario 1 is obtained by having

i) 4
h,H

i) 4
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M, =500 GeV and M, =1 TeV while y is varied from
150 to 600 GeV. In this variation the LSP composition goes
from higgsino like to bino like. As can be seen from Fig. 2
the change of the nature of the LSP is quite sudden and
occurs at an LSP mass around 450 GeV.

In the second scenario, the higgsino-like scenario 2, we
swap the values of M; and M, as compared to the first
scenario, thus allowing for a transition from higgsino to
wino, which occurs in this case around 400 GeV.

The last scenarios are bino like and wino like with y =
1 TeV while M| and M, are much smaller.

Figure 2 confirms that y{7? — ZZ is indeed important
for a higgsino-like LSP, being of the order of 10 pb for
fu ~ 1. In this case the 7% — ZZ cross sections are of the
same order as that of 797! — WTW~ and are as much as six
orders of magnitude larger than the cross section for the
annihilation into fermion pairs. This overwhelming domi-
nance is still present even when the higgsino content drops
to 50%. At this level of higgsino content, y{7? — ZZ drops
fairly quickly. In the first scenario, as some bino contami-
nation feeds in for the highest LSP masses, 707" — ff
starts picking up (due to the right slepton contribution) but
without becoming competitive with 797 — ZZ, which
remains of the same order as y"79 — W+W~. Note that
in some scenarios and for some masses there might be other
processes that enter the relic density calculation that are
more effective; we can think of coannihilation processes for
example. We do not show them here. It is true that if these
were non-negligible they would reduce the weight of the
79 — ZZ. Each of the cross sections we display tracks a
particular composition of the LSP: 77" — ff the bino,
70 — ZZ the higgsino and %) — WHW~ the wino
(even if the latter also contributes substantially in the
higgsino case). Note that when we talk about 3070 — ff
we have essentially in mind the annihilation into charged
leptons through right slepton exchange because they have
the largest hypercharge.

The situation is somehow different in the second
scenario: here, as expected, V79 — W+ W~ shoots up as
the wino content increases while 7970 — ZZ drops con-
tinuously by two orders of magnitude within a range of
150 GeV in the LSP mass and 79! — ff is always
negligible. The wino nature starts affecting the cross section
at fy = 0.8. This is easy to understand. In the pure wino

zZ

FIG. 1. Diagrams contributing to the ;}?;}? — ZZ annihilation at the tree level. i, H denote the lightest and heaviest charge parity

(CP)-even Higgs, respectively.
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FIG. 2 (color online). Tree-level annihilation cross sections (left panels) for a relative velocity of v = 0.2 (see text) of the neutralino
LSP for different masses and compositions (right panel). The characterization higgsino like, bino like and wino like stands for masses of
the LSP below 400 GeV or so. The blue shaded area in the first figure of the second row corresponds to a contribution of 797 — ZZ of
less than 10% of the total annihilation cross section (see text). For the bino and wino cases (third and fourth row), this is always the case.
For the Higgsino-like 1, first row, annihilation into ZZ is always larger than 10% in the mass range shown.

limit ;}(1’)}(1) — WtW~ is by far overwhelming; see for
example the last set of figures in Fig. 2 for the wino-like
scenario (M, < (M, u)). In the bino dominated region
(scenario 3, M| < (M,,u)), the largest cross section is

90 = £f. %) — ZZ being a fraction of it; however, as
soon as there is even a small amount of the wino
component, 797" — WTW~ takes off. In the wino domi-
nated region (scenario 4, M, < (M, p)), 7979 - WTw-
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Z i1 f Z

FIG. 3. A selection of one-loop diagrams that contribute to 779 — ZZ. The first diagram is an example of a triangle of fermion/
sfermion loops. The second is the implementation of a counterterm. The third is a box diagram of charginos and the weak boson; note
that this can be seen as 7)) — W+ W~ followed by WTW~ — ZZ. The last set consists of box diagrams of fermion/sfermions.

is the only cross section of relevance, being six orders of
magnitude larger than 7970 — ZZ. Here, it is pointless to
consider radiative corrections to 7979 — ZZ for the purpose
of improving the calculation of the relic density.

As an aside, let us mention that the smallness of the
707% — ff cross section is not only due to how small the
bino content is in the higgsino region. Even when the bino
content is large, the cross section is small compared to what
we see for ;}?;}? — ZZ in the higgsino region. Couplings
left aside, compared to 7970 — ZZ and {70 - WHw-,
7% — ff for massless fermions suffers from a chiral
suppression that leads to a vanishing s-wave contribution.
Moreover, t-channel processes are larger as the spin of the
exchanged t-channel particle is large. The latter point gives
an advantage to 7)) — ZZ mediated by a fermion rather
than 7979 — ff mediated by a sfermion, not to mention the
fact that the exchanged sfermion is generally much heavier
than the 79, whereas for 7970 — ZZ, 7970 — W+ W~ in the
higgsino region there is at least one of the neutralinos/
charginos of very comparable mass to the LSP. Let us point
also at another feature. In the higgsino region, say u =
200 GeV with M; = M, /2 = 500 GeV, a 20% change in
M results in about a 3% change in the cross section while
the neutralino mass hardly changes. In the mixed region
with u =450 GeV, M| =M,/2 =500 GeV, a 20%
change in M, results in practically a 100% change in
the cross section, while the mass of the LSP becomes as
much as 50 GeV smaller. This means that the determination
of M, (and p) is crucial in this region. This will have a
consequence on the scheme dependence in the neutralino
sector. The 75 dependence is extremely mild either in the
pure or mixed regions. From the observations we have just
made on the tree-level cross sections, it is to be stressed that
itis for higgsino-like LSP configurations that 797 — ZZ is
of relevance and it is for these configurations that the
effective approach we are seeking should best approximate
the full one-loop corrections.

Let us note that we have shown all cross sections as a
function of the LSP mass, that is as a function of physical
parameters that could be measured instead of the under-
lying parameters M, M,, . The nature of the LSP is given
by fu, fw. the higgsino and wino content. The latter could
in principle be reconstructed from the decay of other
neutralinos or the production of neutralinos at colliders.

This is also important when we move to implementing the
radiative corrections, where the physical masses, in par-
ticular that of the LSP, will be used as input parameters.

B. Beyond the tree level, full vs the form factor
effective approach

790 — ZZ at the tree level requires the computation of
no more than two sets of diagrams (see Fig. 1). Moreover,
when %7 — ZZ is an efficient annihilation channel, Higgs
boson exchange is not relevant. A one-loop computation of
the same process calls for hundreds of diagrams; a selection
of these is shown in Fig. 3.

The first two diagrams of Fig. 3 can be considered as a
universal correction to the 779Z vertex through a fermion/
sfermion loop to which counterterms are added. This is
genuinely universal since these fermion/sfermion states do
not relate to the external states. Needless to say that box
diagrams are most time consuming in a numerical evalu-
ation. Therefore, if one can show that their contribution is
small after all, the whole one-loop correction could be cast
into a correction to vertices that were already needed for the
tree-level calculation. If this is the case, one needs to
replace the tree-level vertices, in particular the most
important ones, namely 7Y79Z, by an effective form factor
vertex as shown in Fig. 4.

In this form factor approach, a single improved coupling
could be used for any process, thus allowing an easy
adaptation of tree-level codes. Nonetheless this does
assume that the effective yV7%Z vertex is just a rescaled
version of the tree-level vertex defined in Eq. (1); with an

overall replacement Eg‘?;}‘?z - K,-jﬁ)‘.;%qz, k;; 1s the form
iZ iZ]

factor. This form factor can be obtained, as we show later,
through modifications to the universal quantities g, and a
new effective “mixing matrix” N that replace the tree-level
values of Eq. (1) with g, — ¢&" and N — N°. The approach
does not allow for new Lorentz structures, otherwise the

ij

FIG. 4. Example of the one-loop vertex diagrams that can be
cast into an effective 70797 vertex.
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concept of an improved Born approximation would be
meaningless.

At one loop a full calculation of the one-particle
irreducible (1PI) )}?(k,-))}?(kj) — Z, vertex (triangle dia-
gram), where the neutralino i carries momentum k;, does in
general yield new structures besides the ones present at the
tree level. Therefore, in general the induced one-loop

corrected 7Y7%Z would have the general form

J

LO

0 eff eff
~0=~ - E- ~ g g gZ N g N
)(?)(_(;Z ){?Z(;Z( Z ’ )

+ (KT 4 K5l ) PRt 7!

K'l“.’zR are new coupling strengths. For the on-shell Z, like in
7 = ZZ, the structure k is of no relevance (as a
consequence of the on-shell spin-1 condition), while for
i #j a structure with k, could be present. One needs
therefore to make sure that such new Lorentz structures
give a negligible contribution. While these new Lorentz
structures are necessarily ultraviolet finite without the need
for renormalization, corrections to a tree-level structure
need, in general, renormalization. An important ingredient
is in fact given by the counterterms to the different
parameters entering the process and the wave function
renormalization, both effects calling for the evaluation of
some two-point functions. This is an example of the
universal character of these contributions. In many
instances these two-point functions are sufficient for the
evaluation of the universal form factor (as in ff)??) without
reference to the nature of the fermion/sfermion pair since
the universal part only refers to the 7{. For 7{79Z, the 1PI
vertex function is also needed in order to yield a finite
result. We have already encountered this situation for the
definition of the effective %797 coupling [28].

C. Renormalization

In [16,18,19,23] we gave a detailed presentation of our
procedure for the renormalization of all the sectors of the
MSSM as implemented in our code for the automatic
evaluation of one-loop corrections, SloopS [19,22,23]. We
stick to an on-shell scheme, generalizing what is done for
the electroweak standard model [38]. All fermion and
gauge boson masses are defined on shell and the electric
charge is defined in the Thomson limit. With our input
parameters for the masses of the standard model fermions,
the effective electric charge at the scale M, amounts to a
correction of about 6.5%; therefore, the running of a alone
in 797 — ZZ would give a correction of about 13%. In the
Higgs sector we take the mass of the neutral pseudoscalar
Higgs boson M as the input while 75 is defined, as usual
[23], from the decay process A? — zz. Other schemes for tg

are possible [23]. For )}(1))}(1) — ZZ, in particular in the
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higgsino case, the 7; scheme dependence is very mild and
we will not discuss it here. In the case at hand what is
most important in the renormalization procedure are the
key parameters that enter the neutralino sector, namely
M, M,, u. In SloopS the default scheme is to choose two
charginos masses, M+ and M+, as the input to define M,

and u and one neutralino mass to fix M. In this scheme, the
counterterms for the relevant parameters are [19]

SM? 5t
— M3, (M5 + psap) Mzw _”M%VSMCZﬂt_ﬂ) .
w p

5 L ((um2. = Mydetx) oy
= m-, — €
U ﬂZ —M% H Zl* 2 m)?r
5m)?+
+ (um, — M, detX)—=
2 m)?;

ot
_M%V(i“+M252ﬂ)—W_M2M%V52ﬂC2ﬂt_;>’ (5)

1
ES N_2 (5m)~(? - N%l(st + 2N3,»N4,-5,u - 2N1iN3i5Y13
1i

— 2NiN3i8Y 23 = 2N iN4;i0Y 14 — 2N3iN4i6Y ),
(6)

oM,

with det X = (Mou — M{ys05). Smso is the counterterm of

the ith neutralino defined entirely from its self energy. In
general, 0O represents the counterterm for the parameter O.
Note that both 6M, and du could also be defined from the
neutralino sector by a simple generalization of Eq. (6). The
definition of these counterterms reveals the presence of
denominators such as (M3 — ) or N7;. One should there-
fore avoid such schemes in situations in which these
denominators are very small. For example, if the LSP has
a very small bino component one should in principle avoid
taking its mass to define M; but rather choose a neutralino
where this component is not negligible. This being said,
considering that we are aiming primarily at finding a good
approximation for the higgsino case, the scheme depend-
ence as concerns the best choice for defining M, is not an
issue, as we shall see. On-shell renormalization also requires
that no mixing between different physical fields remains
after renormalization of the parameters and that the physical
fields are such that the residue at the pole of the propagators
is one. This is achieved through wave function renormal-
ization for the neutralinos [19]:
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- 0 1 -
- +§Z(6ZijPL + 5Z?jPR)Z?- (7)
J

These wave function renormalization constants are particu-
larly important for the definition of the effective couplings.

D. Implementation of the corrections for 77%)Z

From what we have just seen, the form factor includes
the effects due to the renormalization of the gauge
couplings but also the effects due to the mixing between
fields at one loop (including renormalization of the weak
mixing angle and the mixing between the neutralinos).
These are implemented through the self-energy two-point
functions of the various fields. To sum up, as advertised
earlier, the effective form factor vertex is obtained by
substituting g, — 95?}92 and N —» N + AN with

L

1
Nij =5 ZNkjcSZk,»,

g5 2z = 92(1+ Bgz + Ag; oxoz> (8)

(i,j.k) = 1.4,

0Z represents the various wave function renormalizations
for the neutralino system [see Eq. (7)] obtained solely
through the set of two-point functions relative to the self-
energies of the neutralinos. As such, all arguments of these
two-point functions are evaluated at the pole mass of the
neutralinos. The full expressions are given in [19].

For the overall coupling g, we see that it involves two
parts, Ag, and Ag?@;;@z' Similarly to the shift AN, Ag;y is

L)

expressed solely in terms of the self energies of the neutral
gauge bosons. We have

1 o | e (1)
Ag,=Ag,(M2) =~ (I, (0)—2°W 721~
9z gz( Z) 2( W() cw M%

(G (Tz(M) Ty (M3)
2 52, M2 M3,

) ©

where Iy with V, V' = W, Z, y denotes the self energies

of the gauge vector bosons. The combination of Ag, and

AN, defined solely from two-point functions, does not lead

to a finite result. In order to get a finite result we need to add

a genuine three-point function contribution which we have

labeled Ag??;;@[ We have decided to extract this contribu-
L)

tion from the amplitude of the one-loop transition )?? -

777 by identifying the corrections to the coefficients of the
Lorentz structures that are already present at the tree level.

It is important to stress that, for the form factor
approximation, we only take into account leptons, quarks
and their superpartners circulating into the loops. Loops
involving gauge bosons and their superpartners have
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always been problematic and the problems are present
even in the SM in the case of the Zf f process. In fact, in the
approach we are using, it is difficult to extract a gauge
independent value. This also leads to problems with
unitarity. This would then require us to include at least
part of the box contribution, but this contribution cannot be
described in the simplified form factor approach.

The alert reader will have noticed that we have identified
Ag, with Ag,(M?%). This is what would have been used for
the decay Z — ff and, since the Z is on shell for 7979 — ZZ,
this is appropriate. Note that in [28] we had improved on this
by using for %79 — Z — ff arunning Ag, evaluated at the
invariant mass of the ff system. Here, in the same vein we

have implemented the gef)goz for two different scales that

enter the contribution Agfo)?o 7 The scale relates to the value
it

of the invariant mass of the would be, in }{¥" — ZZ,
intermediate neutralino. As we will see when performing
the calculations in different scenarios, the difference in the
corrected (effective) calculation is small between the two
choices of scales that we are about to define.

(i) In the default implementation of the form factor
approach, the ¥%79Z triangle vertex is evaluated on
the mass shell for all three particles. Although 7? —
737 (that is needed for V%% — ZZ) is not always
open kinematically, one may still, at the amplitude
level, evaluate this transition with all external
momenta on shell. An advantage of this, is that
once a model is defined and therefore all masses of
neutralinos known, the form factor is given once and
for all for this model and could be applied to any
kind of process where the vertex y| ;(OZ is involved.
In this implementation the effective couphng is

simply denoted by geff(,z and Q~0 = m}?0

(i) One could think of shghtly adaptlng the form factor
to the kinematics of the V%" — ZZ process by
taking into consideration that for ;}1 5{1 — 77, the
7Y in the vertex 7? — 7%Z is off shell with the
invariant mass Q)%(? ~M?2 - m;((l, (taking into account

the small relative velocity of the LSP). In this case
the effective coupling is denoted by geffo Z(Q)?{Q)

(iii) In order to quantitatively compare the effect of a
different implementation of the vertex, we have also
implemented the new Lorentz structure (the k~

terms) together the effective coupling geff OZ(Q;%(Q)'

We will refer to this approximation as A 7 A. Fnok-

has no new Lorentz structure and corresponds

therefore to gegf 7 (Q%)-

As we will see, the effect of the induced new Lorentz
structures is totally negligible. This is a welcome feature
since codes for the calculations of tree-level cross sections
based on a tree-level Lagrangian can be used without
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implementing new structures and new rules; we will only
need to pass the modified overall effective couplings. When
we compare our results for the different approximations, FF
stands for the form factor approach implemented directly in
a tree-level calculator by exchanging the tree-level coupling
with the improved one. Modifying the coupling in a cross
section evaluator code from g, to g;(1 + 8g;) will inevi-
tably incorporate contributions of the order (5g;)%. These
should be small if the one-loop contribution is perturbative
and, thus, makes sense. Nonetheless, for corrections of the
order of 10-20% of the tree-level calculation a form factor
implementation in a tree-level code that incorporates
O((8g7)?) can be off by 2-4%. We should allow for this
when we compare the results with the full one-loop
calculation which does not include higher other terms.
Contrary to the FF, in the implementation of A ,; and
A F ok 1O quadratic terms of the type (8g,)? are present.
Tlgerefore, besides the kinematics, with A - and A5 -
we are following what is implemented within a fu{Ifbne—
loop calculation, save for the fact that only leptons, quarks
and their superpartners are kept in the loops.
Apart from the A 77 correction, the full one-loop calcu-
lation includes
(i) the set of all two-point, three-point and four-point
function contributions not involving leptons, quarks
and their superpartners [this set will be referred to
as (A+o),, 7],
(ii) box diagrams involving leptons, quarks and their
superpartners as depicted in the last diagram
of Fig. 3,
(iii) one-loop corrections to the s-channel Higgs boson
exchange contribution which is generally very small.

ITI. ANALYSIS AT ONE LOOP

We now analyze the performance of the approximations
compared to the results of the full one-loop corrections for
all four types of scenarios that we described earlier when
presenting the tree-level cross sections. The cross sections
are evaluated as previously for v = 0.2. When analyzing the
one-loop results it is important to recall the tree-level

PHYSICAL REVIEW D 89, 115020 (2014)

behavior and the LSP content as shown in Fig. 2 to which
we urge the reader to refer to alongside the loop corrections
we discuss below.

A. Higgsino-like cases

As we can see from Fig. 5, in the case of a higgsino-like
LSP, the full one-loop radiative corrections range from 11%
(for the lightest masses) to -3% (for the heaviest LSP). The
drop in the correction as the mass of the LSP increases is
smooth. As the nature of the LSP turns bino like, we see a
turnover in the percentage correction. In the range of a LSP
mass between 450 and 500 GeV this correction increases
slightly. This trend, with the turnover, is reproduced with
the FF approximation. In fact, the result that we obtain
using the form factor is not far from the full correction even
if it is more “flat” for small (less than 300 GeV) LSP
masses. The largest discrepancy is observed for the lightest
masses, 150 GeV, where we have a difference slightly
above 4%. Otherwise, the difference between the full result
and the FF is well within 4%. A naive implementation
through a running of a would accidentally be not a bad
approximation for masses around 150 GeV, since this
amounts to about a 13% correction. This implementation
would however be off as the mass increases. Moreover, this
will not show as much variation and structure as the
effective FF and the full one-loop correction suggests.
Note that the contribution of the W/7* boxes are small;
they are not larger than 4%. The s-channel contribution
(Higgs boson exchange) in this case is totally negligible. As
for the different implementations of the effective approach,
we see that the addition of a new Lorentz structure (k~
terms) is totally negligible. For most of the mass range, in
particular for the whole range where the y)7° — ZZ cross
section is large and the LSP is dominantly higgsino, the
form factor approach and the A ;. agree very well. The
largest difference shows up in the (uninteresting) bino-like
region and amounts to no more than 1%.

We now turn to the second scenario of higgsino-like
LSPs and plot the results in Fig. 6. The difference with the
previous case is that the LSP picks up more and more of the

12 T T T T
— full

A(%)

A(%)

150 200 250 300 350 400 450

FIG. 5 (color online).

150 200 250 300 350 400 450

Radiative corrections as a function of the neutralino LSP mass for different approaches. Up to LSP masses

around 400 GeV, the LSP is dominantly higgsino. Around 450 GeV the LSP turns into a bino-like LSP. The panel on the right compares
the different implementations of the form factor approach (see the text for the meaning of the labeling).
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FIG. 6 (color online).
the same as in Fig. 5.

wino component as the mass the LSP increases. Compared
to the previous case, the contamination due to the wino
component starts much earlier in the sense that the higgsino
fraction drops more quickly. One must keep in mind that
the tree-level cross section y07? — ZZ is less than a tenth of
7% — WTW~ for LSP masses above 400 GeV. This is the
reason we only consider the corrections to the 7% — ZZ
cross section for masses below 400 GeV. Up to neutralino
masses of about 300 GeV the conclusions are the same
as in the previous case. For example, in the range
myo = 200-300 GeV, the difference between the full cor-

rection and the form factor approach is less than 4%. The
difference increases very fast past 300 GeV. At400 GeV, the
FF correction is about 12% while the full correction is more
than 35%. On the one hand, as the difference between the full
one-loop and the FF starts growing, around 300 GeV, the
ratio 03020 77 / o ww- gets smaller, meaning that
79 = ZZ is not so relevant for a relic density calculation.
On the other hand we note that for the same reason the box
contribution starts picking up and is certainly not negligible
in this region. As the wino component increases, )}?;}(1’ -
W+ W~ becomes more and more important; consequently,
rescattering effects become important so that 7979 — ZZ is
induced through 7% — W*W~ that rescatters to give
WTW~ — ZZ. This is exactly the contribution of the

PHYSICAL REVIEW D 89, 115020 (2014)
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“Agf

1+
10

A(%)
O

200 250 300

mi?

Higgsino LSP with some of the wino component, corresponding to the higgsino-like 2 scenario. The labeling is

wino/chargino boxes (see the third diagram in Fig. 3). We
will see this more explicitly when we look at the loop
corrections for a wino-like LSP annihilating to ZZ.

As for the previous case, any one-loop induced new
Lorentz structure is totally negligible (see Fig. 6). Once
more, the difference between the FF implementation (all
particles on their mass shell) and the vertex insertion with
the invariant mass of the intermediate neutralino at the
correct kinematical value for 3070 — ZZ, is within 1%. In
fact, this difference is much smaller than 1% for the large
790 = ZZ cross sections corresponding to the largest
higgsino content.

B. Bino-like LSP

Studying the radiative corrections to 77" — ZZ in such
scenarios is not particularly useful. In this scenario fz ~0
and 779 — ZZ accounts for much less than 10% of all
annihilation channels. In fact, up to masses around
450 GeV f ~ land 7979 — ff dominates the annihilation
cross section. Even before the wino component fully picks
up, 707% = WHW~ increases (for masses past 450 GeV)
and the contribution of 97 = ZZ to the total annihila-
tion rate is even smaller. Nonetheless, it is perhaps worth
seeing where the corrections to 779 — ZZ stem from.
Considering the smallness of the tree-level )07 — ZZ, itis

10°

T T T T
—fU“ "'(A+D)no f 121 = - Agg IL
— ] i i ff /]
102 full(no s-ch) ... FF A 0T Ak ’
_ FF
ST
<4 7

-10!

—102 I I I I I I
150 200 250 300 350 400 450

FIG. 7 (color online).

150 200 250 300 350
e

X

400 450

Results of a one-loop calculation in the case where the higgsino component is vanishing. For masses up to

450 GeV or so, the LSP is bino like. Its nature changes suddenly to a wino-like LSP for masses greater than 450 GeV. Here, we also show
the results that one would obtain if the radiative corrections to the s-channel Higgs exchange are not taken into account, labeled as “full
(no s-ch).” The rest of the labeling is the same as in Fig. 5. The grey-shaded horizontal band corresponds to corrections within +20%,

plotted using a linear scale.
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FIG. 8 (color online).

more appropriate to indicate how )}(1);}(1) — ZZ is generated
at one loop. Indeed, for the most part of the parameter space
in this scenario the full correction is larger than 20%; it
even reaches 100% for My = 150 GeV and even more for

the highest masses when the LSP is wino like. In the wino-
like region (which we will study more specifically in the
next section), rescattering effects through 379 — W+w-
become important, as we have seen in the last section. As
Fig. 7 shows for myo > 450 GeV, the full correction is

driven by the W/7* loops, in particular by the box
diagrams. For lower masses, when the LSP is bino, this
rescattering is relatively small. Yet the FF fails completely
in reproducing the full correction. What our study shows is
that it is important to correct the s-channel Higgs boson
exchange contribution in the bino case. Indeed, leaving
aside this correction gives a large discrepancy with the full
correction. Note also that the FF implementation margin-
ally reproduces the non s-channel Higgs boson exchange.
One can therefore say that in this case the form factor result
is not very reliable both in the wino and in the bino regions.
Furthermore, our study reveals that there is an issue about
which invariant mass one implements for the intermediate
neutralino that is exchanged in the ¢/u channels. Although
this is smaller than 2% for my < 300 GeV, the discrep-
ancy increases to more than 4%. This of course is a small
detail and a tiny discrepancy compared to the performance
of the FF against the full one-loop correction. Once more,
the effect of the new Lorentz structures in the vertex is
totally negligible.

C. Wino-like LSP

In this scenario )}(1) )?(1) — ZZ is extremely small compared
to the dominant %) — W W~ cross section; the two cross
sections are six orders of magnitude apart. Therefore, for
the relic density calculation there is no need to include
79 — ZZ. The reason we have looked at the one-loop
corrections is just to make the previous observations about
the importance of rescattering 379 — W+ W~ followed by
W*TW~ — ZZ more striking, as shown in Fig. 8. We can
see that for practically all masses the full correction is
driven by the W/7* loops and therefore the FF approach

PHYSICAL REVIEW D 89, 115020 (2014)

A(%)
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mﬁ)

Same as in Fig. 5 but for a wino-like LSP.

based on the leptons, quarks and superpartner loops is
totally negligible. Of course in this case talking about
radiative corrections does not make much sense, consid-
ering that the effect of the loops amounts to “corrections” in
excess of a few hundred percent of the tree-level cross
section. As we have argued previously, it is best to consider
that for these cases 7)) — ZZ is induced through
70 - WHW-. The important message in this wino
scenario is that one must perform a one-loop correction
on V7% - WHW~ since this is by far the largest cross
section. Coannihilation processes should also be taken into
account and we leave these studies for a forthcoming
publication. Figure 8 also shows that there is little differ-
ence between implementing the vertex correction through a
full FF and a A 77 and that, once more, the effect of a new

Lorentz structure although noticeable here, is below the
1%. These observation are of course an unimportant detail
in view of the tiny effect of the entire effective vertex
correction.

IV. RENORMALIZATION SCHEME
DEPENDENCE: THE INPUT NEUTRALINO
MASSES

The summary so far is that 7{%% — ZZ is an important
annihilation channel as long as one is in the higgsino region
and that, in this region, it is important to have a good
prediction for this channel. In the higgsino-like scenarios
we have seen that the FF approximation is quite a good one.
One should then address the question of how much these
conclusions, both for the full one-loop calculation and the
FF approximation, depend on the renormalization scheme.
For the bino-like and wino-like scenarios this issue is of no
importance since %79 — ZZ is not an efficient annihilation
channel.

First, we briefly review the 5 scheme dependence. The
default scheme is based on using A’ — 77. Moving to a DR
scheme [23] the changes are hardly noticeable. This is not
surprising; recall our discussion on the #; dependence of the
tree-level results. We found that a change in 74 amounted to
little effect on the cross section. In fact, the most crucial
scheme dependence concerns the choice of the neutralino
mass to define the counterterm for M. In our default
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FIG. 9 (color online). We compare the differences in the results for the percentage corrections between (i) the default scheme where in
the neutralino sector the LSP mass is taken as the input physical mass to reconstruct M| (6M, (m o)) and (ii) when the mass of the ;(3 is
taken as an input, (5m o) ‘We do this for both the full set of the radiative corrections (solid line) and the form factor approach (dashed
lines). The small panels on the right indicate the different compositions for each of the four neutralmos Throughout the range, 79 is, for
all purposes, a wino whrle ;(2 1s a higgsino. Up to m; 0= =450 GeV, the LSP is higgsino like and %9 is bino like; for masses beyond

450 GeV the roles of 79 and 79 are swapped.

scheme, Mo is used to reconstruct M, the bino parameter.
In the hrggsmo limit, f;; ~ 1, this choice does not, at first,
seem to be a good one since the bino component is very
small. Indeed, N;; ~0 in Eq. (6). However, a one-loop
calculation of y%%% — ZZ is only crucial in the higgsino
limit where what matters is a good reconstruction of yu, or
rather the higgsino component. This is quite nicely
extracted from the lightest chargino mass. Therefore, in
this limit since ;}(1))}(1) — ZZ depends very mildly on M,
there should be no difference between the different schemes
that are used in the neutralino sector to reconstruct 6M.
Figure 9 confirms these expectations in the scenario we
call higgsino-like 1 where for masses up to my =
450 GeV the LSP is dominantly higgsino. We find that
the M, scheme dependence is totally negligible for the
full one-loop results up to m; = =450 GeV. If we
compare a scheme where M is extracted from the most
bino-like neutralino, ¥ ;(3, with the default scheme, we find
a difference that is within 1% or so. The FF approxi-
mation follows the same trend although it looks like the
agreement between the full one-loop and FF is slightly
better when taking the LSP as the input. Past a mass of
450 GeV, the transition towards a more bino-like LSP
takes place and the %" — ZZ cross section decreases.
However, once the transition occurs and the amount of
bino in the LSP becomes relevant, the way in which we
extract M| matters. We find that using m; 705 instead of
Mz, as the input past 450 GeV leads to very large
corrections and deviates significantly from the result of
the default scheme. For mso ~ 480 GeV the difference

between using Mo and M for example is about 20%.
This is much larger than the difference between the full
one loop and the effective coupling approach within the
same scheme. The large M, scheme dependence in this
bino configuration is directly related to the strong M,
dependence of the tree-level cross section we pointed out
in Sec. IIA. At the higgsino to bino transition point and
above, it is perfectly sensible to keep using m; 70, the now
bino-like LSP mass, to define M; [N;; in Eq (6) is no
longer small]. We therefore suggest to always use mz as
the input parameter for ;(1 7Y — ZZ no matter what the
composition of the LSP is. To summarize, whenever the
higgsino component is large and }%7) — ZZ is of
relevance, not only is the FF a good approximation
but, also, both for the full and the FF results, the scheme

dependence is negligible.

V. EFFECTS OF VERY HEAVY SFERMIONS
AND THEIR NONDECOUPLING

We argued in the introduction to this paper and we
discussed more at length in [28] when analyzing ;}‘1);}(1) -
ff that the annihilation cross section of interest for the relic
density exhibits the effect of nondecoupling of the very
heavy sfermions which is a consequence of supersymmetry
breaking and the fact that My <K m; . This nondecoupling
has been studied in a different context earlier [30,39,40].
Figure 10 shows how the correction increases as the mass
of the common sfermion mass increases from 500 GeV to
2.5 TeV. After a relatively rapid rise, the increase is mild,
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FIG. 10 (color online). Dependence of the full one-loop and
effective radiative corrections on the common sfermion mass for a
higgsino-like LSP. These points correspond to a neutralino of the
mass my = 142.5 GeV and the components (fg,fw,fu) =
(0.008,0.005, 0.987).

almost leveling off for multi-TeV masses of the sfermions.
The variation in the fermion/sfermion masses is well
reproduced by the effective couplings in the FF approach.

VI. FIXING THE MASS OF THE LSP

Up to now we have presented our results as a function of
the neutralino LSP mass, for masses up to 450 GeV. The
LSP was for all purposes in a “pure” state (higgsino, bino or
wino). Past 450 GeV its composition would, in most of the
cases, change rather drastically. It is interesting to also

PHYSICAL REVIEW D 89, 115020 (2014)

investigate the corrections and the performance of the FF
approximation by fixing the mass of the LSP while varying
its composition. We do this for three values of the LSP
mass, 110, 200, 400 GeV, and generate points in the
parameter space that correspond to neutralino LSP masses
within 2 GeV around these values. Figure 11 does confirm
that the largest cross sections do occur for the largest values
of fy. As the wino component grows, the cross section
decreases for all three values of the LSP mass. In fact, as
soon as fy > 0.2, the relative weight of the ;}?;}(1) - 77
(normalized to 307" — W+ W~ and the annihilation into the
three leptons, without including possible coannihilation
processes) drops below 10%. We consider that below this
relative weight it is not important to get the full radiative
correction since one should rather concentrate on getting as
precise a result as possible for the dominant annihilation
process.

We have then assessed, whenever 707 — ZZ is relevant,
how the FF performs and how large the full radiative
corrections can be. Figure 12 shows that the FF approach
performs best in the higgsino corner. In that corner the best
results are obtained for mso = 200, 400 GeV where the

approximation is within 4% of the full result. The worst
agreement is along a line with the highest fy, and lowest
fu, as expected. However, with the restrictions we have
imposed, namely to consider the radiative corrections only
for points that have 707" — ZZ contributing more than
10%, there are only very few points where the disagreement
is larger than 15%.
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FIG. 11 (color online). Annihilation cross section for the process 37" — ZZ according to its wino and higgsino content for a
neutralino of the masses (from the left to right panel) 110, 200 and 400 (+2) GeV and a relative scattering velocity of v = 0.2. We plot
the tree-level cross section for 7% — ZZ and its weight with respect to the 7070 — WE*WT and 379 — pji cross sections.
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FIG. 12 (color online).

fu

Relative one-loop contributions to the tree-level annihilation cross section for the process y\7) — ZZ

corresponding to the tree-level cross sections given in Fig. 11. The panels are ordered in the same way as in Fig. 11. We plot the relative
one-loop corrections obtained with the full one-loop calculation (first row), the form factor approach (second row) and the difference
between the two (third row). We only consider those points for which the tree-level cross section for the annihilation into ZZ is at least

10% of the “total” cross section (see Fig. 11).

VII. SUMMARY

Among all the constraints that are imposed on super-
symmetry, for example through scans on the parameter
space, the value of the relic density is the most stringent.
The reason is most obvious. The current value on the relic
density as extracted from a combination of cosmological
measurements is at the percent level. Within the standard
thermal cosmological model, this very accurate measure-
ment translates into a very constraining bound on the cross
sections involved in the annihilation of the LSP dark matter
into standard model particles and hence on the underlying
parameters of the supersymmetric model. Although this
situation could be compared to the impact that the precision
LEP measurements had on constraining many models of
new physics, the difference is that the experimental
precision on the relic density is not matched by as precise
of theoretical calculations. The analyses still use predic-
tions on the relic density based on tree-level calculations of
the annihilation cross sections and very often do not
incorporate a theoretical uncertainty that accounts for the

missing higher order calculations. Tools to perform one-
loop calculations in supersymmetry do exist and their
exploitation for the relic density computation have been
achieved for many annihilation processes. It must however
be recognized that such full one-loop calculations are
lengthy and bulky: thousands of one-loop diagrams need
to be evaluated, each one calling large libraries for one-loop
integrals. Continuing our comparison with the LEP, it is
important to inquire whether a large part of the full one-
loop corrections can be embedded in a minimal set of form
factors that correct the tree-level couplings. This set of
improved couplings can then be used for any process, not
just the annihilation cross sections but also, for example,
decays of some particles. If this program can be realized it
would be easy to exploit the same existing tree-level codes
that are used for the relic density calculations. We initiated
this program in a previous publication where we focused
our attention on a bino-like scenario for the LSP where the
most important channel is 797) — ff. This has allowed us
to provide form factors for two important couplings of the
neutralinos: 7 Of f and ;((1);( Z. In this paper we have
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considered y'7Y — ZZ and in particular have extended the
form factor library to 7707, where 7V can be any
neutralino. The process ;}(1))}(1) — ZZ is also what character-
izes a higgsino-like LSP. Of course, annihilation into vector
bosons is more involved than annihilation into fermions
and therefore it is very important to compare the results of
the form factor approach to a full one-loop calculation. This
is what we have performed in this paper. The results we find
are very encouraging. We find that whenever annihilation to
ZZ7 is relevant for the relic density, the form factor is a good
approximation. In fact, for an almost pure higgsino the
approach is very good. As the higgsino component
degrades, the approximation becomes less and less reliable.
This is even more so the case when the contamination is
due to a wino component. However, as the wino component
gets large, °7% — ZZ becomes inefficient as an annihila-
tion channel. The cross section is tiny compared to the then
dominant 797} — W*W~ and therefore its weight in the
relic density calculation becomes more and more marginal
as the form factor approximation gets less and less precise.
The dominance of f(? ;}(1) — WT W~ is also the reason why the
approximation fails. Indeed, as we have shown, in these
wino scenarios, one-loop box diagrams that are not
accounted for by the form factor approach become impor-
tant, if not dominant. This is due to what we called the
rescattering effect. Indeed, in these cases y%79 — ZZ is
generated through 7%7) — WHW~ followed by W W~ —
ZZ. The latter is a large cross section. The leading con-
tribution from such effects could most probably be extracted
in a compact form. We leave such improvement to a
forthcoming analysis. Although the one-loop calculation
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of Y979 — ZZ is technically different from 307? — ff, the
conclusions about the performance of the form factors in
the two cases are quite similar. Whenever the cross sections
are efficient channels that contribute substantially to the relic
density calculation, the form factor approach is a good
approximation, in the sense that we reproduce the results
within 4-5%. We have also checked that in these cases there
are no large theory uncertainties due to the renormalization
scheme dependence. This good news encourages us to
consider other scenarios and provide more form factors.
The next important step, which we have already started, is a
thorough investigation of the wino case through the impor-
tant annihilation channel 37" — W*W~. One should also
add to the list some important coannihilation channels, in
particular those involving gauge bosons. The latter will be
more relevant for higher LSP masses in both the wino and
higgsino cases. In this paper we only considered LSP masses
up to 500 GeV. The regime of the (multi)-TeV LSP requires a
different approach that must address the large corrections of
the Sudakov type and also in some cases the Sommerfeld
effect as discussed in [13,15-17].
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