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Squark-, slepton-, and neutralino-chargino coannihilation effects in the low-energy effective
minimal supersymmetric standard model
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We calculate the neutralino relic density within the low-energy effective minimal supersymmetric extension
of the standard model~effMSSM! taking into account slepton-neutralino, squark-neutralino and neutralino–
chargino-neutralino coannihilation channels. By including squark~top squark and bottom squark! coannihila-
tion channels we extend our comparative study to all allowed coannihilations and obtain the general result that
all of them give sizable contributions to the reduction of the neutralino relic density. Because of these coan-
nihilation processes some models~mostly with large neutralino masses! fall within the cosmologically inter-
esting region for relic density, but other models drop out at this region. Nevertheless, the predictions for direct
and indirect dark matter detection rates are not strongly affected by these coannihilation channels in the
effMSSM.
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I. INTRODUCTION

A variety of data, ranging from galactic rotation curves
large scale structure formation, and the cosmic microw
background radiation imply a significant density 0.1,Vh2

,0.3 @1# of so-called cold dark matter~CDM!. Here V
5r/rc andrc53H2/8pGN is the critical closure density o
the universe,GN is the Newton constant, andh is the Hubble
constant in units of 100 km/s/Mpc. It is generally believ
that most of the CDM is made of weakly interacting mass
particles~WIMPs! @2#. A commonly considered candidate fo
the WIMP is the lightest neutralino, provided it is the lighte
supersymmetric particle~LSP! @3# in the minimal supersym-
metric extension of the standard model~MSSM!. Four neu-
tralinos in the MSSM, being mass eigenstates, are mixtu
of the B-ino B̃, W-ino W̃, and HiggsinosH̃d

0 , H̃u
0 , and the

LSP can be written as a compositionx[x̃15N11B̃1N12W̃

1N13H̃d
01N14H̃u

0 , whereNi j are the entries of the neutralin
mixing matrix. In supersymmetry~SUSY! phenomenology
one usually classifies neutralinos as gaugino-like~with P
'1), Higgsino-like ~with P'0), and mixed, where the
gaugino fraction is defined asP5uN11u21uN12u2.

In most approaches the LSP is stable due toR-parity con-
servation @4#. The neutralino, being massive, neutral a
stable, often provides a sizable contribution to the relic d
sity. The contribution of neutralinos to the relic density
strongly model dependent and varies by several order
magnitude over the whole allowed parameter space of
MSSM. The neutralino relic density then can impose str
gent constraints on the parameters of the MSSM and
SUSY particle spectrum, and may have important con
quences both for studies of SUSY at colliders and in as
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particle experiments. In light of this and taking into accou
the continuing improvements in determining the abunda
of CDM and other components of the Universe, which ha
now reached an unprecedented precision@5#, one needs to
perform an accurate enough computation of the WIMP re
abundance, which would allow reliable comparison of theo
with observation. Important progress in calculations of t
relic density of neutralinos in a variety of supersymmet
models has been already made@6–42#.

In the early universe neutralinos existed in thermal eq
librium with the cosmic thermal plasma. As the universe e
panded and cooled, the thermal energy is no longer suffic
to produce neutralinos at an appreciable rate, they deco
and their number density scales with co-moving volume. T
sparticles significantly heavier than the LSP decouple at
earlier time and decay into LSPs before the LSPs themse
decouple. Nevertheless there may exist some other nex
lightest sparticles~NLSPs! which are not much heavier tha
the stable LSP. The number densities of the NLSPs have
slight Boltzmann suppressions with respect to the LSP nu
ber density when the LSP freezes out of chemical equi
rium with the thermal bath. Therefore they may still b
present in the thermal plasma, and NLSP-LSP and NL
NLSP interactions keep the LSP in thermal equilibrium,
sulting in significant reduction of the LSP number dens
and leading to acceptable values even with a rather he
sparticle spectrum@26#. Thesecoannihilationprocesses can
be particularly important when the LSP-LSP annihilation ra
itself is suppressed@14,39,23#. Any SUSY particle can be
involved in the coannihilation process provided its mass
almost degenerate with the mass of the LSP@14,27#. In the
low-energy effective MSSM~effMSSM!, where one ignores
restriction from unification assumptions and investigates
MSSM parameter space at the weak scale@23,21,43,44# there
is, in principle, no preference for the next-to-lightest SUS
particle.
©2002 The American Physical Society05-1
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The relativistic thermal averaging formalism@15# was ex-
tended to include coannihilation processes in@23#, and was
implemented in theDARKSUSY code@24# for coannihilation
of charginos and heavier neutralinos. In was found@23# that
for Higgsino-like LSP such a coannihilation significantly d
creases the relic density and rules out these LSPs from
region of cosmological interest.

The importance of the neutralino coannihilation with sfe
mions was emphasized and investigated for sleptons@26,28#,
top squarks@33,34# and bottom squarks@31# in the so-called
constrained MSSM~CMSSM! @22,16,45# or in supergravity
~MSUGRA! models @46#. The most popular MSUGRA
model @46# has a minimal set of parameters:m0 , m1/2, A0 ,
tanb, and sgn(m). Here m0 is the universal scalar mas
m1/2 is the universal gaugino mass, andA0 is the universal
trilinear mass, all evaluated atMGUT, tanb is the ratio of
Higgs field vacuum expectation values, andm is a Higgs
parameter of the superpotential. There are strong correlat
of sfermion, Higgs boson, and gaugino masses in MSUG
originating from unification assumptions. In regions of t
MSUGRA parameter space wherex and t̃1 were nearly de-
generate~at low m0), coannihilations could give rise to rea
sonable values of the relic density even at very large va
of m1/2, at both low and high tanb @26,31#. In addition, for
large values of the parameterA0 or for non-universal scala
masses, top or bottom squark masses could become n
degenerate with thex, so that squark coannihilation pro
cesses can become important as well@33,34#. Therefore due
to slepton and squark coannihilation effects, the relic den
can reach the cosmologically interesting range of 0.1,Vh2

,0.3.
The influence of coannihilation channels on the LSP p

ton scalar elastic cross sections was considered in super
ity and D-brane models in@31# and in a MSUGRA-like
SUSY model for large tanb ~only for stau coannihilations!
in @29#.

Having in mind investigation of future prospects for dire
and indirect detection of relict LSP we follow the most ph
nomenological view, not bounded by theoretical restrictio
from sfermion–gaugino–Higgs-boson mass unifications,
To this end we need maximally general and accurate ca
lations of the relic density within the low-energy effectiv
MSSM scheme~effMSSM! @21,43#. The high-level tool for
these calculations is theDARKSUSY code@24#. Unfortunately
the code calculates only the neutralino with next neutr
no~s! and chargino coannihilations~NCC!, which is not suf-
ficient, when neutralino-slepton coannihilation~SLC! and
neutralino-squark~SQC! coannihilation are claimed to b
dominant@26,28,33,34,31#.

Contrary to the majority of previous papers~see for ex-
ample @26,34,30,28,40#!, aimed mostly at discovery an
demonstration of the importance or dominance of some s
cific coannihilation channels, our main goal is the investig
tion of the interplay between different coannihilation cha
nels as well as their consequences for detection of CDM
this end a comparative study of NCC and SLC chann
exploration of relevant changes in the relic density and
vestigation of their consequences for detection of CDM p
ticles were performed in the effMSSM in our previous pap
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@42#. The present paper extends our investigations@42# to the
neutralino–top-squark and neutralino–bottom-squark co
nihilations and completes our consideration of the subje
For this purpose we combined our previous code@43# with
the DARKSUSY code@24# and codes of@26,34#, which allows
for the first time comparative study of relevant coannihi
tion channels~NCC, SLC, SQC! in the low-energy ef-
fMSSM.

II. THE effMSSM APPROACH

As free parameters in the effMSSM, we use the gaug
mass parametersM1 ,M2, the entries to the squark and sle
ton mixing matricesmQ̃

2 ,mŨ
2 ,mD̃

2 ,mR̃
2 ,mL̃

2 for the first and

second generations andmQ̃3

2 ,mT̃
2 ,mB̃

2 ,mR̃3

2 ,mL̃3

2 for the third

generation, respectively, the third generation trilinear s
couplingsAt ,Ab ,At , the massmA of the pseudoscalar Higg
boson, the Higgs superpotential parameterm, and tanb. To
reasonably reduce the parameter space we assumedmŨ

2

5mD̃
2

5mQ̃
2 , mT̃

2
5mB̃

2
5mQ̃3

2 , mR̃
2
5mL̃

2 ; mR̃3

2
5mL̃3

2 and have

fixed Ab5At̃50 @43#. The third gaugino mass parameterM3
defines the mass of the gluino in the model and is determi
by means of the grand unified theory GUT assumptionM2
50.3M3. The remaining parameters defined our effMSS
parameter space and were scanned randomly within the
lowing intervals:

21 TeV,M1,1 TeV, 22 TeV,M2 ,m,At,2 TeV,

1.5,tanb,50, 50 GeV,MA,1000 GeV,

10 GeV2,mQ̃
2 ,mL̃

2 ,mQ̃3

2 ,mL̃3

2
,106 GeV2.

We have included the current experimental upper limits
sparticle masses as given by the Particle Data Group@47#.
The limits on the rareb→sg decay@48# following @49# have
also been imposed. The calculations of the neutrali
nucleon cross sections and direct and indirect detection r
follow the description given in@3,43#.

The number density is governed by the Boltzmann eq
tion @15,23#

dn

dt
13Hn52^sv&~n22neq

2 ! ~1!

with n either being the LSP number density if there are
other coannihilating sparticles, or the sum over the num
densities of all coannihilation partners. The index ‘‘eq’’ d
notes the corresponding equilibrium value. To solve the B
zmann equation~1! one needs to evaluate the thermally a
eraged neutralino annihilation cross section^sv&. Without
coannihilation processeŝsv& is given as the thermal aver
age of the LSP annihilation cross sectionsxx multiplied by
the relative velocityv of the annihilating LSPs
5-2
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FIG. 1. Effects of squark-neutralino~SQC!, slepton-neutralino~SLC!, and neutralino-chargino-~neutralino! ~NCC! coannihilations in
effMSSM. Panels~a!–~d! display ratiosVh2

SQC/Vh2
IGC , Vh2

SLC/Vh2
IGC , Vh2

NCC/Vh2
IGC , andVh2

ACC /Vh2
SLC for the case when all

coannihilations are included. The maximal reduction factors for all channels~NCC, SQC, and SLC! are of the order of 1023. Encircled
points mark the cosmologically interesting relic density 0.1,Vh2

COA,0.3. In panel~a! up-going triangles correspond to top squa
coannihilations and down-going triangles correspond to bottom squark coannihilations. The top squark and bottom squark contrib
seen to be equal.
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^sv&5^sxxv&, ~2!

otherwise it is determined aŝsv&5^seffv&, where the ef-
fective thermally averaged cross section is obtained by s
mation over coannihilating particles@15,23#

^seffv&5(
i j

^s i j v i j &
ni

eq

neq

nj
eq

neq
. ~3!

If n0 denotes the present-day number density of the re
the relic density is given by

V5
mxn0

rc
. ~4!

For each point in the MSSM parameter space~the MSSM
model! we have evaluated the relic density of the LSP,
noring any possibility of coannihilation~IGC!, taking into
account only neutralino-chargino~NCC!, slepton~SLC!, or
squark~SQC! coannihilations separately, and including all
the coannihilation channels~ACC!. To this endDARKSUSY

procedures of̂ seffv& evaluation and solution of Boltzman
equation were implemented in our former code@43#. Coan-
11500
-

s,

-

nihilations with two-body final states that can occur betwe
neutralinos, charginos, sleptons, top squarks, and bot
squarks, as long as their masses aremi,2mx , were in-
cluded. The Feynman amplitudes for NCC, SLC, and
squark coannihilations were taken fromDARKSUSY @24#,
@50,26#, and @51,34#, respectively. The amplitudes for th
bottom coannihilation were obtained on the basis of the
squark amplitudes from@51,34#. As in @42#, the ^seffv& and
Vh2 were calculated following the relevantDARKSUSY rou-
tines@24# to which the codes@50,26# and@51,34# were added
in a way that guarantees the correct inclusion of SLC a
SQC.

In the case where all squarks, sleptons, neutralinos,
charginos are substantially heavier than the LSP (mi
.2mx) and there are no possible coannihilations, the re
density Vh25Vh2

ACC5Vh2
NCC5Vh2

SLC5Vh2
SQC is

equal toVxh2 obtained without any coannihilations. Whe
for example, at least one of the coannihilation chann
~NCC, SQC, or SLC! is indeed relevant, theVh2

IGC ~ignor-
ing coannihilation! is calculated with

^seffv& IGC5^sxxv&S nx
eq

neqD 2

, ~5!
5-3
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FIG. 2. The same as in Fig. 1, but plotted together. HereVh2
SQC/Vh2

IGC , Vh2
SLC/Vh2

IGC , Vh2
NCC/Vh2

IGC , andVh2
ACC /Vh2

SLC are
marked with crosses, circles, dots, and squares, respectively. Therefore, a square filled with a cross, circle, or dot depicts a mo
affected only by SQC, SLC, or NCC, respectively, while any other coannihilation channel gives a negligible contribution. Such a s
takes place for the majority of models, but there are some~very few! models, given by empty squares, for which at least two coannihila
channels are relevant. For example, arrows on the right side of the figure demonstrate how the reduction of the RD proceeds: SLC
effect (Vh2

SLC/Vh2
IGC51), SQC reduces the RD with a factorVh2

SQC/Vh2
IGC'0.4, and finally NCC gives the main contribution to th

RD suppression,Vh2
ACC /Vh2

SLC'Vh2
NCC/Vh2

IGC'0.04 ~the square nearly coincides with the dot!.
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where neq includes all open coannihilation channels. Th
formula ~generalized also for NCC, SLC and SQC! allows a
comparative study of all coannihilation channels, alwa
leading to a smaller value for the relic densit
Vh2

COA/Vh2
IGC,1. Here Vh2

COA is a common notation
for Vh2

ACC, Vh2
NCC, Vh2

SQC, or Vh2
SLC. We assume

0.1,Vh2,0.3 for the cosmologically interesting region@1#.

III. RESULTS AND DISCUSSIONS

A. Coannihilation effects in the relic density

We performed our calculations in the effMSSM approa
given above and the results for the neutralino relic den
~scatter plots! are presented in Figs. 1–6. The reduction
fect on the relic density~RD! produced by SQC, SLC, NCC
and ACC is shown in Fig. 1 as a ratioVh2

COA/Vh2
IGC. On

the basis of our sampling~50000 models tested! the maxi-
mum RD suppression factor for the NCC and SLC chann
is of the order of 1023. Almost the same maximal suppre
sion is found for the squark coannihilation channels. Th
results depend on the experimental limits imposed on
second-lightest neutralino, chargino and slepton top squ
and bottom squark masses. If there were no limits on th
masses, the factor of relative RD reduction due to N
could reach a maximum value of 1025 for models withmx

'40 GeV @42#. The current experimental limits formt̃ ,
mx̃6, mt̃ , and mb̃ are 80–90 GeV@47#, and therefore the
critical LSP mass that enables non-negligible NCC, SL
and SQC contributions is also of the same order (mx

>80 GeV).
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From panel~a! of Fig. 1 one can conclude that top squa
~up-going triangles! and bottom squark~down-going tri-
angles! equally contribute to the reduction of the RD due
coannihilations.

The encircled symbols depict some kind of ‘‘constru
tive’’ reduction, when due to the coannihilations the re
density falls into the cosmologically interesting region 0
,Vh2

COA,0.3. Other points present the cases when co
nihilations too strongly reduce the relic density. One can
that NCC plays the main role in the ‘‘destructive’’ reductio
of RD; these channels reduce the maximal number of mo
from the cosmologically interesting region@23,42#. Despite
this, all coannihilation channels contribute equally in t
‘‘constructive’’ reduction of RD@there are almost the sam
number of the circled points in panels~a!–~c!#. Therefore,
for our random sampling in the effMSSM the NCC, SLC
and SQC are indeed relevant (Vh2

COA/Vh2
IGC,0.95) for

2–4 % of models if one assumes 0.1,Vh2
ACC,0.3, and the

NCC is indeed relevant for about 30% of models if th
constraint is relaxed~Fig. 1!.

From Fig. 2 one can see that mainly only one of t
coannihilation channels~NCC, SQC, or SLC! dominates in
the reduction of the RD. The other channels of coannihilat
in general play no role or lead only to a much smaller furth
reduction@42#.

Although other coannihilation processes besides NLS
LSP can in principal be also open@including the LSP coan-
nihilation with the next-to-NLSP~NNLSP! and next-to-
NNLSP, as well as NLSP-NLSP coannihilations, etc.#, Fig. 3
allows the conclusion that the dominant coannihilation ch
nel is defined by the type of the NLSP. If the next neutrali
5-4
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SQUARK-, SLEPTON-, AND NEUTRALINO-CHARGINO . . . PHYSICAL REVIEW D66, 115005 ~2002!
x̃2 or charginox̃6 is the NLSP, then NCC indeed dominate
The SQC dominates when NLSP is the top squark or
sbottom. The staut̃ ~or another slepton! being the NLSP
entails a dominant SLC effect.

Nevertheless, contrary to the NCC1SLC case@42#, there
are ~very few! models where the stau is the NLSP, b
masses of the stau, the top squark and the bottom sq
appear by accident almost the same and all of these spar
participate in the coannihilation with the LSP and each oth
As a result, strongly interacting coannihilation channels w
squarks produce a larger reduction as compared to the
despite the fact that the stau is indeed the NLSP. The bot
panels of Figs. 3 and 4 display an example of such mod
~circle with a dot inside!, in which the stau is the NLSP bu
the SLC contribution is smaller than the contribution of SQ
(Vh2

SLC/Vh2
SQC.1).

Figure 4 shows that for all coannihilation channels ma
mal RD reduction factors~less than 0.01! occur for mass
differencesmNLSP2mLSP<20 GeV. Mass differencemNLSP
2mLSP<5 GeV plays a significant role in the RD reductio
for SLC and mostly for NCC. In contrast with NCC an

FIG. 3. Ratios Vh2
NCC/Vh2

SLC, Vh2
NCC/Vh2

SQC, and

Vh2
SLC/Vh2

SQC versusmx . An open circle indicates that thet̃ is

the NLSP, the star means that the light charginox̃6 is the NLSP, the
small filled circle marks the model where the second-lightest n

tralino x̃2 is the NLSP. An open cross indicates that the top squ

t̃ or the bottom squarkb̃ is the NLSP. One sees, for example, that

x̃2 or x̃6 is the NLSP, the NCC necessarily dominat

(Vh2
NCC/Vh2

SLC,1 or Vh2
NCC/Vh2

SQC,1) while t̃ or b̃ being
the NLSPs always leads to dominant SQC (Vh2

NCC/Vh2
SQC.1 or

Vh2
SLC/Vh2

SQC.1). The same is in general true for SLC. Circl
with dots inside depict models where the NLSP is the stau, but S
does not dominate.
11500
.
e

t
rk

les
r.
h
C
m
ls

-

SLC, SQC can produce the same RD reduction effect w
larger mass difference between squarks and the LSPmq̃
2mLSP'150 GeV) due to the possibility of coannihilatio
via the strong interaction.

In the case of SQC the small mass difference between
coannihilating top squark and bottom quarks (mt̃2mb̃ in-
stead ofmq̃2mLSP) can produce a dominant effect in the R
reduction~triangles atmq̃2mLSP>100 GeV in Fig. 4 illus-
trate this possibility!.

Although we have set the coannihilation opening thre
old of mi52mx for NCC and SLC channels, relevant effec
occur if the mass difference between the coannihilation p
ner and the LSP is within 15%. This is in agreement w
previous considerations@14,26,30,23,32,28,34,31#. It was
found that for SQC the relevant effects occur if the ma
difference between the coannihilating squark and the LS
within 50% ~in general agreement with@34,41#!.

In Fig. 5 all calculated relic densities (Vh2
IGC, Vh2

SQC,
Vh2

SLC, Vh2
NCC, andVh2

ACC) are depicted in the cosmo
logically interesting region 0.1,Vh2

COA,0.3. A large num-
ber of models~mostly with mx<250GeV) are completely
unaffected by any kind of coannihilation. When at least o
of the coannihilation channels is relevant, the RD decrea
and some cosmologically unviable models withVh2

IGC
.0.3 enter the cosmologically interesting range 0
,Vh2

COA,0.3, due to NCC~squares with a dot inside!,
SLC ~squares with circles inside!, SQC~squares with crosse
inside!, or due to the joint contribution of NCC, SQC, and/
SLC ~empty squares!.

There are also models which fall within the less intere
ing region (Vh2

COA,0.1). The largest amount of models a
shifted out due to NCC~star-crossed circles!, and a relatively
small amount of models is shifted out due to SLC~crossed
stars with a dot inside!, SQC ~circles with a star and a do
inside!, both NCC and SLC~crossed stars!. There are cos-
mologically interesting LSPs within the full mass rang
20 GeV,mx,720 GeV ~Fig. 5! accessible in our scan
whether or not coannihilation channels are included.

-

k

C

FIG. 4. The same as in Fig. 3, but versusmNLSP2mx . Up-going
triangles correspond to top squarks and down-going triangles
respond to bottom squarks.
5-5
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FIG. 5. Illustration of the shifting of effMSSM models into and out of the cosmologically interesting range 0.1,Vh2
COA,0.3 due to

NCC, SQC, and SLC. Relic densitiesVh2
IGC , Vh2

SQC, Vh2
SLC, Vh2

NCC, andVh2
ACC are marked with stars, crosses, circles, small do

and squares, respectively. Therefore, a superposition of all those symbols corresponds to a model which is totally untouched by
lation. A star-crossed circle marks a model which is unaffected by SLC and SQC (Vh2

SLC5Vh2
SQC5Vh2

IGC), but is shifted down due to
NCC. If the correspondingVh2

ACC ~which is equal toVh2
NCC) remains within this range, it is still present in the figure below th

star-crossed circle as a square with a black dot inside~see short arrow!. By analogy, a square with a circle inside gives a model which
shifted into the region due to SLC only (Vh2

ACC5Vh2
SLC), and if the correspondingVh2

IGC5Vh2
NCC5Vh2

SQC is also in the cosmologi-
cally viable range, it is located above the symbol as a crossed star with a dot inside~see long arrow!. Quite a large number of models ar
shifted out of the range 0.1,Vh2,0.3 due to NCC~star-crossed circles!.
ry
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Cosmologically interesting LSPs occur with arbitra
compositions when coannihilations are ignored~Fig. 6!, the
inclusion of NCC rules out all the models with Higgsino-lik
LSPs ~star-crossed circles!, SLC and SQC further tends t
rule out LSPs with mixed composition, so that only LS
11500
with P.0.67@there are no squares forP/(12P),2] remain
as dominant CDM candidates. In general our estimati
~Fig. 6! are in accordance with previous consideratio
@26,23#, as far as they can be compared with these less g
eral treatments.
,
d

C
r

s-
t

.

FIG. 6. Variation of relic den-
sity against gaugino fraction. As
in Fig. 5, the RD Vh2

IGC ,
Vh2

SQC, Vh2
SLC, Vh2

NCC, and
Vh2

ACC are marked with stars
crosses, circles, small dots, an
squares, respectively. The NC
reduces the RD especially fo
models with Higgsino-like LSPs
and shifts these models out of co
mological interest. The joint effec
of NCC, SQC, and SLC leaves
only LSPs with P.0.67 in the
cosmologically interesting region
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FIG. 7. Indirect detection rate for upgoing muons fromxx annihilation in the Earth~a! and the Sun~b!. As in Fig. 5, stars, crosses
circles, small dots, and squares correspond to 0.1,Vh2

IGC ,Vh2
SQC,Vh2

SLC,Vh2
NCC,Vh2

ACC,0.3, respectively. NCC decreases th
detection rates for models withmx>400 GeV.
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B. Coannihilation effects in the detection rates

Now we consider the influence of all possible coannihi
tion channels~NCC, SQC, and SLC! on prospects for indi-
rect and direct detection of CDM neutralinos. The results
our calculations~scatter plots! for cold dark matter observ
ables are presented in Figs. 7–9. We compare the rate
dictions for cosmologically interesting LSPs when the RD
evaluated with or without any of coannihilation channe
taken into account. We see~Fig. 5! that in most models with
mx<250 GeV the RD is unaffected by SQC, SLC, a
11500
-

f

re-

NCC, mostly because the differencemNLSP2mx is too large
to yield significant effects, therefore the corresponding det
tion rates are not influenced~depicted in the figures as
square filled with a star, a cross, and a dot simultaneous!.

Figure 7 displays the expected indirect detection rates
upgoing muons produced in the Earth by neutrinos from
cay products ofxx annihilation which takes place in the cor
of the Earth or of the Sun.

For xx annihilation in the Earth upgoing muon detectio
rates merely lie within the range 10219 m22

•yr21,Gm,5
FIG. 8. Neutralino-proton scattering cross sections for scalar~spin-independent! interaction~a! and axial~spin-dependent! interaction~b!.
The notations are as in Fig. 7.
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FIG. 9. Event rate for direct
neutralino detection in a73Ge de-
tector. As in Fig. 5, stars, crosse
circles, small dots, and square
correspond to 0.1,Vh2

IGC ,
Vh2

SQC, Vh2
SLC, Vh2

NCC,
Vh2

ACC,0.3, respectively. NCC
decreases the maximal event rat
for models with mx>500 GeV,
but the models with smaller LSP
mass are unaffected by the coa
nihilations.
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31025 m22
•yr21 as long asmx<250 GeV. Whenmx

>250 GeV, some of the models with 0.1,Vh2
IGC,0.3 are

removed from the cosmological interesting range (Vh2
COA

,0.1; Fig. 5! mainly due to NCC~Fig. 7!. Other models
with Vh2

IGC.0.3 are shifted into this region~Fig. 5 and Fig.
7! mainly due to SLC and SQC. Formx>250 GeV one finds
10219 m22

•yr21,Gm
ACC,531027 m22

•yr21 when the
RD is evaluated with coannihilations taken into account, a
10219 m22

•yr21,Gm
IGC,431026 m22

•yr21 when coan-
nihilations are neglected. The large values of the detec
rates ofxx annihilation in the Earth are decreased~from
1025 m22

•yr21 to 1028 m22
•yr21) only for heavy LSPs,

mx.450 GeV, in accordance with the fact that the cor
sponding models are removed from the cosmologically in
esting range. The SQC does not significantly change
conclusion obtained in@42# for SLC and NCC.

In the case of indirect detection of upgoing muons fro
xx annihilation in the Sun one has generally similar beh
ior for models withmx>350 GeV. The only noticeable dif
ference is in the absolute predictions for detection rates
models with mx.500 GeV, where instead ofGm

IGC
,1024 m22

•yr21 one expects the rates to beGm
ACC,3

31025 m22
•yr21. The highest predicted detection rates

1021m22
•yr21 are again correlated to a few models whi

are unaffected by coannihilation@42#. The SQC does no
significantly contribute to reduction of the rates.

Figure 8 shows neutralino-proton scattering cross sect
for the scalar~spin-independent! and axial~spin-dependent!
interactions. As in the previous figures, the models withmx

<250 GeV are hardly affected by coannihilation, and for t
majority of those models both neutralino-proton a
neutralino-neutron scattering cross sections reach va
sx p<10217 GeV22 with the maximal cross section of th
order of 10215 GeV22.

Cosmologically interesting models withmx>250 GeV
were influenced by coannihilations in the way discuss
above, and the maximal value of the neutralino-nucle
cross section decreases from 10215 GeV22 to 10216 GeV22

for the models withmx.500 GeV. All in all independently
of neglecting or including of NCC, SQC, and SLC, the ma
mal scalar scattering neutralino-nucleon cross section
11500
d

n

-
r-
is

-

r

f

ns

e

es

d
n

-
as

large as 10215210214 GeV22.
The spin-dependent neutralino-nucleon cross sections

typically higher than the spin-independent ones, and we h
found the maximal values 10210 GeV22 for the axial
neutralino-proton and 10211 GeV22 for the axial neutralino-
neutron scattering for the models which are unaffected by
coannihilations. The majority of cosmologically interestin
models yield axial neutralino-proton scattering cross secti
in the range 5310216 GeV22,sx p,2310212 GeV22 and
axial neutralino-neutron scattering cross sections in the ra
2310216 GeV22,sx n,8310213 GeV22 @42#. The SQC
contributes to the reduction of the cross sections, but
significantly again.

Due to the fact that capture ofx in the Sun~contrary to
the Earth! occurs also via spin-dependentx p interaction,
there are noticeable correlations between the highest upg
muon rates fromxx annihilation in the Sun and the highe
values of the axial neutralino-proton scattering cross sect
@Figs. 7~b! and 8~b!#.

Figure 9 shows the expected direct detection event r
calculated for a73Ge detector when NCC, SQC, SLC, an
ACC are taken into account. For models withmx

<250 GeV coannihilations of any kind play no role. Th
estimations of the event rate for models withmx

>400 GeV are decreased@to about 0.005 event/~kg day!#
due to NCC@42#.

IV. CONCLUSION

Due to continuing improvements of the accuracy of ast
physical data and the importance of relic density constra
for SUSY models the precision calculation of the neutrali
relic density is very desirable. The progress in this direct
is very fast. Recently a new sophisticated C codeMICROME-

GAS on the basis ofCOMPHEP @52# for calculations of the
relic density in the MSSM has been presented@27#. It in-
cludes all coannihilation channels with neutralinos, char
nos, sleptons, squarks and gluinos. The relic density of n
tralinos in the MSUGRA was calculated on the basis
annihilation diagrams involving sleptons, charginos, neutr
nos, and third generation squarks in@37#. This paper is
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FIG. 10. Neutralino-proton
scattering cross sections for scal
~spin-independent! interaction.
The notations are as in Fig. 7. Ex
pectations for the GENIUS detec
tor @54# and the annual-
modulation region of DAMA
~shaded region! @55# are also
given. The maximal sensitivity of
GENIUS and the region of
DAMA are located at 40<mx

<300 GeV.
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mostly devoted to prospects for SUSY search with vario
e1e2 and hadron colliders and pays no attention to the
dividual contributions of different coannihilation channe
In addition, a full set of exact, analytic expressions for t
annihilation of the lightest neutralino pairs@38# as well as
slepton-neutralino coannihilations@40# into all two-body
tree-level final states in the framework of minimal SUSY
now available. The authors of theDARKSUSY have also made
new efforts@53# to include all possible channels of coann
hilations in their publicly availableDARKSUSY code.

Following this main direction we calculated the neutrali
relic density ~RD! taking into account slepton-neutralin
~SLC!, neutralino-chargino/neutralino~NCC!, and squark-
neutralino ~SQC!coannihilation channels within the low
energy effective MSSM. To this end we have implemented
our code@43# the relic density part~with neutralino-chargino
coannihilations! of the DARKSUSY code @24# supplied with
the adopted code of@26# ~calculating slepton-neutralino
coannihilations! and the generalized~including sbottom-
neutralino coannihilations! code of @34# ~calculating top-
squark–neutralino coannihilations!. With the help of this
new code, in contrast with previous considerations, we
attention to the interplay between different coannihilati
channels in the effMSSM.

We have shown that in the effMSSM the maximum fa
tors of the RD decrease due to NCC as well as due to S
and SLC can reach 1023, as long as the lower experiment
limits for mt̃ , mt̃ , mb̃ , andmx̃6 are of the order of 80 GeV
We conclude that SQC, NCC, SLC produce comparable
reduction effects in the effMSSM. For the majority of mo
els which are affected by coannihilations and which succe
fully passed all relevant accelerator, cosmological, and r
decay constraints it was observed that either NCC, SQC
SLC alone produces a significant reduction of the RD wh
the other coannihilation channels give considerably sma
or zero further reduction. Contrary to NCC and SLC, whi
produce non-negligible effects only if the NLSP mass
smaller than 1.15mx , for SQC the relevant NLSP mass cou
reach 1.50mx . The type of NLSP determines the domina
coannihilation channel@42#. Due to the fact that the
effMSSM more often favors neutralinos and charginos,
11500
s
-

.

n

y

-
C

D

s-
e-
or
e
r

t

t

not sfermions, to be the NLSP~the NLSP-LSP mass differ
ences in general are systematically larger for sfermions t
for gauginos!, the NCC channel more often dominantes
agreement with@23#. Only LSPs with the gaugino fraction
P.0.7 remain CDM candidates of cosmological interest.

Some models for whichVh2.0.3 when coannihilations
is neglected fall within the cosmologically interesting regi
merely due to SLC and SQC, and some other models s
out of the region belowVh2,0.1 merely due to NCC. In the
effMSSM, contrary to MSUGRA@26#, all coannihilations do
not impose new cosmological limits on the mass of the L
@42#. The optimistic predictions for neutralino-nucleon cro
sections and indirect and direct detection rates for cos
logically interesting models are almost unaffected by th
coannihilations. Only for largemx>400 GeV, the respec
tively high values are reduced, mainly because the NCC
cludes the corresponding models from the cosmological
teresting region 0.1,Vh2

IGC,0.3.
Therefore, future increase of the lower mass limits for

possible NLSPs@at the Fermilab Tevatron or CERN Larg
Hadron Collider~LHC!# can, in principle, strongly reduce
the importance of the effect of any of the coannihilati
channels. Furthermore, we would like to note that despite
obvious importance of sophisticated RD calculations, inclu
ing complete sets of coannihilation channels, it may hap
that coannihilations play no role at least for thedirect detec-
tion of cold dark matter. From Fig. 10 one can see that
field of maximal sensitivity of the best new-generation CD
detectors, such as GENIUS@54#, as well as the annual
modulation region of DAMA@55# are located at 40<mx

<300 GeV, where coannihilation effects are almost inv
ible.
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