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We calculate the neutralino relic density within the low-energy effective minimal supersymmetric extension
of the standard moddkffMSSM) taking into account slepton-neutralino, squark-neutralino and neutralino—
chargino-neutralino coannihilation channels. By including squmk squark and bottom squar&oannihila-
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 modéisostly with large neutralino masgefll 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
eff MSSM.
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I. INTRODUCTION particle experiments. In light of this and taking into account
the continuing improvements in determining the abundance
A variety of data, ranging from galactic rotation curves toof CDM and other components of the Universe, which have
large scale structure formation, and the cosmic microwavéow reached an unprecedented precigibl) one needs to
background radiation imply a significant density €.@h?  perform an accurate enough computation of the WIMP relic
<0.3 [1] of so-called cold dark matte(CDM). Here Q abundance, which would allow reliable comparison of theory
=plp. and p.=3H?/87Gy is the critical closure density of with observation. Important progress in calculations of the
the universeGy, is the Newton constant, artiis the Hubble ~ relic density of neutralinos in a variety of supersymmetric
constant in units of 100 km/s/Mpc. It is generally believedModels has been already méd@e-42.
that most of the CDM is made of weakly interacting massive I the early universe neutralinos existed in thermal equi-
particles(WIMPs) [2]. A commonly considered candidate for librium with the cosmic thermal plasma. As the universe ex-
the WIMP is the lightest neutralino, provided it is the lightestPanded and cooled, the thermal energy is no longer sufficient
supersymmetric particle.SP) [3] in the minimal supersym- 10 produce neutralinos at an appreciable rate, they decouple
metric extension of the standard modMSSM). Four neu- and their number density scales with co-moving volume. The

tralinos in the MSSM, being mass eigenstates, are mixturegParticles significantly heavier than the LSP decouple at an
of the B-ino B, W-ino W, and Higgsinosi®, F°, and the earlier time and decay into LSPs before the LSPs themselves
1 1 d»

) 2 v ~ decouple. Nevertheless there may exist some other next-to-
LSP can be written as a compositiaf= x1=N1.B+N1W  |ightest sparticle$NLSPS which are not much heavier than
+N;3H3+ Ny HY, whereN;; are the entries of the neutralino the stable LSP. The number densities of the NLSPs have only
mixing matrix. In supersymmetrySUSY) phenomenology slight Boltzmann suppressions with respect to the LSP num-
one usually classifies neutralinos as gaugino-liigéth P  ber density when the LSP freezes out of chemical equilib-
~1), Higgsino-like (with P~0), and mixed, where the rium with the thermal bath. Therefore they may still be
gaugino fraction is defined &=|Ny|%+ N2 present in the thermal plasma, and NLSP-LSP and NLSP-

In most approaches the LSP is stable duB4marity con-  NLSP interactions keep the LSP in thermal equilibrium, re-
servation[4]. The neutralino, being massive, neutral andsulting in significant reduction of the LSP number density
stable, often provides a sizable contribution to the relic denand leading to acceptable values even with a rather heavy
sity. The contribution of neutralinos to the relic density is sparticle spectruni26]. Thesecoannihilationprocesses can
strongly model dependent and varies by several orders dje particularly important when the LSP-LSP annihilation rate
magnitude over the whole allowed parameter space of thigself is suppressefll4,39,23. Any SUSY particle can be
MSSM. The neutralino relic density then can impose strin-involved in the coannihilation process provided its mass is
gent constraints on the parameters of the MSSM and thalmost degenerate with the mass of the $®,27]. In the
SUSY particle spectrum, and may have important conselow-energy effective MSSMeffMSSM), where one ignores
quences both for studies of SUSY at colliders and in astrorestriction from unification assumptions and investigates the

MSSM parameter space at the weak s¢ag21,43,44there
is, in principle, no preference for the next-to-lightest SUSY
*Email address: bedny@nusun.jinr.ru particle.
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The relativistic thermal averaging formaligh5] was ex-  [42]. The present paper extends our investigatidi to the
tended to include coannihilation processe$48], and was neutralino—top-squark and neutralino—bottom-squark coan-
implemented in thedARKSUSY code[24] for coannihilation  nihilations and completes our consideration of the subject.
of charginos and heavier neutralinos. In was fo{i28] that  For this purpose we combined our previous c®dig] with
for Higgsino-like LSP such a coannihilation significantly de- the DARKSUSY code[24] and codes 0f26,34], which allows
creases the relic density and rules out these LSPs from tHer the first time comparative study of relevant coannihila-
region of cosmological interest. tion channels(NCC, SLC, SQQC in the low-energy ef-

The importance of the neutralino coannihilation with sfer-fMSSM.
mions was emphasized and investigated for sleptd629,
top squ_ark$33,34] and bottom squarki31] i_n the so-callt_ed Il THE effMSSM APPROACH
constrained MSSMCMSSM) [22,16,45 or in supergravity
(MSUGRA) models [46]. The most popular MSUGRA As free parameters in the effMSSM, we use the gaugino
model[46] has a minimal set of parametersy, My, Ao, mass parameteid ;,M,, the entries to the squark and slep-
tanB, and sgnf). Herem, is the universal scalar mass, ton mixing matricesmg,m,ms ,mz,m: for the first and
My is the universal gaugino mass, aAd is_ the univ_ersal second generations amn% ,m%,mgB ,m_g m% for the third
trilinear mass, all evaluated &l 7, tang is the ratio of ) ) 3 ) 3 3, N
Higgs field vacuum expectation values, apdis a Higgs generation, respectively, the third generation tnhneqr soft
parameter of the superpotential. There are strong correlatioff@UPIiNgsA; A, A, the massn, of the pseudoscalar Higgs
of sfermion, Higgs boson, and gaugino masses in MSUGRA0SON, the Higgs superpotential parameterand tan. To

originating from unification assumptions. In regions of thereasonably reduce the parameter space we assmﬁjed
MSUGRA parameter space wheyeand 7, were nearly de- = m~2,5= m—é, m-2r= m~§= méa*’ m%= m%; m%3= m%B and have
generatgat low mp), coannihilations could give rise to rea- fixed Ap=A;=0[43]. The third gaugino mass paramekés
sonable values of the relic density even at very large valuegefines the mass of the gluino in the model and is determined
of my,, at both low and high tag [26,31. In addition, for by means of the grand unified theory GUT assumptibn
large values of the paramet8g or for non-universal scalar =0.3M5. The remaining parameters defined our effMSSM

masses, top or bottom squark masses could become neapyrameter space and were scanned randomly within the fol-
degenerate with the, so that squark coannihilation pro- |owing intervals:

cesses can become important as W&#,34]. Therefore due

to slepton and squark coannihilation effects, the relic density

can reach the cosmologically interesting range okQih? —1Tev<M;<1TeV, —2TeV<My u,A<2 TeV,
<0.3.

The influence of coannihilation channels on the LSP pro-
ton scalar elastic cross sections was considered in supergrav-
ity and D-brane models if31] and in a MSUGRA-like
SUSY model for large tag (only for stau coannihilations
in [29].

Having in mind investigation of future prospects for direct
and indirect detection of relict LSP we follow the most phe-We have included the current experimental upper limits on
nomenological view, not bounded by theoretical restrictionssparticle masses as given by the Particle Data Gf{ddp
from sfermion—gaugino—Higgs-boson mass unifications, etcThe limits on the raréd— sy decay[48] following [49] have
To this end we need maximally general and accurate calclalso been imposed. The calculations of the neutralino-
lations of the relic density within the low-energy effective nucleon cross sections and direct and indirect detection rates
MSSM schemdeffMSSM) [21,43. The high-level tool for ~ follow the description given if3,43].
these calculations is th@arksusy code[24]. Unfortunately The number density is governed by the Boltzmann equa-
the code calculates only the neutralino with next neutralition [15,23
no(s) and chargino coannihilation®CC), which is not suf-
ficient, when neutralino-slepton coannihilatig6LC) and d

. L ; n
neutralino-squarkSQQ coannihilation are claimed to be —+3Hn=—<av)(n2—n§q) 1)
dominant[26,28,33,34,3]L dt

Contrary to the majority of previous papeisee for ex-
ample [26,34,30,28,4)), aimed mostly at discovery and with n either being the LSP number density if there are no
demonstration of the importance or dominance of some spedther coannihilating sparticles, or the sum over the number
cific coannihilation channels, our main goal is the investiga-densities of all coannihilation partners. The index “eq” de-
tion of the interplay between different coannihilation chan-notes the corresponding equilibrium value. To solve the Bolt-
nels as well as their consequences for detection of CDM. T@mann equatioril) one needs to evaluate the thermally av-
this end a comparative study of NCC and SLC channelsgraged neutralino annihilation cross secti@rv). Without
exploration of relevant changes in the relic density and incoannihilation process€srv) is given as the thermal aver-
vestigation of their consequences for detection of CDM parage of the LSP annihilation cross sectiop, multiplied by
ticles were performed in the effMSSM in our previous paperthe relative velocity of the annihilating LSPs

1.5<tanB<50, 50 Ge\KM,<1000 GeV,

2

2 2
10 Ge\/z<m6,m~|_,mQ3,

m~ﬁ3< 1P Ge\”.
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FIG. 1. Effects of squark-neutralingGQQO), slepton-neutralingSLC), and neutralino-chargingieutraling (NCC) coannihilations in
effMSSM. Panelga)—(d) display ratios2h?soc/Qh? e, QhZs c/Qh?ac, Qh?ycc/Qh?ge, andQh?acc/Qh%g ¢ for the case when all
coannihilations are included. The maximal reduction factors for all charih&€, SQC, and SLLare of the order of 10°. Encircled
points mark the cosmologically interesting relic density<0{1h?c5,<0.3. In panel(a) up-going triangles correspond to top squark
coannihilations and down-going triangles correspond to bottom squark coannihilations. The top squark and bottom squark contributions are
seen to be equal.

(ov)y=(0o, V), (20 nihilations with two-body final states that can occur between
neutralinos, charginos, sleptons, top squarks, and bottom

otherwise it is determined asrv)=(oem), Where the ef- squarks, as long as their masses mare<2m,, were in-
fective thermally averaged cross section is obtained by sunsluded. The Feynman amplitudes for NCC, SLC, and top

mation over coannihilating particlé$5,23 squark coannihilations were taken froDnRKSUSY [24],
[50,26, and[51,34], respectively. The amplitudes for the
nfd nfq bottom coannihilation were obtained on the basis of the top
(Tev) =2, (aijvij)ﬁﬁ. () squark amplitudes frorfb1,34. As in [42], the (o) and
1]

Qh? were calculated following the relevantRKSUSY rou-
tines[24] to which the codef50,26] and[51,34] were added

If ny denotes the present-day number density of the relicsm a way that guarantees the correct inclusion of SLC and

the relic density is given by sQc.
mn In the case where all squarks, sleptons, neutralinos, and
Q=-x9 (4)  charginos are substantially heavier than the L3R (
Pc >2m,) and there are no possible coannihilations, the relic

. . denSIty QhZIQhZAcc:QhZNCC:QhZSLC:QhZSQC |S
For each point in the MSSM parameter spéb& MSSM  o4,,5 100 h? obtained without any coannihilations. When,
mode) we have evaluated the relic density of the LSP, ig-fo; example, at least one of the coannihilation channels

noring any possibility of coarinihilatio(iIGC), taking into (NCC, SQC, or SLCis indeed relevant, th&h? s (ignor-
account only neutralino-chargindCC), slepton(SLC), or ing coannihilation is calculated with

squark(SQQO coannihilations separately, and including all of
the coannihilation channelACC). To this endDARKSUSY eq\ 2
procedures of o) evaluation and solution of Boltzmann (oot Vo= (o v>(_X> (5)
equation were implemented in our former cdd&]. Coan- ¢ XX pea)
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FIG. 2. The same as in Fig. 1, but plotted together. H¥M8soc/Qh? g, Qh?g c/Qh?ge, Qh?ycc/Qh?ge, andQh?acc/Qh?g c are
marked with crosses, circles, dots, and squares, respectively. Therefore, a square filled with a cross, circle, or dot depicts a model that is
affected only by SQC, SLC, or NCC, respectively, while any other coannihilation channel gives a negligible contribution. Such a situation
takes place for the majority of models, but there are sGreey few) models, given by empty squares, for which at least two coannihilation
channels are relevant. For example, arrows on the right side of the figure demonstrate how the reduction of the RD proceeds: SLC gives no
effect (s c/Qh%sc=1), SQC reduces the RD with a facth?soc/Qh?gc~0.4, and finally NCC gives the main contribution to the
RD suppressionQh?,cc/Qh?%g o~ Qh?ycc/Qh?c~0.04 (the square nearly coincides with the Yot

where n®9 includesall open coannihilation channels. This  From panela) of Fig. 1 one can conclude that top squark
formula (generalized also for NCC, SLC and SR&lows a  (up-going triangles and bottom squarkdown-going tri-
comparative study of all coannihilation channels, alwaysangles equally contribute to the reduction of the RD due to
leading to a smaller value for the relic density, coannihilations.
Qh2c0a/0h%5c<1. Here Qh%.o, is a common notation The encircled symbols depict some kind of “construc-
for Qh?ycc, Qh%yce, Qh%sac, or Qh’gc. We assume tive” reduction, when due to the coannihilations the relic
0.1<Qh?<0.3 for the cosmologically interesting regipt. density falls into the cosmologically interesting region 0.1
<Qh?-04<0.3. Other points present the cases when coan-
nihilations too strongly reduce the relic density. One can see
lll. RESULTS AND DISCUSSIONS that NCC plays the main role in the “destructive” reduction
of RD; these channels reduce the maximal number of models
from the cosmologically interesting regid@3,42. Despite
We performed our calculations in the effMSSM approachthis, all coannihilation channels contribute equally in the
given above and the results for the neutralino relic densityconstructive” reduction of RD[there are almost the same
(scatter plotsare presented in Figs. 1-6. The reduction ef-number of the circled points in panela)—(c)]. Therefore,
fect on the relic densityRD) produced by SQC, SLC, NCC, for our random sampling in the effMSSM the NCC, SLC,
and ACC is shown in Fig. 1 as a rai®h?coa/Qh%cc. On and SQC are indeed relevar®2.oa/Qh?cc<0.95) for
the basis of our sampling50000 models testedhe maxi-  2-49% of models if one assumes 8.0h?,.-<0.3, and the
mum RD suppression factor for the NCC and SLC channel§\CC is indeed relevant for about 30% of models if this
is of the order of 10%. Almost the same maximal suppres- constraint is relaxedFig. 1).
sion is found for the squark coannihilation channels. These From Fig. 2 one can see that mainly only one of the
results depend on the experimental limits imposed on theoannihilation channel€NCC, SQC, or SLE dominates in
second-lightest neutralino, chargino and slepton top square reduction of the RD. The other channels of coannihilation
and bottom squark masses. If there were no limits on theiin general play no role or lead only to a much smaller further
masses, the factor of relative RD reduction due to NCGeduction[42].
could reach a maximum value of 19 for models withm, Although other coannihilation processes besides NLSP-
~40 GeV [42]. The current experimental limits fonr;, LSP can in principal be also opg¢mcluding the LSP coan-
my+, m;, andmp are 80-90 GeV[47], and therefore the nihilation with the next-to-NLSP(NNLSP) and next-to-
critical LSP mass that enables non-negligible NCC, SLCNNLSP, as well as NLSP-NLSP coannihilations, gtEig. 3
and SQC contributions is also of the same order, ( allows the conclusion that the dominant coannihilation chan-
=80 GeV). nel is defined by the type of the NLSP. If the next neutralino

A. Coannihilation effects in the relic density
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FIG. 4. The same as in Fig. 3, but versog sp—m, . Up-going
triangles correspond to top squarks and down-going triangles cor-
respond to bottom squarks.

SLC, SQC can produce the same RD reduction effect with
900 200 300 400 500 600 700 800 larger mass difference between squarks and the U8P (
LSP mass, GeV —m,sp~150 GeV) due to the possibility of coannihilation

: ia the strong interaction.
FIG. 3. Ratios Qh?ycc/Qh%sc, Qh?\cc/Qh%soc, and via .
QhZSLC/QhZSQC versusm, . An open circle indicates that theis In the case of SQC the small mass difference between the

i ~ coannihilating top squark and bottom quarks; ¢ ny, in-
the NLSP, the star means that the light chargjrois the NLSP, the

Il filled circl ks th del where th d-liahtest stead ofmy—mygp) can produce a dominant effect in the RD
smallfilled circle marks the model where the second-lightes neureductlon(trlangles atmg—m gp=100 GeV in Fig. 4 illus-

tralino y, is the NLSP. An open cross indicates that the top squarl&rate this possibility.
T or the bottom squark is the NLSP. One sees, for example, that if Although we have set the coannihilation opening thresh-
X2 or x* is the NLSP, the NCC necessarily dominatesold of m;,= 2m, for NCC and SLC channels, relevant effects
(Qh2ycc/Qh?g <1 or Qh?\cc/Qh?55c<1) whilet or b being  occur if the mass difference between the coannihilation part-
the NLSPs always leads to dominant SQEycc/Qh%soc>1 or  ner and the LSP is within 15%. This is in agreement with
Qh?g c/Qh?s5c>1). The same is in general true for SLC. Circles previous consideration§14,26,30,23,32,28,34,311t was
with dots inside depict models where the NLSP is the stau, but SLGound that for SQC the relevant effects occur if the mass
does not dominate. difference between the coannihilating squark and the LSP is
_ _ within 50% (in general agreement wifl84, 4]})
X2 or charginoy™ is the NLSP, then NCC indeed dominates. |n Fig. 5 all calculated relic densitie$)h? e, Qh? sQcs
The SQC dominates when NLSP is the top squark or th@h?g ., Oh?\cc, andQh?,cc) are depicted in the cosmo-
sbottom. The statr (or another sleptonbeing the NLSP  logically interesting region 04 0h2:5,<0.3. Alarge num-
entails a dominant SLC effect. ber of models(mostly with m, <250GeV) are completely
Nevertheless, contrary to the NGGLC casd42], there  unaffected by any kind of coannihilation. When at least one
are (very few) models where the stau is the NLSP, butof the coannihilation channels is relevant, the RD decreases
masses of the stau, the top squark and the bottom squagid some cosmologically unviable models withh? ¢
appear by accident almost the same and all of these sparticles0.3 enter the cosmologically interesting range 0.1
participate in the coannihilation with the LSP and each other<(h?.q,<0.3, due to NCC(squares with a dot insigle
As a result, strongly interacting coannihilation channels withSLC (squares with circles insigleSQC(squares with crosses
squarks produce a larger reduction as compared to the SLi@iside), or due to the joint contribution of NCC, SQC, and/or
despite the fact that the stau is indeed the NLSP. The bottorSLC (empty squares
panels of Figs. 3 and 4 display an example of such models There are also models which fall within the less interest-
(circle with a dot insidg in which the stau is the NLSP but ing region (h?co,<0.1). The largest amount of models are
the SLC contribution is smaller than the contribution of SQCshifted out due to NCCstar-crossed circlgsand a relatively
(Qh%g c/Qh?5oc>1). small amount of models is shifted out due to SlaZossed
Figure 4 shows that for all coannihilation channels maxi-stars with a dot inside SQC (circles with a star and a dot
mal RD reduction factorgless than 0.0loccur for mass inside, both NCC and SLQcrossed stajs There are cos-
differencesmy sp— M sp<20 GeV. Mass differenceny gp  mMologically interesting LSPs within the full mass range
—m sp<5 GeV plays a significant role in the RD reduction 20 GeV<m, <720 GeV (Fig. 5 accessible in our scan
for SLC and mostly for NCC. In contrast with NCC and whether or not coannihilation channels are included.
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FIG. 5. lllustration of the shifting of effMSSM models into and out of the cosmologically interesting range(Xhi;;,<0.3 due to
NCC, SQC, and SLC. Relic densiti€sh? ¢, Qh?soc, QhZgc, Qh?yce, andQh?scc are marked with stars, crosses, circles, small dots,
and squares, respectively. Therefore, a superposition of all those symbols corresponds to a model which is totally untouched by coannihi-
lation. A star-crossed circle marks a model which is unaffected by SLC and mQ(C=Qh25Q0=Qh2|GC), but is shifted down due to
NCC. If the correspondind)h?,cc (which is equal toQh?yco) remains within this range, it is still present in the figure below this
star-crossed circle as a square with a black dot in&de short arroyv By analogy, a square with a circle inside gives a model which is
shifted into the region due to SLC onl2h?scc= Qh%s o), and if the correspondin@h? gc= Qh?\cc= Qh?socis also in the cosmologi-
cally viable range, it is located above the symbol as a crossed star with a dot (ssé&lng arroyw Quite a large number of models are
shifted out of the range 04Qh?<0.3 due to NCQstar-crossed circles

Cosmologically interesting LSPs occur with arbitrary with P>0.67[there are no squares f&¥(1—P)<2] remain
compositions when coannihilations are ignof&dy. 6), the as dominant CDM candidates. In general our estimations
inclusion of NCC rules out all the models with Higgsino-like (Fig. 6) are in accordance with previous considerations
LSPs (star-crossed circlgsSLC and SQC further tends to [26,23, as far as they can be compared with these less gen-
rule out LSPs with mixed composition, so that only LSPseral treatments.

A 03
~ r
0.275 | FIG. 6. Variation of relic den-
r sity against gaugino fraction. As
025 [ in Fig. 5, the RD Qh?gc,
r Oh%soc, Qh%gc, Qh%\cc, and
0.225 - Qh2,cc are marked with stars,
F crosses, circles, small dots, and
0.2 squares, respectively. The NCC
- reduces the RD especially for
s E models with Higgsino-like LSPs
C and shifts these models out of cos-
el S mological interest. The joint effect
F higgsino hsaugino of NCC, SQC, and SLC leaves
Quel only LSPs with >0.67 in the
[ cosmologically interesting region.
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FIG. 7. Indirect detection rate for upgoing muons frang annihilation in the Eartia) and the Sunb). As in Fig. 5, stars, crosses,
circles, small dots, and squares correspond to<®)h2|Gc,QhZSQC,QhZSLC,thNCC,thACC<O.3, respectively. NCC decreases the
detection rates for models witin, =400 GeV.

B. Coannihilation effects in the detection rates NCC, most'y because the differenn‘&\”_sp_ mX is too |a|'ge

Now we consider the influence of all possible coannihila-to yield significant effects, therefore the corresponding detec-
tion channelYNCC, SQC, and SLLon prospects for indi- tion rates are not influenceglepicted in the figures as a
rect and direct detection of CDM neutralinos. The results ofsquare filled with a star, a cross, and a dot simultanepusly
our calculationgscatter plotsfor cold dark matter observ- Figure 7 displays the expected indirect detection rates for
ables are presented in Figs. 7-9. We compare the rate prapgoing muons produced in the Earth by neutrinos from de-
dictions for cosmologically interesting LSPs when the RD iscay products of x annihilation which takes place in the core
evaluated with or without any of coannihilation channelsof the Earth or of the Sun.
taken into account. We s€Eig. 5 that in most models with For xx annihilation in the Earth upgoing muon detection
m,=<250 GeV the RD is unaffected by SQC, SLC, andrates merely lie within the range 16 m=2.yr *<I'*<5

|
>

o

z £ a) Scalar & 2 .5°L b) Axial

R Q% E

E10 ) &

E £ E

:; g 1641 HH HE
& - k! -

‘w10 @

. TR T N L L M P . .
200 400 600 800 0 200 400 600 800
LSP mass, GeV LSP mass, GeV

FIG. 8. Neutralino-proton scattering cross sections for s¢afain-independeninteraction(a) and axial(spin-dependeninteraction(b).
The notations are as in Fig. 7.
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o 10

3

g

z FIG. 9. Event rate for direct
g 10 neutralino detection in &%Ge de-

g tector. As in Fig. 5, stars, crosses,
& 10 circles, small dots, and squares
3 s correspond to  0&Qh?ge,

Oh’sqc,  Qh’gc,  OQh%cc,

" Qh?,.c<0.3, respectively. NCC
10 decreases the maximal event rates

iy for models with m, =500 GeV,
W but the models with smaller LSP

_6 mass are unaffected by the coan-
e nihilations.

-7
10 100 200 300 400 500 600 700 800

LSP mass, GeV

x10°>m %.yr'! as long asm,<250 GeV. Whenm, large as 10'°~10"* GeV 2.

=250 GeV, some of the models with 8:12h?5.<0.3 are The spin-dependent neutralino-nucleon cross sections are
removed from the cosmological interesting rang&hfcon typically higher than the spin-independent ones, and we have
<0.1; Fig. 5 mainly due to NCC(Fig. 7). Other models found the maximal values 10°GeV 2 for the axial

with (1h? > 0.3 are shifted into this regioifrig. 5 and Fig.  neutralino-proton and 13 GeV 2 for the axial neutralino-

7) mainly due to SLC and SQC. Far,=250 GeV one finds  neutron scattering for the models which are unaffected by the
1079 m 2. yr 1<I#pcc<6X 10" m~2.yr* when the coannihilations. The majority of cosmologically interesting
RD is evaluated with coannihilations taken into account, angnodels yield axial neutralino-proton scattering cross sections
10 ¥ m 2 yr 1 <T#ge<4x10°° m~2.yr ! when coan- i, the range X 10 ¢ GeV ?< ¢, ,<2x 10 *? GeV 2 and
nihilations are neglected. The large values of the detectionis| neytralino-neutron scatteri);lg cross sections in the range
rates of yx annihilation in the Earth are decreasétbm 2% 1016 GeV‘2<o—Xn<8><10‘13 GeV 2 [42]. The SQC

—5 —2 -1 8 2 -1
1077 m “.yr = to 10 " m “.yr ") only for heavy LSPS, ¢onyriputes to the reduction of the cross sections, but not
m,>450 GeV, in accordance with the fact that the corre-gjgpjficantly again.

sponding models are removed from the cosmologically inter- " e to the fact that capture gf in the Sun(contrary to
esting range. T.he S_QC does not significantly change thig,o Earth occurs also via spin-dependegtp interaction,
conclusion obtained if42] for SLC and NCC. there are noticeable correlations between the highest upgoing
In the case of indirect detection of upgoing muons frompy, 4 rates fromyy annihilation in the Sun and the highest
xx annihilation in the Sun one has generally similar behavy,g),es of the axial neutralino-proton scattering cross sections
ior for models withm, =350 GeV. The only noticeable dif- [Figs. Tb) and 8b)].
ference is in the absolute predictions for detection rates for Figure 9 shows the expected direct detection event rates
modc_al43 ‘f’z'th r_n{>500 GeV, where instead off“icc  cgiculated for a”3Ge detector when NCC, SQC, SLC, and
<10"m “.yr " one expects the rates 0 H&rcc<3  ACC are taken into account. For models witm
x107° m~?.yr™%. The highest predicted detection rates of < 5509 Gev coannihilations of any kind play no role. The
10" 'm~2.yr~* are again correlated to a few models which agtimations of the event rate for models wittn,

are unaffected by coannihilatiof#2]. The SQC does not — 400 Gev are decreasddo about 0.005 everiig day ]
significantly contribute to reduction of the rates. due to NCC[42].

Figure 8 shows neutralino-proton scattering cross sections
for the scalar(spin-independeintand axial(spin-dependeint
interactions. As in the previous figures, the models vaith
<250 GeV are hardly affected by coannihilation, and for the Due to continuing improvements of the accuracy of astro-
majority of those models both neutralino-proton andphysical data and the importance of relic density constraints
neutralino-neutron scattering cross sections reach valugsr SUSY models the precision calculation of the neutralino
Oy ps 10~ 17 GeVv 2 with the maximal cross section of the relic density is very desirable. The progress in this direction
order of 10'° GeV 2. is very fast. Recently a new sophisticated C comifeROME-

Cosmologically interesting models wittn, =250 GeV ~ GAs on the basis ofcomPHEP [52] for calculations of the
were influenced by coannihilations in the way discussedelic density in the MSSM has been presenfad]. It in-
above, and the maximal value of the neutralino-nucleorcludes all coannihilation channels with neutralinos, chargi-
cross section decreases from 10GeV 2 to 10 1*GeV 2  nos, sleptons, squarks and gluinos. The relic density of neu-
for the models withm,>500 GeV. All in all independently tralinos in the MSUGRA was calculated on the basis of
of neglecting or including of NCC, SQC, and SLC, the maxi- annihilation diagrams involving sleptons, charginos, neutrali-
mal scalar scattering neutralino-nucleon cross section wasos, and third generation squarks [i87]. This paper is

IV. CONCLUSION

115005-8



SQUARK-, SLEPTON-, AND NEUTRALINO-CHARGINO . .. PHYSICAL REVIEW 36, 115005 (2002

e E XX
A F

g .

g 10 & )

Z FIG. 10. Neutralino-proton
Eo , scattering cross sections for scalar
2 -

(spin-independent interaction.

The notations are as in Fig. 7. Ex-
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mostly devoted to prospects for SUSY search with variousiot sfermions, to be the NLS@he NLSP-LSP mass differ-
e*e” and hadron colliders and pays no attention to the inences in general are systematically larger for sfermions than
dividual contributions of different coannihilation channels. for gaugino$, the NCC channel more often dominantes in
In addition, a full set of exact, analytic expressions for theagreement witf23]. Only LSPs with the gaugino fraction
annihilation of the lightest neutralino paif88] as well as  p>0.7 remain CDM candidates of cosmological interest.
slepton-neutralino coannihilationt0] into all two-body  some models for whict2h?>0.3 when coannihilations
tree-level final states in the framework of minimal SUSY is js neglected fall within the cosmologically interesting region
now available. The authors of tilb@RKSUSY have also made mere'y due to SLC and SQC, and some other models shift
new efforts[53] to include all possible channels of coanni- gyt of the region beloW2h2<0.1 merely due to NCC. In the
hilations in their publicly availabl®Arksusy code.  effMSSM, contrary to MSUGRA26], all coannihilations do
relic_density (RD) taking into account slepton-neutralino [42]. The optimistic predictions for neutralino-nucleon cross
(SLO), neutralino-chargino/neutralinéNCC), and squark-  sections and indirect and direct detection rates for cosmo-
neutralino (SQQcoannihilation channels within the low- |ogically interesting models are almost unaffected by these
energy effective MSSM. To this end we have implemented in.ganninilations. Only for largen, =400 GeV, the respec-
our codef43] the relic density partwith neutralino-chargino  tjyely high values are reduced, mainly because the NCC ex-
coannihilations of the DARKSUSY code [24] supplied with  ¢jydes the corresponding models from the cosmological in-
the adopted code of26] (calculating slepton-neutralino teresting region 0& 0h2,5c<0.3.
coannihilation and the generalizedincluding sbottom- Therefore, future increase of the lower mass limits for all
neutralino coannihilationscode of [34] (calculating top- possible NLSP$at the Fermilab Tevatron or CERN Large
squark—neutralino coannihilationswith the help of this  H5qron Collider(LHC)] can, in principle, strongly reduce
new code, in contrast with previous considerations, we payhe importance of the effect of any of the coannihilation
attention to the interplay between different coannihilationchannels. Furthermore, we would like to note that despite the
channels in the effMSSM. _ obvious importance of sophisticated RD calculations, includ-
We have shown that in the effMSSM the maximum fac-jng complete sets of coannihilation channels, it may happen
tors of the RD decrease due to NCC as well as due to SQyat coannihilations play no role at least for ttieect detec-
and SLC can reach 16, as long as the lower experimental tjon of cold dark matter. From Fig. 10 one can see that the
limits for n;., my, mg, andmy - are of the order of 80 GeV. fie|d of maximal sensitivity of the best new-generation CDM
We conclude that SQC, NCC, SLC produce comparable RQjetectors, such as GENIUE4], as well as the annual-
reduction effects in the effMSSM. For the majority of mod- yodulation region of DAMA[55] are located at 46@m
els which are affected by coannihilations and which success= 300 Gev, where coannihilation effects are almost i)ﬁvis—
fully passed all relevant accelerator, cosmological, and rargp)e.
decay constraints it was observed that either NCC, SQC, or
SLC alone produces a significant reduction of the RD while
the other coannihilation channels give considerably smaller
or zero further reduction. Contrary to NCC and SLC, which
produce non-negligible effects only if the NLSP mass is The authors thank Yudi Santoso for making his code
smaller than 1.1%, , for SQC the relevant NLSP mass could available and I.V. Krivosheina for permanent interest in the
reach 1.5, . The type of NLSP determines the dominantwork. V.B. thanks the Max Planck Institut fuer Kernphysik
coannihilation channel[42]. Due to the fact that the for the hospitality and the RFBRGrants 00—02-17587 and
eff MSSM more often favors neutralinos and charginos, bu02-02-04009for support.
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