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We discuss the relic density of the lightest of the supersymmetric particles in view of new cosmological
data, which favor the concept of an accelerating universe with a nonvanishing cosmological constant. Recent
astrophysical observations provide us with very precise values of the relevant cosmological parameters. Certain
of these parameters have direct implications on particle physics, e.g., the value of matter density, which in
conjunction with electroweak precision data put severe constraints on the supersymmetry breaking scale. In the
context of the constrained minimal supersymmetric standard m@ISSM such limits read asM
=300 GeV-340 GeVmy=80 GeV-130 GeV. Within the context of the CMSSM a way to avoid these con-
straints is either to go to the large t8rand x>0 region, or makérg, the next to lightest supersymmetric
particle (LSP), be almost degenerate in mass with the LSP.

PACS numbgs): 95.35+d, 12.60.Jv, 95.30.Cq

[. INTRODUCTION ences therein The(,,, ), values are then restricted by the
age of the Universe and by the value of the Hubble param-
During the last few years the knowledge of the cosmo-eter through

logical parameters has started entering an era of high preci-
sion with far reaching consequences not only for cosmology, 1 (1 y
but for particle physics as well. The cosmic microwave back- tu:H—0 fo dy Q1=+, (V=) +y
ground temperature is accurately knowf,y=2.7277
+0.002 °K, the Hubble parameter is determined with a rela- . .
. ' _ .~ " The constraints stemming from E) are however less re-
trlr:/:;); ;g:\zli![y?;rg:é?ig(;fzieti ma S:c;:/tl:f/pbci,g E)gigbr?l?é?g(;gy r]ztrictive than those coming from the supernovae SNla data.

. _ TS R tly t , the S C logy Prdjgkt
thesis,2gh3=0.019+ 0.001, while the determination of the ecently two groups, the Supermnova Cosmology Prdfgi

£ th . f he ol I h and the Highz Supernova Search Tedm], using different
age of the Universe from the oldest stars, as well as othgl,einads of analysis, each found evidence for accelerated ex-
sources, yield¢,=14+1.5Gyr [1]. Very recent observa-

s pansion, driven by a vacuum energy contribution
tions of type-la supernova&Nla), as well as measurements
of the anisotropy of the cosmic background radiaiGBR), 4 1
provide additional information favoring an almofsat and Q\==Qy+==*
accelerating universe, where the acceleration mainly is 3 3
driven by a nonvanishing cosmological constgt4]. ) S
There is a growing consensus that the anisotropy of the0, for{}y=0.4+0.1 this relation implies that the vacuum
CBR offers the best way to determine the curvature of theeNergy is nonvanishing),=0.85+0.2, a value which is
Universe and hence the total matter-energy derigy{1].  compatible with a flat Universe, as the anisotropy of CBR
The data are Consistent Wlth a ﬂat Univer%: 10i 02, measurements indicate. Tak|ng in'[O account the faCt that the
while we are confident that the radiation component of thedaryonic contribution to the matter density is smdllg
matter-energy density, that is, the contribution from CBR=0.05%0.005, the values for matter energy dendity re-
and/or ultrarelativistic neutrinos, is very smgll,2]. There- sult to a cold dark matte(CDM) density Qcpy=0.35
fore the present matter-energy density can be decomposed0-1, which combined with more recent measuremght

principally into matter densit§),, and vacuum energs , : of the scaled Hubble parametbp=0.65+0.05, result to
small CDM relic densities

2

ol -

. 3

Qo=0u+Q,. (1)
Qcpwh3=0.15+0.07. (4
There is also supporting evidence, coming from many in-
dependent astrophysical observations, that the matter density From measurements of the ratio of the baryonic to total
weighsQy,=0.4+0.1 (see for instance Refl], and refer- mass in rich clusters, smaller values for the mass density are
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obtained. This ratio is found to b€&g/Q,~0.15[6,7] emphasize that for the sake of the effectiveness of our com-
which entails to even tighter limit® cpyh3=0.12+0.04[8].  putational code we have chosen to use analytic results in
Such stringent bounds for the CDM relic density affectorder to calculate the amplitudes of the processes contribut-
supersymmetric predictions and may lower the limits of theing to thermally averaged cross sectigrv) [27]. The price
effective supersymmetry breaking scale, and hence thene pays, is that these analytic results break down in the
masses of the supersymmetric particles. In R@f.within  vicinity of the poles or thresholds of the cross section. How-
the framework of the string inspired no-scale (SJXU(1)  ever, the comparison of our results with those of other stud-
supergravity model, by relaxing the cosmological constanties[24,28, which treat the problem of poles and thresholds
regions of the parameter space compatible V\mBDth in a more accurate manner by calculating numerically the
~0.2 were delineated, and phenomenological predictions fofhermally averaged cross secti@8,34), shows that they are
the sparticle spectrum were given. The relevance of the high striking agreement. This occurs, at least, in regions of the
precision cosmology to constrained supersymmetry was adtarameter space of the CMSSM where this comparison is
dressed in Refs[10], [11]. More recently the CDM relic feasible.
abundance with nonvanishing cosmological constant, in the The effect of the coannihilation between the LSP and the
framework of the minimal supersymmetric standard modehext-to-lightest supersymmetric particlLSP) is quite im-
(MSSM), was shown to put limits on supersymmetric massportant and should be duly taken into account
spectrum[12]. In fact it was shown that gaugino can be [37,33,22,30,1p The importance of coannihilation of the
within the reach of the Large Hadron CollidérHC), if the lightest of the neutralinog, which in most of the parameter
recent cosmological data are used. As stated in[R&f.itis  Space of the CMSSM is B-ino, with 7z has been pointed
worth pointing out that while electrowealEW) precision  out in Refs.[31], [39]. x-7r coannihilation are of relevance
data are in perfect agreement with standard m¢@ll) pre-  for values of the parameters near the edge witeend7g
dictions, and hence in agreement with supersymmetric modare almost degenerate in mass. In such regions of the param-
els which are characterized by a large supersymmetry brealeter space the results reached using the ordinary methods, in
ing scaleMgusy [14], the data orf2cpyh2 pushMgysy to  Which these effects are neglected, have to be properly modi-
the opposite direction preferring small values Mfsgy. fied to correg:tly account for the effect of the coanm_hllgtlon.
Therefore EW precision data may be hard to reconcile with AS @ preview of our results we have found that within the
the assumption that the lightest supersymmetric particié€ontext of the CMSSM the recent cosmological data, in com-
(LSP ory), is a candidate for CDM13]. bination with EW precision measurements, lead to rather
The method to calculate the relic abundance of a dariight limits for the relevant supersymmetric breaking param-
matter(DM) candidate particle in the Universe is outlined in ©€SMo, My, provided the next to the LSP particléd) is
Ref. [15]. In R-parity conserving supersymmetric theories N0t nearly degenerate in mass with the LSP. In this regime
the LSP may be a neutralino, which is a good candidate t&he only option to avoid these limits is to move to the large
play the role of DM [16]. Many authors[17-30,10— tanpBregion, where acceptable relic densities can be obtained
12,31,32,35,3p have since calculated the relic neutralino if the pseudoscalar Higgs mass is approaching twice the
density. In the early works, only the most important neu-mass of the LSP. This case is consistent vith-sy and
tralino annihilation channels were considered, but latemay be of relevance for models in which Yukawa coupling
works[27,28 included all annihilation channels. Also more unification is enforced. In regions of the parameter space in
refined calculations of thermal averages of cross sectiondhich7g’s mass is close to that of the LSP, where coanni-
were employed, which took into account threshold effectdilation processes need be taken into account for the calcu-
and integration over Breit-Wigner pol¢33,34]. lation of the actual neutralino relic abundance, such limits
Our study in this paper is based on the constrained MSSMan be evaded. _ _ .
(CMSSM), which is motivated by supergravity, assuming _ This paper is organized as follows. In the first section we
universal boundary conditions for the soft supersymmetrygive the basic formalism and discuss various details of our
breaking parameters, and in which the EW symmetry is racalculations. In Secs. Il and Il we discuss the methodology
diatively broken[38]. Our strategy of calculating the neu- We follow in solving the Boltzmann equation and give details
tralino relic density follows three steps: First the SUSY par-Of our numerical computation. In Sec. IV our results for the
ticle spectrum and the relevant couplings are generated;SP relic density are presented and regions of the parameter
according to the supersymmetric scenario mentioned abov&Pace consistent with the new astrophysical data are delin-
Then the thermally averaged cross sectioms) are calcu- €ated. Towards the end of this section a discussion is devoted
lated in their nonrelativistic limit, using analytic expressions. 0 the coannihilation effects. Finally we end up with the con-
Finally we numerically solve the Boltzmann equation, whichclusions. To facilitate the reader the supersymmetric conven-
governs the evolution of the neutralino relic density, by us-tions used throughout this paper are presented in the Appen-
ing very accurate routines able to handle stiff problems ofix.
differential equations. Regarding the calculation of the relic

density, we solve the Boltzmann equation numerically by Il. SUPERSYMMETRIC RELIC DENSITY
finding a proper boundary condition along the lines de- '
scribed in Ref.[26]. This is reminiscent of the WKB ap- Our aim is to calculate the cosmological relic density of

proximation; it yields very accurate results and differs fromthe lightest of the supersymmetric particles, which will be
the standard approaches used in most works. We want tdenoted byy throughout this paper. This we assume is one
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of the four neutralinos states. In supersymmetric models with w2 5
R-parity conservation this particle is stable. The cosmologi- s= 4—5T h(T), (10
cal constraints of)py discussed previously may impose

stringent constraints on its mass, as \_/veII as on the masses WRhich along with the effective energy degrees of freedom
other supersymmetric particles which are exchanged ||&(-|-) which determines the energy density
graphs, contributing to pair annihilation reactions ’

2

XX— XY, p= %T g(T), (12)

constraining the predictions of supersymmetry.

The basic ingredient in calculating the LSP relic abun- fEq. (6
dance is the calculation of the thermally averaged cross sed q.(6)
tions(ov ) for the annihilation processggy— XY, which 3 1
enter into the Boltzmann transport equation whose solution AX)= 4iG ) my (h(T)+ ﬂh’(T))((rv )
yields the mass density of the particles at present epoch. 45 N Vo(T) 3 retl:
v, denotes the relative velocity of the two annihilatif. (12
Although these issues have been covered in numerous ar-
ticles we will briefly repeat them from this stand too, in order Depending on the temperatullethe content of the par-
to pave the ground for the discussion in the remainder of thigicles in equilibrium is different. In our analyses we use the

enter into the prefactox(x) appearing on the right hand side

paper. expressions forg(T), h(T) as given in Ref[26]. In the
Our principal objective is to calculate the present LSPregion 40 Me\ T<2.5GeV, where the quark-hadron phase

mass density transition takes place, the values used ¢gm), h(T) are

those corresponding to a critical temperatiize= 150 MeV

py=myN(Ty), (5) as given in Ref.[18]. For a critical temperatureT,

=400 MeV, also quoted in Ref18], we did not observe a
whereTy~2.7K is today’s Universe temperature. This de- substantial change in our final results concerning the LSP
termines the LSP energy densidy, = p5 /pcit, Wherepgis  relic density. Recent lattice QCD results indicate that a first-
the critical density of Universep;, is calculated by solving order phase transition takes place during the hadronization
the Boltzmann equation given by [40]. Using the corresponding data for the energy and en-

tropy densitieg41], no significant change is observed in our

dq s final results, as it has been also noticed in R&8].
ax - NI - %), (6) We postpone for later the details of the numerical scheme
employed to solving the Boltzmann equati@) and pass to
wherex=T/m- and discuss the thermal averagésv,) for the various pro-
X cesses involved. At this point we follow Rd27] and ex-
n No press the nonrelativistic cross sections for the annihilation
=TT %= B (7 gv(\)lg.esses(XHXY in terms of helicity amplitudes as fol-

In the equation above denotes the number densitypt

and ng their density in thermal equilibrium. The latter is 1

e 1 B
va(xx—XY)= 1 % §§h: |AN(1Sy)|?

given by
1
o Ko T2 e V(U 1) 8 + 5 LA+ AP |2+ AP, 2] |,
T2 %% ), U=y ® 3

(13

whose low-temperature expansidow x=T/n,) is _ . _ _

wherev is the relative velocityw . In Eq. (13) the ampli-

tudesA"(?S*1L,) depends on the helicities of the final prod-
)- ©) ucts denoted collectively bl and the total cross section is
obtained as an incoherent sum over the final helicity states.
The cross section will be expanded up®@v?) terms and
for this reason onh\5 and P waves in the initial state are of
éelevance. The statistical fact8 appearing in the denomi-
nator in Eqg.(13) equals 2! when the final particles are iden-

kSpirﬁ_l/XTg 5 )
nO—W 1+ §X+O(X )

In the equations abovey, is the number of the spin degrees
of freedom. The functiom(T) counts the effective entropy
degrees of freedom, determining the entropy density of th

Universe , , . — .
tical. The kinematical factog; is given by
2 2 2 24\ 1/2
We neglect at this stage sleptgneoannihilations and slepton- E —1- 2(mi+my) - 2(my—my) (14)
slepton annihilations. f s s? ’
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wheres is the center of mas&.m, energy squared.
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This expansion obviously breaks down whegets small, or

Although our analysis in many respects resembles thagquivalently when we are near the threshold

pursued in Ref[26] it differs in the particular method em-

ployed to calculate the thermal averaged cross sections,

where we follow closely Ref[27]. The results of the two

approaches ought to be identical if it were not for the fact
that some interference terms between graphs in process'él$1
involving Higgs particles in the final state or one Higgs bo-W
son and & boson, were omitted. In our approach these term§

are implicitly included in Eq(13).

Since the right-hand sidé€RHS) of Eq. (13) will be ex-
panded up to term&(v?), we need cast the helicity ampli-
tudes into the following forms:

AN(sg) =af+alv?+- -, (15

A"(PPg12)=b"(Pg1v+---. (16)

The ellipses in the equations above include higherin
terms.

Besides this the kinematical factﬁf has to be expanded,
and also the c.m. energy squared variablehould be ex-
pressed in terms of the relative velocityas given below

2
Bi=Bo+ B2+ O(v?), 5—1:(1_%)/4m)27
(17

By using these, the cross section of Ef@) can be brought
into the form

b,
vo=a+ 5Y (18)

with the constanta, b defined by the following expressions:

a=k; Bolagl?, (19
— h(2 Bo hx ,h
b—6k; |agl?| 81— | + Bolag*aj+H.c)
+ 2O L1bP(Po) 2+ b2+ BYP) 21| (20)

2my=my+my. (23

Also singular are the expansioli9) and (20) when we

e near ars-channel pole of a particle of masg, into
ichYx are fused to. The intermediate particle’s propaga-
or in this case is expanded as

1 1 1 . v?
s—mi+imT, m? 4—R{+iG, 4—-RI+iG,)’
(24)
where
R_m, _m|F, (25

The expansior(24) holds as long as we are away from
poles, otherwise the coefficient of the relative velocity
squared gets large. The largeness of this factor is dictated by
the narrowness of the resonance and the heaviness of the
LSP. For theZz-boson resonance for instance, the correspond-
ing rescaled widthG; is GZ~(230/m§) GeV?, which for
My~ 100 GeV yieldsG,~2.3x 10" 2 invalidating the expan-
sion (24) on the resonance.

Therefore near poles

(26)

as well as near threshold, more sophisticated methods should
be used, as those found in Reff83], [34], for the nonrela-
tivistic expansion of the cross section in EG8). We shall
come back to this point later when discussing the LSP relic
density.

To make contact with the findings of RgflL8] we write
the cross section as

w(s), (27)

vo

T EJE,

whereE;, E, are the energies of the initial particles asd
the total c.m. energy squared. Equati®V) leads, up to

The prefactok appearing in the equations above is given byO(X), to a thermal averaged cross sectior details see

k™ =128rSme.

It is well known that the expansion in the relative velocity

Ref.[18]) given by

Wo+ = (—2wWo+wg)X|, (29

1
(o) =z Wot 3

v breaks down near thresholds or poles. Concerning the ki-

nematical factoﬁf we write

2
— v
,3f=5\/2(1+§+0(v4)), (21
where
_ vaAmymy _1 (my+my)? 29
Tmemy Y Tamez o @

wherex=T/m; and

dw
Wo=W(Sp), w{)=4m;(2(E) (sp=4m?). (29

So
By comparing Eqs(13) and(27) we can have

1
a= _ZWO! b

My

5z (Wo—Wo), (30

:2m}
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which can be used to cast E@8) into the form see Ref[33], whereu_ depends on the masses of the final
productsX, Y. When for instance these have equal masses,
(31) Say My, and my>my this is given by u% =1—mé/ms.
Therefore in the regior<<0.1 the exponent in E433) drops
rapidly, unlessmy; is close tom,. This is what is intuitively
IIl. SOLVING THE BOLTZMANN EQUATION expected,; qt low t_em_perature'f;{é m;) the thgrmal energies
of the ¥'s in the initial state are not sufficient to activate
The coefficientsa andb, appearing in Eq(31), are calcu-  reactions in which the final products have masses well above
lated for each process their production threshold. Only when their masses are very
close to threshold even a small amount energy is adequate to
XX—XY, (32) furnish enough kinetic energy to the initial particles to acti-
. ) ) ) ) vate the reaction. On these grounds we therefore ignore the
where’y is the lightest supersymmetric particle which we ¢ontriputions of forbidden channels. This approximation is
assume is one of the four neutralinos as said in previougqt expected to invalidate significantly our results.

sections. At low temperatures the particles in the final state \yjith this in mind the channels which contribute deee
may include ordinary fermions, gauge bosons, or Higgs;isq Refs[26-2§),

bosons.

The freeze out temperatufe usually occurs for values of
X¢=T;/m;,=0.05 and hence we can solve the Boltzmann
equation(6) in the regimex<x, by knowing the value of Hh,AA,HA,hAH H .

g(x) at a properly chosen pointy=x; which is not much

beyondx; .2 For temperature$ corresponding tax<x, con- g, | denote quarks and leptons, h, A denote the heavy,
tributions of sparticles other than the LSPg(T), h(T) are  Jight and pseudoscalar Higgs bosons respectively, wife
negligible, relative to LSP, and can be safely ignored. Theare the charged Higgs bosons. The helicity amplitudes for
reason is that any sparticle’s mass is larger tharm;, and  the above processes have been calculated in[R&fas we
hence the relative Boltzmann factors Exgm—nm;)/m;x]  have already discussed. Adjusting the results of that refer-
are suppressed in the regirrxy~0.1. Hence only the con- ence to conform with with our notatibrwe can calculate
tribution of the LSP is kept in the effective energy and en-(gv ).

tropy degrees of freedom functiong(T) and h(T), Our numerical procedure then goes as follows.
respectively’ (i) Given the experimental inputs for SM fermion and

Also, as stated previously, in the annihilation process ingauge boson masses as well as couplings and supersymmetry
Eq. (32) only nonsupersymmetric particles are considered irbreaking parameters, we first run two-loop renormalization
the final state. Although this is obviously correct at zerogroup equation$RGE’s) in order to define physical masses
relative velocity of the initial particlegat thresholg, sincey  and couplings of all particles involved having as reference
is the LSP, it may not be the case at finite temperatures whescale the physicaZ-boson mas/ .

X are adequately thermalized acquiring kinetic energies suf- (ii) We then calculate the coefficierasandb encountered
ficient to produce heavier sparticles. Therefore channeli Eq. (31) for each of the processes mentioned before.
which are forbidden at zero relative velocity may be acti- (jiii) We solve the Boltzmann equation to define the relic
vated at temperature$. In this work we will follow the  density at today’s Universe temperat(re: 2.7 K.

standard treatment and ignore contributions of all channels Regarding point(i) we take as inputs the soft SUSY
which are forbidden at zero relative velocity. This is justified breaking parameters namely squark, slepton, Higgs soft
by the following argument. The values rfrelevant for our masses, trilinear scalar couplings, gaugino masses as well as
calculation arex<0.1 and as a consequence the correspondihe parameters tgs and (u). u is the Higgsino mixing pa-

ing temperatures are much smaller thrag. Therefore the rameter. We assume CMSSM with universal boundary con-
initial state particle§ are not adequately thermalized to ac- ditions at the unification scal®l g .

tivate a forbidden reaction. We can appeal to a more quanti- Although in our analysis we have enforced unification on
tative argument by recalling that in the forbidden region thegauge couplings afl gy, the extracted values for the relic

3
(voy=a+ b—za X.

a1, W W~,2Z,ZH,Zh,ZAW*H" ,HH,hh,

thermally averaged cross sections are proportional to density are insensitive to this assumption and can cover cases
5 where one abandons the naive gauge coupling unification
e H-Ix, (33 scenario. In those cases the unification sé&lg,r is defined

as the point whereg; and g, meet. At this scalegs
=011+A€). Ae#0 signals deviation from gauge cou-
2The choice of, is related to the particular method employed for pling unification condition, which may be attributed to the
solving the Boltzmann equation to be discussed later in this sectiorappearance of high-energy thresholds. Valued efof the
The resulting values of, turn out to be aroune-0.1. order of 1% produce 5% variation (M), which, how-
3Obviously in regions where the coannihilation effects are impor-
tant this approximation does not hold and the contributions of spar-
ticles with masses close to mass of fhehould be added tg(T), 4Our notation differs slightly from that used in R¢27] (see the
h(T). AppendiX.
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ever, are not felt by the relic density. The reason is that the We also assume that the LSP is the lightest of the neu-
latter depends implicitly org(M ), through its dependence tralinos. At the stagéi) of collecting inputs for the calcula-

on sparticle masses, and therefore such small variations of tion of the coefficientsa, b we do not impose all existing
have negligible effect on the relic density. Therefore ouréxperimental bounds on sparticle masses, especially those
analysis can accommodate cases where one allows for smlposed on gluino and squark masses, some of which are
departures from schemes where gauge couplings unify at %pndltlonal and model dependent. The reason for doing thls
common scale relies on that we want to study the behavior of the relic

" . 2 - .

Running two-loop RGE’s for all couplings and massesdensity23hg in as much enlarged portion of the parameter
involved, in the usual manner, we determine the parametef@Pace as possible. Obviously the parameter space will shrink
at theZ-pole mass which are necessary to calculate mass&Yen more if additional experimental constraints are taken
and couplings entering into the helicity amplitudes. ThroughANtC account. We postpone a discussion concerning the ex-
out radiative breaking of the EW symmetry is assumed. Thé)erlmental bounds used in our analysis for the following

) o chapter.

magnitude of theu parameter, but not its sign, as well as the . .
. - ) H Il he scéle,

Higgs mixing soft parametem§ are both determined al , aving all parameters at the scaft; we pass to stagél)

2 th A diti f th | dand calculate the coefficients and b [see Eqs.(19),(20)]
via the minimization conditions of the one-loop correcte through which(ov ) are calculated. As discussed in the
effective potential.

) , . previous section we have assumed nonrelativistic approxi-
All couplings and running masses are calculated in thgnation and have expanded up@v?) in the relative veloc-
dimensional reduction IR) scheme. Whenever needed |ty v. However, such an expansion breaks down near a
these can be converted to their corresponding modified nuhreshold, or near a pole as discussed in the previous section.
merical substractor schemb§) values. In a mass indepen- In order to quantify the notion of nearness to either a thresh-
dent renormalization scheme, as DR, no theta functions ©ld or to a pole we first consider the threshold case. As is
enter into the RGE'’s to implement the decoupling of heavyobvious from Eq.(22) we are on the threshold when the
sparticles at thresholdsee for instance Bagget al.in Ref. ~ Parametere vanishes, in which case the expansion of Eq.
[14]). Therefore corrections to physical masses, which aré2D b_reaks_ down. From this equation _|t is seen that the v_alue
calculated as the poles of propagators, receive contributiofil € Signalling departure from the validity of the expansion

from both light and heavy degrees of freedom. in powers ofv, is the one for which the coefficients of in

The pole masses of the third generation fermions argq' (21) is unity. This occurs f9r€0:0'125 which yieldg
taken ezual toMP°= 175 GeV Mgﬂezs GeV and MP® Zp=(Mx+My)/2m;=0.94. Looking for a more reliable cri-
t ’ T

_ terion we invoke Ref[33] where results relying on more
=1.777 GeV. From the pole masses we can have the Valuea%curate analyses are compared against the standard schemes

of running masses at the pole, and then run the appropriaigyich we are using in this paper. From the figures displayed

RGE'’s to have the corresponding running masses at the refy he aforementioned reference we find tizgt=0.95 not

erence scalé; . Theb and 7 masses should evolve, accord- yery far from the value quoted above. Therefore throughout
ing to the SU(3)x U(1)em group, sinceMp®®,M?*®are be-  our analysis we shall employ the following “near threshold”
low M. Note that in the case df andt-quarks, the two- criterion:

loop QCD corrections relating pole and running mass are

duly taken into account. In this way one obtains the values of My+My

the running masses Bt , and from these the corresponding 0.95— —= (34
Yukawa couplings at the same scale in DR scheme as X

demanded.

. . i A similar analysis holds for the poles too. As is obvious
Regarding Higgs boson masses, one-loop radiative cor: .
) . . from Eq. (24) the expansion breaks down wheR,
rection to their masses are assumed through out this paper. : .
s . =m, /m, is close to 2, unless the rescaled wi@h[see Eq.
The effect of the renormalization group improvement and X .
. . . (24)] turns out to be large. The possible poles encountered
leading two-loop corrections although important for an accu- .
ot ; .are theZ, H, h, andA resonances which have small rescaled
rate determination of the Higgs boson masses does not si

nificantly affect the values of the relic density. Only the Io-%’Idths uInlgss the LS:D 'Stxe?’ ll'lght.w't‘h ma(§$1(|)),’(3e}t/. Ig

cation of the Higgss-channel poles and the thresholds, our analysis we employ the Toflowing “near pole criterion

whenever Higgs bosons appear in the final state, are little )

affected. |4—R7[<0.8, (35
Radiative corrections to the couplings of the LSP to Higgs

bosons are not taken into account in this work. These can bieor values of the parameters leading to either(B4) or Eq.

important when LSP is a high purity Higgsino std®0],  (35) the expansion of the cross section in powers of the rela-

since a pure Higgsino state has no coupling to Higgs bosonsgive velocity is untrustworthy and results based on such an

However, in the CMSSM with universal boundary condi-

tions for the soft masses at the unification scale a high purity

Higgsino state is hardly realized in view of negative results °QOutside this region the traditional series expansion, we use in this

from SUSY particle searches, and the aforementioned compaper, and exact results are almost identical. See, for instance, Ref.

rections are not of relevance. [26].
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TABLE I. Sample of values for the ratigy/2 g3 for an LSP The numerical solution is found by use of special routines
mass equal to 100 GeV. The masses of the remaining particles afgund inIMSL FORTRAN library, which are eligible to handle
as described in the main text. stiff differential equations such as the Boltzmann equation.

o Similar routines can be presumably found in other libraries

X 9o/2 %o too. However, it is important to stress that the choice of the
0.08 24K 108 right routine and accuracy is of great importance. Due to the
0.07 1.6%10° fact thatq(x) varies rapidly forx<<x, a high degree of ac-
0.06 1.95¢ 100 curacy is demanded which makes other routines being either
0.05 0.6 10'2 extremely slow or unable to reach convergence.
0.04 1.05¢ 104 To implement the numerical solution of the Boltzmann
0.03 0.51x 108 equation we need as inputs the functiofx), defined by Eq.

(12), whose values are known providegh,h’, as well as
(ovye, are calculated. The effective number and entropy
expansion are unreliable. In those cases other more accuradgrees of freedom functiompand h, respectively, are cal-
methods should be usedee Refs[33,34)). _ culated in the way described in the first section. The thermal
In the final stage(iii) we solve the Boltzmann equation iniegrals needed for their calculation are found by invoking
(6). Knowing (ovre) from the procedure outI|ned/ Previ- fast and reliable integration routines found in the saog-
ously, and by calculating the functioggT), h(T), h"(T),  jgan library MsL. Their correctness has been checked by
we can have the prefacta(x) appearing in Eq(6). Athigh ., haring ‘our findings against those of other packages. The
temperatures, or same large value_9<9fT/m;(, above the LSP mass and the masses of Higgs bosons and the remaining
freeze-out temperature, the functiaf(x) approaches its SM particles are needed in order to calculate the aforemen-

equilibrium valuegy(x) [$ee Eq(7)]. A convenient ‘.F’md aC tioned functions. Therefore we first run to get the values of
curate method for solving the Boltzmann equation is the

WKB approximation employed in Ref26]. This relies on all parameters involved at the physical SCM.Q’ as well as
the observation thak (x) is a rather large number of the all physical masses among these the radiatively corrected

order of 16 or so, or even larger in some cases. Due to th iggs boson masses. Thgse input; are also used in_order to
largeness of(x) an approximate solution is calculate all relevant spartlcl'e'coupllngs to other species nec-
essary to calculate the coefficiertsband hencéov ), for

each one of the processes involved. After this short descrip-

+O(1\?). (36)  tion of our numerical procedure we pass to discuss how this
machinery is implemented to infer physics conclusions for

Obviously this holds for values of for which qy/2\q3 is ~ the LSP relic density.

smaller than unity. In our numerical procedure we find a

point xo for which

!

_ 0
d=do 1+mqo

IV. THE LSP RELIC DENSITY

4

q
(%) =0.1. (37) Following the numerical procedure outlined in the previ-

2\ . . : .
Yo ous section we are ready to embark on discussing the predic-

For larger values of, this ratio becomes even smaller while tions for the LSP relic density. As discussed in Sec. | we
for smaller values increases rapidly invalidating the approxinave in mind minimal supersymmetry with universal bound-
mation(36). This rapid change of the aforementioned ratio isary conditions at the unification scale for the soft breaking
mainly due toq6/2q§. A typical sample is shown in Table | parameters and radiatively induced EW symmetry breaking.
where for an LSP mass 100 GeV, for a top mass equal to Therefore the arbitrary parameters ang, M,,, Ay, and
175 GeV and for masses of the Higgs bosdnkl,A,H™* tanB. The value ofu is determined from the minimization
equal to 100, 250, 270, and 300 GeV, respectively, we list itgonditions of the one-loop corrected effective potential.
values forx in the range 0.03-0.08. One observes thatThese also determine the Higgs boson mixing paraMer
q4/2q5 increases by almost 10 orders of magnitude from The sign ofu is undetermined in this procedure and in our
=0.08 down tox=0.03 whileX\(x) remains almost constant analysis both signs of. are considered. Therefore in this
in this interval. V\ilth a typical value of (x)~10'° this ratio  scheme theu value as well asm% are not inputs.
turns out to be=x, for values ofx around 0.06. . At the first stage for each point in the parameter space we
Given the pointx, defined in Eq.(37), we numerically  coiect outputs including all parameters relevant for the cal-
solve the Boltzmann .equatlon, in order to o_ptam solutions inyy1ation of the relic density, such as couplings and physical
the regionx=x,, having as boundary condition masses, in the way prescribed in the previous section, with-
q(Xo) = 1.1q0(Xo) . (38 out imposing any gxperimental constraints. quever, we
certainly exclude points that are theoretically forbidden, such
The omitted O(1/\?) terms in Eq.(36) yield corrections as those leading to breaking of lepton and/or color number,
which are less than 5%. Therefore this scheme yields vergr points for which Landau poles are developed and so on.
accurate results. We also exclude points for which the LSP is not a neutralino.
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In subsequent runs the above inputs are used to determiniegrees of freedofhRegarding the LSP’s mass we note that
the’y relic density solving the Boltzmann equation as out-for large values of it many channels are open but for small
lined in the previous section. values (m;<40GeV) only channels with fermions, except
In our analysis we should exclude points of the parametethe top quark, in the final state are contributing. In these
space for which violation of the experimental bounds onprocesses the exchanged particles can be eitli&bason

sparticle masses is encountered. We use the bounds of Rca%d a Higgs boson in thechannel, as well as a sfermidn

[42] in thet channel. Higgs boson exchanges are suppressed by
their small couplings to light fermions, and sfermion ex-
neutralinos: m;(2>33 GeV, changes are suppressed when their masses are large. Then
the only surviving term, for large values of squark and slep-
ton masses is th8-boson exchange. However, in the param-
eter region where the LSP is a high puriyino, this is not
coupled to theZ-boson resulting to very small cross sections
m- >71GeV, (m-o<20 GeV), enha_ncing_drarr_]atical_ly the LSP re!ic der_15ity_. Therefore in
R X1 considerations in which the LSP is a ligBtino,” large
squark or slepton masses are inevitably excluded since they
m;.. Mg >84, 89GeV, lead to large relic densities. If one relaxes this assumption
and considers regions of the parameter space in which the
LSP is light but is not purel-ino, heavy squarks, or slep-
> o+ 10 GeV), tons are in principle allowed. When LSP is light the only
open channels are those involving light fermions in the final
state. Then the annihilation of LSP’s into neutrinos, for in-
m;, >43GeV, stance, a channel which is always open, proceeds via the
exchange of &-boson which is nonvanishing and dominates
_ _ the reaction whem, is sufficiently large, due to the heavi-
Higgs bosons:my >81GeV, (light scalay, ness of sfermions. This puts a lower bound ®v o (XX

Hff_)> and hence an upper bound é);hg which can be
ma>81GeV, my->69 GeV. (39) within the experimental limits quoted in the Intro_ductio_n. On
these grounds one would expect that by increasiggwhile
. ) ) ) keepingM 4, fixed and low, there are regions in which the
At this stage we do not exclude yet points which violate therelic density stays below its upper experimental limit. Al-

charginos: m;(l+>95 GeV,

sleptons:

(M, e

gluinog and squarlq mass bounds though such corridors of lowl 1, and largem, value$ are
cosmologically acceptable they are ruled out by the recent
mg>173 GeV, mg>176 GeV. (40)  bound put on the chargino mass. Hence the possibility of
having a light LSP and a heavy sfermion spectrum is ex-
cluded.

Then for each point of the parameter space for which the \ye have scanned the parameter space for values of
above experimental constraints are obeyed we calculate thfﬁo.'\/'l/z- A, up to 1 TeV and tarB from around 1.8 to 40 for

X relic density. . both positive and negative values of The top quark mass

~ From our outputs we have found that the chargino bounds taken 175 GeV. In Fig. 1 we display representative outputs
is the most stringent of all listed above, in the parameter, ihe (My/,,m,) plane for fixed values ok, and tans. Both
space examined. The only exception is the light Higgs bosogignS of the parameten are considered. In the displayed
mass, which outstrips the chargino bound for very lowan 4, re A,=0 and tanB=5,20. The five different gray tone
values. The gluino and squark mass bounds quoted before,ri(ggionS met as we move from bottom left to right up, corre-

subsequently imposed, are found to be weaker than thgy,nq (6 regions in whicR;h3 takes values in the intervals
chargino bound. Only a small region of the parameter space

which is allowed by the chargino mass constraint is excluded—

when one enforces the boumt1> 176 GeV on the lightest 5The case of a Higgsino-like LSP has been pursued in Refs.

of the top squarks. [30,32 where the dominant radiative corrections to neutralino
Before embarking to discuss our physics results Wenasses are considered. Analogous corrections to couplings of

should stress that in our scheme we have not committefliggsino-like neutralinos t@ and Higgs bosons are important and

ourselves to any particular approximation concerning thean change the relic density by a factor 5 in regions of parameter

masses or couplings of sectors which are rather involvedspace where LSP is a high purity Higgsino s{&@]. However, this
such as neutralinos for instance, which are crucial for oUgase is not realized within the CMSSM with universal boundary

analysis. Therefore we do not only consider regions of thegngitions for the soft masses.

parameter space in which the LSP is either purel éB- "This happens whehu|>My,, with M; small ~M,.
ino) or purely a Higgsino, but also regions where in general ®These corridors of lowM ;,, and largem, values have been also
the LSP happens to be an admixture of the four availablg@resented in Ref.28].
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FIG. 1. The LSP relic densitS/);(hé in the (my,M4,») plane for given values o4 ,tang, and sign ofu. Gray tone regions, from darker
to lighter, designate areas in which the LSP relic density takes values in the intervals 0.00—0.08, 0.08-0.22, 0.22-0.35, 0.35-0.60, and
0.60-1.00, respectively. In the blanc a(é@h§> 1.0. The area marked by TH is theoretically excludegke main text The area labeled by
mg<95 GeV is excluded by chargino searches. Crosses denote points for which thresholds or poles are encountered.

0.00-0.08, 0.08-0.22, 0.22—-0.35, 0.35-0.60 and 0.60—1.0& not a neutralino. In a lesser extend some of these corre-
respectively’. In the blanc area covering the right up region, spond to points which are theoretically excluded in the sense
the relic density is found to be larger than unity. The bound-+that either radiative breaking of the EW symmetry does not
ary of the area excluded by chargino searches, designated bycur and/or other unwanted minima, breaking color, or lep-
mg<95GeV, refers to the bound quoted in the beginning ofton number, are developed. From these figures it is seen that
this section. as tanp increases from ta=5 to tanB=20 the region for

In these figures whenever a cross appears it designat@gich the LSP is not a neutralino is enlarged. This is due to
that we are near either a pole or a threshold, according to thge fact that by increasing tad the stau sfermiof¥g be-
criteria given in the previous section. In these cases the nonymes lighter, since its mass, as do the masses of all the third
relativistic expansions used are untrustworthy and no Safﬁenerations sfermions, depends rather strongly opgté@md

conclusmndstcan pel dravlvn. F%r_ lﬁw Vall.ﬁ;’\dg? CrOSSes  aiso onAy). Although not displayed, similar is the case when
correspond to mainly poles, which are el ~0SON OF & ¢ increases the value of the paramétgr

light Higgs boson, while for higher values, where LSP is . . PP I
heavier and hence more channels are open, these corresponoFor f'xe_d N_ll’2> 15_0 GeV the relic densitdlzhg in-
to thresholds. The gray area at the bottom labeled “TH," Créases, with increasing,, due to the fact that cross sec-

which usually occurs for low valuesi, <150 GeV, is ex- tions involving sfermion exchanges decrease. Thus the area
cluded mainly because it includes points for which the LSPeorresponding té2;h5<0.22 concentrates to the left bottom
of the figure. In this regiomy<<200 GeV. For fixedn, the
relic density Q;(h§< 0.22 also decreases with increasing
“These regions are chosen in accord with new and old bounds ol 1, Since an increase M4, enlarges squark and slepton
Q;h§ which have been cited in the literature. masses as well yielding smaller cross sectionsMlfi, is
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FIG. 2. The relic density as function aofy for fixed values of the remaining parameters. The solid, dashed and dot-dashed lines
correspond taM =170, 200, and 400 GeV, respectively.

further increased the LSP will eventually cease to be a neusoft parameteM . The reason of getting small relic den-
tralino. sities for such large values of tghis due to the fact that in

In Fig. 2 and for fixed values of the paramefgyand tan  these cases the pseudoscalar Higgs bdsbas a mass close
B we plot the LSP relic density as function of the soft scalarto 2 n,, and thus its exchange dominates in the production
massm, for values ofM ;,,= 170,200,400 GeV, respectively. Of a fermion-antifermion pair in the final state. This, along
The valueM ,,,=170 GeV has been chosen close to the low-with the fact thatA77 and Abb vertices are proportional to
est allowed by the recent chargino searches, and avoids poltan 8, enhances the relevant cross sections, resulting to small
or thresholds. It is obvious from this figure that for higher relic densities within the allowed cosmological limits. This
tan vaIuesQ;(hS gets lowered, for fixedn,, leaving more behavior agrees at _Ieast qualitatively with the findings of
room for largerm, and hence for sfermion masses. TheRef. [27] (see Fig. 4 in that referenke _
abrupt stop in some of the displayed lines, towards their left " Fig. 5 the LSP relic density is plotted as a function of

endings, is due to the fact that the LSP ceases to be a nelle ParameteM,, for values ofAq,tans shown on the fig-
tralinogfor sufficiently low values ofng. ures, and formy=150 GeV (solid line) and my=200 GeV

In Fig. 3 and 4 we plot the LSP relic density as function (dashed ling The crosses denote points for which poles or

of the parameters,, and tang, respectively by keeping, in thresholds are encountered. It is obvious in these figures the

each case, the other parameters fixed. In Fig. 3 we see th’glndency for the LSP relic density to increaseMsg, in-

i 2 eases especially for valuék;;,>300 GeV. In this region,
for a relatively large value of th_e parametep = 200 GeV, nd for fixedM ,,,, we observe tha&‘);(hé decreases as tgh
and for all cases shown, the relic density takes unacceptably ;- ..cased from taf=5 to tang=20
large values. Although we have only depicted the aage ‘

< ) So far in our analysis we have not studied neutralino-stau
=200 GeV this holds true even for larger valueswf, pro-  csannihilation effects, which if included can lower the values

vided thatM,, stays larger than about 150 GeV. of the neutralino relic density in some regions of the param-

The behavior of);h, as the parameter tgvaries from  eter space. However, as we shall see, even in those cases our
2to 35, is depicted in Fig. 4. Keeping the paramefgysmy,  calculation of relic density can be used to estimate with fair
fixed one observes that for large values of B30, Q;(hé accuracy the actual relic density by using the results of Ref.
gets smaller falling below 0.22 even for large values of the 31].
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FIG. 3. The relic density as function &f,. The lines are as in Fig. 2.

These coannihilation processes are of relevance for valuegrore strict than those discussed so far. In fact within the

of the parameters for whichiy <, <1.2my, that is near

coannihilation free region we find that for low and moderate

the edge wher§ and7 are almost degenerate in mass.!@n8 the upper bounds on these parameters &t
Since so far in our analysis we have neglected such coanni= 340 GeV,mo=200 GeV. The upper limit set amy is cor-
hilation effects, the conclusions reached are actually validelated to the value d¥,,, and is almost insensitive to the

outside the stripamy<m; <1.2m;. Inside this bandy-7

coannihilations, and alsd-T annihilations, dominate the
cross sections, decreasifggrelic densities leaving corridors
of opportunity to highM ,,, andm, values as emphasized in
other studies [31]. Thus depending on the inputs
mg,M1,5,Aq,tanB, and the sign ofx we can distinguish two

casesi(i) 1.25n;($m;(R and (ii) m;(<m;(R<1.25n;(, which

are both compatible with having LSP as one of the neutralingimits:

value of the parameteX, and tar3 as long as the latter does
not get values larger than abou80. For instance, the upper
bound =200 GeV onmj is reached whe ,~140 GeV,

the lowest allowed by chargino searches, but it is lowered to
=130 GeV whenM,,=340GeV. This behavior is very
clearly seen in the scattered plots shown in Fig. 6. The
sample consists of 4000 random points that cover the most
interesting part of the parameter space, which is within the
1.8<tanB<40, 150GeEM ,<1TeV, |A

states. In regiottii) the staury is nearly degenerate in mass <500 GeV, andmy<<500 GeV!® From the given sample
with y and’x-7 coannihilation effects, and to a lesser extendonly points which lie entirely within the coannihilation free

77, 88, and w-u annihilations, play an important role
[31]. We shall call this “coannihilation” region to be dis-

region are shown. Also points which lead to relics larger than
1.5 are not displayed in the figure. The experimental bounds

tincted from region(i) which will be designated hereafter as discussed before, restrict by about 40% the number of the

“coannihilation free” region.
We shall first discuss the regidn in which such effects
are negligible and the ordinary way of calculatijgrelic

Higher values fom, are of relevance only for lowl,, values,

densities, with the omission of the coannihilation processesalready ruled out by the recent experimental bounds on chargino
is very accurate and reliable. In the coannihilation free regionnasses. Also sincé);hj does not depend strongly ofy, for

upper limits onM 1, andm, can be established by imposing m,,,>150 GeV, as it can be realized from Fig. 3, it suffices to

the cosmological constraint 0.@8);(h§<0.22, which are

focus on value$Ay| <500 GeV.
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FIG. 4. The relic density as function of tgh The lines are as in Fig. 2.

cosmologically allowed points. The points shown are struclJ'”ggf~b°S°_” eXChange to dominate the. reactighs— 77'
by a cross(x) when my<100GeV, by a plug+) when and Yx—bb, enhancing the corresponding cross sections
100 Ge\ my< 200 GeV, and by a diamont>) whenm, resulting to cosmologically acceptable relic densities as al-
exceeds 200 GeV. It is obvious the tendency to hikg, ready discussett. Such points allow foM,,m, as large as
<340 GeV in the cosmologically interesting domain which =450 GeV and stay comfortably well as far as the process
lies in the stripe between the two lines at 0.08 and 0.22°— S is concerned, which is not in conflict with large tAn

Actually except for a few isolated cases, which correspond tgalues as long ap >0 [28,43. Since large values of tad

large tan3 as we shall see, all allowed points are accumu-2e compatible with Yukawa coupling unification, the previ-

lated to value <340 GeV andny< 200 GeV(crosses or ous discussion shows that the possibility of obtaining accept-

. . .. able’y relic densities in the coannihilation free region is fea-
pluse&. As a side remark, we'pomt out that .the coannihila- ible in such schemes. If Yukawa coupling unification is
tion free region under discussion overlaps with the color an(z

_ ) nforced, the inpub-quark pole mass should be lowered to
charge breakingCCB) free region as long as the parameter, g es that are marginally consistent with the experimental

My, stays less thar-300 GeV[31]. _ . data. This has as an effect the increase of the value gBtan
Anticipating a forthcoming discussion on EW precision | fact by lowering the input valu$ gole:5 GeV, we were
data, we designate the region bf,;;, which is rather fa-  apje to get relic densities within the cosmologically allowed

vored by EW precision measurements. This is shaded igomain 0.08<Q;h§<0.22 for tanB~50, without the need
gray, which progressively becomes darker as we move tgf inyoking the coannihilation mechanism as is done in Ref.
larger M4/, values, where the SM limit is attained. In the [39]. Note the important role the pseudoscalar Higgs boson
coannihilation free region, these upper limits set\dgy,,mg plays in this case since it dominates fi§— 77, bb reac-
can be only evaded when t#takes large values30 andu  tions when the LSP’s composition involves even a small

is positive. Higher values of tgl can also be obtained at the Higgsino component. In Fig. 7, and in order to exhibit the
expense of changing the input value for the bottom pole

mass as we are discussing below. In the aforementioned——

cases the pseudoscalar Higgs bosadmas a mass approach-  1iirhis requires the\y coupling to be nonvanishing. This holds
ing 2my,, and theA77,Abb couplings are large as being in regions of the parameter space where the LSP state has a non-
proportional to tanB. Both effects make the pseudoscalar vanishing Higgsino component.
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FIG. 5. The relic density as function M,,,. Crosses denote points that are near thresholds or poles. Thédsslitkdl line corresponds

to my=150 (200 GeV.

tan 8 behavior of the relic density, we display a scatteredweak mixing angle Sﬁ”lﬂeﬁ restrict M, to lie in the region

plot of random points, for fixed,, M, and random values M,,,=300 GeV if the combined small SLD and LEP data are
of my=150 GeV, as function of taf, for both signs ofu.
All points displayed refer to the coannihilation free region plings atM gyt is assumed then the lower bound is shifted to
under discussion. Actually for the>0 case, only a few higher valuegsee Dedeet al. in Ref.[14]), in the absence

points of the given sample are in the coannihilation regionof high-energy thresholds. Therefore in the context of the
We see that only a small number of points wjth<0 can
marginally satisfy the cosmological constraints. HoweverM 12 values in which case we are closer to the SM limit of
for >0 many such points exist for values of t@which

are around=30. We recall that the bottom quark pole mass!S: and better agreement with the experimental data is ob-
has been taken equal to 5 GeV which hardly allows for largd@in€d. Adopting a lower bound of about 300 GeV, suggested

values of tang. For this reason, and for the given sample,
points beyond taB=35(38) for u>0(<0) are absent in

these figures. In the bottom figure, correspondinguta0
case, we do not display points in the gap aroundgab,

since we are close to a two light Higgs boson threslisék

discussion in Sec. Il

used for sif 6.2 If in addition unification of gauge cou-

CMSSM it seems that EW precision data favor rather large

supersymmetry. The higher thé,,, value the lower the?

y the above reasoning, can have a dramatic effect for the
allowed domain which lies entirely in the coannihilation free
region. For low tarB(=10) the cosmologically allowed re-
gion is severely constrained almost predicting the values of
the soft masses. In fadl;, is forced to move within the
rather tight limits M 1,,=300 GeV-340 GeV, while at the
same timemy=80GeV-110GeV. For higher values of

EW precision data are in perfect agreement with the SManB (~20) the upper bound om, is sifted upwards by
and hence also with supersymmetric extensions of the SMpq,t 20 GeV(see, for instance, Fig.)1This situation is
which are characterized by a large supersymmetry breakingepicted in Fig. &) where in the 1,,,,m,) plane the dark-
scale. In unconstrained SUSY scenarios the bounds put on

sparticle masses from the EW precision data are not far from

their lower experimental limits. In constrained versions, such 'The SLD data alone leave more freedom by allowing for lower
as the CMSSM which we study here, lower boundsvbp,
can be established. In fact phenomenological studies of thees.

M/, values. On the contrary small LEP data favor laheg, val-
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FIG. 6. Scattered plot of the relic density verdds,, from a
sample of 4000 random points in the parameter space. May FIG. 7. Scattered plots of the relic density versus gaflom a
values are excluded by chargino searches. All points shown are iQampIe of random points with fixell,=0 GeV, M ;,= 300 GeV

the coannihilation free region. Only the p_oints _Wi_th relic denSity_The points shown fall within the coannihilation free region. The
less than 1.5 are shown. The gray tone region within the cosmolog fwo horizontal dashed lines, as in Fig. 6, mark the cosmologically
cally allowed stripe designates the region which agrees with EW,

precision datdsee main tejt The horizontal dashed lines mark the allowed stripe.
limits 0.08<Q3;h3<0.22.

coannihilation free domain, is shrunk to a small triangle.
shaded area marks the cosmologically allowed region for The previously discussed bounds bhy,;,m, affect the
valuesA,=0 GeV, tan3=5. The coannihilation free region mass spectrum of supersymmetric particles. Rdn,
under discussion lies above the line labeled hy =300 GeV-340GeVm,=80-110GeV,|As|<1 TeV and
=1.25m; . In this figure it is seen that by enforcing a more values of tan3<10, we have found the following bounds on
relaxed lower bound\,,,=200 GeV, not excluded by SLD the masses of the LSP and the lighter of charginos, staus, top
data, a relatively large portion in theM(;,,,mg) plane is  squarks, and Higgs scalars:
allowed which also overlaps with regions in which neither
color nor charge are violate@inarked “no CCB™) [44].
However, for M,,=300GeV the allowed region, in the m gp: 115 (116) GeV—130 (133 GeV,

3The alert reader may notice that the overlap between the “No mz: 210 (218) GeV-241 (250) GeV
CCB” allowed region and the coannihilation region is of measure
zero, at least foM 4, less than 500 GeV. This trend may be very
suggestive in looking for the physically sound region in parameter ) -
space. e 122 (1300 GeV—157 (158 GeV,
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FIG. 9. The reduction factoR(AM) as function of AM
(a) =(m~TR—m;()/m;.
A,=0, tanp=5, u>0 )
200l N decrease of the upper bound érhg from 0.22 to 0.16
1 | I washes out the allowed points in the coannihilation free re-
| gion, if the lower boundV ,,,>300 GeV is enforced.
! Within the CMSSM the only option to evade the stringent
: bounds put on supersymmetry breaking parameters, and
| hence on sparticle masses, remains either to move to the
| e large tang regime, which we discussed previously, or to go
| L LT to the coannihilation regionn;(<rrrTR<1.25*n;( in which
I caseM y, is not actually boundef31].

In the coannihilation regiofii) our results concerning the
neutralino relic density do not hold any more. However, the
conclusions of our analysis and that presented in F5f]
can be both combined to infer information on the actual relic
density,Q;(hg, from the one have calculated which we shall
hereafter denote bylghé. Using the findings of this refer-
ence we can express the actual relic density as

No ¢CB .-~

e S

m, (GeV)

m, < 95 GeV

~

~

50 —

0 100

(b) Q;=R(AM)Q?, (41)

FIG. 8. The dark-shaded area(® [(b)] designates the cosmo- . _
logically allowed region Q;(h§,=0.15ﬁ0.07 (0.12:0.04). The where the reduction factdR(AM) depends OmM_(rmR

boundary of the coannihilation free region is labeled by ~ — My)/my and is plotted in Fig. 9. It is seen th&(AM)
:1_25]’]}. Also shown is the region in Which};_<m}, shaded in SmOOthly interp0|ates between0.1 and 1.0 for values of
light-gray tone. The boundary of the region which is free of color AM in the range 0.00—0.25. The above equation is a handy
and charged breaking minima, marked “No CCB” is also shown.device and reproduces the results cited in R&f]. The

The vertical dashed lines represent the boundaries of the regiorosmologically allowed domain shown in Fig. 8 has actually

M ,,>200 GeV andM ;,,>300 GeV. been drawn using this equation. In Fig. 10 we see how the
contours of Fig. 1 are distorted when E@1) is imple-
. 401 (403 GeV—-667 (687 GeV, mented. Notice the change of the shape at the bottom of the
figure where the mass Gf; starts approaching that of the
my,: 96 (87) GeV—125 (122 GeV. LSP. . _
In the scattered plot of Fig. 11 we show all points of the
These refer to the cage>0 (u<0). random sample which were previously used for the produc-

In order to see how the bound put on SUSY breakingtion of Fig. 7, which lie strictly within the coannihilation
parameters, and hence the sparticle masses are affectedrégion. These points were not displayed in the Fig. 7. In the
the more stringent cosmological limits quoted in H&f.are  figures at the top the vertical axis refers to values of the relic
employed, in the Fig. &) we have drawn the same situation density which is based on our own calculatidr‘agmg). The
as in Fig. 8a) with Q;(hézo.lzr 0.04. One notices that the second set of the figures, at the bottom, shows how some of
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FIG. 10. The LSP relic densit@;(h(z) in the (my,M4,,) plane for given values oA, tan B, and sign ofu when coannihilation effects
are taken into account. The inputs are the same as in Fig. 1.

these points collapse, if the E@1) is used, falling within  yes for the effective supersymmetry breaking sddlg,sy,
the cosmologically allowed stripe allowing for higi,,  which in conjunction with electroweak precision measure-
(andmg), values. The vertical axis now refers to the actualments, pointing to the opposite direction favoring rather
relic density Q—;(hﬁ). large values foM gy, put severe constraints affecting su-
persymmetric predictions.
We have undertaken the calculation of the relic density in
the context of the CMSSM, with radiatively induced break-
In this paper we have evaluated the relic neutralino abuning of the electroweak symmetry and universal boundary
dance in view of recent cosmological data which supporgconditions for the soft supersymmetry breaking parameters
evidence for a flat and accelerating Universe. The accelerd? which the LSP plays the role of the dark matter particle.
tion is mainly driven by a nonvanishing cosmological con- Our analysis has revealed the following: Although the
stant which weighs abogtof the total matter-energy density cosmological data do not rule out corridors in tmg,(M )
of the Universe. Such a large contribution of the cosmologilane in which the LSP is light, with substantial Higgsino
cal constantvacuum energypushes the matter density, and mixing, with no bound put on sfermion masses, nevertheless
consequently the CDM density, to relatively small valuessuch regions be excluded in view of the latest experimental
Qcpm h3=0.15+0.07, constraining the theoretical predic- data from chargino searches.
tions of supersymmetric extensions of the SM model. Towards the largéM ;;, regime we have found that in the
Supersymmetric theories, witR-parity conservation, of- cosmologically interesting domainMj;, cannot exceed
fer a comprehensive theoretical framework which provide us~340 GeV, while at the same time,<200GeV. These
with a good candidate for the dark matter particle, the LSPbounds are obtained provided one stays within the region
which turns out to be the lightest of the neutralinos. Thel.2dm<m:_ where coannihilation processes do not play
boundQ;hSzO.lSi 0.07 shows preference towards low val- any significant role. Putting a lower bound b, suggested

V. CONCLUSIONS
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FIG. 11. The first two figures on the top show the points, from a random sample of 4000 points, which lie entirely within the
coannihilation region. The vertical axis refers(ﬁ%hé (see main text The figures at the bottom represent the same situation for the actual
relic densityQ;hj.

by EW precision data can have a dramatic effect on the althe LSP andrgz-¥ coannihilation processes are relevant to
lowedmg, M, values. If for instance, based on phenomeno-keep neutralinos in equilibrium.

logical studies of the electroweak mixing angle, we impose In the first case the pseudoscalar Higgs boagiays an
M,,,=300 GeV thermy, M, are restricted to lie within the essential role. Depending on the inputs its mass may ap-

tight limits M,,~300 GeV—-340GeV, my=80GeV—  nhroach ans while theAr7,Abb couplings are large as being
130 GeV. These limits are insensitive to the choice of theproportional to tanB. Both effects make the pseudoscalar
parameterA, and hold as long a_1$.t:;m<30. I as other iggs exchange dominate the reactiqhs— 77,bb, and en-
analyses suggzest, the more restrictive cosmological data & ance the corresponding cross sections }eSL’JIting to relic
|m|_ootse_d,tﬁ);hoz_o.lztg.fdé,aﬁtafn chere> ;;g Gnov allowed densities which are compatible with the cosmological data. It
points in the regiormsy, = L.2a Tor My ev. is worth pointing out that large tag values, foru>0, are
Within CMSSM there are two ways to reconcile the ex- compatible with the CLEO data for the processssy. In
values ofm, and My, that lie outside the strict bounds yykawa coupling unification, this mechanism may offer the
quoted above. We have either to go to the largeg@with  possibility of obtaining cosmologically acceptalfe relic
w>0) regime, while staying within 1.26;<m;_, or move  densities in the coannihilation free region n5<n;, in
inside the narrow bandy, <nmt;_<1.25m; in which casérr,  sych unification schemes.
the next to LSP sparticle, is almost degenerate in mass with The second possibility to make the recent astrophysical
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data compatible with values ahy,M,;, outside the narrow Thus there is a sign difference in the gauge couplings used in
domain quoted above, is to move to the coannihilation regiorthis paper and in Refg27,45. In addition to that, the
My <m_<1.25m;. In this region thérz—x coannihilation _gaugino fields we use through differ in sign from tho_se _used
effects enhancéov ), lowering significantly the values of N those papers and the parametéfisand w are opposite in

the neutralino relic density. By using the findings of Ref.Sign too. These remarks set the rules of passing from one
[31] we have found a handy way to relate the actual relichotation to the other.

density(); to that calculated using the traditional wayg, ~ IntheB, W, iH?, iH3 basis the neutralino mass matrix
in which coannihilation reactions are not counted for. WelS

find that in the region of the parameter space in which the

LSP is nearly degenerate with the next to the LSP particle}MN

namely, 7z, no upper limit is imposed on the parameter

M. Given a value foM,,, the parametem, is however M, 0 g'viV2  —g'v,/V2
constrained to lie within a narrow band which is dictated by 0 M, —gu V3 guaVa
my<n <1.25m;. =
R g'vl/x/f _gvl/\/z 0 - M
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APPENDIX: SUPERSYMMETRIC CONVENTIONS The mass mgenstateg?(zs) of neutralino mass matrix

. . . . My are written as
The supersymmetric Lagrangian we are using in this pa-

per has a superpotential given by

T T T T ’5(2 B
W=hH,eQU’+hyH;eQD+h H;eLE“+ uH,eH, 5o w®
Al Ol <o | =| .~ A5
(A1) 2o =\ i (AS)
where the elements of the antisymmetriz' 2 matrix € are % iH3
given by €;,= — €5=—1. In the superpotential above we
have only shown the dominant Yukawa terms of the third d
generation. an
The scalar soft part of the Lagrangian is given by
OT MyO= diag myo,myo,myo,myo), (AB)

Lscalar:_Ei mi2|¢i|2_(AthtH-2r6QUC+AbhbH-:II:6QDC
where O is a real orthogonal matrix. Note that when elec-

+AhH[eLES+H.c)+(m3H]eH +H.c), troweak breaking effects are ignoréldcan get the form
(A2)
1, 0,
where the index in the sum in the equation above runs over 1 1
all scalar fields and all fields appearing denote scalar parts of - =
the supermultiplets involved. O= V2 V2 (A7)
The gaugino fields soft mass terms are given by O, 11
IR IR

1 ~— IO -~
Lgaugino: - E(M 1BB+ M ZW(I>\/\I(I)+ MSGG+ H-C-)-
(A3) The chargino mass matrix can be obtained from the fol-

. ) ) lowing Lagrangian mass terms:
In this equationB,W'”,G are the gauge fermions corre-

sponding to the (), SU(2), and SU3) gauge groups.

For comparison with other notatiofg7,45 it is perhaps nass - W
useful to remark that covariant derivatives in this paper are charginos~ — (W™, iH )M, imr T Hc., (A8)
defined by 2
D,=d,—igTWAK. where we have defined/" = (WM xiWw®)/v2 and
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Mz  —Qu;
M= ) (A9)
—gu, M
Diagonalization of this matrix gives
ny, 0
1
UMVT= (A10)
0 m,
Thus,
charginos™ — My, X1X1~ My, X2X2 (A11)
The Dirac chargino stat€g, , are given by
X M X Ao Al12
X1= YI X2= E . ( )

The two component Weyl spinor?sf2 are related toV~*,
iH,, iH; by
)\1

W+ _ ; ~_ .~ T — —
Vv iz =g ) (W, ifA)UT=(\] A5). (A13)

The gauge interactions of charginos and neutralinos CaEn

be read from the following Lagrangidfi

L=g(W I +W;Jﬁ)+eA#ng+ Z 7. (Al4)
In the equation above=sinf,, c=cosé. Also,
d c s W<3))
K= M
(Au) (—s c)( B, | (A15)

The currents)y , J4, andJy are given by

Vi =Ray"[PPa+ PrPalxi a=1--4,i=12,

(A16)
whereP g=(1* ys5)/2 and
Plél V3 O4aV|2 OZaVi*l ’
R 1 * *
Pai=— 7 032U~ 020Uf (A17)
The electromagnetic curredg,,, is
Jem= X1Y*X 1+ X2¥"X2- (A18)

Finally, the neutral currenty can be read from

In our notatione=electron’s charge.

PHYSICAL REVIEW D62 023515

- 1
Ib= Ry PLA; + PrAGTY; + 2Xa7M[PL Bant+ PrBEs1Xo,

(A19)
with

L 2 1 *
Aij=c78ij = 5 ViaViz,

R 2 1 *
Aij=c23j = 5 UiUjz,
Bab 2 (03a03b O4ao4b)y
By=—Bg, (A20)

Note that since5,= — B5,, the neutralino contribution t3%
can be cast into the form

1 _
3= =5 Ban(Xa v v°Xp)- (A21)

For the calculation of th§ y— ff cross sections we need
ow the chargino and neutralino couplings to fermions and
sfermions. The relevant chargino couplings are given by the
following Lagrangian terms:

L=i 0Pl T+ Pbl D Tr +ig(PLall + Pebll )T
+(H.c.). (A22)
In this, x; (i=1,2) are the positively charged charginos and

Xi the corresponding charge conjugate states having opposite
charge.f, f’ are “up” and “down” fermions, quarks or

leptons, whilef;, Ti’ are the corresponding sfermion mass
eigenstates. The left and right-handed couplings appearing
above are given by

alf]f:gvi*lKjfl he Vi, sz’ bifjf:_hf/ |2K11'

aIfjf :gUilKjfl+hfrUi2Kjf2, beJf :thiZKJfl'

In the equation abovhy, h¢, are the Yukawa couplings of

the up and down fermions, respectively. The matrigés’
which diagonalize the sfermion mass matrices become the
unit matrices in the absence of left-right sfermion mixings.
For the electron and muon family the lepton masses are
taken to be vanishing in the case that mixings do not occur.
In addition the right-handed couplings are zero.

The corresponding neutralino couplings are given by

L=igP.al +7>Rb”)ff*+|)(a(PLa
+(H.c.).

"+ Pebl T T
(A23)
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The left and right-handed couplings for the up fermions,while those for the down fermions and sfermions are given

sfermions are given by by
1 3 , Yi f f
aaj:‘/2 9TiOzat9 70161 Kj1+hf04aKj2!
fi , Yie f f
baj:‘/2 -9 TOla Kjo—htO4aKjy,

5! 3 Y f/ f/
8aj =V2| 9T O2at 9" —~ 014 |Kj1— N1 OsaK sz,
£ , Yire £/ £/
baj :\/2 g Tola Kj2+hf’03aKj1-
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