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Supersymmetric cold dark matter with Yukawa unification
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The cosmological relic density of the lightest supersymmetric particle of the minimal supersymmetric
standard model is calculated under the assumption of gauge and Yukawa coupling unification. We employ
radiative electroweak breaking with universal boundary conditions from gravity-mediated supersymmetry
breaking. Coannihilation of the lightest supersymmetric particle, which turns out to be an almo&t-ipore
with the next-to-lightest supersymmetric partitliee lightest stauis crucial for reducing its relic density to an
acceptable level. Agreement with the mixed or the pure coldthe presence of a nonzero cosmological
constant dark matter scenarios for large scale structure formation in the universe requires that the lightest stau
mass is about 2 8 % larger than th8-ino mass, which can be as low as 222 GeV. The smallest allowed value
of the lightest stau mass turns out to be about 232 GeV.

PACS numbe(s): 95.35+d, 12.60.Jv

I. INTRODUCTION sumption that dark matter contains only a cold component
It is by now clear[1] that in a universe with a zero cos- leads then to a “good” fif8] of the CMB radiation and both
mological constant, a combination of cold plus hot dark matthe large scale structure and age of the universe data. Higher
ter is needed for fitting the data on cosmic microwave backvalues of the Hubble constanh{0.65) are, however, re-
ground (CMB) anisotropies and large scale struct{®¢in  quired and, thusQcpy~0.3. Moreover, the possibility of
the universe, especially for an essentially flat spectrum of th@mproving this fit by adding light neutrinos as hot dark mat-
primordial density fluctuations. The energy dengitpf the  ter appearg9] to be rather limited. We can, thus, assume
universe is taken equal to its critical valyg (1=p/p.  hierarchical neutrino masses in this case. A consistent super-
=1), as suggested by inflationary cosmology, and assumesymmetric picture leading “naturally” to hybrid inflation
to consist solely of matter({,,=1). About 10% of matter is and employing hierarchical neutrino masses has been pre-
baryonic (2g=~0.1), while the restdark mattey contains a sented in Ref[10]. In the presence of a nonvanishing cos-
hot component with density equal to about 20% of the criti-mological constant, cold dark matter must sati€fypy h?
cal density Qpy=~0.2) and a cold one witlf)cpy~0.7.  ~0.125.
The present value of the Hubble parameter in units of Both these cosmological models with a zero or nonzero
100 kmsec! Mpc ! is taken to ben~0.5. Hot dark matter cosmological constant, which provide the best fits to all the
may consist of light neutrinos. This is compatible with atmo-available data, are equally plausible alternatives for the com-
spheric[3] and solar neutrino oscillations, within a three position of the energy density of the universe. Thus, taking
neutrino scheme, only if light neutrino masses are almosinto account the observational uncertainties, we will restrict
degenerate. A consistent supersymmetric inflationary modeb -y h? in the range 0.09 0.22.
with degenerate light neutrino masses providing the hot dark The lightest supersymmetric partic(feSP) of the mini-
matter in the universe has been constructed in RgfCold  mal supersymmetric standard mod®SSM) is one of the
dark matter, in the case of a vanishing cosmological conmost promising candidates for cold dark maftet,12. This
stant, must satisfy the relatiddcpy h?~0.175. is normally the lightest neutralino and its stability is guaran-
Recent observational developments, however, seem teed by the presence of a discretg matter parity, which
hint towards an alternative picture for the composition of theimplies that supersymmetric particles can disappear only by
energy density of the universe with a nonvanishing contribuannihilating in pairs. The cosmological relic density of the
tion from something similar to a cosmological constant.lightest neutralino can be reliably computed, for various val-
Measurement$5] of the cluster baryon fraction combined ues of the parameters of MSSM, under the assumptions of
with the low deuterium abundance constrajé] on the gauge coupling unification and radiative electroweak break-
baryon asymmetry of the univers€g h?~0.02, suggest ing with universal boundary conditions from gravity-
that the matter density is around 35% of the critical densitymediated supersymmetry breaki(epe, e.g., Ref$13-15).
of the universe ,,~0.35). Also, recent observationg]  Coannihilation[16] of the LSP with the next-to-lightest su-
favor the existence of a cosmological constant, whose corpersymmetric particl@NLSP) turns out to be crucial in many
tribution to the energy density can be as large as 65% of theaseqd13,14,17.
critical density (2 ,~0.65), driving the total energy density ~ The purpose of this paper is to estimate the lightest neu-
close to its critical value as required by inflation. The as-tralino relic density in a specific MSSM framewofk8] of
the above variety, where the three Yukawa couplings of the
third family of quarks and leptons unify “asymptotically”
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or Eg, where all the particles of one family belong to a singleplings of the first and second generation, the effective super-

representation. It is then obvious that requiring the masses gfotential belowM gyt is

the third family fermions to arise primarily from their unique PP | e i e "

Yukawa coupling to a particular superfield representation W= €jj(—hH>Q5t"+ hpHQ3b"+ h HiLa7"+ uHiH3),

[say a 10-plet of SQ0)] predominantly containing the elec- @

tr(?weak I-.|i-ggs. bosons.guarantees the dgsired Yukawa COWhere Q= (t,b) andLs=(v.,7) are the quark and lepton

pling unification. This scheme predicts large fan gy(2) doublet left handed superfields of the third genera-

~m,/my, as well as the successful “asymptotic” mass re-tjon andt®, b® and ° the corresponding SU(2)singlets.

lation m.=mj,. The supersymmetric particle spectrum, top Also, H,,H, are the electroweak Higgs superfields angl

quark mass, and Higgs scalar masses in this model have been+ 1. The gravity-mediated soft supersymmetry breaking

studied in Refs[19-21]. The top quark mass is “naturally”  terms in the scalar potential are given by

restricted to large values compatible with the present experi-

mental data and the supersymmetric particle masses are pre- i P

dicted relatively large. The lightest neutralino is an almost Vsoﬁ:% M2y b+ Leij(— Ah(HRQ5T+ AphyHi Q4b°

pure B-ino, whereas the NLSP is the lightest stau mass '

eigenstate. +Ah HITL+BuHHL) +H.c ], @)
Coannihilation of theB-ino with the NLSP turns out to be

of crucial importance for keeping thg-ino relic density at where the¢,'s are the(complex scalar fields and tildes

an acceptably low level. This implies that the lightest staudenote superpartners. The gaugino mass terms in the La-

must not be much heavier than tBeno so that coannihila- grangian are

tion can be effective. Moreover, increasing the lightest stau

to B-ino mass ratio leads to a largB+ino mass which further 1

enhances its relic density. Lightest stau masses of about 2 2

—8 % larger than thé-ino mass are required for obtaining

2 ot . ~ o~ ~
Qcpm h® in the range 0.090.22. It is interesting to note  \yhereB, W, , andg, are theB-ino, W-inos, and gluinos,

that, for smal[er “relative” mass gaps between the 'ighteStrespectively. “Asymptotic” Yukawa coupling unification
stau and thé-ino, Qcpy h? rapidly decreases and becomesimp"es

unacceptably small. The values of this mass gap which we

find here combined with the fact that tiieino mass turns h{(Mgur) =hp(Mgur) =h.(Mgup =hg. (4)

out to be greater than about 222 GeV make the lightest stau

a phenomenologically interesting charged sparticle withBased onN=1 supergravity, we take universal soft super-

mass which can be as low as232 GeV. Our analysis pro- symmetry breaking terms 8 gyr, i.€., @ common mass for

vides quite strong restrictions on the sparticle spectrum othe scalar fieldsn,, a common trilinear scalar couplirfy,

MSSM with Yukawa coupling unification. and Bo=Ay—mq. Also, a common gaugino masd ,, is
In Sec. Il, the MSSM with Yukawa coupling unification is assumed aM gyr.

introduced and its parameters and sparticle spectrum are con- Our effective theory belovivl 5+ depends on the param-

strained. In Sec. lll, the relic LSRightest neutralinpden-  eters[ uo=u(Mgur) ]

sity is calculated by taking into account its coannihilation

with the NLSP(lightest staw In particular, theB-ino anni- Mo, M, Ao, o, ag, Mgur, ho, tang.

hilation cross section is estimated in Sec. Il A, whereas Sec, i 5 _

Il B is devoted to the evaluation of the relevant coannihila- 1€ quantitiesag=gg/4m (ge being the GUT gauge cou-

tion cross sections. Our results B sp h? are presented and pling constantandM g7 are evaluated consistently with the

their consequences are discussed in Sec. Il C. Finally, oUgXPerimental values akep, as, and S'ﬁfgw atmz. We in-
conclusions are summarized in Sec. IV. tegrate numerically the renormalization group equations

(RGEg for the MSSM at two loops in the gauge and
Yukawa couplings fromM g, down to a common super-
symmetry thresholdM s~1 TeV. From this energy ton,,
the RGEs of the nonsupersymmetric standard model are
We consider the MSSM embedded in some general supettsed. The set of RGEs needed for our computation can be
symmetric GUT based on a gauge group such a€ll@@r  found in many referencesee, for example, Ref22]). We
E¢ (where all the particles of one family belong to a singletake ag(m;)=0.12+0.001 which, as it turns out, leads to
representationwith the additional requirement that the top, gauge coupling unification a#l 5 ;v with an accuracy better
bottom and tau Yukawa couplings unifit8] at the GUT than 0.1%. This allows us to assume an exact unification
scaleM 7. This requirement is easily guaranteed by ensur-once the appropriate supersymmetric particle thresholds are
ing that the masses of the third family fermions arise primataken into account. Our integration procedure relies on itera-
rily from their unique Yukawa coupling to a single superfield tive runs of the RGEs fronM gyt to low energies and back,
representation which predominantly contains the electroweafor every set of values of the input parameters, until agree-
Higgs bosons. We further assume that the GUT gauge symment with the experimental data is achieved. The value of
metry breaking occurs in one step. Ignoring the Yukawa coutan at Mg is estimated using the experimental input

3 8
MBB+M,>, W,W,+M3z>, g.0.+H.c.|, (3
r=1 a=1

Il. MSSM WITH YUKAWA UNIFICATION
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m.(m,)=1.777 GeV andV 5 is fixed to be 1 TeV through- be negative(with our conventions which leads to accept-
out our calculation. Assuming radiative electroweak symme-able predictions fob— sy in models with large tag [25].

try breaking, we can express the values of the paramgters ~ The common value of the third generation Yukawa cou-
(up to its sign and B at Mg in terms of the other input pling at Mgyt is found by fixing the top quark mass at the

parameters by means of the appropriate conditions center of its experimental rangey,(m;) =166 GeV. The
value obtained fom,(m;) after including supersymmetric
ma _ma tarf3 1 corrections is somewhat higher than the experimental limit
2= 2 " mZ, [26]. We are left withmy, My, andA, as free input pa-
tarf -1 2 rameters. Our results, as it turns out, depend very little on the
exact value ofA, which is, thus, fixed to zero in our calcu-
sin2p— — 2Bu ®) lation. The values ofny, and M, are found as functions of
mﬁl+ mﬁ2+ 2u?’ the tree-level masm, of the CP-odd Higgs bosom, for

each “relative” mass splitting between the NLSRghtest
wheremy ,my, are the soft supersymmetry breaking Higgs stay and the LSRalmost a pureB-ino), as we will explain
boson masses. Here, following RE23], we used the tree- later. The value ofn, is evaluate aM s which is comparable
level renormalization group improved scalar potential mini-With ymmge [27]. Although the full one-loop corrections to
mized at a scale comparable to the mass of the top squarRla (from Ref.[24]) are not totally negligible, we will ignore
This is adequate for our purposes since, as we find, the Cophem here since their effect on the LSP relic density is small.
rections tou from the full one-loop effective potential in The LSP is the lightest neutraling The mass matrix for
Ref. [24] are negligible. The sign ofu is taken to the four neutralinos is

M, 0 —mzSycosB  mySySing
0 M, MmzCy COSB  —MyCySinB
—m,Sy CosB  myCy COoSPB 0 i ' ©
mySywsSinB  —mzCySing ) 0

in the (—iB,—iW,,H,,H,) basis. Heresy=sinfy,c, the corresponding masses of the first and second generation.
Furthermore, the large values of t&rimplied by the unifi-
cation of the third generation Yukawa couplings lead to large
off-diagonal mixings in the sbottom and stau mass-squared
matrices. These effects make the physical mass of the light-
~98%. est stau significantly lower than the masses of the other

Largeb and r Yukawa couplings cause soft supersymme-s_'quarks and sleptor‘.(see below T_he NLSP_ is, thl_JS' the
try breaking masses of the third generation squarks and slefightest stau mass eigenstatg and its mass is obtained by
tons to run(at low energiesto lower physical values than diagonalizing the stau mass-squared matrix

=coséy, andM;,M, are the mass parameters BfW; in
Eq. (3). For the values ofu obtained from the radiative
electroweak breaking conditions here/(M,,~1.2), the

lightest neutralino turns out to be B-ino B with purity

m2+ rréLJr m3(—1/2+s%,)cos 28 m,(A.+ utang)

()

2 2 22
m (A, + ptanp) m;+ e~ MzSy CoS 28

in the gauge basisr( ,7g). Here,nt: _ is the soft super- wheres,=sin#, c,=cosé, with 6 being ther, — 7 mixing

L(R)
symmetry breaking mass afL(R) and m. the tau lepton angle. Another effect of the large values of theand 7
Yukawa couplings is the reduction of the mass of the

mass. The stau mass eigenstates are ’ )
CP-odd Higgs bosom, and, consequently, the other Higgs

A c, S\ 7L boson masses to smaller values.
- =< ) - |, (8) The authors of Ref.21] found that, for every value af,
P ~So Co/\ 1) and a fixed value afn,(m,), there is a pair of minimal values
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FIG. 1. The mass parameterg andM, as functions ofn, for FIG. 2. The relevant part of the sparticle spectrum as a function
A7 =0.02(solid lineg and 0.08(dashed lines of my for A7 =0.047. The LSP mass, fak;,=0.02, is also in-

B cluded(dashed ling
of mg and My, where the masses of the LSP angl are
equal. This is understood from the dependencmpfonm,  terminate at smallem,’s. As we will see, the cosmological

and M, given in Ref.[20]: bounds onQ), sp h? will constrain A;Z. The relevant part of
, , ) the sparticle spectrum as a functionrof,, for A;2=0.O47,
ma=aM7i,— Bmg— const, (9 is shown in Fig. 2. The LSP mass, far;,=0.02, is also

o N ) included.
where all the coefficients are positive andand 8, which

depend only orm,(m,), are ~0.1 (the constant turns out to
be numerically close tm%). Equating the masses of the LSP
and~72 is equivalent to relatingn, andM ,,. Then, for every We now turn to the calculation of the cosmological relic
ma, a pair of values o, andM , is determined. Note that density of the lightest neutralingg (almost pureB) in
Eq. (9) implies the existence of an upper boundrog since MSSM with Yukawa unification. As mentioned in Sec. |,
m,§< aMf,z. We set here an upper limit ok, equal to Q7 h? increases to unacceptably high valuesrgsbecomes

800 GeV, which keeps the sparticle masses below abouirger. Low values ofrr; are obtained when the NLSF)
2 TeV consistently with our choice fMs (=1 TeV). This g aimost degenerate witly. Under these circumstances,

limit constrainsm, to be smaller than=220 GeV. On the oannihilation ofy with % and* is of crucial importance
other hand, the experimental searches for the lightest X T2 AT P

CP-even neutral Higgs boson with massmy, set a lower reducing further the relic density by a significant amount.
limit on m,. Taking into account radiative corrections The important role of coannihilation of the LSP with spar-
[28,29 in calculatingm;,, we found that this lower limit on  ticles carrying masses close to its mass in the calculation of
m, is about 95 GeV. The highest values mf,, which are  the LSP relic density has been pointed out by many authors
obtained asm, increases to its upper limit, lie between 125 (S€€, €.9., Ref413,14,16). Here, we will use the method
and 130 GeV. described by Grles_t and SecKdl6]. Note that our analysis
Following the procedure of Ref21], one can determine C€an be readily applied to any MSSM scheme where the LSP
mg andM ,, not only for equal masses of the LSP and NLspand NLSP are th&-ino and stau, respectively.
but for any relation between these masses. Warfjgm,) Th_e relevant quantity, in our case, is the total number
=166 GeV (taB~52.9). For everym, and a given “rela-  density
tive” mass splittingA;2= (m;z— )/, between the NLSP
and LSP, we findny andM . They are depicted in Fig. 1
as functions ofm, for A7 =0.02 and 0.08see Sec. Il ¢

Ill. LSP RELIC DENSITY

n=ny+ng 4+, (10

since ther,’s and7%’s decay intoy’s after freeze-out. At

We observe that, for fixean,, My, increases withAz . _ _
Thus.m- and the sparticle masses increase too i h[sée cosmic temperatures relevant for freeze-out, the scattering
0 P L rates of thesdénonrelativisti¢ sparticles off particles in the

Eq. (9)]. Also, for fixedMy,,, m, is a decreasing function of thermal bath are much faster than their annihilation rates
A7, . As a consequence, the upper boundmn(correspond-  since the(relativistic) particles in the bath are considerably
ing to M,,=800 GeV) gets reduced ds;, increases. This more abundant. Consequently, the number densitjeéi

is why the curves in Fig. 1 which correspond to highgg’s =X.7 ,~r§) are proportional to their equilibrium values 9
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TABLE I. Feynman diagrams.

Initial state Final state Diagrams
XX ™ t(r12,u(71)
ee t(eg),u(er)
X2 h,mH,7Z s(7).t(71)
A s(7).t(7y)
TY s(7),t(72)
TaTo 7T t(x),u(x)
275 hhhHHH,.ZZ  s(h),s(H),t(71),u(71).C
AA s(h),s(H),t(7),u(7y).c
HH  ,Wiw~ s(h),s(H),s(y),s(Z),c
yy.vZ t(7,),u(7,).c
tt,bb s(h),s(H),s(7),s(2)
i s(h),s(H),s(7),5(2),t(x)
uu,dd,ee s(7),s(2)

to a good approximation, i.en; /n~n$%n®%=r;. The Bolt-
zmann equatiorisee e.g., Ref.30]) is then written as

n
gr= "~ 3HN— (o) (02~ (n9)?), 11

whereH is the Hubble parametey, is the “relative veloc-
ity” of the annihilating particles{- - -) denotes thermal av-
eraging, andr is the effective cross section defined by

O'ef-f:E O'ijrirj, (12)
1]
with oy; being the total cross section for parti¢leo annihi-

late with particlej averaged over initial spin and particle-
antiparticle states. In our case,. takes the form

Oett= 0 I 4o, 107 +2(0% 5 + o, ~;)r;zr;2

XX' X' x XTy' X' T T2T2 72T

(13

Forr;, we use the nonrelativistic approximation

(1+A 3/2e—Aix
o= SEESTE T 14
Jeft
Q)= 2 Gi(1+A) %4,

Aj=(m;— )/ . (15

Hereg,=2, 1,1 (=x,72,75) is the number of degrees of
freedom of the particle specieis with mass m; and x
=m, /T with T being the photon temperature.

In Table I, we list all the Feynman graphs included in the
calculation of the effective cross section. The exchanged par-
ticles are indicated for each relevant pair of initial and final

states. The symbols(x), t(x) andu(x) denote tree-graphs
in which the particlex is exchanged in ths, t, or u channel.
The symbolc stands for “contact” diagrams with all four

PHYSICAL REVIEW D61 123512

external legs meeting at a vertel. and H* denote the
heaviest neutral and the charged Higgs bosons, while

e, e, U, and d represent the first and second generation
charged leptons, charged right handed sleptons, up- and
down-type quarks. The other possible reactio'7n§7§
—h[H]A, h[H]y, h[H]Z, AZ, H"W" or vv (v stands

for all three neutringshave not been included since they are

utterly suppressed by small couplings and/or heavy masses.
Also, the tiny contributions from graphs with and H ex-

change in thes channel, in the cases afu, dd, ee final
states, are left out. Some of the graphs listed here have not
been considered in previous worKs4] with small tang.

The relic abundance of the LSP at the present cosmic time
can be calculated from the equatift6,3Q

, 107 10° Gev?
Q;( h~

= (16)
gi/ZM PXE Lo

with
a’eﬁEXFJ <0'efo>X72dX. (17)
Xg

Here Mp=1.22x 10" GeV is the Planck scaley, ~81 is

the effective number of massless degrees of freedom at
freeze-ouf30], andxg=m; /Tg, with T¢ being the freeze-
out photon temperature calculated by solving iteratively the
equation[30,3]]

0.0389ei(Xp)Mp(C+2)C M oev) (Xe)
n 1/%(1/2
g* F

XFZI . (18)

The constant is chosen to be equal to 1J31]. The freeze-
out temperatures which we obtain here are of the order of
m,/25 and, thus, our nonrelativistic approximatigsee Eq.
(14)] is justified. Under these circumstances, the quantities
gjju are well approximated by their Taylor expansion up to
second order in the “relative velocity,”

O'ijU:aij+bij02. (19)
The thermally averaged cross sections are then easily calcu-
lated
32 o
_ X d 2 —xv2/4_ +6b:. /
<0'ijU>(X)—m o VU (O'ijl))e = ajj ij /X
(20)

Using Egs.(12), (13), (17), and(20), one obtains
&eﬁ:(izj) (a(ij)aij+ﬁ(ij)bij)5(i2j) &(ij), (2D

where we sum overi{)=(xx), (x72), and {,75")) with
& =a; 7 tag e, by ne=br7 +br e, and agy LBy

given by

123512-5
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»dx show by employing Fermi statistics argumerftisl]. For

a(ij):c(ij)xpf —zri(x)rj(x), large tanB, however, this suppression is not complete and
*F X ayy is proportional to sif¥. Despite the fact thaes; is
4 smaller tharbs; , its contribution tofreff in Eq. (21) is of the
—BC o (%) 29 same ordgr of _m_agmtude as the onebgf, which enters in
Pai C(”)XFLF x3 [00r (0 22 s equation divided by a relative facterxg/3~8—9.

(i) The main contribution tdy; arises from the first term
Here c;j,=1,4,2 for ii)=(x),(xm) and (7-27-(2*))_ For inthe bracket in the right hand side of E&4). The second
A= =050 = 14,12,18(i)) = (x3), (6 7). (7275 )1, term in this bracket is due fe, -7 mixing.
while 8 “(”i?’a - Ix g (iii ) The last term in the right hand side of E@4) rep-

(i) (inIae: resents the contribution of the two lighter generations. Their
right handed sleptons are considered degenerate with mass
... The off-diagonal elements in the slepton mass-squared

The fact that the LSPy() is an almost pur® implies that  matrices of the lighter families are negligible. The values of
the main contribution to its annihilation cross section arisessrreR are bigger tham; and hence the corresponding contri-
from sfermion (squark, sleptonexchange in thet and u butions toby; are smaller than the ones from the ex-

channel leading téf final states { is a quark or lepton The  change. This is a major difference from models with low
s channel diagrams are suppressed since the values; of ang, where the contributions of all three diagrams with ex-
obtained here are always far from,/2 andm,/2 (see e.g., change of right handed sleptons are similar.

Ref.[13]). Moreover, diagrams with quarks in the final state (iv) The contribution tob== of the diagram with a

are suppressed relative to the ones with leptons because >f<change is small and altﬁ%ugh taken into account %n the
the heavier masses of the exchanged squarks and the smal & '

) ) mputation, is not displayed in EQR4). We find that this
gﬂ;rktigﬁpigczﬁirgf;ﬁﬁs ;]iﬂgo?rﬁ? dlr;aieif. lYI,ulIigsg g;i_aséontribution is suppressed by about +/6/8 compared to the
i P : ller than th ft% ther slept contribution of each of the lightest generations. This can be
piings, N, 1S smaller than the masses of the other SIEponS, hqerstood by the following observation. Despite the fact
hence the production ofr is enhanced relative to the pro- that the values of the mass in the propagator of this diagram,
duction of lighter leptons. nr., are not much higher thanv,_, its main contribution
Using the partial wave expansion of R¢l3] and ne- o 4v4 :
; ; contains a factoc,Yy .
glecting the masses of the final state leptons, we evaluate the

coefficientsay; andby; in Eq(19). They are found to be

A. Annihilation cross section

B. Coannihilation cross sections

4 2
e 1 1 ibuti i ihilati
- — . S?;C%YEY%mf(E——E—) , 23) The contributions of the various coannihilation processes
2 1

listed in Table | to the coefficients;; andb; (ij #xx) in
Eqg. (19) are calculated using techniques similar to the ones

w

4 in Ref.[32]. Leptons and quark&xcept the quark in final
T x| (SeYEHeiYR (mE e m? ) states or propagators are taken to be massless. On the con-
12mcy, 25 2 trary, theb andr Yukawa couplings are not ignored since, in
S?;CngYﬁ \ , ), our ca;e .vyhere tgB is Iargg, their influenc§ tu.rns qut tlo be

T( +9m= Zm;(m )} very S|gn|f_|cant. The most important contrlbutlo_n_s(tgﬁ in
Eq. (21) arise from thea;;’s in the case of coannihilation. In
o mg(ngfng) Ta,ble-l-l, we list some of.the processgs contrlbutlr?g to the
+2 - - ' (24) a;;'s (ij #XX)_ togetherlwnh the analytical expressions for
12mcyy 2 their contributions. In this table, a hair bap over a quantity

indicates that this quantity is measured in unitsmqf2 (or

whezre YLéR):_]-/Z(_ 1)2i5 tf;e hypercharge of (g 212 m;,+m; ) and theg’s will be defined shortly. Alsol,=1
=m:+ mﬁ,z’ and 2e=m}+ mg with e, being the com- —25\2,\,, RT=—23\2,\, and

mon (see belowmass of the right handed sleptogs, g of N . . .

the two lighter families. Some comments are now in order. P1(2)=3mj—(+)4m+4, P;=3m;—8m;+8,
(i) The presence of a nonvanishing coefficiagt is due

to the large values of tg8 which lead to an enhancement of

the off-diagonal terms in the stau mass-squared matrix in Eq.

(7). Indeed, this coefficient is negligible in the case of small

7.-7r mixing (i.e., for low tanB) where ther, essentially o —
coincides with7. This is due to the fact that thewave The contribution of the procesgr,—7H (or 7A) to the

contribution, which is the only contribution ta;;, is sup- ~ coefficientasz;, is obtained from the expression forr,

pressed by factors of the final state fermion mass as one can rh in Table Il by replacingh by H (or A and cos 2 by 1).

P,=3mS—3mj—4m3+4, Pg=3mj—5m3+2.
(25
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TABLE Il. Contributions to the coefficienta;; (ij #xx)-

Process Contribution to the coefficiemt
X2 7h €(1— M) {21 Y RO+ 284C4Gn /(1T — M) = COS W /(M -+ 1 (T, — 7)) ]

T T T )
+[Gher+ OR/ (Mymi = )2(S5YE+ C5YR) + gRa(ChYE + SEYR)/ (M + iy, —m7))?
= 284C4(YE ~ YR)GnGne /(M — mymy) (m?, -+ (s — mi))}/32mcfym; (s, -+ i)

_— 4ra2y2 4 ~2v2 2 _
XTao Ty e(spYL+CyYR)/ 16mey,n, (M5 +nT;)

X772 & (1—ma){m (1= )L’ - (S + iy R (mpms —nm; )2
+ 025, (CHYE+ SEYR) (M + i (; —m3))?
= 2037,2077,786Co(YE — YR (T, — mamm) (e +my(n;, —m2))]
—292(M3— 1)°[93,7,2(L S5YE + R.C5YR)/ (s, —mEmy)
= G5, zSCo(LYE = RYB)(E + i, —m?))]
+g2(L2s2YE+ R2C2YZ) (1+m2—2m3) (1+ ;) }/32med,m3
Tary—TT e'(siYL+coYRImi/meys )
Ty e'/gmm’
Tt yZ —e2g§2;zz(rh§—4)/1enrré2
T —22 (1= M2) Y[ (GhGhzzP1 /(M — 4)+ 1201Gn729", - ,m5ME)! (M — 4)

2 ~2 b I N
—49nGnz207 7, M (Pa— ¥, P1)/(1+ ¥, —M2) (M- 4)+ (heH)]
+gé2;zzméps/(ﬁ1§_2)2+ 2910n229HTHzZP1 /(M —4) (M}~ 4)
—897 - 07 - MY Ps—3M: (Mz—2)J/(1+m: —m?)(m3—2)
+4nﬁzgi:1;22[r?élP1+(17ﬁﬁ)szfzﬁﬁlP‘;]/(lJr ﬁél—&g)z}/s%m;m%z
T WrW (1=m) Y24 —4mG+ 3mi) [ gnGnwsw- /(M7 4)
~ 2 2
+OuGuwrw- /(MG —4)+ 9r,mww- M ] 2/327Tm3\,m~72

Tyt 3(1~ M) A gnGree/ (M7~ 4) + GG/ (M — 4) P4,

For the contribution tca;z;z of each of the five processes A, ,Ay,N1,A2,\¢ correspond to the diagrams

with two Higgs bosons in the final statsee Table ), a  s(h),s(H),t(7,2) [or u(, )], cin Table | and are shown in
general formula can be given: the Table III.
The g’s in Tables Il and Il correspond to vertices with

o - T the particles entering indicated as subscripts. The simplest
&7, —HoH | 2 1287m® [4_(me_qu) ] ones arg(for Feynman rules, see, e.g., RE33] with u—
2 )
. . Ah A
_ 2q12[ _ ™Mb
X[A= My +my )] (4_r‘nh 4—m? 7 7,2=92(—S4Co), g;2;22=gz(5§—25\2,v),
R ' - 977w w-=9785/2, 27
mg +mg —2m: —2
P a ! whereg,=g/2c,, with g being the SU(2) gauge coupling
4N, , 2 constant. Note thagAEg;2;2A=0. The more complicated
=AM |, (26)  g's are arranged in the Table IV, where we have defined
mg +my —4 2
HP Hq
where theH, ,H, stand forh,H,A,H",H", the factor 1/2 tan 2a=tan 28(ma+m3)/(mi—m3), —m/2<a<0.
enters only for identical particles in the final state and (28
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TABLE Ill. The N symbols.

Process A NH N o N
7,75 —hh 9nGnnn 9HOhhH g gh 7,7,hh
7,75 —hH 9nGhhH IHIhHH Oh19H1 9n9H U7, 7hH
o5 —HH InGhHH IHIHHH 9% g3 7 HH
o5 —AA 9gnhdhaa IHIHAA - 04 0 07,7,AA
s —HTH” GnOnH+H- IHIHHH- 0 0 U7, H H-

We do not show explicitly the small contributions to  (ii) The major contributions te () come from the pro-

a7+ of the processes withb and 77 in the final state. They cessedr, 75 —hh,tt, and7,7,— r7. However, many c of the
are, however, taken into account in the computat|0n Thejiher relevant processes in Table (uch as 7'272
contributions toa:, 7 of the processes withu, dd andee —ZZ,yy,HH,AAH"H™,yZ) have, in general, important

in the final state vanisfithese processes contribute Only to contributions which cannot be neg|ected2f2_>zz for

b’s). Also, the coefficients;; (ij #xx), although included IargeA;2 s andm,’s, gives a major contribution Also, the

in Ehe F:alc.:ulatlon are not' (Ehsplayed since their Contr'buuonreaction?z?z‘HhH(W+W‘) is enhanced for low values of
to o IS, in general, negligible. Note that many of the cou-

and A~ The relative contribution ofb; 7)) to
plings and terms listed above have not been included in pre A ) 27y
vious calculation$14] with small tan3. Some comments are o7, 750 which can be either positive or negative, is less

now in order. 5 than about 1% for all relevant values of parameters.

(i) All five processes for the coannihilation gfwith 7, (iii) For A3,=0, the contribution of the annihilation to
listed in Table | give more or less comparable contributions.

to the coefficientas; (the leading contribution comes, in Teft IS Very smaII ¢0.4%). The corresponding contributions
of a(XT) and a(; 7)) span the ranges 2724 % and 73

— 76 %, respectively, as, varies from 95 to 220 GeV. For
= 0.1, however, the annihilation gf s becomes very sig-

general fromxrz—mh) The relative contribution dfr~ to

T (7 in Eqg. (21) turns out to be essentially mdependent of

ma (95 GeV=m,=<220 GeV). This contribution varies N
from about 5 to about 8% aA;z increases from 0 to 0.1 nificant accounting for about 3331 % of 0. The most

(this is the relevant range df;, as we shall see important contribution £58% of o), in this case, comes

TABLE IV. g symbols.

g symbol Expression
IhrHir (=97,7,n0m1) 9zmg sin —cos|(a+B)(L,+R)s,cy

+gm, cos H(A,sin —cosla— u cogsin]a)/2my, cosp
Inpr (S97,7,00m) —gzm sinl —cos|(a-+ B)(L.S;~Rc))— (gm,/my cosp)

{=m_sin —cosla—s,cyA, SiM —cosla—u cogsin]e)}
9a1 (5077, gm.(AtanS— u)/2my
G, hhHH] —[+]1g5c0s 2(L 55~ R.c) — g(sin{cosla/cos p)’rmir2my,

7hH g?sin 2(—L/2c3,+ m?/2mé cogB)sy2
+ g?sin 2o(—tarf 6y, + m2/2m2,cosB)cy2
977,An —g3cos P(LS;~R.c))—g’tarf f(m. /my,) /2
UorHH g°cos B((1-LJ2cj)s;—tarf by,c5) /2
— g?tarfB(m,/my)?c?/2

OhhHHHH] —3gzm; sin[cos|(a+pB)cos 2
GhHH[hhH] gzMmz{sincos|(a+ B)cos 2+2 cog —sin|(a+B)sin 2a}
OhH]AA —gzmg sin[—cos|(a+ B)cos B
O - — g{my, Sin(cos|(—a)+m, sir{ —cos|(a-+ £)cos 26/20}
OhH)zz gm; sinfcos|(B—a)/cy
Oh[HIWw- gmy sinfcos|(8—a)
Otk — g(cogsinla/sin B)(my/2my)
O g(si—coslaicos)(m,/2my)
Iarr —gtang(m,/2my)
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FIG. 3. The LSP abundand®, sp h? as a function ofm, for

A;2=O, 0.02, 0.047, and 0.08 as indicated. The limiting lines at

Q. sp h?=0.09 and 0.22 are also included.

from the coannihilation ofy with 7,, whereasr, coannihi-
lation with 7, or 75 accounts for about 911 % of 0.
Wesee that, althougly annihilation is negligible for small
Az 's, itis strongly enhanced at higher valuesiof . This is
due to the fact that the abundancergfs decreases relative
to the one ofy’s asAs, increases.

(iv) For A;zzo, the contributions ob;(;2 and b;z;(z*) to

PHYSICAL REVIEW D61 123512

0.1 0 L) L} L} L} L} L}

0.08 | J

0.06 F E

0.04 F E

0.02 | E

0.00 ' L ' ' ' 'l
100 120 140 160 180 200

m, (GeV)

220

FIG. 4. The cosmologically allowed region in tha,— A~
plane, wheref), p h? lies in the range 0.090.22. We also take
m,=95 GeV andM ,,<800 GeV.

tween~0.02 and 0.08. Note that the upper limit m;2 does

not depend on our restriction dvi;;,. On the contrary, the
lower limit on A;z is somewhat dependent on the particular

choice one makes for this restriction. This deserves further
study which would require going beyond the simplifying as-
sumption of a common supersymmetry threshd. It
should be pointed out that this lower bound/r) is anyway

o cancel each other partially and, thus, an accurate resutvaded if there exist additional contributions to the cold dark

(error ~0.5%) can be obtained by ignoring thels’s. For
A7,=0.1, however, the contribution ob3; ~dominates

strongly over the one df; ,75) and gives~4— 5% of .

matter of the universe from particle species other than
Figure 4 shows the cosmologically allowed region in the
ma— A7, plane obtained from the above considerations. We

Consequently, our results can be reproduced with an acc$€€ thath can vary only between about 95 and 216 GeV.

racy better than=5% by using, for coannihilation, just the

a’s. Their analytical expressions have been given earlier in

this section. On the contrary, tie; cannot be ignored since
its contribution tOO'(XX) can be as high as 80% and the
annihilation ofy’s is very significant at higheA;z’s

C. Results onQ, ¢p h?

We can now proceed to the evaluation @fgp h?. The
top quark massn;(my) is again fixed at 166 GeV. For given
values ofA;2 andmy, all the particle physics parameters of
the model are determine@ee Sec. )l The freeze-out pa-
rameterxg can then be found by solving EGL8) and &eﬁ is
evaluated from Eq(21). The LSP relic abundand@y h? is
estimated using Eq16) and is depicted in Fig. 3 as function

of my for A7 =0, 0.02, 0.047, and 0.08. Remember that the
curves on this plot, which correspond to specific values of

A~ terminate at the appropriate upper limit om (derived

from the restrictiorM 4,,<800 GeV). This limit decreases as
A;Z increases.

1 .OO L) L} L} L} L} L]

0.80 F E

0.60

P e, — e — ——

040 F E

relative contribution

0.20 J

O'OO ' ' ' ' ' '
100 120 140 160 180 200

m, (GeV)

220

FIG. 5. The relative COﬂtI’IbUtIOI’]ST(XX)/O'eﬂ (solid line),
o(XTZ)/aeﬁ (dashed ling ando(Tzr(z*))/oeﬁ (dot-dashed lingof the

Requiring();, h? to be confined in the cosmologically al- three inclusive(coj)annihilation reactions to- as functions ofn,

lowed range 0.090.22, one finds thad? s restricted be-

for A7 =0.047.
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The lower (uppey boundary of this region corresponds to IV. CONCLUSIONS

(—2%3(?;:(;0\99 éod;%jﬁilgﬁzgouzﬁary ;?rr?spond_si\d@,z We considered the MSSM with gauge and Yukawa cou-
=800 GeV (0. x h"<0.22). Along this lineyms is es-in 0 nification employing radiative electroweak symmetry
sentially constant and acquires its maximal allowed valug,reaying with universal boundary conditions from gravity-
~354 GeV(see Fig. 2 The minimal value of the LSP mass meiated supersymmetry breaking. We calculated the relic
is obtained at the lower left corner of this allowed region, gensity of the LSRan almost puré-ino). Coannihilation of
whereA7; ~0.047, and is equal to about 222 Gésée Fig.  the LSP with the NLSRthe lightest stauis crucial for re-

2). We, thus, see that the LSP mass ranges betwe2?2  ducing its relic density to an acceptable level. Compatibility

and 354 GeV. The, mass is bounded between about 23oWith the mixed or the pure col@vith a nonzero cosmologi-
. ~ . . cal constantdark matter scenarios for structure formation in
and 369 GeV which makes, a phenomenologically inter-

. _ the universe requires that the lightest stau mass is about 2
esting charged sparticle. The uppdower) bound corre- —8 % larger than thé-ino mass. This combined with the

sponds to the upper rigliiower lefy) corner of the region in fact that the LSP mass is restricted to be greater than about

Fig. 4. Actually, the whole sparticle mass spectrum iS55 Geyv allows the lightest stau mass to be as low as 232
strongly restricted by our considerations. Note, however, thageay/

the upper bounds on the sparticle masses depend on our
choice for the maximal allowed/,,,. This requires a de-
tailed study with inclusion of one-loop and supersymmetry
threshold effects which may not be negligible for higher We thank B. Ananthanarayan, C. Boehm, M. Drees, N.
My's. Fornengo, S. Khalil, A. B. Lahanas, K. Olive, and N. D.

The relative contributions oy /oen [(ij)=(xX). VAQC?OS for disfut_SSioTSh- IOne 3“#}3-2 thakngts f goﬂri' "
(x72) (727" of the three inclusivécoanninilation reac- e o /'y for support, This work was supporied by
tions to o are given in Fig. 5 as functions @h, for the  the European Union under TMR Contract No. ERBFMRX—
“central” value of A7 =0.047. The allowed range ofi, is  CT96-0090 and the Greek Government research Grant No.
95—211 GeV in this case. PENED/95 K.A.1795.
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