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Neutralino dark matter, b-t Yukawa unification, and nonuniversal sfermion masses
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We study the implications of minimal nonuniversal boundary conditions in the sfermion soft supersymmetry
breaking~SSB! masses of minimal supergravity. We impose asymptoticb-t Yukawa coupling unification and
we resort to a parametrization of the deviation from universality in the SSB motivated by the multiplet
structure of theSU(5) grand unified theory. A set of cosmophenomenological constraints, including the recent
results from the Wilkinson Microwave Anisotropy Probe, determines the allowed parameter space of the

models under consideration. We highlight a ‘‘new coannihilation corridor’’ wherex̃-b̃1 andx̃-t̃1-ñt coannihi-
lations significantly contribute to the reduction of the neutralino relic density.
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I. INTRODUCTION

The minimal supersymmetric~SUSY! extension of the
standard model~MSSM! and grand unification are often re
garded as the main ingredients of physics beyond the s
dard model@1–3#. The phenomenological implications of th
MSSM and of grand unification have been investigated
decades, and, though direct evidence for such theories is
missing, a large set of increasingly stringent constraints
put important bounds on the parameter space of these
called SUSY grand unified theories~GUTs!.

Nonetheless, the theoretical frameworks of SUSY GU
are countless and typically characterized by a huge num
of parameters. The common phenomenological practice
make a certain number of~hopefully! theoretically motivated
assumptions in order to deal with a reduced set of par
eters. The first assumption one has to make in the conte
SUSY is how to parametrize the mechanism of SUSY bre
ing.

Here, we resort to one of the most widely studied su
contexts, that of the so-called supergravity~SUGRA! mod-
els. In this framework, SUSY is broken in ahidden sector,
whose fields couple only gravitationally to the MSSM fiel
@4#. Under some further assumptions~gaugino and scala
universality!, the soft SUSY breaking part of the Lagrangia
of supergravity models is determined by four continuous
rameters plus one sign@minimal SUGRA~MSUGRA!#.

In this paper, based on the results presented in@5#, we
study a~minimal! deviation from universality in the scala
fermion sector of the theory, inspired by the multiplet stru
ture of the simplest GUT,SU(5) ~see Sec. II B!. We impose
on the model the constraint ofb-t Yukawa coupling unifica-
tion, which is a common prediction of a wide set of theor
of grand unification, among which are theSU(5) and
SO(10) GUTs.

One of the virtues ofR-parity conserving SUSY models i
to produce ideal candidates for cold dark matter@6#, in the
present case the lightest neutralino~a linear superposition o
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the neutral gauge and Higgs boson superpartners!. The neu-
tralino is, in fact, a color and electromagnetically neutr
weakly interacting massive particle~WIMP!, as required to
be a good cold dark matter candidate. The recent results f
the Wilkinson Microwave Anisotropy Probe~WMAP! satel-
lite @7#, combined with other astrophysical data, determin
with unprecedented accuracy the dark matter content ra
of the Universe. It has been shown@8,9# that the cosmologi-
cally allowed parameter space of MSUGRA is dramatica
restricted by the considerably lowered upper bound on
neutralino relic density. Moreover, as recently pointed out
Ref. @10#, in cosmological scenarios involving quintessent
fields, the relic density could undergo a further significa
enhancement, even of several orders of magnitude. The
cessity of efficient relic density suppression mechanism
therefore by now an uncontroversial point.

One of the known mechanisms of neutralino relic dens
suppression occurs when the next-to-lightest supersymm
particle ~NLSP! is close in mass to the neutralino. In th
case, the neutralino relic density is suppressed not only
neutralino-neutralino annihilations, but also bycoannihila-
tions with the NLSP, and indirectly also by the annihilation
of the NLSP itself@11–13#.

This mechanism can involve various sparticles
MSUGRA @14#, such as the lightest stau@15–17#, top squark
@18,19#, or chargino@20,16#. In the present paper we addre
the possibility that minimal nonuniversality in the sfermio
sector can produce ‘‘new,’’ unusual coannihilation partne
We find that this possibility is effectively realized in what w
call a new coannihilation corridor, where the bottom squa
and the tau sneutrino play the role of the NLSP. We sh
that this pattern is compatible withb-t exact~‘‘top-down’’ !
Yukawa unification~YU!, and with all known phenomeno
logical requirements.

In the next section we introduce and motivate the mo
we analyze. We discuss the issue ofb-t YU and of a GUT-
motivated minimal sfermion soft supersymmetry breaki
~SSB! mass nonuniversality. We then show in Sec. IV t
features of the resulting particle spectrum which give rise
‘‘new coannihilation corridors’’ involving, in addition to the
stau, the lightest bottom squark and the tau sneutrino. S
tion V is devoted to a description of the cosmophenome
©2003 The American Physical Society06-1
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logical requirements we apply. We demonstrate in particu
that them.0 case is not compatible withb-t top-down YU.
In Sec. VI we describe the new coannihilation regions. Af
our final remarks, we give in the Appendix the complete
of the coannihilation processes involving the neutralino, b
tom squark, tau sneutrino, and stau. Finally, an approxim
treatment of the neutralino relic density contributions com
from bottom squark–bottom squark, bottom squar
neutralino, and stau–tau sneutrino coannihilations is p
vided.

II. THE MODEL

A. b-t Yukawa unification

One of the successful predictions of grand unified theo
is the asymptotic unification of the third family Yukawa co
plings @1#. The issue of Yukawa unification has been exte
sively studied; see, e.g.,@21–23#. In particular, in this paper
we address the issue of YU of the bottom quark and the
lepton, which is a prediction of some of the minimal gra
unification gauge groups, such asSU(5). b-t YU is a con-
sequence of the fact that the two particles belong to the s
SU(5) multiplet, and therefore at the scale of grand unific
tion MGUT they are predicted to have the same Yukawa c
pling. The experimental difference betweenmt and mb is
then mainly explained by two effects. First, the renormali
tion group~RG! running fromMGUT to the electroweak scal
drives the two masses to different values. Second, in
minimal supersymmetric standard model, the supersymm
ric sparticles affect the values of the masses with differ
finite radiative corrections, in particular, that of theb quark
@24#.

Previous investigations ofb-t YU include Ref. @25# as
regards nonsupersymmetric GUTs and Refs.@26–29#, and
more recently Refs.@30,31#, for the SUSY GUT case. In
particular, in@30# the implications of the recent experiment
and theoretical results on the muon anomalous magnetic
ment and on the inclusive branching ratiob→sg were also
taken into account, while in@32# the neutralino relic density
constraint was examined, in the context of gaugino nonu
versality. In Refs.@33–35# the puzzle of the neutrino masse
and mixing was tackled within the framework ofb-t YU.

A possible approach tob-t YU is of the ‘‘bottom-up’’
type @29,30#. It consists in defining some parameter whi
evaluates theaccuracyof YU, such as

dbt[
hb~MGUT!2ht~MGUT!

ht~MGUT!
.

The procedure we take here is instead a top-down appro
@31,27,28#: for a given set of SUSY parameters we fix th
value ht(MGUT)5hb(MGUT), requiring the resultingmt to
be equal to its central experimental value. We then comp
mb(MZ) through RG running and taking into account t
SUSY corrections. A model giving a value of theb-quark
mass lying outside the experimental range is ruled out. W
this procedure, we performexact b-t YU at the GUT scale
and directly check whether a given model can or cannot
compatible with it.
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B. Minimal sfermion nonuniversality

The parameter space of the minimal supersymmetric
tension of the standard model, in its most general form,
cludes more than a 100 parameters@36,37#. Therefore, it is
commonly assumed that some underlying principle redu
the number of parameters appearing in the soft supersym
try breaking Lagrangian. In particular, in the case of gravi
mediated supersymmetry breaking, one can theoretically
tify @4# the assumption that there exists, at some high ene
scaleMX , a commonmassm0 for all scalars as well as a
commontrilinear coupling termA0 for all SSB trilinear in-
teractions. Moreover, in SUSY GUT scenarios, the additio
assumption that the vacuum expectation value of the ga
kinetic function does not break the unifying gauge symme
yields a common massM1/2 for all gauginos. One is then lef
with four parameters (m0 ,A0 ,M1/2,tanb) and one sign
(sgnm), which define the so-called constrained MSSM,
MSUGRA, parameter space.

Much work has been done in the investigation of nonu
versality in the gaugino sector; see, e.g., Refs.@38,39#. As
regards the SSB scalar masses, it has long been known
universality is not a consequence of the supergravity fram
work, but rather an additional assumption@40#. This justified
increasing interest in the possible consequences of non
versality in the scalar sector@41,42#. In particular, in@43# an
analysis of various possible deviations from universality
the SSB was carried out.

In this paper we focus on a simple model exhibiting min
mal nonuniversal sfermion mass~MNUSM! at the GUT
scale. Our model is inspired by anSU(5) SUSY GUT where
the scale of SSB universalityMX is higher than the GUT
scaleMGUT @43#. The RG evolution of the SSB fromMX
down to MGUT induces a pattern of nonuniversality in th
sfermion sector dictated by the arrangement of the ma
fields in the supermultiplets:

~ L̂, D̂c!→5̄, ~1!

~Q̂, Ûc, Êc!→10. ~2!

This structure entails the following pattern of sfermion ma
nonuniversality at the GUT scale:

mL
25mD

2 [m5
2 , ~3!

mQ
2 5mU

2 5mE
2[m10

2 . ~4!

The running betweenMX andMGUT also produces two othe
effects. First, a typically large deviation from universali
and a splitting between the up and down Higgs boson ma
mH1

andmH2
is generated at the GUT scale~a detailed study

of nonuniversal Higgs boson masses is presented in@42# and
@44#!. Second, a small splitting is also present between
SSB masses of the two lightest sfermion families and
third one. In the present paper we will however restrict o
selves to aphenomenologicalparametrization of sfermion
nonuniversality, simply setting

m10
2 [m0

2 , ~5!
6-2
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m5
25K2m10

2 5K2m0
2 , ~6!

mH1

2 5mH2

2 5m0
2 . ~7!

We are therefore left with a single parameterK, which scans
this ‘‘minimal,’’ GUT-inspired deviation from universality in
the sfermion sector.

For our purposes, we letK vary between 0 and 1: in thi
way werecover full universality@i.e., the constrained MSSM
~CMSSM!# for K51, while, for K,1, we can lower the
spectrum of the sparticles belonging to the5̄ multiplet.
Hence, we generate a spectrum with significantly low
masses for the tau sneutrino and the lightest stau and bo
squark. Whenever the masses of these sparticles are clo
the neutralino mass, they can play an important role in co
nihilation processes.

Being inspired by a SUSY GUTSU(5) framework, it is
natural to mention, within the proposed MNUSM model, t
critical question of proton decay@45#. First, the nonuniver-
sality pattern of MNUSM is not derived from a definit
SU(5) GUT: it simply inherits from this theory a plausibl
asymptotic soft sfermion mass structure (m10

2 and m5
2) and

the feature ofb-t YU. Nonetheless, it has been shown th
consistent SU(5) models exist@46#, where suitable struc
tures for the leptoquark Yukawa couplingshQQ , hUE , hUD ,
and hQL drastically suppress the proton decay rate, even
large tanb. The resulting proton lifetime is then well below
the current experimental limits@47#. These consistent mode
are compatible with the present MNUSM model in the s
SUSY breaking Lagrangian, although for computational e
we take into account here only the third generation Yuka
couplingsht andhb5ht . Hence, we conclude that MNUSM
models, within anSU(5) framework, are viable and are no
in contrast with the present constraints on the proton l
time.

III. NUMERICAL PROCEDURE

The MNUSM model we propose is defined by the follow
ing parameters:

m0 , A0 , M1/2, tanb, sgnm, and K. ~8!

We impose gauge andb-t Yukawa coupling unification at a
GUT scaleMGUT self-consistently determined by gauge co
pling unification through two-loop SUSY renormalizatio
group equations@48#, both for the gauge and for the Yukaw
couplings, betweenMGUT and a common SUSY threshol
MSUSY.Amt̃ 1

mt̃ 2
( t̃ 1,2 are the top squark mass eigenvalue!.

At MSUSY we require radiative electroweak symmetry brea
ing, we evaluate the SUSY spectrum, and we calculate
SUSY corrections to theb andt masses@28#. For the latter
we use the approximate formula of Ref.@49#:

Dmt

mt
5

g1
2

16p2

mM2tanb

m22M2
2 @F~M2 ,mñt

!

2F~m,mñt
!#, ~9!
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F~m1 ,m2!52 lnS M2

MSUSY
2 D 111

m2

m22M2
lnS M2

m2 D ,

~10!

M5max~m1 ,m2!, m5min~m1 ,m2!. ~11!

From MSUSY to MZ the running is continued via the SM
one-loop equations~RGEs!. We use fixed values@50# for the
running top quark massmt(mt)5166 GeV, for the running
tau lepton massmt(MZ)51.746 GeV, and foras(MZ)
50.1185, all fixed to their central experimental values. T
asymptotic Yukawa couplingsht(MGUT)5hb(MGUT) and
ht(MGUT) are then consistently determined to get the corr
top and tau masses, while the tree levelmb

tree and the SUSY-
correctedmb

corr masses of the running bottom quark atMZ

are outputs.
The neutralino relic density is computed by interfaci

the output of the RGE running with the publicly availab
codeMICROMEGAS @51#, which includes thermally average
exact tree level cross sections of all possible~co!annihilation
processes, an appropriate treatment of poles, and the
loop QCD corrections to the Higgs boson coupling with t
fermions. The output ofMICROMEGAS also produces the rela
tive contributions of any given final state to the reduction
the neutralino relic density.

The direct and indirect detection rates are estima
through another publicly available numerical cod
DARKSUSY @52#.

As regards the phenomenological constraints, the Hi
boson masses are calculated usingMICROMEGAS @51#, which
incorporates theFEYNHIGGSFASTcode@53#, where the SUSY
contributions are calculated at two loops. The inclus
BR(b→sg) is again calculated with the current updated v
sion of theMICROMEGAS code@54#, where the SM contribu-
tions are evaluated using the formalism of Ref.@55# and the
charged Higgs boson SUSY contributions are computed
cluding the next-to-leading order SUSY QCD resummed c
rections and the (tanb)-enhanced contributions~see Ref.
@56#!. The SUSY contributions to the muon anomalo
magnetic momentdam are directly calculated from the
formulas of Ref.@57# and compared with the output of th
MICROMEGAS code.

IV. THE PARTICLE SPECTRUM WITH MNUSM

In minimal supergravity, especially after the very preci
results from the WMAP satellite@7#, giving a considerably
reduced upper limit on the cold dark matter density of t
Universe, the cosmologically allowed regions of the para
eter space are strongly constrained@8,9#. As pointed out in
@58,59#, two main mechanisms can suppress the neutra
relic density to sufficiently low values. The first one is coa
nihilation of the neutralino with the next-to-lightest spa
ticles, which is effective whenever the mass of the latter l
within 10–20 % of the neutralino mass@60,11,12#. The sec-
ond mechanism is given by direct, rapids-channel annihila-
tion of the neutralino with theCP-odd Higgs bosonA @61#,
which takes place ifmA.2mx̃ , i.e., if the channel is en-
6-3
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FIG. 1. The bottom squark~a! and sneutrino~b! spectrum atM1/251.1 TeV, tanb538.0, andA050 for different values ofm0.
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hanced by pole effects.1 In particular, we choose to focu
here on the case of coannihilations, which in the pres
scenario of MNUSM are expected to exhibit a rich patter

In order to understand the possible pattern of coannih
tions emerging from the parametrization of sfermion m
nonuniversality outlined in Sec. II B, we study the spectru
of the candidate NLSPs, namely, the lightest bottom squ
and the tau sneutrino. The dependence of the masses of
two sparticles on the high energy SSB inputs can be par
etrized as follows:

mb̃1

2 .ab̃1
K2m0

21~bb̃1
m0

21cb̃1
M1/2

2 1D b̃1
!, ~12!

mñt

2 .añt
K2m0

21~bñt
m0

21cñt
M1/2

2 1Dñt
!. ~13!

The contributionsD b̃1 ,ñt
originate in part fromSU(2)L and

U(1)YD-term quartic interactions of the form
(squark)2(Higgs boson)2 and (slepton)2(Higgs boson)2, and
are proportional to cos(2b)MZ

2 @2#. The bottom squark mas
gets a further contribution inD b̃1

arising from theLR off-
diagonal elements of the mass matrix. The mixing terms
generated by the typically large values ofAb , in its turn
induced, even forA0(MGUT)50, by RG running, and by a
(tanb)-enhanced contribution proportional tommb . In the
case of the tau sneutrino, instead, a further, though sm
contribution toDñt

analogously arises fromAt .
We plot in Figs. 1~a! and 1~b! the typical behaviors of the

1Since heremA.mH , whereH is the heaviestCP-even neutral
Higgs boson, the conditionmA'2mx̃ implies pole effects forH
also. However, since theCP quantum number of the exchange
Higgs boson must match that of the initial state, onlyA exchange
contributes to theSwave, whileH ~andh) contribute to theP wave.
This implies a suppression, in the thermally averaged cross sec
of a factor 3/xF'0.1–0.2~see the Appendix!.
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sparticle masses as functions ofK, at fixed M1/2, m0, and
tanb. Frame~a! shows the case of the mass of the botto
squark~we also plot the corresponding masses of the ligh
neutralino and chargino!. The high energy parameters a
fixed at M1/251100 GeV, tanb538.0, A050, and m0

52850, 3300, and 3750 GeV. We clearly see from the fig
that the behavior is, as expected,mb̃1

'Aa1bK2, wherea

,0 is the sum of the terms in parentheses in Eq.~12! and
b5ab̃1

m0
2.0. Increasing the value ofm0 induces higher

negative values fora, as well as obviously higher values fo
b. Notice in any case that for sufficiently low values ofK the
mass of the bottom squark is drivenbelow the mass of the
neutralino and also to negative values.

Frame~b! shows instead the mass of the tau sneutrino
M1/251100 GeV, tanb538.0, A050, and m051350,
1650, and 1950 GeV. We see that here alsomñt

'Aa1bK2, but in this case the interplay betweenbñt
and

cñt
generatesa either positive (m051350,1650 GeV) or

negative (m051950 GeV). The outcome is therefore th
the sneutrino mass can be lowered toward the mass of
neutralino for low values ofK, depending onm0; the typical
range ofm0 for which this is possible is always lower than
the bottom squark case.

We carried out a thorough investigation of the possi
coannihilation regions, and we found that a good param
is represented by the ratio (m0 /M1/2) at fixed tanb, M1/2,
andA0. In Fig. 2 we plot the coannihilation corridors that w
found on scanning the plane (m0 /M1/2,K) at M1/2
51.1 TeV, tanb538.0, andA050. Within the solid lines
(mNLSP2mx̃)/mx̃&20%. In the lower part of the figure
which we indicate as an ‘‘Excluded Region,’’ the low valu
of m0 implies that the stau becomes lighter than the n
tralino, or even gets a negative~unphysical! mass. Very strin-
gent bounds@62# indicate that the LSP has to be electrica
and color neutral, and therefore this region is excluded. T
n,
6-4
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strip above this excluded region represents a first coann
lation corridor, where the NLSP is the stau. We notice t
this region survives up toK51, i.e., fully universal bound-
ary conditions. It actually represents a slice of the narr
band, in the (m0 ,M1/2) plane, which is cosmologically al
lowed because of neutralino-stau coannihilations~see, e.g.,
Figs. 1 and 2 of Ref.@8#!.

For values ofK&0.5 we find a second, distinct, branc
where the mass of the NLSP lies within 20% of the LS

FIG. 2. Coannihilation regions in the (m0 /M1/2,K) plane at
M1/251.1 TeV, tanb538.0, andA050. Points within the lines are
characterized by (mNLSP2mx̃)/mx̃&20%. In the top left and lower
parts of the figure the LSP is not a neutralino, while in the top ri
region no coannihilations take place between the neutralino and
sleptons.
01500
i-
t

mass. In the lower part of the branch~in Fig. 2 up to
m0 /M1/2'3), the NLSP turns out to be the tau sneutrin
with the lightest stau which is quasidegenerate with it~say
within a few percent; see the discussion in Sec. VI B!. In-
creasingm0 and moving to the upper part of the branch, t
lightest bottom squark becomes the NLSP, while the
sneutrino and the stau, still quasidegenerate, become m
heavier. In the upper left part of the figure, once again in
cated as an ‘‘Excluded Region,’’ either the bottom squark
the tau sneutrino becomes lighter than the neutralino, or e
gets a negative value for its mass~see Fig. 1!.

In Fig. 3 we study the dependence of the shape of
coannihilation corridors on the various parameters that
fixed in Fig. 2. In frame~a! we vary the values ofM1/2,
comparing theM1/251100 GeV case of Fig. 2 with, respec
tively, M1/251600 GeV andM1/25600 GeV. We see tha
there is almost no significant dependence of the shape on
value of M1/2, and therefore we conclude that the chos
parameter m0 /M1/2 is good, since it is M1/2 quasi-
independent. In frame~b! we vary instead the value of th
universal trilinear couplingA0. We plot again with a solid
line the A050 case, as well as theA051 TeV andA05
21 TeV cases, always at tanb538.0 and M1/2
51100 GeV. Once again we do not see any significant
fect, apart from a common shift of the lower coannihilatio
branch upward and of the upper downward. These shifts
be traced back to the effect of the off-diagonalA0 ~sign-
independent! entries in the sfermion mass matrices.

Figure 4 illustrates the dependence on tanb, highlighting
this time a significant effect on the upper branch: increas
tanb yields higher values forK, i.e., the branch is moved to
the right, and vice versa. This effect can be qualitativ
understood from the approximate expression for the m
eigenvalues of the relevant sfermions, Eq.~12!, where an
increase in tanb is compensated by an increase in the effe
tive boundary value of the scalar masses, tuned by the

t
he
FIG. 3. Coannihilation regions in the (m0 /M1/2,K) plane at tanb538.0 andA050. In frame~a! the dependence onM1/2 is studied at
A050. In frame~b! two different values for the trilinear couplingA0561 TeV are plotted atM1/251100 GeV.
6-5
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S. PROFUMO PHYSICAL REVIEW D 68, 015006 ~2003!
rameterK. For instance,D b̃1
contains a negatively contribut

ing term proportional to tanbmbm, which is compensated
when the values ofm0 andmx̃ are fixed, by an increase ofK.

V. COSMOPHENOMENOLOGICAL BOUNDS

In this paper we apply two classes of constraints: on
one hand, we apply the cosmological bounds coming fr
the limits on the cold dark matter content of the Universe a
from direct and indirect neutralino searches; on the ot
hand, we impose the most stringent ‘‘accelerator’’ co
straints, such as the inclusive BR(b→sg) and the Higgs
boson mass. In this second class we also include the bo
on theb-quark mass, direct sparticle searches, and a con
vative approach@63# to the constraint coming from th
SUSY corrections to the muon anomalous magnetic mom
dam .

For illustrative purposes, we show the behavior of th
benchmarkcases, pertaining to the three regions of coan
hilation highlighted in the previous section. That is, w
choose three representative values ofK and require the mas
splitting between the neutralino and the NLSP to be 10%.
then scan the parameter space, settingA050 andm,0 for
simplicity and varyingmx̃ . The features of the three cas
considered are summarized in Table I.

FIG. 4. Coannihilation regions in the (m0 /M1/2,K) plane at
M1/251.1 TeV andA050. The solid lines indicate the coannihila
tion corridor for tanb538.0, while the dashed and dotted lin
indicate, respectively, tanb534 and 42.

TABLE I. The three benchmark scenarios described in the t

NLSP DNLSP K tanb

Stau 0.1 0.8 36.0
Bottom squark 0.1 0.4 36.0
Tau sneutrino 0.1 0.2 36.0
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A. Neutralino relic density confronting WMAP results

Supersymmetric models with conservedR parity generate
ideal candidates for cold dark matter, such as, in the pre
case, the lightest neutralino. It is therefore natural to requ
in addition to the satisfaction of the other phenomenologi
constraints, that the cosmological relic density of the n
tralinos lies within the bounds indicated by cosmology.
particular, the recent results from the WMAP satellite@7#,
combined via a global fit procedure with other astrophysi
data~including other cosmic microwave background expe
ments, LSS surveys, and the Lya data!, give a compelling
bound on the cosmological relic density of cold dark matt

VCDMh250.112620.00905
10.00805. ~14!

We take here the 2s range, and we require thatVx̃h2

&0.1287. Strictly speaking, the lower bound cannot be
rectly imposed, if we suppose that the neutralinos are not
only contributors to the cold dark matter of the Universe. F
illustrative purposes, in Fig. 11 below we plot also the low
bound on the relic density.

In Fig. 5 we show instead the behavior of the neutrali
relic density as a function ofmx̃ for the three benchmark
cases. We see that in the case of the tau sneutrino the c
nihilations contribute only weakly to the reduction of th
relic density~see Sec. VI B!, which, as expected, diverge
quadratically withmx̃ . In the case of the bottom squar
coannihilation, SUSY QCD effectively enhances the re
density suppression, which nonetheless still exhibits a div
gent behavior. In the case of the stau, instead, we notice
the interplay between coannihilation and direct rapid ann
lation through theA-poles channel can drastically reduce th
relic density. In the dip located between 600 and 700 GeV
fact, the splitting between the mass of theCP-odd Higgs
boson and twice the mass of the neutralino (mA
22mx̃)/2mx̃&3%, and therefore direct pole annihilation
are extremely efficient, leading to viable values ofVx̃h2 for
rather highmx̃&700 GeV.

t.

FIG. 5. Neutralino relic density for the three benchmark case
Table I. The upper and lower bounds onVCDMh2 are the 95% C.L.s
from a WMAP global fit@7#.
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FIG. 6. Direct~a! and indirect~b! detection rates forK51.0 (1, full universality!, K50.35 (3), andK50.1 (*). Thepoints refer to
50,M1/2,1000 GeV, 20,m0,3000 GeV, and2500,A0,500 GeV, at tanb538.0. In frame~a! we plotsx̃-q

scaland the sensitivity bounds
of present and future direct detection experiments@64#. In frame~b! we report the neutralino annihilation induced muon flux from the S
in km22 y21, and we compare again with current and future indirect detection experiment sensitivities@65#.
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B. Direct and indirect WIMP searches

As pointed out in@39#, nonuniversality in the sfermion
sector should not give rise to substantial modifications
sx̃-q

scal,spin. In fact, owing to the small Yukawa couplings of th
lightest generation of quarks, NUSMs do not greatly aff
the masses of the up and down squarks, leading to effecti
unchanged values for the direct annihilation cross sectio

sensitive to processes likex̃q→
q̃

x̃q. Further, we find that
Higgs boson exchange processes do not give rise, in
MNUSM models, to sizable contributions, as compared w
the fully universal case. In Fig. 6~a! we scatter-plot the spin
independent cross sectionsx̃-q

scal as a function ofmx̃ for K
51.0 (1, full universality case!, K50.35 (3), and K
50.1 (* ). We randomly scan the parameter space fo
given value of K with 50,M1/2,1000 GeV, 20,m0
,3000 GeV, and 2500,A0,500 GeV, fixing tanb
538.0, and requiring the satisfaction of the phenomenolo
cal constraints. We also include the sensitivities of pres
and future direct detection experiments@64#. Notice that
some MNUSM models lie within the reach of future dire
detection experiments. As far as indirect detection~e.g., the
muon flux from the Sun! is concerned, nonuniversality doe
not significantly affect the detection rates, althought-channel
sfermion exchange is enhanced by lighter third genera
sfermions forK,1, as we can see in Fig. 6~b!: for smaller
values of K we obtain larger muon fluxes from the Su
Present and future indirect detection experiments@65# are
however sensitive to muon fluxes well above what we obt
for MNUSM models.

To summarize, we find, for both direct and indirect dete
tion, that the MNUSM scenario produces detection rates
the same range as the CMSSM@66#, and therefore~minimal!
sfermion nonuniversality can hardly be inferred from WIM
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searches. Further, present experimental bounds do not
strain the models under consideration.

C. SUSY corrections to theb-quark mass

It has already been pointed out~see, e.g.,@30,31#!, that the
requirement ofb-t Yukawa unification favors negative2 val-
ues of m. We recall that sgnm is one of the parameter
included both in the CMSSM and in our MNUSM model. I
this section we demonstrate that, even with MNUSM,m
.0 is not compatible with YU. We then discuss them,0
case which allows, in a suitable tanb range, the satisfaction
of b-t YU.

The main problem ofb-t YU with m.0 is that one typi-
cally obtains a tree level mass for theb quark which is close
to the experimental upper bound, and one has to add on
of it largepositiveSUSY corrections@Eq. ~16!#, which drive
mb

corr outside the experimental range~or, the other way
round,hb far away fromht , in the bottom-up approach!. We
impose b-t YU at the GUT scale, we fixht(MGUT)
5hb(MGUT) from the properly corrected and RG-evolve
mt(MZ), obtaining as outputs the tree levelmb

tree and the
SUSY-correctedmb

corr masses of the running bottom quark
MZ . We compare these numbers with the appropriat
evolved b-quark pole mass@68# up to theMZ scale, with
as(MZ).0.1185, following the procedure of Refs.@69,70#:

mb~mb!54.2560.3 GeV⇒mb~MZ!52.8860.2 GeV.
~15!

The largest SUSY corrections arise from bottom squar
gluino and top squark–chargino loops, frozen at theMSUSY
scale@24,49,71#. They arenondecoupling effectsbecause one

2We use here the standard sign conventions of Ref.@67#.
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FIG. 7. Tree level and SUSY-
corrected values of theb-quark
mass at tanb538.0 andA050.
In frame ~a! the parameterK is
varied at fixedM1/251100 GeV
andm051000 GeV. In frame~b!
m0 is varied at fixed M1/2

51100 GeV andK51. Frame~c!
shows the dependence onM1/2 at
m052000 GeV andK51.
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gets a finite contribution even in the infinite sparticle ma
limit, and they can be cast in the following approxima
form:

Dmb
g̃

mb
'

2as

3p
M3mI ~mb̃1

2 ,mb̃2

2 ,M3
2!tanb, ~16!

Dmb
x̃2

mb
'

ht
2

16p2
mAtI ~mt̃ 1

2 ,mt̃ 2

2 ,m2!tanb, ~17!

I ~x,y,z![
xy ln~x/y!1xz ln~z/x!1yz ln~y/z!

~x2y!~y2z!~x2z!
.

~18!

Unless the trilinear couplingAt is very large, the gluino loop
typically dominates~an exception is investigated in Re
@72#! and the sign of the SUSY contribution is given by t
sign of M3m. Therefore, since we assume here gaugino u
versality, this implies thatb-t YU is favored in them,0
case.

To numerically quantify this statement, we study the b
havior of mb

tree and mb
corr on varying the parameters of th

MNUSM model. In Fig. 7~a! we fix A050, tanb538.0,
m051000 GeV, andM1/251100 GeV and analyze the de
pendence onK. Wee see that the tree level valuemb

tree is
roughly constant, while the SUSY correctionsdecreaseasK
increases. Both remain well above the experimental up
bound, however. This can be understood from Eq.~16!, since
increasingK means increasingmb̃1

, with a fixed value for

M3 and, roughly, form andmb̃2
, and the functionI (x,y,z) at

fixed y andz is inversely proportional tox5mb̃1
. Therefore,

subsequently, we concentrate on theuniversal K51 case, in
order to check whether or not a parameter space allowing
top-downb-t YU exists.

The second step is to study the dependence of theb-quark
mass on the parameterm0 @Fig. 7~b!#. We take hereA050,
tanb538.0,M1/251100 GeV, andK51, and we notice, as
expected, that the size of the corrections decreases with
creasingm0. This is explained on the one hand by the fa
01500
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that from the radiative electroweak symmetry breaki
~EWSB! condition the value ofm2 is slightly decreased by
the increase ofm0 @2#, and on the other hand because i
creasing the value ofmb̃1,2

leads to a decrease of the functio

I. In Fig. 7~c! we take insteadA050, tanb538.0,m0
52000 GeV, andK51 and varyM1/2. As can be easily
inferred from Eq.~16!, increasingM1/2 leads to an increase
both inM3 and inm. In conclusion, the candidate paramet
space forb-t YU for m.0 is at low M1/2 and high m0
values. We choose therefore two trial values,M1/2
5300 GeV,m052000 GeV, and show our results in Fig.
As is readily seen from Eq.~16!, we find that the SUSY
contributions grow with tanb. We notice, however, that the
tree level mass strongly decreases with increasing tanb, ow-
ing to the fact that the positive SUSY contributions tomt
@see Eq.~9!# imply a smaller value for the asymptotic com
monb-t Yukawa coupling. The overall combination of thes
two effects maintains the correctedb-quark mass well above
the experimental upper bound. This conclusion is furth
confirmed by investigating extreme values of (M1/2,m0) for
high tanb, always in the universalK51 case, and resorting
also to nonzero values ofA0.

FIG. 8. Tree level and SUSY-corrected values of theb-quark
mass atM1/25300 GeV,m052000 GeV,A050, andK51.
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FIG. 9. Tree level and SUSY-correctedb-quark masses~a! and BR(b→sg) for the three benchmark scenarios of Table I. The upper
lower bounds are those of Eq.~15! for frame ~a! and those of Eq.~19! for frame ~b!.
o

on

tr

d
o

n
e

o

,
,

ie

n

s
ce
o

e
y

of

u-

. All
-

t

To sum up, we demonstrated that, due to the SUSY c
rections to theb-quark mass, top-downb-t YU is excluded,
both with universal and with minimal nonuniversal sfermi
masses, in the casem.0.

The µË0 case

In the m,0 case the SUSY contributions to theb-quark
mass are negative and therefore combine to bring the
level mass dictated byb-t YU within the experimental range
~15!. We plot in Fig. 9~a! the tree level and SUSY-correcte
values of theb-quark mass for the three benchmark cases
Table I. We notice that the size of the SUSY correctio
decreases whenmx̃ is increased, because of the mention
behavior of the functionI (x,y,z) of Eq. ~16!, which is in-
versely proportional to its arguments. In the case of the b
tom squark coannihilation~dashed line! the effect is en-
hanced by the large size ofm0, which directly reduces
through the suppression ofm due to the EWSB condition
the size of the SUSY contributions.

D. The inclusive branching ratio b\sg

We construct the 95% C.L. range on BR(b→sg) starting
from the recent experimental data of Ref.@73# and properly
combining the experimental and theoretical uncertaint
The resulting bound is

1.931024&BR~b→sg!&4.631024. ~19!

We calculate BR(b→sg) using the current updated versio
of MICROMEGAS @54#. The SM contribution is calculated
through the formulas of Ref.@55#, and the SUSY correction
through those of Ref.@56#. We can estimate the dependen
of the SUSY corrections from the approximate formulas
01500
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Refs. @74,48,75#. They are given, respectively, for th
charged Higgs boson and for the chargino exchanges, b

CH1
'

1

2

mt
2

mH1
2 f H1S mt

2

mH1
2 D , ~20!

Cx̃2
'~sgnAt!

tanb

4

mt

m
F f x̃2S mt̃ 1

2

m2 D
2 f x̃2S mt̃ 2

2

m2 D G , ~21!

where

f H1
~x!5

325x

6~x21!2
1

3x22

3~x21!3
ln x, ~22!

f x̃2
~x!5

7x25

6~x21!2
2

x~3x22!

3~x21!3
ln x. ~23!

We notice that the relative sign of the two contributions
Eqs.~20! and~21! is given by sgn(Atm)52sgn(M3m) ~this
equality being valid for large top and bottom Yukawa co
plings, as in the present case!. Moreover, the SM contribu-
tion has the same sign as the charged Higgs boson one
the contributionsdecreaseasmx̃ increases; therefore we ex
pect to draw a lower bound onmx̃ from the lower bound on
BR(b→sg) @Eq. ~19!# in the caseM3m.0 and from the
upper bound of Eq.~19! for M3m,0, which is the presen
case. We notice that the lower bound onmx̃ becomes more
restrictive as tanb is increased, as can be read from Eq.~21!.
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FIG. 10. mh ~a! anddam
SUSY~b! for the three benchmark scenarios of Table I. The lower bound of frame~a! is given in Eq.~24!, while

in frame ~b! the 2s and 5s bounds are taken from Eq.~27!.
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In Fig. 9~b! we plot the results we get for the three benc
mark cases of Table I. We can see that as the SUSY spec
becomes heavier~we recall that if the bottom squark is th
NLSP m0 /M1/2*3; see Fig. 2! the lower bound onmx̃

weakens, as can be understood from Eqs.~20! and ~21! and
from the explicit forms off H1

and f x̃2
.

E. The Higgs boson masses

We take in our analysis the 95% C.L. CERNe1e2 col-
lider LEP bound@76# on the lightestCP-even neutral Higgs
boson mass,

mh*114.3 GeV, ~24!

which gives a lower bound on themx̃ . Two-loop corrections
are taken into account, as described in Sec. III. In Fig. 10~a!
we plot the results for the Higgs boson mass that we ob
for the three benchmark scenarios.

F. Direct accelerator sparticle searches

We impose the current direct accelerator search limits
the sparticle masses@50#, mx

1
1*104 GeV,mf̃*100 GeV for

f̃ 5 t̃ 1 ,b̃1 , l̃ 6,ñ, and mg̃*300 GeV, mq̃1,2
*260 GeV for q̃

5ũ,d̃,s̃,c̃. We always find the constraints from BR(b
→sg) and from mh more restrictive than those from th
direct sparticle searches. Therefore we do not plot th
bounds in the figures of Secs. VI A and VI B.

G. The muon anomalous magnetic moment

The deviationdam of the muon anomalous magnetic m
mentam from its predicted value in the standard model c
be interpreted as arising from SUSY contributions,dam

SUSY,
mainly given by neutralino-smuon and chargino-sneutr
01500
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n
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loops. The quantitydam
SUSY, which we compute numerically

with theMICROMEGAS package, can be estimated through t
formulas of Ref.@57#, assuming a common value for th
SUSY sparticles massesmSUSY:

dam
SUSY'sgn~M2m!

tanb

192p2

mm
2

mSUSY
2 ~5g2

21g1
2!. ~25!

On the experimental side, the BNL E821 experiment recen
delivered a high precision measurement~0.7 ppm! of am

expt

511659203(8)310210. The theoretical computation of th
SM prediction is plagued by the problem of estimating t
hadronic vacuum polarization contribution. In particula
there is a persisting discrepancy between the calculat
based on thet-decay data and those based on low ene
e1e2 data. Recent evaluations@77–79# give the following
range for the deviation of the SM value ofam from the ex-
perimental one:

am
expt2am

SM5~35.6611.7!310210 ~e1e2!, ~26!

am
expt2am

SM5~10.4610.7!310210 ~t decay!.
~27!

Following the lines of Ref.@63#, we decided to take a con
servative approach to the problem of choosing which bou
should be culled from the tantalizing results of Eqs.~26!,
~27!. In what follows we will therefore just indicate the re
gion determined by the 2s and 5s ranges for the
e1e2-based approach and for thet-decay-based approach
but we will not use this constraint to derive~lower! bounds
on mx̃ .

In Fig. 10~b!, where we present the results we get for t
three benchmark scenarios, we indicate only
t-decay-based limit, sincedam

SUSY, with m,0, is negative
6-10
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@see Eq.~25!#. In passing, we remark that it has been recen
claimed@79# that the result frome1e2 data~26! is less clean
than the one fromt decay~27!. This would be due to inter-
ferences of isoscalarI 50 mesons, not produced int decay,
with vector mesons@79#. Therefore, theories requiring
negative sign ofm, such as those with exactb-t YU, seem to
be no longer disfavored by thedam constraint.

Formula~25! allows us to interpret the results we show
Fig. 10~b! and in the figures of the next section. First, we s
that as the SUSY spectrum becomes heavier~bottom squark
NLSP case! the corrections become smaller, as emerges fr
Eq. ~25!. Second, we can see thatdam

SUSY decreases with
increasingmx̃ , for the same region as above, and that
increases with increasing tanb.

VI. THE NEW COANNIHILATION CORRIDOR

In the m,0 case the SUSY corrections to theb-quark
mass are negative, and therefore can naturally drive, for s
able values of tanb, the correctedmb

corr(MZ) within the ex-
perimental range.

In this section we focus on the extended sfermion co
nihilation modes allowed by the particle spectrum of t
MNUSM model. As pointed out in Sec. IV, the bounda
conditions given by MNUSM produce a new ‘‘coannihilatio
branch,’’ extending fromK50 up toK'0.5 and, for values
of m0 greater than'cM1/2, with c of o(1), increasing with
decreasing values of tanb. In the upper part of the branch
typically for m0 /M1/2*3, the NLSP turns out to be the ligh
est bottom squark, while forc&m0 /M1/2&3 we find mx̃

.mñt
.mt̃1

. The following two subsections are devoted

analysis of the coannihilation processesx̃-b̃1 and x̃-ñt-t̃1,
taking into account the constraints described in the previ
section. The final two subsections deal, respectively, with
determination of the tanb range allowed byb-t YU and
with the question of fine-tuning in MNUSM models.

A. x̃-b̃1 coannihilation

Since it is a strongly interacting particle, we find th
bottom squark annihilation and coannihilation channels
very efficient and contribute substantially to the neutral
relic density suppression.

We plot in Figs. 11 and 12~a! and 12~b! the cosmologi-
cally allowed regions for three representative values
tanb534, 38, and 42 for a fixed value ofK50.35. They
axis represents the relative percent splitting between the
tralino mass and the next-to-lightest SUSY particle, in t
case the lightest bottom squark:

DNLSP5
mNLSP2mx̃

mx̃

. ~28!

The relevant phenomenological constraints described in
previous sections determine lower, and sometimes up
limits on mx̃ . They result in almost vertical lines, since the
typically weakly depend onm0, which moreover varies very
little in the plotted regions. They are instead fixed byM1/2
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~and therefore, in the plots, bymx̃). The regions allowed by
a given constraint lie at theright of the corresponding lines
Points below the solid lines are characterized by relic de
ties which fall within the 2s range of Eq.~14!. We empha-
size that the limits onmx̃ andDNLSP that we find here canno
be regarded as being representative of the full param
space: they show instead, for a few benchmark cases,
the interplay of the cosmophenomenological bounds
scribed in Sec. V constrains the mass spectrum~here param-
etrized bymx̃ andDNLSP) of the models under consideration

In Fig. 11 we plot with a dotted line the lower bound o
VCDMh2 also. We see that the most stringent bound,
tanb&38, is provided by BR(b→sg), while for higher val-
ues of tanb the b-quark mass constraint becomes more
strictive. As far as the upper bound onmx̃ is concerned, we
find that high values of tanb allow mx̃ to extend up to 1.5
TeV @Fig. 12~b!#. For smaller tanb the upper bound onmx̃ is
instead fixed by the upper bound on theb-quark mass: the
SUSY corrections tomt @see Eq.~9!# drive the commonb-t
Yukawa coupling to higher values, therefore generating
higher tree levelb-quark mass which is not compensated
the ~smaller! negative SUSY corrections tomb @Eq. ~16!#.
The inverse mechanism pushes the lower bound onmx̃ to
higher values ('0.5 TeV) in the case of tanb542. We no-
tice that the region determined by the 2s dam range from
the t-decay approach always covers the greater part~or the
totality! of the allowed parameter space.

In Fig. 13 we studied the sensitivity of our results to
nonzero value of the common trilinear couplingA0 at the
GUT scale, for tanb538.0, D b̃1

.0, andK50.35. We no-

tice that the lower limit onmx̃ is fixed by theA050 case. As
for the cosmological bound onVx̃h2, the variation ofA0
leads to very little modification of the upper bounds onmx̃

displayed in Figs. 11 and 12; we therefore conclude that
only relevant change is the type of constraint that, depend
on the sign and on the absolute value ofA0, determines the
lower bound onmx̃ .

FIG. 11. Cosmologically allowed parameter space in the bott
squark coannihilation region, atK50.35 and tanb538.0. The re-
gion below the solid line hasVx̃h2,0.1287. The dotted line show
the putative lower bound on the neutralino relic density~14!. The
dotted nearly vertical lines indicate the phenomenological c
straints described in the text, while the dashed line stands for
2s bound on the muon anomalous magnetic moment.
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FIG. 12. Cosmophenomenologically allowed parameter space in the bottom squark coannihilation region atK50.35, tanb534.0~a! and
tanb542.0 ~b!.
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As far as the coannihilation channels are concerned,
case of the bottom squark is characterized by a rather sim
pattern, clearly dominated by strong interaction proces
We find that for bottom squark masses quasidegenerate
the neutralino mass, the neutralino pair annihilation rate
very low ~less than a few percent!. The dominant channel
concern instead neutralino–bottom squark coannihilati
into gluons andb quarks~up to 10%! and bottom squark–
bottom squark annihilations into twob quarks~up to 15%! or
into two gluons~up to 80%!. We give in the Appendix~Sec.
A 2! an approximate analytical treatment of these three m
relevant processes.

B. x̃-t̃1-ñt coannihilations

In the lower part of the new coannihilation branch of F
2, for (m0 /M1/2)&3 and 0,K&0.25, the NLSP switches

FIG. 13. The determination of the lower bound onmx̃ in the
case of nonzeroA0, for tanb538.0, D b̃1

.0, andK50.35. The
allowed region is in the upper right part of the figure, as indicat
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from the bottom squark to the tau sneutrino. In this reg
the lightest stau is always heavier than the sneutrino, but
relative mass splitting is within a few percent. This sm
splitting results from the combination of two RG effects:

mñt

2
2mt̃1

2
'DLR

t̃ ~At!2cl̃ cos~2b!MZ
2 . ~29!

The first contribution in Eq.~29! comes from the mixing
betweent̃L andt̃R , which depends onAt , while the second
term stems from the mentionedD-term quartic interaction,
and the coefficientcl̃ .0.8 @2#. Even thoughA050 at the
GUT scale, RG effects can driveAt(MSUSY) to large values
~for the case of Fig. 2 we obtain typical values forAt

'0.5 TeV) and thus entail a nontrivialLR mixing DLR
t̃ . In

the case of Fig. 2 we getmñt

2
2mt̃1

2
'10 GeV. In Fig. 14 we

plot the cosmophenomenologically allowed region atK
50.1 and tanb538.0, in analogy with Fig. 11. We als
show the ‘‘superconservative’’ 5s bound ondam , while the
mb bounds lie outside the depicted range.

Figures 11 and 14 allow us to compare the efficiency
coannihilation processes involving a strongly interacti
sparticle~the bottom squark! and a weakly or electromag
netically interacting one~the tau sneutrino and the stau!. We
see that in the second case the maximum mass splitting
tween the NLSP and the neutralino is 2%, while in the fi
one, at the samemx̃ , the cosmological bound allows a ma
splitting up to'8%. In Fig. 15 we plot the allowed region
at tanb534 ~a! and 42~b!. We notice in all cases that slep
ton coannihilations constrainmx̃ to less than approximately
0.5 TeV, while in the case of the bottom squark the bound
three times higher.

Remarkably, we see in Figs. 14 and 15 that the 2s bound
on dam coming fromt-decay data isalways satisfiedin the.
6-12
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parameter space regions allowed by the other cosmophen
enological constraints.

As regards nonzero values forA0, we draw in the presen
case the same conclusions as in the preceding section~see
Fig. 13!: the type of phenomenological constraint giving t
lower bound onmx̃ in general changes, but the lowest val
of mx̃ is determined by theA050 case.

The coannihilation pattern is far more complicated in t
case than in the bottom squark case. We show in Fig. 1
typical situation for the~percent! contributions of the pos-
sible coannihilating initial sparticles, and a detail of the m
relevant final states, taken atmx̃.mñt

and tanb538. This

pattern is, however, rather dependent on the tanb value and
on the relative mass splitting. The case of stau–tau sneu
coannihilation is further discussed in the Appendix.

FIG. 14. Cosmologically allowed parameter space in the
sneutrino–stau coannihilation region, atK50.1 and tanb538.0.
The scale of the axis, as well as the notation, are the same as in
11.
01500
m-

a

t

no

C. The tanb range

From Eq.~16! we notice that the size of the correction
grows~linearly! with tanb; therefore we expect that the up
per bound onmb(MZ) determines the lower bound on tanb,
and vice versa. As shown by from the figures of Secs. V
and VI B, the mb constraint concurs with the other co
mophenomenological bounds, permitting the determinat
of the allowed range of tanb. We determine the lowest limi
on tanb by combining the most restrictive phenomenolog
cal constraint, which turns out to be BR(b→sg) and which
gives the lower bound onmx̃

min
[mx̃ , with the upper bound

on mb
corr, which in its turn gives the upper boundmx̃

max.

Requiring mx̃
min

5mx̃
max unambiguously gives the lowest a

lowed value of tanb. In order to find the upper limit on
tanb, we notice that the bound onmb is weaker than the
constraint coming from BR(b→sg) in determining the low-

u

ig.

FIG. 16. A typical pattern of the relative contribution’s of coa
nihilation processes in the tau sneutrino coannihilation region.
plot refers to the case tanb538, A050, andmx̃.mñt

. The top
dark gray parts of the columns represent other contributing ch
nels.
FIG. 15. Cosmophenomenologically allowed parameter space in the tau sneutrino–stau coannihilation region atK50.1 and tanb
534.0 ~a! and tanb542.0 ~b!.
6-13



en

al

g
in
b

ffi
h
ng
in

-
7

ce

al

Y
l-

eli-
-

as
ess
s in
ndi-
of

he

neu-
-

lino
ed

in
e-
nset
cen-

re-
-
ly
ew
tau
ing
re-

w
of

t-

ni-
y a
ter
e-

he-
n the

-
n

ro-
of

-
to

o

-

S. PROFUMO PHYSICAL REVIEW D 68, 015006 ~2003!
est valuemx̃
min

@see, e.g., Fig. 12~b! and Fig. 15~b!#. In fact,
the BR(b→sg) constraint becomes more and more string
as one increases tanb. On the other hand,mx̃

max is fixed this
time by the cosmological constraint on the maximum
lowed neutralino relic density@see Sec. V A and Figs. 12~b!
and 15~b!#. In Fig. 17 we depict the allowed tanb range in
the (tanb,DNLSP) plane for three benchmarkK values,K
50.8, 0.4, and 0.1. Points below the lines are cosmolo
cally and phenomenologically viable. As shown by Fig. 5,
the case of the stau NLSP the coannihilation region can
connected to theA-pole region; hence the allowedDNLSP
becomes large and no longer meaningful to test the e
ciency of coannihilation processes. Figure 17 also highlig
that bottom squark coannihilations allow a larger mass ra
for the coannihilating particle, since they involve strong
teraction processes: the maximumDNLSP extends in this case
up to'13%, while in the case ofx̃-t̃1-ñt coannihilation its
maximum value is around 3%. In the high tanb tail of Fig.
17, as is easily understood,x̃-t̃1 coannihilations are slightly
less efficient thanx̃-t̃1-ñt . Although our analysis was lim
ited to benchmarkK values, we can conclude from Fig. 1
that in them,0 case the allowed tanb range is

31&tanb&45, m,0. ~30!

We checked that the range given in Eq.~30! holds also for
A0Þ0. We find in fact that in this case an analogous pro
dure of determination of (tanb)max,min yields weaker limits.
What happens atA0Þ0 is mainly that the phenomenologic
bounds tend to pushmx̃

min,max to higher values; therefore
(tanb)max is lowered, while (tanb)min is left substantially
unchanged~see, e.g., Fig. 13!.

D. Fine-tuning

The question of the quantification of fine-tuning in SUS
models for dark matter, in addition to involving the natura

FIG. 17. The allowed (tanb,DNLSP) regions for three bench
mark K values, K50.8,0.4,0.1, corresponding, respectively,

NLSP5 t̃1 ,b̃1 ,ñt . Points below the lines are cosmophenomen
logically allowed. ForK50.8 we find that, for 32&tanb&38, the
coannihilation region is contiguous to theA-pole direct annihilation
region, producing high values forDNLSP which are, however, unre
lated to the efficiency of the coannihilation processes.
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ness of the models, is also related to the possibility of r
ably predicting the relic densityVxh2 from accelerator mea
surements of the SUSY input parameters@80#. We emphasize
that the present MNUSM models can hardly be regarded
realistic SUSY models, being conceived in order to addr
the issue of extended sfermion coannihilation processe
the presence of nonuniversal sfermion mass boundary co
tions. Nevertheless, it is natural to face here the problem
the fine-tuning related to the extra parameterK appearing in
MNUSM models. In fact, as shown by Fig. 1 and Fig. 2, t
new coannihilation regions appearing at largem0 for K
&0.5 are expected to generate abrupt changes in the
tralino relic density for small variations of the MNUSM pa
rameterK. We will follow here the formalism of Ref.@80# in
order to study the logarithmic dependence of the neutra
relic density. There, the amount of fine-tuning was describ
through the overall logarithmic sensitivity

DV[A(
i

S ai

Vx

]Vx

]ai
D 2

, ~31!

whereai are generic SUSY input parameters. As outlined
@16#, the coannihilation regions tend to have higher fin
tuning due to the steep rise of the cross sections at the o
of coannihilation processes. In the present case we con
trate only on the contributionDV(K) coming from the pa-
rameterK, and study four benchmark cases at fixed tanb
538.0, M1/251100 GeV, andA050. Motivated by Fig. 2,
we choose to plot the following values for (m0 /M1/2): 0.5,
corresponding to the ordinary stau NLSP coannihilation
gion; 1.6, intersecting the lowK sneutrino coannihilation re
gion, where fine-tuning ofK is expected to be reasonab
low; 2.5 and 4.0, values which cut the steep part of the n
coannihilation branch, corresponding, respectively, to
sneutrino and bottom squark NLSPs, and where fine-tun
is expected to be rather high. Figure 18 reproduces our
sults: for (m0 /M1/2)50.5 and 1.6 we get, as expected, lo
values forDV(K)&3. On the other hand, the sharp onset
coannihilations for (m0 /M1/2)52.5,4.0 entails dramaticK
fine-tuning peaks, corresponding to values ofK such that
mx̃.mñt

andmx̃.mb̃1
, respectively. In the case of the bo

tom squark, as suggested by Fig. 1, the steepness ofmb̃1
(K)

renders the fine-tuning needed to getmb̃1
.mx̃ particularly

large.
To conclude, we find that the extended sfermion coan

hilation channels of MNUSM models are characterized b
large amount of fine-tuning in the nonuniversality parame
K in the narrow upper part of the coannihilation branch d
picted in Fig. 2. Low fine-tuning ofK is instead required in
the lower part of the branch, atK&0.2 and 1&(m0 /M1/2)
&2 and in the standard stau coannihilation strip. Nonet
less, we stress that these scenarios, although motivated i
context ofSU(5) SUSY GUTs, aread hocsketchily simpli-
fied, reducing to single parameterK the scalar nonuniversal
ity variables, in order to focus on peculiar coannihilatio
phenomena. In ‘‘realistic’’ models one could expect to rep
duce more naturally, and hence with a smaller amount
fine-tuning, the newly outlined coannihilation regions.

-
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VII. CONCLUSIONS

In this paper we studied the cosmological and pheno
enological consequences of top-downb-t Yukawa coupling
unification with minimal nonuniversal boundary conditio
in the sfermion masses, inspired by theSU(5) GUT. We
showed that them.0 case is ruled out by theb-quark mass
bound. We stress that this result holds also in the partic
case of full universality~CMSSM!. As for the m,0 case,
b-t YU is compatible with the set of all known cosmoph
nomenological constraints, among them the recent res
from WMAP, for 31&tanb&45. A large parameter spac
region is also found to be consistent with the 2s range of
dam determined fromt-decay data. Further, if one resorts
a superconservative approach@63# to dam , the whole al-
lowed regions discussed would satisfy the resulting boun

We found that the SUSY spectrum allows for new typ
of coannihilation, namely, neutralino–bottom squark a
neutralino-tau sneutrino-stau, which we analyzed in de
We fixed three benchmark scenarios for the three poss
coannihilation patterns, including the CMSSM-like case
the neutralino-stau, and we showed for these three case
behavior of the cosmological and phenomenological c
straints as functions of the LSP mass. We then discussed
cosmologically allowed regions for the two types of ne
coannihilation at various values of tanb, and the main chan
nels contributing to the neutralino relic density suppressi
An analytical approximate treatment of these channels
given in the Appendix.
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APPENDIX A: NEUTRALINO RELIC DENSITY
CALCULATION IN THE PRESENCE OF

COANNIHILATIONS

The starting point to compute the neutralino relic dens
is the generalization of the Boltzmann equation to a set oN
coannihilating species@60,11#:

dn

dt
523Hn2^seffv&~n22neq

2 !, ~A1!

whereH is the Hubble constant,n[( i 51
N ni is the total num-

ber density summed over all coannihilating particles, andneq
is the equilibrium number density, which in the Maxwe
Boltzmann approximation, valid in the present cases, rea

neq5
T

2p2 (
i 51

N

gimi
2K2S mi

T D , ~A2!

gi being the internal degrees of freedom of particlei of mass
mi , T the photon temperature, andK2(x) a modified Bessel
function. In Eq.~A1! seff is the effective cross section, de
fined as

seff5 (
i , j 51

N

s i j r i r j . ~A3!

In its turn, s i j is the total cross section for the process
involving i j ~co!annihilations, averaged over initial spin an
particle-antiparticle states. The coefficientsr i , in the reason-
able approximation@11# where the ratio of the number den
sity of speciesi to the total number density maintains i
equilibrium before, during, and after freeze-out, are defin
as

r i[
neq

i

neq
5

gi~11D i !
3/2e2D i x

gtot
, ~A4!

where

gtot5(
i 51

N

gi~11D i !
3/2e2D i x, D i5

mi2mx̃

mx̃

, x[
mx̃

T
.

~A5!

From Eq. ~A4! it is apparent that only species which a
quasidegenerate in mass with the LSP can effectively c
tribute to the coannihilation processes, since large mass
ferences are exponentially suppressed. Once the freeze
temperatureTF has been numerically determined,@12# the
LSP relic density at the present cosmic time can be evalu
by @11#

Vx̃h2'
1.073109 GeV21

g
*
1/2M PxF

21ŝeff

, ~A6!
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TABLE II. Neutralino annihilation and coannihilation with bottom squark, stau, and sneutrino.

Initial state Final states Tree level channels

x̃x̃ hh, hH, HH, AA, ZZ, AZ, s(h), s(H), t(x̃ i
0), u(x̃ i

0)
h@H#A, h@H#Z s(A), s(Z), t(x̃ i

0), u(x̃ i
0)

W1W2, H1H2
s(h), s(H), s(Z), t(x̃ j

2), u(x̃ j
2)

W6H6
s(h), s(H), s(A), t(x̃ j

2), u(x̃ j
2)

f f̄ s(h), s(H), s(A), s(Z), t( f̃ ), u( f̃ )

x̃b̃1
bh@H#, bZ s(b), t(b̃1,2), u(x̃ i

0)
bA s(b), t(b̃2), u(x̃ i

0)
bg, bg s(b), t(b̃1)

tH2, tW2
s(b), t( t̃ 1,2), u(x̃ j

2)

x̃ t̃1
th@H#, tZ s(t), t( t̃1,2), u(x̃ i

0)
tA s(t), t( t̃2), u(x̃ i

0)
tg s(t), t( t̃1)

ntH
2, ntW

2
s(t), t( ñt), u(x̃ j

2)

x̃ ñt
nth@H#, ntZ s(nt), t( ñt), u(x̃ i

0)
ntA u(x̃ i

0)
tH1, tW1

s(nt), t( t̃1,2), u(x̃ j
2)
ou

ns
ve

th

itia

n
th

ese
eu-
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on,

s;
es of
rk,

n-
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m
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whereM P51.2231019 GeV is the Planck scale,g* '81 is
the number of effective degrees of freedom at freeze-
xF5mx̃ /TF , and

ŝeff[xFE
xF

`

^seffv&x22dx ~A7!

keeps track of the efficiency of post-freeze-out annihilatio
In many cases, one can approximate the thermally a

aged product of the relative velocity and the cross section
the ~co!annihilating particles through a Taylor expansion,

s i j v5ai j 1bi j v
2. ~A8!

This approximation is not accurate nears-channel poles and
final-state thresholds, as pointed out in Refs.@11,13#. In all
other cases, and in particular in most of those studied in
present paper~an exception is given in Fig. 5!, one can pro-
ceed and calculate

ŝeff5(
i , j

~a i j ai j 1b i j bi j ![(
i j

ŝ i j , ~A9!

where the sum is extended to all the possible pairs of in
sparticle states, and the coefficients

a i j 5xFE
xF

` dx

x2
r i~x!r j~x!, b i j 56xFE

xF

` dx

x3
r i~x!r j~x!.

~A10!

We list in Tables II–V all the possible annihilation and coa
nihilation processes involving the neutralino, the stau,
01500
t,

.
r-

of

e

l

-
e

bottom squark, and the tau sneutrino. Only a subset of th
reactions effectively contributes to the reduction of the n
tralino relic density, as described in Secs. VI A and VI B.
particular, in contrast to the case of neutralino annihilati
the largest contributions to Eq.~A9! arising from coannihi-
lation processes come from theai j coefficients. In Sec. A 2
we give the analytical form of theai j for the ‘‘new’’ coanni-
hilations which arise in the present context of MNUSM
namely, we study the most relevant processes in the cas
bottom squark–neutralino, bottom squark–bottom squa
and stau–tau sneutrino coannihilations.

A numerical check of the formulas given in Sec. A 2, co
sisting in a comparison between the computation outlined
this appendix and the numerical results given byMICROME-

GAS, confirmed the expected validity of this approxima
treatment to a satisfactory extent, in the regimes not affec
by theA-pole effects.

1. The coannihilation processes

We report in Tables II–V the complete list of all~co!an-
nihilation processes involving the lightest neutralino, botto
squark, and stau as well as the tau sneutrino. For a g
couple of initial sparticles we list both all the possible fin
states and the tree level channels relative to any final stac
means the four-particle contact interaction, wh
s(X), t(X), andu(X) mean ans, t, or u channel whereX is
the exchanged~s!particle.d andu indicate, respectively, the
down- and up-type quarks, whilel and n are the charged
leptons and the neutrinos of any family, where not differen
specified.f stands for a generic fermion~quark or lepton!.
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TABLE III. Bottom squark annihilations and coannihilations with stau and sneutrino.

Initial state Final states Tree level channels

b̃1b̃1
bb t(x̃ i

0), u(x̃ i
0), t(g̃), u(g̃)

b̃1b̃1* hh, hH, HH, ZZ s(h), s(H), t(b̃1,2), u(b̃1,2), c
AA s(h), s(H), t(b̃2), u(b̃2), c
ZA s(h), s(H), t(b̃2), u(b̃2)

Ah@H# s(Z), t(b̃2), u(b̃2)
Zh@H# s(Z), t(b̃1,2), u(b̃1,2)

W1W2, H1H2
s(h), s(H), s(Z), t( t̃ 1,2), c, s(g)

W6H7
s(h), s(H), t( t̃ 1,2)

t t̄ , uū s(h), s(H), s(Z), s(g), s(g), t(x̃ j
2)

bb̄ s(h), s(H), s(Z), s(g), s(g), t(x̃ j
2), t(g̃)

dd̄ s(h), s(H), s(Z), s(g), s(g)

l l̄ s(h), s(H), s(Z), s(g)

nn̄ s(Z)

gg, gZ, gg, Zg t(b̃1), u(b̃1), c
gh@H#, gh@H# t(b̃1), u(b̃1)

gg s(g), t(b̃1), u(b̃1), c

b̃1t̃1
bt t(x̃ i

0)

b̃1t̃1* bt̄ t(x̃ i
0)

t n̄t t(x̃ j
2)

b̃1ñt
bnt t(x̃ i

0)
tt t(x̃ j

2)

b̃1ñt* bn̄t t(x̃ i
0)
s

ion

e

ce

.
ta
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2. Relevant approximate formulas for the relic density
calculation in the coannihilation regions

The a coefficients for the pair annihilation of neutralino
can be readily and completely derived from Ref.@81#, while
those concerning the stau annihilations and coannihilat
can be calculated from the formulas of Refs.@82# and
@15,42#. Some instances ofa-coefficient computations can b
found in Ref. @17#, with the corrections given in@70#. We
follow here the notation set in@17#. As regards the tau
sneutrino~co!annihilations, the relativea coefficients can be
readily derived from those of the stau via suitable repla
ments in the couplings~e.g., gt̃1t̃1h→gñtñth , etc.!, in the

masses of the~s!particles~e.g.mt̃1
→mñt

), and by setting the
mixing angle between the stau mass eigenstates to zero
do not give any explicit formulas for the bottom squark–s
and the bottom squark–sneutrino coannihilations, since e
in the transition regions wheremb̃1

.mñt
.mt̃1

these pro-
cesses do not give any sizable contribution to the neutra
relic density suppression~namely, their total contribution is
01500
s

-

We
u
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o

always less than 0.5%!. Therefore we are left with the ‘‘new’’
~co!annihilation processes involving, respective
neutralino–bottom squark, bottom squark–bottom squark,
andstau–tau sneutrino.

We give here the explicit formulas for the dominant pr
cesses, as discussed in Secs. VI A and VI B. In the kinem
part of thea coefficients we neglect the mass of the fin
standard model particles up to and including theb quark.
Since the mass of the final SM particlesmSM appears there a
mSM

2 /mSUSY
2 , the corrections are in fact always negligibl

On the other hand, we keep track of bothmb andmt if the
couplings or the whole amplitudes are proportional to the
as is the case in some of the considered processes. More
in the processes involving the bottom squark we followed
approximations of Ref.@18#, neglecting the terms inae.m.
andaW . A bar over a mass means that the mass is divided
the sum of the masses of the incoming sparticles.Sstands for
the three neutral physical Higgs bosonsh, H, andA, andmS
for the respective masses,sX[sinuX , cX[cosuX , and for
the other symbols we follow the notation of Ref.@3#.
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TABLE IV. Stau annihilations and coannihilations with sneutrino.

Initial state Final states Tree level channels

t̃1t̃1
tt t(x̃ i

0), u(x̃ i
0)

t̃1t̃1* hh, hH, HH, ZZ s(h), s(H), t( t̃1,2), u( t̃1,2), c
AA s(h), s(H), t( t̃2), u( t̃2), c
AZ s(h), s(H), t( t̃2), u( t̃2)

Ah@H# s(Z), t( t̃2), u( t̃2)
Zh@H# s(Z), t( t̃1,2), u( t̃1,2)

W1W2, H1H2
s(h), s(H), s(Z), u( ñt), c, s(g)

W6H7
s(h), s(H), u( ñt)

uū, dd̄, l l̄ s(h), s(H), s(Z), s(g)

tt̄ s(h), s(H), s(Z), t(x̃ i
0), s(g)

ntn̄t s(Z), t(x̃ j
2)

nn̄ s(Z)

gg, gZ c, t( t̃1), u( t̃1)
gh@H# t( t̃1), u( t̃1)

t̃1ñt
ntt t(x̃ i

0), u(x̃ j
2)

t̃1ñt* ūd, n̄ l s(H2), s(W2)

ntt s(W2), s(H2), t(x̃ i
0)

ZW2
s(W2), u( t̃1,2), t( ñt), c

gW2
s(W2), u( t̃1), c

ZH2
s(H2), u( t̃1,2), t( ñt)

gH2
s(H2), u( t̃1)

W2h, W2H s(H2), s(W2), u( t̃1,2), t( ñt)
W2A s(H2), u( t̃2)

H2h, H2H s(H2), s(W2), u( t̃1,2), t( ñt), c
H2A s(W2), u( t̃2), c

TABLE V. Sneutrino annihilations.

Initial state Final states Tree level channels

ñtñt
ntnt t(x̃ i

0), u(x̃ i
0)

ñtñt* hh, hH, HH, ZZ s(h), s(H), t( ñt), u( ñt), c
AA s(h), s(H), c
ZA s(h), s(H)

Zh@H# s(Z), t( ñt), u( ñt)
W1W2, H1H2

s(h), s(H), s(Z), t( t̃1,2), c
W6H7

s(h), s(H), t( t̃1,2)

uū, dd̄, l l̄ , s(h), s(H), s(Z)

tt̄ s(h), s(H), s(Z), t(x̃ i
0)

ntn̄t s(Z), t(x̃ i
0)

Ah@H#, nn̄ s(Z)
015006-18
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a. Couplings

The couplings are given in Tables VI and VII.

b. x̃-b̃1 coannihilations

x̃b̃1→bg:

1

24pmb̃1

2 $~gb̃1bx̃1

L
1gb̃1bx̃1

R
!@gb̃1b̃1g

2
~m̄x̃

1
02m̄b̃1

!1gbbg
2 m̄b̃1

#24gbbggb̃1b̃1g@~gb̃1bx̃1

L
!21~gb̃1bx̃1

R
!2#~m̄x̃

1
02m̄b̃1

!%.

c. b̃1-b̃1 annihilations

b̃1b̃1→bb:

@~gb̃1bg
L

!21~gb̃1bg
R

!2#mg̃
2
1gb̃1bg

L
gb̃1bg

R
mb̃1

2

54p~mg̃
2
1mb̃1

2
!2

1 (
i , j 51

4 H mx̃ i
mx̃ j

@~gb̃1bx̃ i

%
!21~gb̃1bx̃ i

*
!2#@~gb̃1bx̃ j

%
!21~gb̃1bx̃ j

*
!2#

2p~mx̃ i

2
1mb̃1

2
!~mx̃ j

2
1mb̃1

2
!

1
4mx̃ i

mx̃ j
gb̃1bx̃ i

%
gb̃1bx̃ i

*
gb̃1bx̃ j

%
gb̃1bx̃ j

*
1mb̃1

2
~gb̃1bx̃ i

%
!2~gb̃1bx̃ j

*
!2

4p~mx̃ i

2
1mb̃1

2
!~mx̃ j

2
1mb̃1

2
! J .

TABLE VI. Relevant couplings used in the formulas of Secs. A 2~b!–2~d! ~part I!.

g symbol Expression

gb̃1bx̃ i

L 2g2

A2
Fcb̃S Ni22

tanuW

6
Ni1D1sb̃

mbNi3

mWcosbG
gb̃1bx̃ i

R 2g2

A2
S cb̃

mbNi3

mWcosb
1

2
3sb̃tanuWNi1D sgn~mx̃

i
0!

gb̃1b̃1g5gbbg5gggg 2gs

gb̃1bg
L A2gssb̃

gb̃1bg
R 2A2gscb̃

gb̃1bx̃ i

% 1
2 (gb̃1bx̃ i

L
1gb̃1bx̃ i

R )

gb̃1bx̃ i

* 1
2 (gb̃1bx̃ i

L
2gb̃1bx̃ i

R )

gb̃1b̃1gg gs
2

gh[H] t̃1t̃1 2
g2

2cW
mZsa1b@2ca1b#((122sW

2 )st̃
2
12sW

2 ct̃
2)

1
g2mt

MWcb
@mtsa@2ca#1st̃ct̃(Atsa@2ca#1mca@sa#)#

gAt̃1t̃1
0

gWñtt̃1 g2st̃

A2
gWñtt̃2

2
g2ct̃

A2
gH1h[H]W2

2
g2

2
ca2b@sa2b#

gH1AW2 g2

2

gH1ñtt̃1 g2MWst̃

A2
s2b
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b̃1b̃1* →gg:

81gggg
2 gb̃1b̃1g

2
156gb̃1b̃1gg~2gb̃1b̃1gg2gb̃1b̃1g!

1728pmb̃1

2 .

d. t̃1-ñt coannihilations

ñtt̃2* →SW1:

$@12~M̄W1m̄S!2#@12~M̄W2m̄S!2#%3/2

128pMW
2 mñt

mt̃1

F 2gSt̃1t̃1
gWñtt̃1

mñt

mñt
m̄S

22mt̃1
~12M̄W

2 !
1

2gH1SW2gH1ñtt̃1
m̄ñt

12m̄H6
2

1
gWñtt̃1

gSW1W2@~m̄ñt
2m̄t̃1

!22M̄W
2 #

M̄W
2 ~12M̄W

2 !
1

2gSt̃1t̃2
gWñtt̃2

mñt

mñt
m̄S

22m̄ñt

2
mt̃1

2mñt
~m̄t̃2

2
1m̄t̃1

2
!2mt̃1

~m̄t̃2

2
2M̄W

2 !G 2

.

TABLE VII. Relevant couplings used in the formulas of Secs. A 2~b!–2~d! ~part II!.

g symbol Expression

gh[H]W1W2 g2MWsb2a@cb2a#

gAW1W2 0

gh[H] t̃1t̃2
g2

2cW
mZsa1b@2ca1b#(124sW

2 )st̃ct̃1g2mt(ct̃
2
2st̃

2)
Atsa@2ca#1mca@sa#

2MWcb

gAt̃1t̃2 g2mt

Attanb1m

2MW

gWZñtt̃1 g2
2sW

2

A2cW

st̃

gWWZ g2cW

gWtb
2

g2

A2
gH1tb

L
g2

A2MW

(mtcotb)

gH1tb
R

g2

A2MW
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gt̃1tx̃
i
0

L

st̃

g2

A2MW

Ni3* mt
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1ct̃SA2g2

cW
sW

2 Ni28* 2A2g1cWNi18* D
gt̃1tx̃

i
0

R

2st̃A2Fg1cWNi18 1
g2

cW
~

1
2 2sW

2 !Ni28 G2ct̃

g2

A2MW

Ni3mt

cb

gñtntx̃
i
0

L 0
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i
0

R

2
g2

A2MW

Ni28

gt̃1ntx̃
j
2

L
g2

A2MW

U j 2mt

cb
ct̃

gt̃1ntx̃
j
2

R g2U j 1st̃

gñttx̃
j
2

L
g2
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U j 2* mt
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gñttx̃
j
2

R 2g2Vj 1
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ñtt̃2* →ZW1:
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~12m̄t
2!2

16pmñt
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1mñt

mt̃1
!~mx̃

k
0

2
1mñt
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mñt

Re@~gñttx̃
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1mñt

mt̃1
!~mx̃

j
2

2
1mñt
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