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Neutralino dark matter, b-7 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 asymptoticYukawa 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” whets andy-7;-v, coannihi-
lations significantly contribute to the reduction of the neutralino relic density.
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[. INTRODUCTION the neutral gauge and Higgs boson superparin&he neu-
tralino is, in fact, a color and electromagnetically neutral,
The minimal supersymmetri€CSUSY) extension of the weakly interacting massive particl®/IMP), as required to
standard modelMSSM) and grand unification are often re- be a good cold dark matter candidate. The recent results from
garded as the main ingredients of physics beyond the stathe Wilkinson Microwave Anisotropy Prob@MAP) satel-
dard mode[1-3]. The phenomenological implications of the lite [7], combined with other astrophysical data, determined
MSSM and of grand unification have been investigated fowith unprecedented accuracy the dark matter content range
decades, and, though direct evidence for such theories is stf the Universe. It has been sho#9] that the cosmologi-
missing, a large set of increasingly stringent constraints haally allowed parameter space of MSUGRA is dramatically
put important bounds on the parameter space of these sEEstricted by the considerably lowered upper bound on the
called SUSY grand unified theori¢&UTS). neutralino relic density. Moreover, as recently pointed out in

Nonetheless, the theoretical frameworks of SUSY GUTSXSk [10], in cosmological scenarios involving quintessential
are countless and typically characterized by a huge numbep o> e Telic density could undergo a turiner signitica
of parameters. The common phenomenological practice is tenha_ncemenfc, even O.f severfal orders of _magmtude. _The ne-

o . . 8eSS|ty of efficient relic density suppression mechanisms is
make a certain number @hopefully) theoretically motivated

: . d deal with duced ¢ therefore by now an uncontroversial point.
assumptions In order to deal with a reduced set of param- 56 of the known mechanisms of neutralino relic density

eters. The first assumption one has to make in the context & nnression occurs when the next-to-lightest supersymmetric
SUSY is how to parametrize the mechanism of SUSY breakpaticle (NLSP) is close in mass to the neutralino. In this
Ing. . . case, the neutralino relic density is suppressed not only by
Here, we resort to one of the most widely studied sucheytralino-neutralino annihilations, but also bgannihila-
contexts, that of the so-called supergrad8UGRA) mod-  tionswith the NLSP, and indirectly also by the annihilations
els. In this framework, SUSY is broken intadden sectar  of the NLSP itself11-13.
whose fields couple only gravitationally to the MSSM fields ~ This mechanism can involve various sparticles in
[4]. Under some further assumptioifgaugino and scalar MSUGRA[14], such as the lightest stali5—17, top squark
universality, the soft SUSY breaking part of the Lagrangian [18,19, or chargind20,16. In the present paper we address
of supergravity models is determined by four continuous pathe possibility that minimal nonuniversality in the sfermion
rameters plus one sigminimal SUGRA(MSUGRA)]. sector can produce “new,” unusual coannihilation partners.
In this paper, based on the results presentefbinwe  We find that this possibility is effectively realized in what we
study a(minimal) deviation from universality in the scalar call a new coannihilation corridor, where the bottom squark
fermion sector of the theory, inspired by the multiplet struc-and the tau sneutrino play the role of the NLSP. We show
ture of the simplest GUTSU(5) (see Sec. Il B We impose  that this pattern is compatible with-7 exact(“top-down”)
on the model the constraint bf7 Yukawa coupling unifica-  Yukawa unification(YU), and with all known phenomeno-
tion, which is a common prediction of a wide set of theorieslogical requirements.
of grand unification, among which are th&U(5) and In the next section we introduce and motivate the model
SO(10) GUTs. we analyze. We discuss the issuebaf YU and of a GUT-
One of the virtues oR-parity conserving SUSY models is motivated minimal sfermion soft supersymmetry breaking
to produce ideal candidates for cold dark maf@); in the  (SSB mass nonuniversality. We then show in Sec. IV the
present case the lightest neutrali@olinear superposition of features of the resulting particle spectrum which give rise to
“new coannihilation corridors” involving, in addition to the
stau, the lightest bottom squark and the tau sneutrino. Sec-
*Email address: profumo@sissa.it tion V is devoted to a description of the cosmophenomeno-
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logical requirements we apply. We demonstrate in particular B. Minimal sfermion nonuniversality

that thew.>0 case is not compatible with-7 top-down YU. The parameter space of the minimal supersymmetric ex-
In Sec. VI we describe the new coannihilation regions. Afteliansion of the standard model, in its most general form, in-
our final remarks, we give in the Appendix the complete list.|,des more than a 100 parametg38,37. Therefore, it is
of the coannihilation processes involving the neutralino, bOt'commonIy assumed that some underlying principle reduces
tom squark, tau sneutrino, and stau. Finally, an approximatg,« number of parameters appearing in the soft supersymme-
treatment of the neutralino relic density contributions (:omingtry breaking Lagrangian. In particular, in the case of gravity-
from Dbottom  squark—bottom squark, bottom = squark—mnegiated supersymmetry breaking, one can theoretically jus-
n_eutrahno, and stau—tau sneutrino coannihilations is PrO%ify [4] the assumption that there exists, at some high energy
vided. scaleMy, a commonmassmy for all scalars as well as a
commontrilinear coupling termA, for all SSB trilinear in-

Il. THE MODEL teractions. Moreover, in SUSY GUT scenarios, the additional
assumption that the vacuum expectation value of the gauge
kinetic function does not break the unifying gauge symmetry

One of the successful predictions of grand unified theoriegjields a common masd ,, for all gauginos. One is then left
is the asymptotic unification of the third family Yukawa cou- with four parameters rfiy,Ay,M1,tang) and one sign
plings[1]. The issue of Yukawa unification has been exten-sgn,), which define the so-called constrained MSSM, or
sively studied; see, e.d21-23. In particular, in this paper \MSUGRA, parameter space.
we addl‘eSS the iSSUe Of YU Of the bOttom quark a.nd the tau Much Work has been done in the investigation Of nonuni_
|ept0n, which is a prediction of some of the minimal grandversality in the gaugino sector; see, e.g., Rm,:gq As
unification gauge groups, such 88(5). b-7 YU is a con-  regards the SSB scalar masses, it has long been known that
sequence of the fact that the two particles belong to the samghiversality is not a consequence of the supergravity frame-
SU(5) multiplet, and therefore at the scale of grand unificaork, but rather an additional assumptietd]. This justified
tion Mgyr they are predicted to have the same Yukawa coUincreasing interest in the possible consequences of nonuni-
pling. The experimental difference betweemn, andm, is  versality in the scalar sectp41,42. In particular, in[43] an
then mainly explained by two effects. First, the renormaliza-analysis of various possible deviations from universality in
tion group(RG) running fromM g1 to the electroweak scale the SSB was carried out.
drives the two masses to different values. Second, in the |n this paper we focus on a simple model exhibiting mini-
minimal supersymmetric standard model, the supersymmemal nonuniversal sfermion mas# NUSM) at the GUT
ric sparticles affect the values of the masses with differencale. Our model is inspired by &1J(5) SUSY GUT where
finite radiative corrections, in particular, that of theguark  the scale of SSB universalityly is higher than the GUT
[24. scaleM gyt [43]. The RG evolution of the SSB frorvly
Previous investigations df-7 YU include Ref.[25] as  down to Mgy induces a pattern of nonuniversality in the
regards nonsupersymmetric GUTs and R¢&6-29, and  sfermion sector dictated by the arrangement of the matter
more recently Refs[30,31], for the SUSY GUT case. In fields in the supermultiplets:
particular, in[30] the implications of the recent experimental

A. b-7 Yukawa unification

and theoretical results on the muon anomalous magnetic mo- (|:, f)c)_E, 1)
ment and on the inclusive branching rabie-sy were also
taken into account, while ifi32] the neutralino relic density (@, 0°, E9—10. )

constraint was examined, in the context of gaugino nonuni-
versality. In Refs[33—35 the puzzle of the neutrino masses This structure entails the following pattern of sfermion mass

and mixing was tackled within the framework bfr YU. nonuniversality at the GUT scale:
A possible approach tb-7 YU is of the “bottom-up” y 5
type [29,30. It consists in defining some parameter which mE=mp=mz, ()]

evaluates theccuracyof YU, such as

_ hy(Mgyr) —=h(Mgur)
Op,= h.(Maur) : The running betweeM y andM g1 also produces two other
T effects. First, a typically large deviation from universality

The procedure we take here is instead a top-down approad@{d a splitting between the up and down Higgs boson masses
[31,27,28: for a given set of SUSY parameters we fix the Mn, andmy, is generated at the GUT scake detailed study
value h (Mgyr) =hp,(Mgu7), requiring the resultingn, to  of nonuniversal Higgs boson masses is present¢ddhand

be equal to its central experimental value. We then computg44]). Second, a small splitting is also present between the
my(M3) through RG running and taking into account the SSB masses of the two lightest sfermion families and the
SUSY corrections. A model giving a value of tiequark  third one. In the present paper we will however restrict our-
mass lying outside the experimental range is ruled out. Wittselves to aphenomenologicaparametrization of sfermion
this procedure, we perforexact b7 YU at the GUT scale nonuniversality, simply setting

and directly check whether a given model can or cannot be ) 5

compatible with it. mie=mg, )

2_ .2 2 2
Mg =M= Mg=mi,. (4)
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mé = KZmé,= K2m?, LR (. DU 15
My, M) ==1N| =7 ECREYTLL Iy b
mf,, =Mh,=mg. @) Msvsl - mmME M
We are therefore left with a single parameerwhich scans B o
this “minimal,” GUT-inspired deviation from universality in M=maxm;,m;), m=min(my,m,). 1D

the sfermion sector. N . .

For our purposes, we lé¢ vary between 0 and 1: in this F'OM Msysy to Mz the running is continued via the SM
way werecover full universalityi.e., the constrained MSSM ©ne-loop equationeRGES. We use fixed valuegs0] for the
(CMSSM)] for K=1, while, for K<1, we can lower the unning top guark massy(m;) =166 GeV, for the running

spectrum of the sparticles belonging to tgemultiplet. tau lepton massm,(Mz)=1.746 GeV, and foras(M)

; L =0.1185, all fixed to their central experimental values. The
Hence, we generate a spectrum with significantly lower ymptotic Yukawa coupling$ (Mgyr)=hp(Maur) and

masses for the tau sneutrino and the lightest stau and botto . /
squark. Whenever the masses of these sparticles are close Mgyr) are then consistently determined to get the correct

H e
the neutralino mass, they can play an important role in coant®P and tau masses, while the tree lemgf®and the SUSY-

nihilation processes. correctedm,,”’ masses of the running bottom quark Mt
Being inspired by a SUSY GUBU(5) framework, it is  aré outputs. _ o _ _
natural to mention, within the proposed MNUSM model, the ~ The neutralino relic density is computed by interfacing
critical question of proton decays]. First, the nonuniver- the output of the RGE running with the publicly available
sality pattern of MNUSM is not derived from a definite COd€MICROMEGAS [51], which includes thermally averaged
SU(5) GUT: it simply inherits from this theory a plausible exact tree level cross sections of all possilg@annihilation
asymptotic soft sfermion mass structurm’lzg and mé) and Processes, an ap_proprlate tregtment of poles, .and t_he one-
the feature ofo-7 YU. Nonetheless, it has been shown thatloor).QCD corrections to the Higgs boson coupling with the
consistent S(5) models exis{46], where suitable struc- f.erm|ons.'Th('e output W'CROMEGAsaISO produces the r.ela-
tures for the leptoquark Yukawa couplingsq, hue, huo. tive contributions of any given final state to the reduction of

and hg, drastically suppress the proton decay rate, even atpe neutrz_;lllno relic d_en_S|ty. . .

large (tgane. The resulting proton lifetime is then well below The direct and |nd|rgct deteqtlon rates are estimated
the current experimental limifg7]. These consistent models through another publicly —available numerical = code,
are compatible with the present MNUSM maodel in the softPARKSUSY [52]. . . .
SUSY breaking Lagrangian, although for computational eas As regards the phenomenolo_glcal constraints, the Higgs
we take into account here only the third generation Yukaw 0son masses are calculated usingRoMEGAS [51], which
couplingsh, andh,=h. . Hence, we conclude that MNUSM Incorporates theEYNHIGGSFASTcode[53], where the SUSY

models, within arS U(5) framework, are viable and are not contribution§ are calculated at.two loops. The inclusive

in contrast with the present constraints on the proton Iife-B.R(b_)SY) is again calculated with the current update_d ver

time. sion of theM|CROMEGAS_ code[54], wh_ere the SM contribu-
tions are evaluated using the formalism of H&b] and the
charged Higgs boson SUSY contributions are computed in-

cluding the next-to-leading order SUSY QCD resummed cor-
The MNUSM model we propose is defined by the follow- rections and the (taf)-enhanced contributionssee Ref.

IIl. NUMERICAL PROCEDURE

ing parameters: [56]). The SUSY contributions to the muon anomalous
magnetic momentsa, are directly calculated from the
My, Ag, Myp, tanB, sgnu, and K. (8)  formulas of Ref.[57] and compared with the output of the

MICROMEGAS code.
We impose gauge arlal7 Yukawa coupling unification at a
GUT scaleM g7 self-consistently determined by gauge cou-
pling unification through two-loop SUSY renormalization
group equation§48], both for the gauge and for the Yukawa  In minimal supergravity, especially after the very precise
couplings, betweeM gy and a common SUSY threshold results from the WMAP satellit€7], giving a considerably
M sysy= m&lz are the top squark mass eigenvajues red_uced upper limit on _the cold dark matter density of the
At M qysy We require radiative electroweak symmetry break-Universe, the cosmologically allowed regions of the param-
ing, we evaluate the SUSY spectrum, and we calculate thEt€r Space are strongly constrairi@]. As pointed out in

SUSY corrections to the and 7 masse$28]. For the latter 58’5% two main r_n_echanisms can suppress the n_eutralino
we use the approximate formula of Rg49]: relic density to sufficiently low values. The first one is coan-

nihilation of the neutralino with the next-to-lightest spar-
ticles, which is effective whenever the mass of the latter lies

IV. THE PARTICLE SPECTRUM WITH MNUSM

Am, g} aMtang

= [F(M,,nT,) within 10—20 % of the neutralino ma$60,11,13. The sec-

m. 16w u?-— M% T ond mechanism is given by direct, ragathannel annihila-
tion of the neutralino with the&€P-odd Higgs bosorA [61],

_F('“’m;f)]' ©) which takes place iimy=2my, i.e., if the channel is en-
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FIG. 1. The bottom squarta) and sneutringb) spectrum aM,=1.1 TeV, tanB3=38.0, andA,=0 for different values ofm,.

hanced by pole effectsin particular, we choose to focus sparticle masses as functions Kf at fixed My, mo, and
here on the case of coannihilations, which in the presentan. Frame(a) shows the case of the mass of the bottom
scenario of MNUSM are expected to exhibit a rich pattern. squark(we also plot the corresponding masses of the lightest
In order to understand the possible pattern of coannihilaneutralino and chargino The high energy parameters are
tions emerging from the parametrization of sfermion masgixed at M,,=1100 GeV, tarB=38.0, A;=0, and m,
nonuniversality outlined in Sec. Il B, we study the spectrum=2850, 3300, and 3750 GeV. We clearly see from the figure
of the candidate NLSPs, namely, the lightest bottom squarihat the behavior is, as expectet ~ Ja+ BKZ, wherea
and the tau sneutrino. 'I_'he dependence_of the masses of theé% is the sum of the terms in parentheses in €@ and
two sparticles on the high energy SSB inputs can be param- 2 : . .
=ap,my>0. Increasing the value af, induces higher

etrized as follows:
negative values fow, as well as obviously higher values for
rn%lzaglemgnL (bg,mi+cp Mi+Ag), (12 B. Notice in any case that for sufficiently low valuestothe
mass of the bottom squark is drivéelowthe mass of the
(13) neutralino and also to negative values.
Frame(b) shows instead the mass of the tau sneutrino, at
M,=1100 GeV, taB=38.0, A;=0, and my=1350,

2 ~ K2m?2 - 21~ M2 -
m;fay,K ma+ (by mg+c; M+ A3 ).

The contributionsA},_ 5 originate in part fromSU(2), and
b1.v; g .p (2) 1650, and 1950 GeV. We see that here alsg
U(1)yD-term quartic interactions of the form T

(squarkf(Higgs boson3 and (sleptord(Higgs bosor8, and =~ Ja+ BKZ, but in this case the interplay betwebnT and
are proportional to cos@M3 [2]. The bottom squark mass c;_ generatesa either positive (np=1350,1650 GeV) or
gets a further contribution idy arising from theLR off-  negative (ny=1950 GeV). The outcome is therefore that
diagonal elements of the mass matrix. The mixing terms arghe sneutrino mass can be lowered toward the mass of the
generated by the typically large values Af, in its turn  neutralino for low values oK, depending omy; the typical
induced, even foAy(Mgyr) =0, by RG running, and by a range ofm, for which this is possible is always lower than in
(tanB)-enhanced contribution proportional jom,. In the  the bottom squark case.
case of the tau sneutrino, instead, a further, though small, We carried out a thorough investigation of the possible
contribution toA; analogously arises from, . coannihilation regions, and we found that a good parameter
We plot in Figs. 1a) and 1b) the typical behaviors of the IS represented by the ratiang/M ;) at fixed tang, My,
andA,. In Fig. 2 we plot the coannihilation corridors that we
found on scanning the planemg/Mq5,,K) at My
Since herema=my,, whereH is the heaviesCP-even neutral 11 TeV, tan5=38.0, andA,=0. Within the solid lines
Higgs boson, the conditiom,~2m: implies pole effects foH  (Mnisp—My)/My=20%. In the lower part of the figure,
also. However, since th€P quantum number of the exchanged Which we indicate as an “Excluded Region,” the low value
Higgs boson must match that of the initial state, oAlgxchange Of Mg implies that the stau becomes lighter than the neu-
contributes to th&wave, whileH (andh) contribute to thé® wave.  tralino, or even gets a negativenphysical mass. Very strin-
This implies a suppression, in the thermally averaged cross sectiogent bound$62] indicate that the LSP has to be electrically
of a factor 3kz~0.1-0.2(see the Appendix and color neutral, and therefore this region is excluded. The
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- - - mass. In the lower part of the brandin Fig. 2 up to
my/M,~3), the NLSP turns out to be the tau sneutrino,
Sbottom with the lightest stau which is quasidegenerate witfsity
Coann. 4 within a few percent; see the discussion in Sec. VI B-
creasingmg and moving to the upper part of the branch, the
lightest bottom squark becomes the NLSP, while the tau
sneutrino and the stau, still quasidegenerate, become much
heavier. In the upper left part of the figure, once again indi-
cated as an “Excluded Region,” either the bottom squark or
the tau sneutrino becomes lighter than the neutralino, or even
gets a negative value for its masee Fig. L
In Fig. 3 we study the dependence of the shape of the
coannihilation corridors on the various parameters that we
fixed in Fig. 2. In frame(a) we vary the values oM,
comparing theM ,,,= 1100 GeV case of Fig. 2 with, respec-
tively, M4,,=1600 GeV andM,,=600 GeV. We see that
there is almost no significant dependence of the shape on the
! value of My, and therefore we conclude that the chosen
0 02 04 06 08 ! parameter my/M,, is good, since it isMy, quasi-
K independent. In framéb) we vary instead the value of the
FIG. 2. Coannihilation regions in themy/M,,,K) plane at  universal trilinear couplingdy. We plot again with a solid
Mq,=1.1 TeV, tanB3=38.0, andA,=0. Points within the lines are line the Aj=0 case, as well as tha,=1 TeV andAy=
characterized byriy sp— n;)/m;<20%. In the top left and lower —1 TeV cases, always at t#=38.0 and My,
parts of the figure the LSP is not a neutralino, while in the top right=1100 GeV. Once again we do not see any significant ef-
region no coannihilations take place between the neutralino and thiact, apart from a common shift of the lower coannihilation
sleptons. branch upward and of the upper downward. These shifts can
be traced back to the effect of the off-diagos) (sign-
strip above this excluded region represents a first coannihindependententries in the sfermion mass matrices.
lation corridor, where the NLSP is the stau. We notice that Figure 4 illustrates the dependence ongarhighlighting
this region survives up t&=1, i.e., fully universal bound- this time a significant effect on the upper branch: increasing
ary conditions. It actually represents a slice of the narrowtanp yields higher values fokK, i.e., the branch is moved to
band, in the y,M4;) plane, which is cosmologically al- the right, and vice versa. This effect can be qualitatively
lowed because of neutralino-stau coannihilati¢sse, e.g., understood from the approximate expression for the mass
Figs. 1 and 2 of Ref(8]). eigenvalues of the relevant sfermions, Ef2), where an
For values ofK<0.5 we find a second, distinct, branch increase in ta is compensated by an increase in the effec-
where the mass of the NLSP lies within 20% of the LSPtive boundary value of the scalar masses, tuned by the pa-
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FIG. 3. Coannihilation regions in theng/M4,,K) plane at tarB=38.0 andA,=0. In frame(a) the dependence d¥ 4, is studied at
Ap=0. In frame(b) two different values for the trilinear coupling,==*=1 TeV are plotted aM,,=1100 GeV.
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FIG. 5. Neutralino relic density for the three benchmark cases of

1 1 1 1 1 1
0 0 0.1 02 03 04 05 06 07 Table 1. The upper and lower bounds 8rpyh? are the 95% C.L.s
K from a WMAP global fit[7].
FIG. 4. Coannihilation regions in themy/M,,,,K) plane at A. Neutralino relic density confronting WMAP results

M1,=1.1 TeV andA,=0. The solid lines indicate the coannihila-
tion corridor for tan3=38.0, while the dashed and dotted lines
indicate, respectively, tgf=34 and 42.

Supersymmetric models with conserviegbarity generate
ideal candidates for cold dark matter, such as, in the present
case, the lightest neutralino. It is therefore natural to require,
in addition to the satisfaction of the other phenomenological
constraints, that the cosmological relic density of the neu-
tralinos lies within the bounds indicated by cosmology. In
particular, the recent results from the WMAP satellifg,
combined via a global fit procedure with other astrophysical
V. COSMOPHENOMENOLOGICAL BOUNDS data(including other cosmic microwave background experi-
ents, LSS surveys, and the kydatg, give a compelling
ound on the cosmological relic density of cold dark matter:

rameterK. For instanceA51 contains a negatively contribut-

ing term proportional to tagmyu, which is compensated,
when the values ah, andmy;, are fixed, by an increase &t

In this paper we apply two classes of constraints: on th
one hand, we apply the cosmological bounds coming fro
the limits on the cold dark matter content of the Universe and Qi h2=0.1126 0-00805 (14)
from direct and indirect neutralino searches; on the other CcoM ' 0.00905

hand, we impose the most stringent “accelerator” con-\\, take here the @ range, and we require tha®:h?
straints, such as the inclusive BR{-sy) and the Higgs g 1287, strictly speaking, the lower bound cannot be di-
boson mass. In this second class we also include the bound . imposed, if we suppose that the neutralinos are not the
on theb-quark mass, direct sparticle searches, and a consegy |, ‘contributors to the cold dark matter of the Universe. For
vative approach[63] to the constraint coming from the j syrative purposes, in Fig. 11 below we plot also the lower
SUSY corrections to the muon anomalous magnetic momerf, nd on the relic density.

o, . . ) In Fig. 5 we show instead the behavior of the neutralino
For illustrative purposes, we show the behavior of threg.ic density as a function ofir; for the three benchmark

benchmarkcases, pertaining to the three regions of coanni¢ases \We see that in the case of the tau sneutrino the coan-
hilation highlighted in the previous section. That is, We nihijations contribute only weakly to the reduction of the
choose three representative valueXaind require the mass qic density (see Sec. VI B which, as expected, diverges
splitting between the neutralino and the NLSP to be 10%. W uadratically withnr-. In the case of the bottom squark
then scan the parameter space, setigg0 andu<0 for  coanninilation, SUSY QCD effectively enhances the relic
simplicity and varyingm, . The features of the three cases yensity suppression, which nonetheless still exhibits a diver-
considered are summarized in Table I. gent behavior. In the case of the stau, instead, we notice how
i ) ) the interplay between coannihilation and direct rapid annihi-
TABLE I. The three benchmark scenarios described in the text| ;. through theA-pole s channel can drastically reduce the
relic density. In the dip located between 600 and 700 GeV, in

NLSP Anise K tang fact, the splitting between the mass of to®-odd Higgs
Stau 0.1 0.8 36.0 boson and twice the mass of the neutralinana(
Bottom squark 0.1 0.4 36.0 —2my)/2my<=3%, and therefore direct pole annihilations

Tau sneutrino 0.1 0.2 36.0 are extremely efficient, leading to viable valuesﬂ);h2 for

rather highnm, <700 GeV.
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FIG. 6. Direct(a) and indirect(b) detection rates foK=1.0 (+, full universality), K=0.35 (X), andK=0.1 (*). Thepoints refer to
50<M,,<1000 GeV, 26<my<3000 GeV, and-500<A,<500 GeV, at taB=238.0. In frame(a) we plotoifa'and the sensitivity bounds
of present and future direct detection experimé¢6td. In frame(b) we report the neutralino annihilation induced muon flux from the Sun,
in km~2y~!, and we compare again with current and future indirect detection experiment sensitdilies

B. Direct and indirect WIMP searches searches. Further, present experimental bounds do not con-

As pointed out in[39], nonuniversality in the sfermion strain the models under consideration.
sector should not give rise to substantial modifications to
Sealsbin 1 fact, owing to the small Yukawa couplings of the
lightest generation of quarks, NUSMs do not greatly affect It has already been pointed disee, e.g30,31)), that the
the masses of the up and down squarks, leading to effectivefgauirement ob-r Yukawa unification favors negativeal-

unchanged values for the direct annihilation cross sectiond!®S Of u. We recall that sgp is one of the parameters
9 ~ é|:1cluded both in the CMSSM and in our MNUSM model. In

~ 0~ . . .
sensitive to processes likg,— x4 Further, we find that this section we demonstrate that, even with MNUSM,
Higgs boson exchange processes do not give rise, in the0 is not compatible with YU. We then discuss the<0
MNUSM models, to sizable contributions, as compared withcase which allows, in a suitable tgnrange, the satisfaction
the fully universal case. In Fig.(8 we scatter-plot the spin- of b-7 YU. _ _ _
independent cross sectimf::' as a function offm for K cal-ll;/hgbrtg?g; g?rzlgrlrga\?gl-r;;gs\:‘vc:{rhtgaigrllf\}vhhailér??sec%gé
iég (S Vf\;gl r‘;?\'gg:ﬁ@' Itgcacr?saer:a?:;rSIe(;r)'s;;geror a‘éo the experimental upper bound, and one has to add on top
o : . f it large positiveSUSY correction$Eq. (16)], which drive
given value of K with 50<M,<1000 GeV, 26m gep $E£q. (16)]

corr H H
<3000 GeV, and —500=A,<500 GeV, fixing tan outside the experimental ranger, the other way

C. SUSY caorrections to theb-quark mass

my
B L : . -round, h, far away fromh_, in the bottom-up approagh\e
=38.0, and requiring the satisfaction of the phenomenolog|i{npose b-r YU at the GUT scale, we fixh.(Mgyy)

cal constraints. We also include the sensitivities of present (Mgyr) from the properly corrected and RG-evolved
and future direct detection experimer|i84]. Notice that plr GuT property ree
m,(M;), obtaining as outputs the tree levef*® and the

some MNUSM models lie within the reach of future direct corr _
detection experiments. As far as indirect deteciiewy., the SUSY-correctedn;,” masses of the runmng bottom quark at
muon flux from the Sunis concerned, nonuniversality does Mz- We compare these numbers with the appropriately
not significantly affect the detection rates, althotgihannel ~ €volvedb-quark pole mas$68] up to theM; scale, with
sfermion exchange is enhanced by lighter third generatiorts(Mz)=0.1185, following the procedure of Re{£9,70:
sfermions forK <1, as we can see in Fig(l: for smaller my(Mp) =4.25+ 0.3 GeVis my (M) =2.88+0.2 GeV.
values of K we obtain larger muon fluxes from the Sun. (15)
Present and future indirect detection experimdBs| are
however sensitive to muon fluxes well above what we obtainThe largest SUSY corrections arise from bottom squark—
for MNUSM maodels. gluino and top squark—chargino loops, frozen at thg,sy

To summarize, we find, for both direct and indirect detec-scale[24,49,71]. They arenondecoupling effectsecause one
tion, that the MNUSM scenario produces detection rates in
the same range as the CMS$66], and thereforéminimal)
sfermion nonuniversality can hardly be inferred from WIMP 2We use here the standard sign conventions of F&f.
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gets a finite contribution even in the infinite sparticle masshat from the radiative electroweak symmetry breaking
limit, and they can be cast in the following approximate (EWSB) condition the value ofu? is slightly decreased by

form: the increase ofny [2], and on the other hand because in-
creasing the value crﬁ;,1 ) leads to a decrease of the function

Am3  2ay 2 2 .2 I. In Fig. 7c) we take insteadA,=0, tanB=38.0,mg
m, 3w Mgl (i Mg, M3)tang, (18 2000 GeV, andk=1 and varyMy,,. As can be easily
_ inferred from Eq.(16), increasingM ,, leads to an increase
Am{  h? 2 2 both inM3 and inx. In conclusion, the candidate parameter
m 16W2MAII(IT}{1’”}{2’M tans, (17 space forb-7 YU for ©>0 is at low M, and highm,

values. We choose therefore two trial valueh)q,
=300 GeV,my=2000 GeV, and show our results in Fig. 8.
) As is readily seen from Eq(16), we find that the SUSY
(X=y)(y=2)(Xx—2) contributions grow with tap. We notice, however, that the
(18 tree level mass strongly decreases with increasing taow-

Unless the trilinear coupling is very large, the gluino loop ing toEth(; fa_Ct tlhat the ||3|ositiv|e SlfJSthontribution_srm
typically dominates(an exception is investigated in Ref. [S€€ EA(9)]imply a smaller value for the asymptotic com-

[72]) and the sign of the SUSY contribution is given by the monb-7 Yukawa coupling. The overall combination of these

sign of M. Therefore, since we assume here gaugino unitwo effects maintains the correcteefjuark mass well above

versality, this implies thab-7 YU is favored in theu<0 the gxpenmental upper bound. This conclusion is further
case. confirmed by investigating extreme values M {,,,mg) for

To numerically quantify this statement, we study the be-Nigh tang, always in the universa(=1 case, and resorting

havior of my®® and mi®" on varying the parameters of the also to nonzero values df.

MNUSM model. In Fig. Ta) we fix A;=0, tanB=38.0,

xyIn(x/y)+xzIn(z/x)+yzIn(y/z)
1(X,y,2)=

my=1000 GeV, andM,=1100 GeV and analyze the de- S L m‘“l*’
pendence orK. Wee see that the tree level valug is 38 oo 1
roughly constant, while the SUSY correctiotiscreaseasK 37 | Mo i

increases. Both remain well above the experimental upper

bound, however. This can be understood from @6), since 36 |

increasingk means increasingt; , with a fixed value for > 35T 1
M 3 and, roughly, foru andmgz, and the function(x,y,z) at O 34 \
fixedy andzis inversely proportional ta= Mp, - Therefore, 33| E
subsequently, we concentrate on theversal K=1 case, in 32 -

order to check whether or not a parameter space allowing for Upper Bound
top-downb-7 YU exists.

The second step is to study the dependence of-tpeark
mass on the parameter, [Fig. 7(b)]. We take hered=0,
tanB=38.0,M,,=1100 GeV, andK =1, and we notice, as
expected, that the size of the corrections decreases with in- FIG. 8. Tree level and SUSY-corrected values of thgquark

creasingmg. This is explained on the one hand by the factmass atM,,=300 GeV,m,=2000 GeV,A;,=0, andK=1.

3.1

30 325 35 375 40 425
Tan B
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FIG. 9. Tree level and SUSY-correctbeijuark masse&) and BRp— sy) for the three benchmark scenarios of Table I. The upper and
lower bounds are those of E(L5) for frame (a) and those of Eq(19) for frame (b).

To sum up, we demonstrated that, due to the SUSY corRefs. [74,48,79. They are given, respectively, for the
rections to theéb-quark mass, top-dowh-7 YU is excluded, charged Higgs boson and for the chargino exchanges, by
both with universal and with minimal nonuniversal sfermion , ,
masses, in the cage>0. 1m m

3e cH =z fH+( : ) (20)

The p<0 case H*

In the <0 case the SUSY contributions to thequark m2

: : ; ~_ tanB my| ~_ 't

mass are negative and therefore combine to bring the tree CX Q(SgnAt)__t 3 p—
level mass dictated bly-7 YU within the experimental range 4 pun w?

(15). We plot in Fig. 9a) the tree level and SUSY-corrected
values of theb-quark mass for the three benchmark cases of

Table I. We notice that the size of the SUSY corrections —fx , (21
decreases whem, is increased, because of the mentioned 1
behavior of the functiori(x,y,z) of Eq. (16), which is in- h
versely proportional to its arguments. In the case of the bot?/ €€
tom squark coannihilatioridashed ling the effect is en- 3—Bx 3x—2
hanced by the large size ofiy, which directly reduces, fH (%)= + Inx, (22)
through the suppression @f due to the EWSB condition, 6(x—1)% 3(x—1)°3
the size of the SUSY contributions.
~_ 7x—5 X(3x—2)
fX (x) Inx (23

D. The inclusive branching ratio b—sy - 6(x—1)2 B 3(x—=1)°%

We construct the 95% C.L. range on BR{sy) starting

from the recent experimental data of REf3] and properly ~We notice that the relative sign of the two contributions of
combining the experimental and theoretical uncertaintiesEds.(20) and(21) is given by sgnfu) = —sgnMzpu) (this

The resulting bound is equality being valid for large top and bottom Yukawa cou-
plings, as in the present cas®loreover, the SM contribu-
1.9x10 *<BR(b—sy)<4.6x10 %, (190  tion has the same sign as the charged Higgs boson one. All

the contributionglecreaseasm;, increases; therefore we ex-
We calculate BR§—sy) using the current updated version pect to draw a lower bound am;, from the lower bound on
of MICROMEGAS [54]. The SM contribution is calculated BR(b—sy) [Eq. (19)] in the caseMzu>0 and from the
through the formulas of Ref55], and the SUSY corrections upper bound of Eq(19) for My <0, which is the present
through those of Re{56]. We can estimate the dependencecase. We notice that the lower bound @y becomes more
of the SUSY corrections from the approximate formulas ofrestrictive as tag is increased, as can be read from Ei).
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FIG. 10. m, (a) and 5a5">Y (b) for the three benchmark scenarios of Table I. The lower bound of fkaiie given in Eq.(24), while
in frame (b) the 20- and 5 bounds are taken from EQ7).

In Fig. 9(b) we plot the results we get for the three bench-joops. The quantitya Y, which we compute numerically

mark cases of Table I. We can see that as the SUSY spectrufith the micromEGAS package, can be estimated through the
becomes heavieiwe recall that if the bottom squark is the formulas of Ref.[57], assuming a common value for the
weakens, as can be understood from Eg6) and(21) and
from the explicit forms off"" andfx . tang m?
sa S~ sgrMou) —— —*—(5g95+g3). (25
1927 mgysy

E. The Higgs boson masses

We take in our analysis the 95% C.L. CERNe~ col- On the experimental side, the BNL E821 experiment recently
lider LEP bound[76] on the lightesCP-even neutral Higgs delivered a high precision measuremédt7 ppm of a5
boson mass, =11659203(8X% 10 1% The theoretical computation of the

SM prediction is plagued by the problem of estimating the
m,=114.3 GeV, (24 hadronic vacuum polarization contribution. In particular,
there is a persisting discrepancy between the calculations
which gives a lower bound on thre;, . Two-loop corrections  based on ther-decay data and those based on low energy
are taken into account, as described in Sec. Ill. In Figa)l0 e*e~ data. Recent evaluatiod37—79 give the following

we plot the results for the Higgs boson mass that we obtaifange for the deviation of the SM value af, from the ex-
for the three benchmark scenarios. perimental one:

F. Direct accelerator sparticle searches af®-ajV=(35.6+11.7x10 % (e'e’), (26)
We impose the current direct accelerator search limits on expt_ ~SM_ 10
the sparticle mass¢S0], m, =104 GeV,my=100 GeV for a, —a, =(10.4£10.9x10 (7 decay.

T=1t1,b;,T%,, andmz=300 GeV, n =260 GeV forq

=u,d,s,c. We always find the constraints from BIR(
—svy) and fromm,, more restrictive than those from the
direct sparticle searches. Therefore we do not plot thes
bounds in the figures of Secs. VI A and VI B.

(27)

Following the lines of Ref[63], we decided to take a con-

servative approach to the problem of choosing which bound
hould be culled from the tantalizing results of E¢R6),

27). In what follows we will therefore just indicate the re-

gion determined by the & and 5» ranges for the

e"e -based approach and for thredecay-based approach,

but we will not use this constraint to deriylwer) bounds

The deviationsa,, of the muon anomalous magnetic mo- on n; .

menta, from its predicted value in the standard model can In Fig. 10b), where we present the results we get for the

be interpreted as arising from SUSY contributiofa>"s" three benchmark scenarios, we indicate only the

u L
mainly given by neutralino-smuon and chargino-sneutrinor-decay-based limit, sincéa”®, with 4<0, is negative

G. The muon anomalous magnetic moment
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[see Eq(25)]. In passing, we remark that it has been recently Nk ' ' ' '

claimed[79] that the result frone*e~ data(26) is less clean i 05% G 5a
than the one fronr decay(27). This would be due to inter- 12k g i
ferences of isoscaldr=0 mesons, not produced indecay, BR(b->s7)
with vector mesong79]. Therefore, theories requiring a 10F ]
negative sign ofz, such as those with exalotr YU, seemto g | i My Bound |
be no longer disfavored by thga, constraint. b Migqs BOUNE

<

Formula(25) allows us to interpret the results we show in
Fig. 10b) and in the figures of the next section. First, we see i
that as the SUSY spectrum becomes heafbiettom squark 4 i
NLSP casgthe corrections become smaller, as emerges from Allowed Region
Eq. (25. Second, we can see thaa”" decreases with 2
increasingn;, for the same region as above, and that it
increases with increasing tgh

WMAP lower Bound |

o

200 400 600 800 1000 120
Misp

FIG. 11. Cosmologically allowed parameter space in the bottom
squark coannihilation region, &=0.35 and ta8=38.0. The re-

In the u<0 case the SUSY corrections to thequark  gion below the solid line ha@3;h?<0.1287. The dotted line shows
mass are negative, and therefore can naturally drive, for suithe putative lower bound on the neutralino relic densit§). The
able values of tag, the correctedn{®(M) within the ex- dotted nearly vertical lines indicate the phenomenological con-
perimental range. straints described in the text, while the dashed line stands for the

In this section we focus on the extended sfermion coan?? Pound on the muon anomalous magnetic moment.

nihilation modes aIIowgd by the_ particle spectrum of the(and therefore, in the plots, byr). The regions allowed by
MNUSM model. As pointed out in Sec. IV, the boundary 3 given constraint lie at theght of the corresponding lines.
conditions given by MNUSM produce a new “coannihilation points below the solid lines are characterized by relic densi-
branch,” extending fronK=0 up toK~0.5 and, for values ties which fall within the 2r range of Eq(14). We empha-
of my greater thar=cM,,, with ¢ of o(1), increasing with  size that the limits omn; andA , sp that we find here cannot
decreasing values of tgh In the upper part of the branch, be regarded as being representative of the full parameter
typically for mg/M =3, the NLSP turns out to be the light- space: they show instead, for a few benchmark cases, how
est bottom squark, while foc=my/M,,<3 we find n; the interplay of the cosmophenomenological bounds de-

=m; =nm; . The following two subsections are devoted to Scribed in Sec. V constrains the mass spectthene param-
IT is of th inilati ~ 455 etrized bym; andAy, sp) of the models under consideration.
analysis of the coannihilation processe, and y-v-7y, In Fig. 11 we plot with a dotted line the lower bound on

taking into account the constraints described in the previou&CDMhz also. We see that the most stringent bound, for
section. The final two subsections deal, respectively, with th?anﬁs38, is provided by BR§— sy), while for higher val-
determination of the tafi range allowed byb-7 YU and  yes of tang the b-quark mass constraint becomes more re-
with the question of fine-tuning in MNUSM models. strictive. As far as the upper bound am, is concerned, we
find that high values of tag@ allow my;, to extend up to 1.5
TeV [Fig. 12b)]. For smaller targ the upper bound on; is
) o ] ) ) ) instead fixed by the upper bound on theuark mass: the

Since it is a strongly interacting particle, we find that g sy corrections tan. [see Eq(9)] drive the commorb-7
bottom squark annihilation and coannihilation channels arey,kawa coupling to higher values, therefore generating a
very efficient and contribute substantially to the neutralinohigher tree leveb-quark mass which is not compensated by
relic density suppression. _ the (smalle) negative SUSY corrections tm, [Eq. (16)].

We plot in Figs. 11 and 12) and 12b) the cosmologi-  The jnverse mechanism pushes the lower boundmgrto
cally allowed regions for three representative values Oﬁwigher values £0.5 TeV) in the case of tafi=42. We no-
tanf=34, 38, and 42 for a fixed value &=0.35. They  jce that the region determined by ther Da,, range from

axis represents the relative percent splitting between the ney, r-decay approach always covers the greater (marthe
tralino mass and the next-to-lightest SUSY particle, in thistotality) of the allowed parameter space.

VI. THE NEW COANNIHILATION CORRIDOR

A. x-b; coannihilation

case the lightest bottom squark: In Fig. 13 we studied the sensitivity of our results to a
o nonzero value of the common trilinear couplidg at the
ANLSPZM- (289  GUT scale, for tag=38.0, Ay =0, andK=0.35. We no-

tice that the lower limit ormy, is fixed by theA,=0 case. As

for the cosmological bound oﬁl;(hz, the variation ofA,

The relevant phenomenological constraints described in thieads to very little modification of the upper bounds rop
previous sections determine lower, and sometimes uppedisplayed in Figs. 11 and 12; we therefore conclude that the
limits on'my;, . They result in almost vertical lines, since they only relevant change is the type of constraint that, depending
typically weakly depend omg, which moreover varies very on the sign and on the absolute valuefgf determines the
little in the plotted regions. They are instead fixed My,  lower bound onm; .
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FIG. 12. Cosmophenomenologically allowed parameter space in the bottom squark coannihilation fégi@h38, tan3=34.0(a) and
tanB=42.0(b).

As far as the coannihilation channels are concerned, thEom the bottom squark to the tau sneutrino. In this region
case of the bottom squark is characterized by a rather simpl&e lightest stau is always heavier than the sneutrino, but the
pattern, clearly dominated by strong interaction processeselative mass splitting is within a few percent. This small
We find that for bottom squark masses quasidegenerate witplitting results from the combination of two RG effects:
the neutralino mass, the neutralino pair annihilation rate is B
very low (less than a few percentThe dominant channels me —m ~A7(A,) —cicog28)M2. (29
concern instead neutralino—bottom squark coannihilations oo
into gluons ando quarks(up to 10% and bottom squark—
bottom squark annihilations into twmquarks(up to 15% or  The first contribution in Eq(29) comes from the mixing
into two gluons(up to 80%. We give in the AppendiXSec.  penveerr, and7g, which depends oA, while the second
A 2) an approximate analytical treatment of these three moskym stems from the mentionddk-term quartic interaction,
relevant processes. and the coefficientj=0.8 [2]. Even thoughA,=0 at the
GUT scale, RG effects can drive (M gysy) to large values
(for the case of Fig. 2 we obtain typical values fér,

In the lower part of the new coannihilation branch of Fig. ~ .5 Tev) and thus entail a nontrividlR mixing Alg. In
2, for (mg/M ) <3 and 0<K=0.25, the NLSP switches the case of Fig. 2 we gemg —m? ~10 GeV. In Fig. 14 we
VT Tl

B. x-7,-», coannihilations

asoo | ' ' BR(b->s1) Bound ' ] plot the cosmophenomenologically allowed region Kat
f my,, Bound =------ =0.1 and tarB=38.0, in analogy with Fig. 11. We also
2000 ',"' Mpyiggs BOUN =eevevee . show the “superconservative”d bound onéda,, , while the
rs00 S0 95% C.L. 8, Bound - | m, bounds lie outside the depicted range. N
. Figures 11 and 14 allow us to compare the efficiency of
3 1000 ! . coannihilation processes involving a strongly interacting
90 500 I Allowed Region i sparticle (the bottom squadkand a weakly or electromag-
< ] netically interacting onéthe tau sneutrino and the sja\ive
ofF---- see that in the second case the maximum mass splitting be-
500 |- / tween the NLSP and the neutralino is 2%, while in the first
one, at the saman; , the cosmological bound allows a mass
-1000 |- splitting up to~8%. In Fig. 15 we plot the allowed regions
- at tanB=34 (a) and 42(b). We notice in all cases that slep-
160 180 200 220 240 260 o . )
My sp (GeV) ton coannihilations constraim;, to less than approximately

0.5 TeV, while in the case of the bottom squark the bound is
FIG. 13. The determination of the lower bound on in the  three times higher.
case of nonzerd\,, for tang=38.0, Ay =0, andK=0.35. The Remarkably, we see in Figs. 14 and 15 that tlelddund
allowed region is in the upper right part of the figure, as indicatedon da, coming fromr-decay data iglways satisfiedn the
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L plot refers to the case tg@=38, A;=0, andn= n;, . The top
FIG. 14. Cosmologically allowed parameter space in the taudark gray parts of the columns represent other contributing chan-
sneutrino—stau coannihilation region, Kt=0.1 and ta3=38.0. nels.

The scale of the axis, as well as the notation, are the same as in Fig.
1 C. The tan 8 range

Anisp (%)

) From Eq.(16) we notice that the size of the corrections
parameter space regions allowed by the other cosmophenomgros (linearly) with tan; therefore we expect that the up-
enological constraints. , per bound omm, (M) determines the lower bound on tn

As regards nonzero values f8p, we draw in the present 5nq vice versa. As shown by from the figures of Secs. VI A
case the same conclusions as in the preceding sect® 54 v B, the m, constraint concurs with the other cos-
Fig. 13: the type of phenomenological constraint giving the 5 henomenological bounds, permitting the determination
lower bound om; in general changes, but the lowest value ot the allowed range of taf. We determine the lowest limit
of nm;, is determined by thé,,=0 case. on tanB by combining the most restrictive phenomenologi-

The coannihilation pattern is far more complicated in this.5| constraint. which turns out to be BR(sy) and which
case than in the bottom squark case. We show in Fig. 16 ’ min_

typical situation for the(percent contributions of the pos- Slvescct)ne lower bound oMy, =My with the upper bound

sible coannihilating initial sparticles, and a detail of the moston My, Which in its turn gives the upper bound ™.
relevant final states, taken at;=nm, and tan3=38. This  Requiring mg"'”:mg(”ax unambiguously gives the lowest al-

pattern is, however, rather dependent on theStaralue and lowed value of tar8. In order to find the upper limit on
on the relative mass splitting. The case of stau—tau sneutrin@n3, we notice that the bound omy, is weaker than the

coannihilation is further discussed in the Appendix. constraint coming from BR{—sv) in determining the low-
5 LHH T I o I T T I I I 5 I E LI % T I T
§ < 95%ClL 3, - 95% C.L. 8a,
s | . at L |
,i . 5¢ 8a,, Bound =— BR(b->sY)
3t : <—'— Myjiggs Bound 1 3} <—$— m,, Bound i
S H i S A
% ¥ . my, Bound & f
P4 i P4 i
< o | EE i < o | ; i
i 5 All. Region
0 e 1 1 1 0 1 : L 1 1
100 150 200 250 300 350 400 450 500 550 600 250 300 350 400 450 500 550
Misp Misp

(@ (b)

FIG. 15. Cosmophenomenologically allowed parameter space in the tau sneutrino—stau coannihilation rEgidhlaand tarB
=34.0(a) and tan3=42.0(h).
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20 K208, NLSP Stau ness of the models, is also related to the possibility of reli-

K=o_1f<ﬁ(ﬂ§b§#§f§§23§?£ R ably predicting the relic densit Xhz from accelerator mea-
surements of the SUSY input paramet38]. We emphasize
that the present MNUSM models can hardly be regarded as
realistic SUSY models, being conceived in order to address
the issue of extended sfermion coannihilation processes in
the presence of nonuniversal sfermion mass boundary condi-
tions. Nevertheless, it is natural to face here the problem of
the fine-tuning related to the extra parameé€eappearing in
MNUSM models. In fact, as shown by Fig. 1 and Fig. 2, the
new coannihilation regions appearing at lamg for K
: . =0.5 are expected to generate abrupt changes in the neu-
30 22 24 36 38 40 42 44 tralino relic density for small variations of the MNUSM pa-
Tan B rameterK. We will follow here the formalism of Ref.80] in
order to study the logarithmic dependence of the neutralino
relic density. There, the amount of fine-tuning was described
through the overall logarithmic sensitivity

FIG. 17. The allowed (taB,Ay.sp) regions for three bench-
mark K values, K=0.8,0.4,0.1, corresponding, respectively, to

NLSP=7,,b;,7,. Points below the lines are cosmophenomeno-

logically allowed. ForK=0.8 we find that, for 3Z2tan3=<38, the 90 \2

. . . . R et s Q a X

coannihilation region is contiguous to thepole direct annihilation A¥= 2 O oa (3D
region, producing high values fdry, sp Which are, however, unre- : X !

lated to the efficiency of the coannihilation processes.

A wherea; are generic SUSY input parameters. As outlined in
est valuem " [see, e.g., Fig. 1B) and Fig. 1%b)]. In fact,  [16], the coannihilation regions tend to have higher fine-
the BRlb—sy) constraint becomes more and more stringentuning due to the steep rise of the cross sections at the onset
as one increases tgh On the other handn'®is fixed this  of coannihilation processes. In the present case we concen-
time by the cosmological constraint on the maximum al-trate only on the contributiod®(K) coming from the pa-
lowed neutralino relic densitjsee Sec. V A and Figs. 1t  rameterK, and study four benchmark cases at fixed gan
and 1%b)]. In Fig. 17 we depict the allowed tghrange in =38.0, M;,,=1100 GeV, andA;,=0. Motivated by Fig. 2,
the (tanB,An.sp) plane for three benchmark values,K ~ we choose to plot the following values fom{/M;;): 0.5,
=0.8, 0.4, and 0.1. Points below the lines are cosmologicorresponding to the ordinary stau NLSP coannihilation re-
cally and phenomenologically viable. As shown by Fig. 5, ingion; 1.6, intersecting the loW sneutrino coannihilation re-
the case of the stau NLSP the coannihilation region can bgion, where fine-tuning oK is expected to be reasonably
connected to theA-pole region; hence the allowedly, sp  low; 2.5 and 4.0, values which cut the steep part of the new
becomes large and no longer meaningful to test the efficoannihilation branch, corresponding, respectively, to tau
ciency of coannihilation processes. Figure 17 also highlightsneutrino and bottom squark NLSPs, and where fine-tuning
that bottom squark coannihilations allow a larger mass rangts expected to be rather high. Figure 18 reproduces our re-
for the coannihilating particle, since they involve strong in-sults: for (my/M,,;,)=0.5 and 1.6 we get, as expected, low
teraction processes: the maximuty, sp extends in this case values forA(K)=<3. On the other hand, the sharp onset of
up to~13%, while in the case 0f-7,-v, coannihilation its ~ coannihilations for fo/M;,) =2.5,4.0 entails dramati&
maximum value is around 3%. In the high tarail of Fig. fine-tuning peaks, corresponding to valueskofsuch that

17, as is easily understoog; 7, coannihilations are slightly M=, al:'d =M, re;pbectlyely. Inhthe case of thi bot-
less efficient thamy-7,-7... Although our analysis was lim- ©°™ Squark, as suggested by Fig. 1, the steepness, ¢K)

ited to benchmark values, we can conclude from Fig. 17 renders the fine-tuning needed to geg =my particularly

that in theu <0 case the allowed tgh range is large.
To conclude, we find that the extended sfermion coanni-
3lstanB=45, un<0. (300 hilation channels of MNUSM models are characterized by a

: : large amount of fine-tuning in the nonuniversality parameter
We checked that the range given in E§0) holds also for K in the narrow upper part of the coannihilation branch de-

Ao#0. We find in fact that in this case an analogous proce- . . ) . L . .
dure of determination of (ta8) ™™ yields weaker limits. picted in Fig. 2. Low fine-tuning oK is instead required in

What happens &+ 0 is mainly that the phenomenological t<he Iower_ part of the branch, MSO'Z. gnc_j E(m.O/M”Z)
min,max . =<2 and in the standard stau coannihilation strip. Nonethe-
bounds tend to push, to higher values; therefore |osq e stress that these scenarios, although motivated in the
(tangB)™* is lowered, while (tag)™ is left substantially  context ofSU(5) SUSY GUTSs, ar@d hocsketchily simpli-
unchangedsee, e.g., Fig. 13 fied, reducing to single parametérthe scalar nonuniversal-
ity variables, in order to focus on peculiar coannihilation
phenomena. In “realistic” models one could expect to repro-
The question of the quantification of fine-tuning in SUSY duce more naturally, and hence with a smaller amount of
models for dark matter, in addition to involving the natural- fine-tuning, the newly outlined coannihilation regions.

D. Fine-tuning

015006-14
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10000 T T

" mg = 550 GeV
Mg = 1760 GeV --
my = 2750 GeV -+
mg = 4400 GeV

1000

Tachyqnic Sbottom

100

Tachyonic Sneutrino

K/Q AQ/AK

FIG. 18. The fine-tuning parametéy(K)=(K/Q7)dQ; /K
for the four benchmark values ofy,=550,1760,2750,4400/GeV.
The other SUSY input parameters are fixed at8an38.0,M,,
=1100/GeV, andAy=0, hence the benchmark, corresponds,
respectively, to iflg/M,,) =0.5,1.6,2.5,4(see Fig. 2 At the left
end of the lines corresponding to,=2750,4400 the respective
NLSP becomes tachyonic, as indicated.

VII. CONCLUSIONS

In this paper we studied the cosmological and phenom
enological consequences of top-dowsr Yukawa coupling
unification with minimal nonuniversal boundary conditions
in the sfermion masses, inspired by tB&J(5) GUT. We
showed that the«™>0 case is ruled out by thie-quark mass
bound. We stress that this result holds also in the particul
case of full universalitfy CMSSM). As for the u<0 case,
b-7 YU is compatible with the set of all known cosmophe-
nomenological constraints, among them the recent resul
from WMAP, for 31stanB=<45. A large parameter space
region is also found to be consistent with the 2ange of
éa, determined fromr-decay data. Further, if one resorts to
a superconservative approaf®3] to da,, the whole al-
lowed regions discussed would satisfy the resulting bound.
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APPENDIX A: NEUTRALINO RELIC DENSITY
CALCULATION IN THE PRESENCE OF
COANNIHILATIONS

The starting point to compute the neutralino relic density
is the generalization of the Boltzmann equation to a sé\ of
coannihilating specief60,11]:

dn

it 3HN—(oeqv)(N*— N3y,

(A1)

whereH is the Hubble constanh==_,n' is the total num-
ber density summed over all coannihilating particles, agd

is the equilibrium number density, which in the Maxwell-
Boltzmann approximation, valid in the present cases, reads

N

.
Neg™=—> A2
eq 2#22; (A2)

m.
amfic] 7.
g; being the internal degrees of freedom of particté mass
m;, T the photon temperature, ald(x) a modified Bessel

function. In Eq.(Al) o is the effective cross section, de-
fined as

N

O'eff:ijE:l O'ijrirj. (A3)

In its turn, oy; is the total cross section for the processes
involving ij (co)annihilations, averaged over initial spin and

a;?article—antiparticle states. The coefficients in the reason-

able approximatiol1l] where the ratio of the number den-
sity of species to the total number density maintains its

tgquilibrium before, during, and after freeze-out, are defined

as

Neq_ Gi(1+4)%%

We found that the SUSY spectrum allows for new typeswhere

of coannihilation, namely, neutralino—bottom squark and

neutralino-tau sneutrino-stau, which we analyzed in detail

We fixed three benchmark scenarios for the three possible Ytot=

coannihilation patterns, including the CMSSM-like case of
the neutralino-stau, and we showed for these three cases t

behavior of the cosmological and phenomenological cong

¥

tribute to the coannihilation processes, since large mass dif-
ferences are exponentially suppressed. Once the freeze-out

straints as functions of the LSP mass. We then discussed t
cosmologically allowed regions for the two types of new
coannihilation at various values of t@) and the main chan-
nels contributing to the neutralino relic density suppression
An analytical approximate treatment of these channels i
given in the Appendix.
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i= : A4

I Neg Otot A4

N m; — N n;

' D Gi(1+A)FeTA A=——X, x=K,
=1 - T

(A5)

he

rom Eq.(A4) it is apparent that only species which are

asidegenerate in mass with the LSP can effectively con-

emperaturelT has been numerically determingd,2] the
SP relic density at the present cosmic time can be evaluated
by [11]

, 1.07x10° Gev'*
Q;(h ~

(AB)

12 -1
9% MpXg Oeff
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TABLE Il. Neutralino annihilation and coannihilation with bottom squark, stau, and sneutrino.
Initial state Final states Tree level channels
v hh, hH, HH, AA, ZZ, AZ, s(h), s(H), t(x?), u(x?)
h[H]A, h[H]Z S(A), s(2), t(x), u(x?)
w+w—+, HH- s(h), s(H), s(2), t(z(,’), u(z(,-’)
WoH* s(h), s(H), s(A), t(x;), u(x;)
ff s(h), s(H), s(A), s(2), t(f), u(f)
b, bh[H], bZ s(b), t(by 9, u(x?)
bA s(b), t(b,), u(x?)
by, bg s(b), t(by)
tH™, tw- s(b), t(t1), u(x;)
ol wh[H], 7Z s(7), (11, u(x?)
A s(7), t(72), u(x?)
TY s(7), t(11)
v,H™, v, W~ s(7), t(v,), U(}f)
il v,h[H], »,Z s(v.), t(v.), u(x))
VA u(x?)
HT, w*

s(v,), t(r19, u(x;)

whereMp=1.22<10'° GeV is the Planck scalg, ~81 is  bottom squark, and the tau sneutrino. Only a subset of these
the number of effective degrees of freedom at freeze-outieactions effectively contributes to the reduction of the neu-
Xg=m; /T, and tralino relic density, as described in Secs. VI A and VI B. In
particular, in contrast to the case of neutralino annihilation,
the largest contributions to EQGA9) arising from coannihi-
lation processes come from tlag coefficients. In Sec. A2

o ... Wwe give the analytical form of the;; for the “new” coanni-
keeps track of the efficiency of post-freeze-out annihilationsy;ations which arise in the present context of MNUSMs:
In many cases, one can approximate the thermally aver- ’

! . . amely, we study the most relevant processes in the cases of
aged product of the relative velocity and the cross section OE

the (cojannihilating particles through a Taylor expansion ottom squark—neutralino, bottom squark—bottom squark,
lhiiating particles ug Y Xpansion, - 5nd stau—tau sneutrino coannihilations.

A numerical check of the formulas given in Sec. A 2, con-
sisting in a comparison between the computation outlined in
This approximation is not accurate neachannel poles and this appendix and the numerical results givenMgROME-
final-state thresholds, as pointed out in R¢fd,13. In all  GAS, confirmed the expected validity of this approximate
other cases, and in particular in most of those studied in thi#eatment to a satisfactory extent, in the regimes not affected
present papefan exception is given in Fig.)5one can pro- by the A-pole effects.
ceed and calculate

(}eﬁE XF fx <0'efo>X72dX (A7)
F

oijv=aij+bijv2. (A8)

“ - 1. The coannihilation processes
Teit= 2 (a’ijaij+,8ijbij)zz aij , (A9) . .

0 i We report in Tables II-V the complete list of do)an-

nihilation processes involving the lightest neutralino, bottom

where the sum is extended to all the possible pairs of initiakquark, and stau as well as the tau sneutrino. For a given
sparticle states, and the coefficients couple of initial sparticles we list both all the possible final
states and the tree level channels relative to any final state.
means the four-particle contact interaction, while
s(X), t(X), andu(X) mean ars, t, or u channel whereX is
the exchangeds)particle.d andu indicate, respectively, the
down- and up-type quarks, whileand v are the charged
We list in Tables II-V all the possible annihilation and coan-leptons and the neutrinos of any family, where not differently
nihilation processes involving the neutralino, the stau, thespecified.f stands for a generic fermiadguark or lepton

o

= dx
aij:XFJXF ;ri(x)r,‘(x), IBijZGXFf

X
§ Fri(x)rj(x)-

(A10)
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TABLE lll. Bottom squark annihilations and coannihilations with stau and sneutrino.

Initial state Final states Tree level channels
byb, bb t(x?). u(x?). t(9), u(g)
b.b} hh, hH, HH, ZZ s(h), s(H), t(b12), u(b, ), c
AA s(h), s(H), t(by), u(by), c
ZA s(h), s(H), t(by), u(by)
Ah[H] s(2), t(by), u(by)
Zh[H] s(2), t(b1), u(Dy)
WIW™, HTH® s(h), s(H), s(2), t(t12), ¢ (%)
WEHT s(h), s(H), t(t12)
tt_,ﬂﬁ s(h), s(H), s(2), s(v). s(g),Nt(?q’)~
bb s(h), s(H), s(2), s(v), s(9), t(x; ), t(g9)
dd s(h), s(H), s(2), s(v). s(9)
I s(h), s(H), s(Z), s(v)
v s(Z)
Y, ¥Z, v9, Z9 t(by), u(by), c
yh[H], gh[H] t(b,), u(by)
99 s(9), t(by), u(by), c
by, br t(?(?)
b7} br t(x?)
ty, t(x;)
b,7, by, t(x?)
tr t(x;)
bvs by, t(x?)
2. Relevant approximate formulas for the relic density always less than 0.5%6Therefore we are left with the “new”

calculation in the coannihilation regions (coannihilation ~ processes  involving,  respectively,

The a coefficients for the pair annihilation of neutralinos neutralino-bottom squark bottom squarkbottom squark

can be readily and completely derived from Ré&1], while and stau-tau sneutrino .

those concerning the stau annihilations and coannihilations We give h.ere the e?<pI|C|t formulas for the domlna.nt pro-
can be calculated from the formulas of Ref&2] and cesses, as dlscuss_,e_d in Secs. VI Aand VI B. In the kmemaﬂc
[15,42. Some instances @fFcoefficient computations can be part of thea coefﬂmgnts we neglect '_[he mass of the final
found in Ref.[17], with the corrections given ifi70]. We st_andard model part|c|_es up to ar_1d including thejuark.
follow here the notation set ifl7]. As regards the tau Since the mass of the final SM partickegy appears there as

2 2 ; ; P
sneutrino(co)annihilations, the relativa coefficients can be Mg/ Msysy, the corrections are in fact always negligible.

readily derived from those of the stau via suitable replace©n the other hand, we keep track of batfy andm_ if the

ments in the couplingge.g., o=~ n—g>~ 1, etc), in the couplings or the whole amplitudes are proportional to them,
I InT vy ’

f1h il db ing th as is the case in some of the considered processes. Moreover,
masses of thés)particles(e.g.n; —nm; ), and by setting the i, 1o hrocesses involving the bottom squark we followed the

mixing angle between the stau mass eigenstates to zero. W@ proximations of Ref[18], neglecting the terms imve

do not give any explicit formulas for the bottom squark—stauanda,, . A bar over a mass means that the mass is divided by
and the bottom squark—sneutrino coannihilations, since evee sum of the masses of the incoming spartickestands for

in the transition regions whereny =nr, =nr. these pro-  the three neutral physical Higgs bosdndH, andA, andmg
cesses do not give any sizable contribution to the neutralinfor the respective massesy=sin 6y, cx=cosby, and for
relic density suppressiofnamely, their total contribution is the other symbols we follow the notation of RE3].
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TABLE IV. Stau annihilations and coannihilations with sneutrino.

Initial state Final states Tree level channels
T T t(x), u(x?)
Bt hh, hH, HH, ZZ s(h), s(H), t(712, u(712, ¢
AA s(h), s(H), t(,), u(7,), ¢
AZ s(h), s(H), t(75), u(7,)
Ah[H] s(2), t(75), u(7)
Zh[H] s(2), t(71), u(r)
WIW, HTH® s(h), s(H), s(2), u(v,), c. s(v)
WoH™ s(h), s(H), u(,)
uu, dd, 11 s(h), s(H), s(2), s(v)
™ s(h), s(H), s(2), t(x?). s(7)
vy, s(2), t(x;)
vy s(2)
Yy, ¥Z c, t(ry), u(ry)
yh[H] t(7y), u(7y)
v, t(x), u(x;)
T ud, vl s(H™), s(W")
s(W™), s(H™), t(x?)
zZwW- S(W7), u(r19), t(v,), ¢
YW~ s(W™), u(7y), ¢
ZH" S(H™), u(712), t(v)
yH™ s(H™), u(y)
W~h, W™H S(H™), s(W), u(719), t(v,)
WA S(H™), u(7)
H™h, H™H S(H™), s(W"), u(m9), t(v,), ¢
HA S(W"), u(ry), ¢

TABLE V. Sneutrino annihilations.

Initial state Final states Tree level channels
T3 t(). u(x?)
o= hh, hH, HH, ZZ s(h), s(H), t(v,), u(¥,), c
AA s(h), s(H), c
ZA g(h), s(H)
Zh[H] s(2), t(v,), u(v,)
W W™, HTH™ s(h), s(H), s(2), t(r1), ¢
WH* s(h), s(H), (71,
uu, dd, I1, s(h), s(H), s(2)
= s(h), s(H), s(2), t(x)
ViV s(2), t(x?)
AR[HT, v» s(2)
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TABLE VI. Relevant couplings used in the formulas of Secs.(8)22(d) (part I).

g symbol Expression
,!7 B _92 tan@w mbNi3
9%, 6%, f{cﬁ(Niz_TNil)‘*‘sEmwcosB
R —02 mMpN;3
95, b, f(cgm;ntés;tan BwNil)ng(m}}?)
gBlﬁlg:gbbg:gggg —0s
gﬁlbg \/Egssﬁ
95 g —\29.5
D 1 L R
T 295,07, %55,
S 1 L R
Os.1% 2(9b,5%,~ 95,07
95,590 02
Oh(H]7, 7, 92 1—282)2+ 252 o2
- mmzscﬁ-ﬁ[_ Ca+ﬁ](( - SW)S;J'_ SWC';-)
gom;
+ MWCB [mrsa[ - Ca] + S;C;'(Arsa[ - Ca] + :U'Ca[sa])]
9477, 0
w7y 92S;
N
w7, 92C;
V2
GH*h[H]W
HERTHIW - ?CG*B[S(X*ﬂ]
OH+Aw- 92
2
On+ 7 92Mys;
2 7
a. Couplings

The couplings are given in Tables VI and VII.

b. x-b; coannihilations
Xb1—bg:

L R 2 = = — - L R - —
Py {(gglb;(lJf 95,67, L 95 5,o(Mx9~ M, ) + gﬁbgmﬁl] - 49bbggblblg[(951b;(l)2+ (gglb;(l)z](mxg— g, )}
by

c. b;-b; annihilations
’61’61—> b b:

[(05,09)°+ (05,09 M+ G5 0gb oo™, & [ MMy [(05,57) 7+ (9557 10(G5 15 )+ (05,7
+

S54mr(me+ms ) i7=1
9 1

2 2 2 2
2w(m;i+m51)(m;j+m51)

3 S ® S} 2 ® 2, .6 2
~ ~0~ . ~0O~ ~0~ ~ + <~ <~
. 4rn;im}jgblb)(igblb)(igblbxjgblb)(j mﬁl(gblbxi) (gblb)(j)

2 2 2 2
417(m;(i+m51)(m}j+m51)
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S. PROFUMO
TABLE VII. Relevant couplings used in the formulas of Secs.(B)22(d) (part II).
g symbol Expression
Oh[H]W* W~ 92MwSs— o[ Cp- 0l
Jawrw- 0
OhiHI 7,7, 92 _ 2 2 2ASal —Colt pucy[s,]
2Cw MzSq+ gl = Car pl(1—4sy)S;C5+gom,(C:—S3) 2Muc,
9477, Atang+u
m —
gZ T 2MW
9wz 7, g3Sty
s.
V2ey
Jwwz 92Cw
Gwib %
V2
gL *th 92
H™t
(mcotB)
an €MW
H™tb 2
——— (mytan
L
90 g Nim, V29,
o S;\/EM ICB +c3 » Sy i'z*—\/iglchi’f
W
o - N
TITX , L 92 00 5, 92 isM;-
—5:72| g1ewNi +— (3 SpN; }—C; —
91CwhNjp CW(z Sw) Ni2 \/EMW Cs
9,50 0
QB >0 g
VoYX _ —2 Ni’z
V2My
Lo
Gy 92 Upm,
R \/EMW Cp !
g;lVT;(Jf 92Uj1S;
L
i g, Upm,
R \/EMW Csp
= -0,V
QVTTXi 92Vij1
b,bT —gg:
2 2 S S -
81944495, 5,0 T ©695,5,09(295,5,99 ~ I5,5,0)
1728rm; '
1
d. 7,-», coannihilations
Vs SW
{[1- (Mw+mg)?][1—(My—mg)?1}¥?|  29s,7,9ws 7, +29H+SW'9H+7/;Tlm;T
= —
128rM{m; ;. m;, mg—nm; (1-M3) 1-mp.
- o N2 ey o~ 2
9wz 7, 9swrw-L(M; —nm )2 —Mg] 29s;7,9ws 7,

—+

M3(1—M3)

+ —
2 2 _ 2 2N _
n;,_mg rn;Tm;1 m;T( m;2+ rn;l) m;l(rrr2 My
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