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Sensitivity of supersymmetric dark matter to the b quark mass
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An analysis of the sensitivity of supersymmetric dark matter to variations in theb quark mass is given.
Specifically we study the effects on the neutralino relic abundance from supersymmetric loop corrections to the
mass of theb quark. It is known that these loop corrections can become significant for large tanb. The analysis
is carried out in the framework of MSUGRA and we focus on the region where the relic density constraints are
satisfied by resonant annihilation through thes-channel Higgs poles. We extend the analysis to includeCP
phases taking into account the mixing of theCP-even andCP-odd Higgs boson states which play an important
role in determining the relic density. Implications of the analysis for the neutralino relic density consistent with
the recent WMAP relic density constraints are discussed.
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I. INTRODUCTION

There is now a convincing body of evidence that the u
verse has a considerable amount of nonbaryonic dark m
and the recent Wilkinson Microwave Anisotropy Pro
~WMAP! data allows a determination of cold dark matt
~CDM! to lie in the range@1,2#

VCDMh250.112620.009
10.008. ~1!

One expects the Milky Way to have a similar density of co
dark matter and thus there are several ongoing experim
as well as experiments that are planned for the future fo
detection in the laboratory@3–7#. One prime CDM candidate
that appears naturally in the framework of SUGRA mod
@8# is the neutralino@9#. We will work within the framework
of SUGRA models which have a constrained parame
space. Thus withoutCP phases the MSUGRA paramet
space is given by the parametersm0 ,m1/2,A0 ,tanb and
sgn(m) where m0 is the universal scalar mass,m1/2 is the
universal gaugino mass,A0 is the universal trilinear coupling
~all given at the grand unification scaleMG), tanb
5^H2&/^H1& whereH2 gives mass to the up quark andH1
gives mass to the down quark and the lepton, andm is the
Higgs mixing parameter which appears in the super poten
in the form mH1H2. SUGRA models allow for nonuniver
salities and with nonuniversalities the parameter space o
model is enlarged. Thus, for example, SUGRA models w
gauge kinetic energy functions that are not singlets of
SU(3)3SU(2)3U(1) gauge groups allow for nonunivers
gaugino massesm̃i ( i 51,2,3) at the grand unification scal
The parameter space of SUGRA models is further enlar
when one allows for theCP phases. Thus in generalm, A0

*Current address of M.E.G.
†Permanent address of T.I.
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andm̃i become complex allowing for phasesum , aA0
, andj i

whereum is them phase,aA0
is theA0 phase andj i is the

phase of the gaugino massm̃i ( i 51,2,3). We note that our
convention is such that theCP-conserving casesm.0 and
m,0 correspond toum50 andum5p, respectively. Not all
the phases are independent after one performs field rede
tions, and only specific combinations of them appear
physical processes@10#.

In most of the MSUGRA parameter space the neutral
relic density is too large. However, there are four distingui
able regions where a neutralino relic density compatible w
the WMAP constraints can be found. These regions are
cussed below:~I! The bulk region: This region correspond
to relatively small values ofm0 and m1/2 and is dominated
by sfermion exchange diagrams. However, it is almost ru
out by the laboratory experiments@11#. ~II ! The hyperbolic
branch or focus point region~HB-FP! @12#: This region oc-
curs for very high values ofm0 and small values ofm and is
thus close to the domain where the electroweak symm
breaking does not occur. Here the lightest neutralino ha
large Higgsino component, thereby enhancing the annih
tion cross section to gauge boson channels. Furtherm
chargino coannihilation contributes as the chargino and
lightest neutralino are almost degenerate.~III ! The stau coan-
nihilation region: @13–17#. In this regionmt̃.mx and the
annihilation cross section increases due to coannihilati
xt̃1. ~IV ! The resonant region@18,19#. This is a rather broad
region where the relic density constraints are satisfied
annihilation through resonant s-channel Higgs exchange
this work we will mainly focus on, this resonant region.

While there are many analyses of the neutralino relic d
sity there are no in depth analyses of its sensitivity to thb
quark mass. One of the purposes of this analysis is to inv
tigate this sensitivity. Such an analysis is relevant since
perimentally the mass of theb quark has an error corridor a
already pointed out in Refs.@19,20#. Second, because i
©2004 The American Physical Society14-1
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supersymmetric theories loop corrections to theb quark mass
especially for large tanb can be large and model depende
@21#. Recently, a full analysis of one loop contribution to t
bottom quark mass (mb) including phases was given@22#
and indeed corrections tomb are found to be as much as 50
or more in some regions of the parameter space. Furthermb
corrections are found to affect considerably low energy p
nomenology where theb quark enters@23,24#. As noted
above themb corrections are naturally large for large tanb
which is an interesting region because of the possibility
Yukawa unification@17,25# and also because it leads to lar
neutralino-proton cross sections@26# which makes the obser
vation of supersymmetric dark matter more accessible. H
ever, we do not address the issue of Yukawa unification o
neutralino-proton cross sections in this paper. We will a
discuss the dependence of the relic density on phases. I
been realized for some time that large phases can be ac
modated without violating the electric dipole mome
~EDM! constraints@27–30# by a variety of ways which in-
clude mass suppression@31#, the cancellation mechanism
@32,33#, phases only in the third generation@34#, and other
mechanisms@35#. One of the important consequences
such phases is that the Higgs boson mass eigenstates a
longer eigenstates ofCP @36–39#. It was pointed out some
time ago thatCP phases would affect dark matter signi
cantly in regions where the neutralino annihilation w
dominated by the resonant Higgs annihilation@37,40#. We
discuss this issue in greater detail in this paper.

Since the focus of this paper is on the effects of lo
corrections to theb quark mass, we briefly discuss the
corrections. For theb quark the running massmb(Q) and the
physical mass, or the pole massMb , are related by inclusion
of QCD corrections and at the two loop level one has@41#

Mb5S 11
4a3~Mb!

3p
112.4

a3~Mb!2

p2 D mb~Mb! ~2!

wheremb(Mb) is obtained frommb(MZ) by using the renor-
malization group equations andmb(MZ) is the runningb
quark mass at the scale of theZ boson mass defined by

mb~MZ!5hb~MZ!
v

A2
cosb~11Dmb!. ~3!

The above relation is given in the M¯S scheme, which differs
from the DR relation@42# by at most a few percent Her
hb(MZ) is the Yukawa coupling andDmb is loop correction
to mb . Now the coupling of theb quark to the Higgs boson
at the tree level involves only the neutral component of
H1 Higgs boson and the couplings to theH2 Higgs boson is
absent. However, at the loop level one finds corrections
the H1

0 coupling as well as an additional coupling toH2
0.

Thus at the loop level the effectiveb quark coupling with the
Higgs boson is given by@43#
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2LbbH05~hb1dhb!b̄RbLH1
01Dhbb̄RbLH2

0* 1H.c. ~4!

The correction to theb quark mass is then given directly i
terms ofDhb anddhb so that

Dmb5FReS Dhb

hb
D tanb1ReS dhb

hb
D G . ~5!

A full analysis ofDmb is given in Ref.@22# and we will use
that analysis in this work.

II. CP-EVEN, CP-ODD HIGGS MIXING AND b QUARK
MASS CORRECTIONS

As already mentioned we will focus on determining t
sensitivity of the relic density to theb quark mass in the
region with resonant s-channel Higgs dominance. This
gion is characterized roughly by the constraint

2mx.mA . ~6!

The satisfaction of the relic density constraints consist
with WMAP in this case depends sensitively on the diffe
enced5(2mx2mA) which in turn depends sensitively o
the MSUGRA parameter space. In this context the bott
mass corrections are very important as the value ofmA is
strongly dependent on it, as shown in Fig. 3. On the ot
hand at least for the domain where the neutralino isB-ino
like one finds that the neutralino massmx is rather insensi-
tive to the bottom mass correction and is almost entir
determined bym1/2. The resonant s-channel region is on
open at large tanb. The exact allowed range of tanb de-
pends severely on the value of the bottom quark mass.
m,0 the resonant region is typically open for tanb in the
range 35–45 and form.0 for tanb in the range 45–55. The
large tanb regime is also interesting for other reasons, as
the presence ofCP violation there can be a large mixin
between theCP-even and theCP-odd states. Moreover, th
CP phases have a strong impact on theb quark mass. In this
section we discuss the relevant part of the analysis relate
these effects. It is clear that if theCP phases influence the
resonance condition, or equivalently the ratiomx /mA , they
will have an impact on the relic density. This ratio is affect
by phases mainly becausemA is strongly dependent on th
bottom mass correctionDmb and through it on theCP
phases. Furthermore, the Higgs couplings relevant for c
puting the annihilation cross section depend on theCP
phases. Thus we expect the relic density to be strongly
pendent on theCP phases.

We begin by considering the s-channel decay to a pai
fermions, as shown in Fig. 1~a!. The Yukawa coupling cor-
rection enters clearly here in the vertex of the neutral Hig
boson with the fermion pair. The amplitude fo
x(p1)x(p2)→ f (k1) f̄ (k2), mediated by Higgs boson mas
eigenstates,Hk , k51,2,3 may be written as
4-2
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FIG. 1. Feynman diagrams responsible for the main contribution to the neutralino annihilation cross section in the region of the p
space investigated in this analysis.~a! gives the s-channel Higgs exchange contribution and~b! gives the t- and u-channel sfermion exchan
contribution to the neutralino annihilation cross section. The most important decay channels for large tanb are for f 5b,t.
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Mk
f 5 v̄~p2!@Sk82 iSk9g5#u~p1!

1

2MHk

2 1s2 iM Hk
GHk

ū~k1!

3@Cf ,k
S 1 iC f ,k

P g5#v~k2! ~7!

where

Sk85
gmxRk2

2Mwsinb
1Re~Ak!, ~8!

Sk952
gmxRk3cotb

2Mw
1Im~Ak!, ~9!

and the parametersAk are defined by

Ak5Q900* Rk12 iQ900* Rk3sinb2
1

sinb
~Rk22 iRk3cosb!

3~Q900* cosb1R900* !, ~10!

where

Q009 5X30* ~X20* 2tanuWX10* ! ~11!

and

R009 5
1

2Mw
@m̃2X20*

21m̃1X10*
222m* X30* X40* #. ~12!

Here X is the matrix that diagonalizes the neutralino ma
matrix so thatXTMxX5diag(mx1

,mx2
,mx3

,mx4
) andmx0

is
the lightest neutralino. Thus 0 is the index among 1,2,3,4
corresponds to the lightest neutralino~later in the analysis we
will drop the subscript onx0 andx will stand for the lightest
neutralino!.
03501
s
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Since theCP effects in the Higgs sector play an importa
role in this analysis, we briefly review the main aspects
this phenomena. In the presence of explicitCP violation the
two Higgs doublets of the supersymmetric standard mo
~MSSM! can be decomposed as follows:

~H1!5S H1
0

H1
2D 5

1

A2
S v11f11 ic1

H1
28 D ,

~H2!5S H2
1

H2
0 D 5

eiuH

A2
S H2

18

v21f21 ic2
D ,

~13!

where f1 ,f2 ,c1 ,c2 are real quantum fields anduH is a
phase. Variations with respect to the fields give

2
1

v1
S ]DV

]f1
D

0

5m1
21

g2
21gY

2

8
~v1

22v2
2!1m3

2tanb cosuH,

2
1

v2
S ]DV

]f2
D

0

5m2
22

g2
21gY

2

8
~v1

22v2
2!1m3

2cotb cosuH,

1

v1
S ]DV

]c2
D

0

5m3
2sinuH5

1

v2
S ]DV

]c1
D

0

, ~14!

where m1 ,m2 ,m3 are the parameters that enter in t
tree-level Higgs potential, i.e.,V05m1

2uH1u21m2
2uH2u2

1(m3
2H1•H21H.c.)1VD whereVD is the D-term contribu-

tion, g2 andgY are the gauge coupling constants forSU(2)
and U(1)Y gauge groups, andDV is the loop correction to
the Higgs potential. In the above the subscript 0 denotes
the quantities are computed at the point wheref15f2
5c15c250. Equation ~14! provides a determination o
uH . Computations in the above basis lead to a 434 Higgs
boson mass matrix. It is useful to introduce a new ba
$f1 ,f2 ,c1D ,c2D% wherec1D ,c2D are defined by
4-3
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c1D5sinbc11cosbc2

c2D52cosbc11sinbc2 . ~15!
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In the new basis the fieldc2D exhibits itself as the Goldston
field and decouples from the other three fields$f1 ,f2 ,c1D%
and the Higgs boson mass matrix in the new basis take
the form
MHiggs
2 5S MZ

2cb
21mA

2sb
21D11 2~MZ

21mA
2 !sbcb1D12 D13

2~MZ
21mA

2 !sbcb1D12 MZ
2sb

21mA
2cb

21D22 D23

D13 D23 ~mA
21D33!

D , ~16!
ters

the
e

d on

es
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wheremA is the mass of theCP-odd Higgs boson at the tre
level, MZ is the Z boson mass,sb(cb)5sinb(cosb), andD i j
are the loop corrections. These loop corrections have b
computed from the exchange of stops and sbottoms in R
@36,37#, from the exchange of charginos in Ref.@37# and
from the exchange of neutralinos in Ref.@38#. Thus the cor-
rections D i j ( i , j 51,2,3) receive contributions from stop
chargino and neutralino exchanges. Their relative contri
tions depend on the point in the parameter space one i
We denote the eigenstates of the mass2 matrix of Eq.~16! by
Hk(k51,2,3) and we define the matrixR with elementsRi j
as the matrix which diagonalizes the above 333 Higgs bo-
son mass2 matrix so that

RMHiggs
2 RT5diag~MH1

2 ,MH2

2 ,MH3

2 ! ~17!

and thus we have

S H1

H2

H3

D 5R3S f1

f2

c1D

D . ~18!

In the analysis of this paper we work in the decoupling
gime of the Higgs sector, characterized bymA@MZ and
large tanb. In this regime the light Higgs boson is denote
by H2 and the two heavy Higgs particles are described byH1
andH3. For the case when we haveCP conservation and no
mixing of CP even andCP odd states, we denote the hea
scalar Higgs boson byH ~at large tanb it is almost equal to
f1) and the pseudoscalar Higgs boson byA. Returning to the
general case withCP phases, in the decoupling limit th
heavy Higgs states are almost degenerate and moreover
nearly equal widths, i.e.,

mH1
.mH3

, GH1
.GH3

. ~19!

Furthermore, the lightest Higgs boson behaves almost
the SM Higgs particle. This means that there may be con
erable mixing between the two heavyCP eigenstates,H and
A, whereas the mixing with the lightest Higgs boson is tin
en
fs.

-
in.

-

ave

e
d-

.

Corrections to Yukawa coupling arise through the parame
Cq,k

S,P that enter in Eq.~7! so that

Cb,k
S 5C̄b,k

S cosxb2C̄b,k
P sinxb , ~20!

and

Cb,k
P 5C̄b,k

S sinxb1C̄b,k
P cosxb , ~21!

where

A2C̄b,k
S 5Re~hb1dhb!Rk11@2Im~hb1dhb!sinb

1Im~Dhb!cosb#Rk31Re~Dhb!Rk2 ~22!

and where

A2C̄b,k
P 52Im~hb1dhb!Rk11@2Re~hb1dhb!sinb

1Re~Dhb!cosb#Rk32Im~Dhb!Rk2 ~23!

and the anglexb is defined by

tanxb5

ImS dhb

hb
1

Dhb

hb
tanb D

11ReS dhb

hb
1

Dhb

hb
tanb D . ~24!

The phases enter in a variety of ways in the model. Thus
parametersQ009 andR009 contain the combined effects of th
phasesum , j1 and j2. Similarly, Ri j contain the combined
effects of the above three phases and in addition depen
aAf

~of which the most important isaAt
). Further,CS,P de-

rive their phase dependence throughRi j and in addition de-
pend onj3 which enters via the SUSY QCD correctionsDhb
and dhb . Including all the contributions any of the phas
may produce a strong effect on the relic density. Expli
analyses bear this out although the relative contribution
the different phases depends on the part of the param
space one is working in. Thes-channel annihilation cross
section forx(p1)x(p2)→ f (k1) f̄ (k2) is proportional to the
squared of the amplitude given in Eq.~7! and reads
4-4
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Mk
f ~Ml

f !* 5
~Cf ,k

S Cf ,l
S 1Cf ,k

P Cf ,l
P !@Sk8Sl8~124mx

2/s!1Sk9Sl9#

~2MHk

2 1s2 iM Hk
GHk

!~2MHl

2 1s1 iM Hl
GHl

!
s2. ~25!
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Therefore, the imaginary couplings,Sk9 , will yield the domi-
nant contribution to the thermally averaged annihilati
cross section, as the real couplings,Sk8 , are p-wave sup-
pressed by the factor (124mx

2/s). In the case of vanishing
CP phases the pseudoscalar mediated channel thereby d
nates over the one mediated by the heavy scalar Higgs
son. However, the contribution fromH mediation cannot be
neglected, as its contribution is typically about 10%. In t
presence of nonzero phases both of the heavy Higgs bo
acquire imaginary coupling and both may give a signific
contribution. We may neglect the contribution from the ligh
est Higgs exchange diagram since it is not resonant
moreover is suppressed by small couplings.1

As already mentioned the inclusion of theCP phases has
two major consequences; it affects the SUSY correction
the bottom massDmb and it also generates a mixing in th
heavy Higgs sector. We discuss now in greater detail
effect of mixing in the heavy Higgs sector. We begin
observing that in theCP conserving case the pseudosca
channel gives the main contribution. As the Higgs mixi
turns on the pseudoscalar becomes a linear combinatio
the two mass eigenstatesH1 ,H3, whereasH2 stays almost
entirely a CP-even state. However, the total annihilatio
cross section which is a sum over all the Higgs exchan
remains almost constant. SinceCP even andCP odd Higgs
mixing involves essentially only two Higgs bosons, we m
represent this mixing by just one 232 orthogonal matrix
rotation. Such a rotation does not change the sum of
squared couplings of the two heavy Higgs boson, a
thereby the effect of the mixing on the annihilation cro
section is small. The basic reason for the mixing effect be
small is because of the near degeneracy of theCP even and
CP odd Higgs boson masses and widths, i.e., the fact
mH1

'mH3
, andGH1

'GH3
. We note in passing that the con

tribution from the Higgs exchange interference termHh
2Hk to the neutralino annihilation cross section is neg
gible. These phenomena allow us to write the total s-chan
contribution in a simplified way. Thus recalling that the ligh
est Higgs boson gives almost a vanishing contributions,
only have to sum over the heavy Higgs particles in Eq.~25!.
As we are in the decoupling limit given by Eq.~19!, the
propagators in Eq.~25! are identical and can be factored ou
Furthermore, for large tanb we have the approximate rela
tions between the bottom-Higgs couplings in theCP-
conserving case,

Cf1

S .2CA
P , CA

S.Cf1

P . ~26!

1The region where the lightest Higgs boson is resonant is alm
excluded by laboratory constraints.
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These relations are independent of rotations in the Hi
sector, i.e., Higgs mixing, as is easily checked. Also beca
of the decoupling of the light Higgs boson, the mixing of th
Higgs boson is described by just one angle so that

S H1

H3
D 5S cos~u! sin~u!

2sin~u! cos~u!
D S H

A D , ~27!

which gives

Cb,1
S 5cos~u!Cf1

S 1sin~u!CA
S, ~28!

Cb,3
S 52sin~u!Cf1

S 1cos~u!CA
S, ~29!

and

Cb,1
P 5cos~u!Cf1

P 1sin~u!CA
P5cos~u!CA

S2sin~u!Cf1

S 5Cb,3
S ,

~30!

Cb,3
P 52sin~u!Cf1

P 1cos~u!CA
P52sin~u!CA

S2cos~u!Cf1

S

52Cb,1
S . ~31!

This is just Eq.~26! in the Higgs rotated basis and we s
that the interference terms are very small

Cb,1
S Cb,3

S 1Cb,1
P Cb,3

P .0. ~32!

Furthermore, using Eq.~25! it is clear that the s-channe
contribution is proportional toCs where

Cs5~~Cb,1
S !21~Cb,1

P !2!S19
21~~Cb,3

S !21~Cb,3
P !2!S39

2.
~33!

The b quark couplings factors out, due to Eq.~30!, and we
get

Cs5~~Cb,3
S !21~Cb,3

P !2!~S19
21S39

2!. ~34!

Again, the Higgs mixing does not change the square of
imaginary Higgs-x-x coupling. In theCP conserving limit
we get

Sf1
9 50, SA952

gmxcot~b!

2MW
2Q009 sin~b!1cot~b!

3~Q009 cos~b!1R009 ! ~35!

and
st
4-5
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FIG. 2. Dmb as a function of the phasej2

~solid!, j3 ~dot-dash! and um ~dash! when m0

5m1/25A05600 GeV and tanb550.
ry

e

.

am

the
no
us,

n

~S19
21S39

2!→~sin~u!SA9 !21~cos~u!SA9 !25~SA9 !2. ~36!

Thus CS is unaffected by the Higgs mixing, but can va
with phases if the magnitudesuSA9 u and uCb,3

S u21uCb,3
P u2 vary

with phases. As already discussed theCP phases have a larg
impact on the relic density through their influence on theb
quark mass via the loop correctionDmb . An exhaustive
analysis of the dependence ofDmb on phases is given in Ref
@22#. For large tanb and smallA0 the dominant contribution
to Dmb comes from the gluino-sbottom exchange diagr
and the important phases here areum andj3. However, ifA0
03501
is large the stop-chargino correction would be large and
phaseaAt

plays an important role. There are also neutrali
diagrams but normally their contributions are small. Th
the CP phasesum ,j3 and aA0

may strongly affect the relic
density, whereas only weak dependent onj1 ,j2 will be
present.

The dependence ofDmb on some of the phases is show
in Fig. 2 for m05m1/25A05600 GeV and tanb550. It is
seen that changes ofj2 only induce tiny variations in the
value ofDmb (j1 induce similar small variations!. However,
changes ofum and j3 induce large changes onDmb and
ss
FIG. 3. The pseudoscalar Higgs boson ma
mA as a function ofDmb for fixed values of tanb
of 40, 50 and 60 when m05m1/25A0

5600 GeV.
4-6
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FIG. 4. An exhibition of the sensitivity of the
relic density to theb quark mass as a function o
tanb for the case when m05m1/25A0

5600 GeV for values ofDmb from (220%)
2(120%).
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ss
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lic
thereby also large changes on the value ofhb , such as to
obtain a successful prediction for the experimental value
mb . As seen in Fig. 2, the values ofDmb varies in general in
the range@20.4,0.2#. Since the impact of theCP phases on
the neutralino, sfermion and Higgs boson masses and
plings are rather small, we can simulate the main effec
the CP phases by takingDmb as a free parameter. In Fig.
and in other figures in Sec. III we therefore useDmb as a
free parameter, while performing the calculation in theCP-
conserving case putting all phases to zero. Note that in
ticular this meansm.0. Of course, in a specific model lik
03501
f

u-
f

r-

~CP-conserving! MSUGRA, Dmb is calculable as a function
of the input parameters. Nevertheless, in the above m
tionedCP-violating case and also more general models l
MSSM or nonuniversal SUGRA models, the bottom ma
correction is a function of many parameters. The more g
eral parameter space of these models allows us to treatDmb
as a free parameter especially if we have parameters in
space of the theory that are important for the bottom m
correction but not that crucial for the analysis of the re
density~beyond their influence onDmb). Examples of these
parameters are the above mentionedCP-phasej3 and also
-
FIG. 5. The region allowed by the relic den
sity constraints in the tanb2Dmb plane for the
case when m05m1/25A05600 GeV. Curves
with fixed mA are also shown.
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FIG. 6. Region in them02mx plane of MSUGRA allowed by the relic density constraints for the case when tanb550, uA0u5m1/2 for
values ofDmb50 ~top! andDmb520% ~bottom!. The limiting lines close areas such thatVxh2 is below the indicated value.
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see
the gluino mass, since they affectDmb through the SUSY
QCD loops while the analysis of relic density is not th
sensitively dependent on them.

III. SENSITIVITY OF DARK MATTER TO THE b QUARK
MASS WITHOUT CP PHASES

While a considerable body of work already exists on
analyses of supersymmetric dark matter~for a small sample
03501
t

e

see Ref.@44#!, no in depth study exists on the sensitivity
dark matter analyses to theb quark mass. In this section w
analyze this sensitivity of the relic density to theb quark
mass for the case when the phases are set to zero. In
analysis we use the standard techniques of evolving the
rameters given in MSUGRA at the grand unification scale
the renormalization group evolution taking care that cha
and color conservation is appropriately preserved~for a re-
cent analysis of charge and color conservation constraints
4-8
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FIG. 7. Plot ofVxh2 as a function ofmx for
values of the Dmb varying from (210%)
2(120%) whenm05600 GeV,m1/25uA0u and
tanb550.
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Ref. @45#!. We describe now our results. In contrast to t
analysis of Ref.@46# that consider the effect from the exper
mental uncertainty ofmb , we study the effect arising from
its SUSY corrections while fixing the value ofmb(MZ) to
2.888 GeV. One of the parameters which enters sensitive
the dark matter analysis is the mass of theCP odd Higgs
bosonmA . Figure 3 showsmA as a function of theb quark
correction Dmb , which is used as a free parameter. T
ranges chosen are such that themA may lie in the resonance
region of the annihilation of the two neutralinos. We find th
mA shows a very significant variation asDmb moves in the
range20.3 to 0.3. Figure 3 demonstrates the huge sensiti
of mA to theb quark mass. Figure 3 also shows that for fix
tanb one can enter in the area of the resonance for cer
values ofDmb . Figure 4 shows the sensitivity of the rel
density to corrections to theb quark mass. The analysis wa
carried out usingMicromegas@47#. The dominant channel
that contribute to the relic density depend on the mass re
and are as follows: In the region 2mx!mA the main chan-
nels arexx→tt̄ and xx→bb̄. Here typically Vxh2.0.5
and the main contribution comes from t- and u-channel
change of the sbottom and stau sparticles. Moreover, also
effects of them ande decay channels can be seen. Since th
contributions are suppressed by the corresponding sle
masses, it signifies that one is far away from the s-chan
Higgs resonances. In the region 2mx;mA the resonant chan
nels account for almost the full contribution toVxh2 and
their influence can be detected several widths,GA , away
from the resonance. In this region the contribution to
neutralino relic density from the t- and u-channel exchan
can be as much as 10% within the relic density range
lowed by the WMAP data.

Another contribution that can potentially enter is coan
hilation. Indeed formt̃1

,1.253mx one has important effect

from t̃1x coannihilation. These effects can be observed
03501
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ty
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n

-
he
ir
on
el

e
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t

the end of the lines ofDmb510%, 20% in Fig. 4. Thus for
low values of tanb one is in the nonresonant region an
increasing tanb moves one to the resonant region and co
sequently the relic density decreases due to resonant an
lation. As tanb increases further, the relic density increas
to become flat due to the non fermionic decays. Finally,
curves forDmb of 10% and 20% exhibit coannihilation an
Vxh2 decreases again due to this effect as tanb increases. In
Fig. 5 regions with fixed corridors of the relic density a
plotted in the tanb2Dmb plane. The region consistent wit
the current range of relic density observed by WMAP is d
played in the dark shaded region. The hatched region h
value ofVxh2 below the WMAP observation. Furthermor
curves with constant values ofmA are exhibited. The analysi
shows that the region consistent with the WMAP relic de
sity constraint is very sensitive to theDmb correction.

Figure 6 displays area plots in them02mx plane of the
relic density. The light shaded or gray region has 0.12
,Vxh2,0.3. The medium shaded or green region h
0.094,Vxh2,0.1291 and is the 2s allowed WMAP region.
Finally the dark shaded or red region hasVxh2,0.094. The
hatched region is excluded as thet̃ is the LSP. In Fig. 6 we
considered two values ofDmb ; Dmb50 andDmb520%. A
comparison of these two exhibits the dramatic dependenc
the various regions on theb quark mass. Specifically it is
seen that the region consistent with the WMAP constrain
drastically shifted toward lower values ofmx /m0 for smaller
Dmb . Inclusion of the experimental bounds from process
such asb→sg on Fig. 6 is beyond the scope of our stud
However, the case ofDmb520% is comparable to the
MSUGRA case~whereDmb ranges approximately from 17
to 21%!. Therefore, the restrictions from the bounds onb
→sg, along with other constraints, on the top graph of F
6 can be approximately deduced from the appropriate figu
of Ref. @45#. We note that in Fig. 6 there is a region whe
4-9
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FIG. 8. A plot of ^svMo” l& as a function ofj3 andum ~with the other phases set to zero! for the case whenm05m1/25A05600 GeV,
tanb550 and using the theoretically predicted value ofDmb ~black lines!, Dmb50 ~light lines!. The contribution of dominant channels t

^svMo” l& are also shown: all contributions~thick lines!, only s-channelH1 mediated annihilation tobb̄ ~dashed lines! and only s-channelH3

mediated annihilation tobb̄ ~dot-dashed lines! and all s-channel annihilation tott̄ ~solid thin lines!.
em

ity
r-

s

la-
m0 andm1/2 get large and appear to have a superficial res
blance with the hyperbolic branch or focus point~HB-FP!
region@12#. However, the mechanism by which relic dens
constraint is satisfied in the WMAP region is entirely diffe
ent in this case than in the HB-FP case@48,49#. Thus in the
analysis presented here the relic density constraints are
03501
-

at-

isfied by the mechanism of proximity to a resonant state~see
also in this context Ref.@50#! while for the HB-FP region the
satisfaction occurs with a significant amount of coannihi
tion. In Fig. 7 we give a plot ofVxh2 as a function ofmx for
fixed m0 ~i.e.,m05600 GeV) and tanb550 for Dmb values
varying in the range (210%)2(120%). Again one finds
4-10
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FIG. 9. A plot of the neutralino relic densityVxh2 as a function ofj3 andum for m05m1/25A05600 GeV, tanb550 and using the
theoretically predicted value ofDmb ~black lines!, Dmb50 ~light lines!. The contribution of dominant s-channels to the relic density
represented by the same type of lines as Fig. 8.
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that the relic density is sharply dependent on theb quark
mass correction.

IV. SENSITIVITY OF DARK MATTER TO THE b QUARK
MASS WITH CP PHASES

We now give the analysis with inclusion ofCP phases. In
the calculation of the relic density, we only consider the co
03501
-

tribution from the s-channel exchange of the three Hig
H1 ,H2 ,H3 and the t- and u-channel exchange of sfermio
as shown in Fig. 1. The prediction for the Higgs bos
masses and widths are extracted from the newly develo
software package CPsuperH@51#. The impact of theCP
phases on the relic density is as in the case withoutCP
phases, i.e., mainly throughDmb . On the other hand the
effects of the Higgs mixing are marginal. In Fig. 8 we give
4-11
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FIG. 10. Same as Figs. 8 and 9 for tanb540.
t

so

r.

e
th

the

lar
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plot of the thermally averaged annihilation cross section a
temperature of the order of the freeze out temperatureTf @see
Eq. ~A4! of the Appendix# as a function ofum and j3 for
tanb550. The contribution of individual channels are al
displayed. The channels with thebb̄ final state dominate
over the channels withtt̄ final state due to the color facto
We plot Vxh2 as a function ofum and j3 in Fig. 9 for the
same case. Figures 8 and 9 also exhibit the dependenc
the bottom mass correction: the black lines represent
03501
a

on
e

physical case with the theoretical value ofDmb , while the
light lines, having fixedDmb50, are plotted for comparison
and to indicate the effect arising just from the change of
couplings withCP phases. The large effects ofCP phases on
the relic density in this case are clearly evident. In particu
it is seen that the largest impact from theCP phases arises
from their influence on the value ofDmb . The curves with
Dmb confined to a constant vanishing value show less va
tions with theCP phases, althoughVxh2 still changes by
4-12
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FIG. 11. The top graph shows the dependence ofmA ~solid lines! andmt1
˜ ~dashed lines! on aA0

for m05m1/25600 GeV, tanb550 and
for three different values ofuA0u/m1/2 ~indicated on the curves!. The neutralino relic density for the same three cases is displayed in the g
on the bottom.
gs

fe

s

almost a factor of two due to the variation of the Hig
couplings. The large effect of theDmb arises via its effect on
mA . Similar plots as functions ofj3 are given in Fig. 10 for
tanb540.

The dependence of the neutralino relic density onaA0
is

displayed in Fig. 11. This dependence arises from the ef
03501
ct

of aA0
on mt̃1

andmA . Thus for fixedA0, variations inaA0

affect mt̃1
which can generatet̃x coannihilations, and even

pushmt̃1
belowmx . In Fig. 12 the neutralino relic density i

displayed as a function of tanb for three cases given by:~i!
m05m1/25uA0u5300 GeV, aA0

51.0, j150.5, j250.66,
4-13
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FIG. 12. The neutralino relic density as
function of tanb for the three cases~i!, ~ii !, ~iii !
of the text. Lines~I!, ~II ! and~III ! correspond to a
similar set of SUSY parameters for the case
vanishing phases.
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j350.62, um52.5; ~ii ! m05m1/25uA0u5555 GeV, aA0

52.0, j150.6, j250.65, j350.65, um52.5; ~iii ! m0
5m1/25uA0u5480 GeV, aA0

50.8, j150.4, j250.66, j3

50.63, um52.5. In all cases the EDM constraints for th
electron, the neutron and for199Hg are satisfied for tanb
540 and their values are exhibited in Table I. In Fig. 13
show the value ofDmb for the curves of Fig. 12. Thes
results may be compared with the current experimental lim
on the EDM of the electron, the neutron and on199Hg as
follows: udeu,4.23310227 e cm, udnu,6.5310226 e cm
and CHg,3.0310226 cm from the 199Hg analysis~where
CHg is defined as in Ref.@33#!. From Figs. 4 and 5 it is
apparent that larger negative corrections to the bottom qu
mass push the resonance region toward smaller value
tanb. Use of nonuniversalities for the gaugino masses,
cluding the case of having relative signs among them, allo
for larger negative corrections to theb quark mass. There
fore, it is possible to achieve agreement with the WMA
result for lower values of tanb than in the MSUGRA case
Considering only the main contributions from the gluin
sbottom, the bottom quark mass correction will reach
maximum negative value forum1j35p. The phase of the
trilinear coupling also plays a role through the chargino lo
Thus we investigate the case withum50, j35p, and take
aA0

5p at the GUT scale. As an illustration we show in Fi

14 that indeed the WMAP result is compatible with tanb

TABLE I. The EDMs for tanb540 for cases~i!–~iii ! of text.

Case udeu (e cm) udnu (e cm) CHg ~cm!

~i! 2.74310227 1.79310226 8.72310227

~ii ! 1.29310227 1.82310227 6.02310228

~iii ! 9.72310228 4.19310226 1.41310227
03501
ts

rk
of
-
s

s

.

530 in the resonant s-channel region. The analysis also
plies that the upper limit on the neutralino mass will
larger than in the MSUGRA case. For tanb530 we find an
upper bound of;700 GeV, as seen in Fig. 14. For compa
son the upper bound in MSUGRA is found to be 500 G
for tanb,30 in Ref.@48#.

V. CONCLUSION

In this paper we have carried out a detailed analysis
study the sensitivity of dark matter to theb quark mass. This
is done in two ways: by assuming that the correction to thb
quark mass is a free parameter and also computing it f
loop corrections. In each case it is found that the relic den
is very sensitive to the mass of theb quark for large tanb. In
the analysis we focus on the region where the relic den
constraints are satisfied by annihilation through reson
Higgs poles. The analysis is then extended to includeCP
phases in the soft parameters taking account of theCP-even
andCP-odd Higgs mixing. Sensitivity of the relic density t
variations in theb quark mass and toCP phases are then
investigated and a great sensitivity to variations in theb
quark mass with inclusion of phases in again observ
These results have important implications for predictions
dark matter in models where tanb is large, such as in unified
models bases onSO(10), and for the observation of supe
symmetric dark matter in such models.
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FIG. 13. Dmb as a function of tanb for the
corresponding curves in Fig. 12.
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APPENDIX A: RELIC DENSITY ANALYSIS

The analysis of neutralino relic density must be done w
care since one has direct channel poles and one must us
accurate method on doing the thermal averaging over th
poles @52#. We give here the basic formulas for the re
density analysis@52–54#
03501
h
the
se

Vxh252.755 1083
mx

GeV
Y0 . ~A1!

The evolution equation forY is given by

dY

dT
5Apg* ~T!

45G
^svMo” l&~Y22Yeq

2 !. ~A2!

Here ^svMo” l& is the thermal average of the neutralino an
hilation cross section multiplied by the Møller velocity@53#,
a
FIG. 14. The neutralino relic density as
function of the lightest neutralino mass for tanb
530, j150, j250, j35p, aA0

5p and um

50. Two different values ofm0 are displayed:~i!
m05600 GeV ~solid line! and ~ii ! m0

5750 GeV~dashed line!.
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Y05Y(T5T052.726 K), whereT0 is the microwave back-
ground temperature,Yeq5Yeq(T) is the thermal equilibrium
abundance given by

Yeq~T!523
45

4p4heff~T!
S mx

T D 2

K2S mx

T D . ~A3!

The number of degrees of freedom isg* ;81. However, we
use a more precise value as a function of the tempera
obtained from Ref.@55# and the same is done forheff . To
calculate the freeze-out temperatureTf we use the relation

d ln~Yeq!

dT
5Apg* ~T!

45G
^svMøl&Yeqd~d12!. ~A4!

The equation forY0 is

1

Y0
5

1

Yf
1XTf

~A5!

and Yf5Y(TF)5(11d)Yeq(Tf). We have introduced the
amountXTf

such that we can split the independent contrib
tion of each channel

XTf
5A p

45GE
T0

Tf
g* ~T!1/2^svMøl&dT. ~A6!

We have takenT050 andd51.5 following the suggestion o
Micromegas. As stated already care must be taken in co
r,

al

et
s
,

’’

i,
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puting thermal averaging since one must integrate over
direct channel poles properly@52#. We use the relation

^svMo” l&~T!5
1

8mx
4TK2

2~mx /T!

3E
4mx

2

`

dss~s!~s24mx
2!AsK1SAs

T D .

~A7!

To calculates(s) from the partial amplitudes we use th
following definitions

s~s!52w~s!/As~s24mx
2!. ~A8!

Since we only consider channelsxx→ f f̄ , ( f 5b,t), w(s)
becomes

w~s!5
1

32p (
f 5b,t

cf3S 12
4mf

2

s D w̃f~s!. ~A9!

cf is the color factor so thatcb53, ct51. The definition of
w̃f(s) is directly related to the amplitude

w̃f~s!5
1

2E21

1

d cosuCMuA~xx→ f f̄ !u2. ~A10!
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