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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 irbtheark mass is given.
Specifically we study the effects on the neutralino relic abundance from supersymmetric loop corrections to the
mass of thé quark. It is known that these loop corrections can become significant for large e 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 thehannel Higgs poles. We extend the analysis to inclGée
phases taking into account the mixing of 8B-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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. INTRODUCTION andm; become complex allowing for phaseg, @, , andé,

. L . . wher is th h is the A; ph nd; is th
There is now a convincing body of evidence that the uni-" = €0, 1s the u phasea,, is the Ao phase and; is the

verse has a considerable amount of nonbaryonic dark matt@hase of the gaugino mass (i=1,2,3). We note that our
and the recent Wilkinson Microwave Anisotropy Probe convention is such that th€P-conserving casep>0 and
(WMAP) data allows a determination of cold dark matter x <O correspond t@,=0 andé,= m, respectively. Not all

(CDM) to lie in the rangd1,2] the phases are independent after one performs field redefini-
tions, and only specific combinations of them appear in
Qcpwh?=0.1126 5558, (1)  physical processd4.0].

In most of the MSUGRA parameter space the neutralino
One expects the Milky Way to have a similar density of coldrelic density is too large. However, there are four distinguish-
dark matter and thus there are several ongoing experimengble regions where a neutralino relic density compatible with
as well as experiments that are planned for the future for itthe WMAP constraints can be found. These regions are dis-
detection in the laboratofy3—7]. One prime CDM candidate cussed below(l) The bulk region: This region corresponds
that appears naturally in the framework of SUGRA modelsio relatively small values ofny andm;,;, and is dominated
[8] is the neutralind9]. We will work within the framework by sfermion exchange diagrams. However, it is almost ruled
of SUGRA models which have a constrained parameteput by the laboratory experimentsl]. (Il) The hyperbolic
space. Thus withouCP phases the MSUGRA parameter pranch or focus point regiotHB-FP) [12]: This region oc-
space is given by the parametemg),m;,Aq,tang and  curs for very high values ah, and small values of. and is
sgn(u) wherem; is the universal scalar massy,, is the  thus close to the domain where the electroweak symmetry
universal gaugino masA, is the universal trilinear coupling breaking does not occur. Here the lightest neutralino has a
(all given at the grand unification scal®g), tang large Higgsino component, thereby enhancing the annihila-
=(H,)/(H;) whereH, gives mass to the up quark ahti  tion cross section to gauge boson channels. Furthermore,
gives mass to the down quark and the lepton, ani$ the  chargino coannihilation contributes as the chargino and the
Higgs mixing parameter which appears in the super potentidlghtest neutralino are almost degeneréli) The stau coan-
in the form uH;H,. SUGRA models allow for nonuniver- nihilation region:[13-17. In this regionnm;=m, and the
salities and with nonuniversalities the parameter space of thennihilation cross section increases due to coannihilations
model is enlarged. Thus, for example, SUGRA models with, 7. (jv) The resonant regiof8,19. This is a rather broad
gauge kinetic energy functions that are not singlets of thgegion where the relic density constraints are satisfied by
SU(3)xSU(2)xU(1) gauge groups allow for nonuniversal gnnihilation through resonant s-channel Higgs exchange. In
gaugino masses; (i=1,2,3) at the grand unification scale. this work we will mainly focus on, this resonant region.
The parameter space of SUGRA models is further enlarged While there are many analyses of the neutralino relic den-
when one allows for th€P phases. Thus in general, Ay sity there are no in depth analyses of its sensitivity tolihe
quark mass. One of the purposes of this analysis is to inves-
tigate this sensitivity. Such an analysis is relevant since ex-
*Current address of M.E.G. perimentally the mass of tHequark has an error corridor as
"Permanent address of T.I. already pointed out in Refd.19,20. Second, because in
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supersymmetric theories loop corrections tolttguark mass —Lppro=(hp+ 5hb)HRbLH2+AhbHRbLHg* +H.c. (4)
especially for large taB can be large and model dependent
[21]. Recently, a full analysis of one loop contribution to the
bottom quark massnf,) including phases was giveji22]
and indeed corrections ta, are found to be as much as 50%
or more in some regions of the parameter space. Furthger,
corrections are found to affect considerably low energy phe-

nomenology where thé quark enters[23,24. As noted Ame[Re<A—hb

The correction to thd quark mass is then given directly in
terms of Ahy, and shy, so that

. (5)

. tanB+ Re( 5—hb
above them, corrections are naturally large for large {&n hy hy
which is an interesting region because of the possibility of
neutralino-proton cross sectiof26] which makes the obser- hat analysis in this work.
vation of supersymmetric dark matter more accessible. How-
ever, we do not address the issue of Yukawa unification or of
neutralino-proton cross sections in this paper. We will also !l CP-EVEN, CP-ODD HIGGS MIXING AND b QUARK
discuss the dependence of the relic density on phases. It has MASS CORRECTIONS

been realize_d for some ti'me that large phasgs can be accom- pq already mentioned we will focus on determining the
modated vv|th(_)ut violating the e_Iectrlc dipole moment sensitivity of the relic density to the quark mass in the
(EDM) constraintq27-3Q by a variety of ways which in- oqi0n with resonant s-channel Higgs dominance. This re-
clude mass suppres;m{r?»l], the cancellgtlon mechanism gion is characterized roughly by the constraint
[32,33, phases only in the third generatipd4], and other
mechanismg 35]. One of the important consequences of
such phases is that the Higgs boson mass eigenstates are no
longer eigenstates dEP [36—39. It was pointed out some
time ago thatCP phases would affect dark matter signifi-
cantly in regions where the neutralino annihilation wasThe satisfaction of the relic density constraints consistent
dominated by the resonant Higgs annihilatiBv,40. We with WMAP in this case depends sensitively on the differ-
discuss this issue in greater detail in this paper. ence 6= (2m,—m,) which in turn depends sensitively on
Since the focus of this paper is on the effects of Ioopthe MSUGRA parameter space. In this context the bottom
corrections to theb quark mass, we briefly discuss these mass corrections are very important as the valuengfis
corrections. For the quark the running mags,(Q) and the  strongly dependent on it, as shown in Fig. 3. On the other
physical mass, or the pole mass,, are related by inclusion hand at least for the domain where the neutralin®-iso
of QCD corrections and at the two loop level one hés] like one finds that the neutralino mass, is rather insensi-
tive to the bottom mass correction and is almost entirely
determined bym,,,. The resonant s-channel region is only
Aas(My) as(Mp)? open at large taB. The exact allowed range of tghde-
M= 1+ +12.4 my(M,) (2 pends severely on the value of the bottom quark mass. For
3m 2 ©<0 the resonant region is typically open for {ann the
range 35—45 and fgr >0 for tang in the range 45-55. The
large tanB regime is also interesting for other reasons, as in
the presence oCP violation there can be a large mixing
between theCP-even and theCP-odd states. Moreover, the
CP phases have a strong impact on thguark mass. In this
section we discuss the relevant part of the analysis related to
these effects. It is clear that if théP phases influence the
resonance condition, or equivalently the ratig/m,, they
will have an impact on the relic density. This ratio is affected
by phases mainly because, is strongly dependent on the
o bottom mass correctioldm, and through it on theCP
The above relation is given in the $4scheme, which differs phases. Furthermore, the Higgs couplings relevant for com-
from the DR relation[42] by at most a few percent Here puting the annihilation cross section depend on @R
hp(M7) is the Yukawa coupling andm,, is loop correction ~ phases. Thus we expect the relic density to be strongly de-
to m,. Now the coupling of thé quark to the Higgs boson pendent on th&€P phases.
at the tree level involves only the neutral component of the We begin by considering the s-channel decay to a pair of
H, Higgs boson and the couplings to the Higgs boson is  fermions, as shown in Fig.(d). The Yukawa coupling cor-
absent. However, at the loop level one finds corrections téection enters clearly here in the vertex of the neutral Higgs
the HY coupling as well as an additional coupling k. ~ boson with the fermion pair. The amplitude for
Thus at the loop level the effectivequark coupling with the  x(p1) x(p2) — f(k1) f(k,), mediated by Higgs boson mass
Higgs boson is given bj43] eigenstatesH,, k=1,2,3 may be written as

2m,=m,. (6)

wheremy(M),) is obtained frommy (M) by using the renor-
malization group equations and,(M;) is the runningb
guark mass at the scale of tdeboson mass defined by

m,(Mz)=hp(Mz)—=cosB(1+Amy). ©)

>

035014-2



SENSITIVITY OF SUPERSYMMETRIC DARK MATTRR . . .

PHYSICAL REVIEW D 70, 035014 (2004

/4&.
~

?
!

—
()

x° f

FIG. 1. Feynman diagrams responsible for the main contribution to the neutralino annihilation cross section in the region of the parameter
space investigated in this analydia). gives the s-channel Higgs exchange contribution @pdives the t- and u-channel sfermion exchange
contribution to the neutralino annihilation cross section. The most important decay channels for lg@gaddiorf=b, 7.

M=0( . —iS;ys]u u(k
k=0 (P2)[S¢ k¥sJu(py) M2 +S_|MHkFHk( 1)
X[Cf kT 'Cfp,k)’s]v(kz) (7)
where
S ®)
2M,,sinB Kb
. gm, RyscotB
Si=— o T Im(AY), ©)
w

and the parametes, are defined by

. 1
A=Q"5oRi—iQ" OngsIn,B— B(sz iRy3C0SB)
X(Q"5ecosB+R"5), (10)
where
Qo= Xz0( X350~ tan 6y X3p) (11
and

1
Roo= oM., S [MpX3S+ M XEE —2u* XEXhol.  (12)

Since theCP effects in the Higgs sector play an important
role in this analysis, we briefly review the main aspects of
this phenomena. In the presence of expleR violation the
two Higgs doublets of the supersymmetric standard model
(MSSM) can be decomposed as follows:

) HY 1 [vitditiy
RN P N A S PR
Hy\ el Hy'
H> V2 Loyt dotivh,

(13

where ¢, ¢, 4,1, are real quantum fields ané, is a
phase. Variations with respect to the fields give

1 [oAV 95+93
——(—) =mi+ 2 v2)+maitans cosby,

=mi+ = (vi-
dprl, * 8 1

2 2
2 g2+gY

=m;— ——5 (v2—v3)+mjcotB cosbyy,
0

1y
vo\ by

1 /[0AV
—( (14

JAV aAV)
i,

) —msslnb’H— ((w
1

where m{,m,,m; are the parameters that enter in the
tree-level Higgs potential, i.e.Vo=m32|Hq|?>+m3|H,|?
+(m§H1~ H,+H.c.)+Vp whereVp is the D-term contribu-
tion, g, andgy are the gauge coupling constants 8i(2)
andU(1)y gauge groups, andV is the loop correction to

Here X is the matrix that d|agonaI|zes the neutralino masshe Higgs potential. In the above the subscript 0 denotes that

matrix so thaX"M X=diag(m, ,

,My,,M,,) andm, is

the quantities are computed at the point whefe= ¢»

the lightest neutralmo. ThusOi |s the index among 1,2,3,4tha1= Y1=1»=0. Equation(14) provides a determination of

corresponds to the lightest neutralifiater in the analysis we 6, .
will drop the subscript oryg and y will stand for the lightest

neutraling.

Computations in the above basis lead to>a44 Higgs
boson mass matrix. It is useful to introduce a new basis

{¢1,¢2,¥1p o} Whereyp , i, are defined by
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Y1p=Sin B+ cosBir, In the new basis the fielg, exhibits itself as the Goldstone
field and decouples from the other three fields , ¢, ¥ 1p}
and the Higgs boson mass matrix in the new basis takes on

Yrop=—COSBY+SiNBifs. (15  the form
|
MIci+mass+A  —(MZ+mR)sgcetAg, Agg
A13 A23 (mi+A33)

wheremy, is the mass of th€P-odd Higgs boson at the tree Corrections to Yukawa coupling arise through the parameters
level, M is the Z boson massg(cg) =sin B(cosp), andA;; CquE that enter in Eq(7) so that

are the loop corrections. These loop corrections have been

computed from the exchange of stops and shottoms in Refs.

[36,37], from the exchange of charginos in R¢87] and Cgkzﬁg kCOSXb_EEkSinva (20)
from the exchange of neutralinos in RE38]. Thus the cor- ’ ' '

rections Aj; (i,j=1,2,3) receive contributions from stop, and

chargino and neutralino exchanges. Their relative contribu-

tions depend on the point in the parameter space one is in. cg’k=6§ kSinXb+EEkCOSva (21)
We denote the eigenstates of the rasatrix of Eq.(16) by ’ ' '

Hi(k=1,2,3) and we define the matrR with elementsR;; where

as the matrix which diagonalizes the above 3 Higgs bo-

son mas% matrix so that V2C§  =Rehy+ 8hy) Ry +[ — Im(hy+ Shy)sin B

_ +Im(Ahy)cosB]R 3+ Re(Ahy) Ry, (22
RMfigeR"=diag M .M M) (17
and where

and thus we have
\/2Cb,k: - Im(hb+ 5hb)Rkl+ [ - thb+ (Shb)sinﬂ

Hl ¢1 + Rthb)COSB]Rk:;_ Im(Ahb)sz (23)
Hz | =Rx| ¢2 |. (18  and the angley, is defined by
Hs ¥1p

. . . . Im( 5—hb + ﬁtanﬁ)
In the analysis of this paper we work in the decoupling re- hy hy

gime of the Higgs sector, characterized by>M, and tany,= shy Ah,
large tanB. In this regime the light Higgs boson is denoted 1+ Re(h—+ h—tanﬁ)
by H, and the two heavy Higgs particles are describettHby b b
andH,. For the case when we ha@P conservation and no
mixing of CP even andCP odd states, we denote the heavy

scalar Higgs boson bl (at large targ it is almost equal to - : .
. ) phasesd,, £, and §,. Similarly, R;; contain the combined
¢1) and the pseudoscalar Higgs bosonbyreturning to the effects Ollﬁ the above three phases and in addition depend on

general case witflCP phases, in the decoupling limit the «a (of which the most important iav, ). Further,CS® de-
heavy Higgs states are almost degenerate and moreover haveér . AT o
nearly equal widths, i.e., rive their phase dependence through and in addition de-

pend oné; which enters via the SUSY QCD correctiong,
and shy,. Including all the contributions any of the phases
My, =My, Ty =Ty, (19  may produce a strong effect on the relic density. Explicit

analyses bear this out although the relative contribution of
Furthermore, the lightest Higgs boson behaves almost likéhe different phases depends on the part of the parameter
the SM Higgs particle. This means that there may be considsPace one is working in. The-channel annihilation cross
erable mixing between the two hea@p eigenstatesd and  section forx(p4) x(p,)— f(ky)f(k,) is proportional to the
A, whereas the mixing with the lightest Higgs boson is tiny.squared of the amplitude given in Eg) and reads

(24)

The phases enter in a variety of ways in the model. Thus the
parameter€)(, and Ry, contain the combined effects of the

035014-4



SENSITIVITY OF SUPERSYMMETRIC DARK MATTRR . . . PHYSICAL REVIEW D 70, 035014 (2004

(CF(C? 1+ CP CTNISS (1—4m¥/s) +S/S/] 2

Mi(Mi)™ = —MZ +s—iMy Ty ) (—ME +s+iMy T
( H TSTIMy Iy )( HTSHIMyTy)

(25

Therefore, the imaginary couplingS; , will yield the domi- ~ These relations are independent of rotations in the Higgs
nant contribution to the thermally averaged annihilationsector, i.e., Higgs mixing, as is easily checked. Also because
cross section, as the real coupling,, are p-wave sup- Of the decoupling of the light Higgs boson, the mixing of the
pressed by the factor (14m?/s). In the case of vanishing Higgs boson is described by just one angle so that
CP phases the pseudoscalar mediated channel thereby domi-
nates over the one mediated by the heavy scalar Higgs bo- H,
son. However, the contribution froid mediation cannot be (H )
neglected, as its contribution is typically about 10%. In the 3
presence of nonzero phgses both of the hegvy Hig.gs't')osoumich gives
acquire imaginary coupling and both may give a significant
contribution. We may neglect the contribution from the light- s s i s
est Higgs exchange diagram since it is not resonant and Cpa=cog 6)Cy +sin(6)Cy, (28)
moreover is suppressed by small couplihgs.

As already mentioned the inclusion of tl# phases has
two major consequences; it affects the SUSY correction to
the bottom masdm, and it also generates a mixing in the
heavy Higgs sector. We discuss now in greater detail thénd
effect of mixing in the heavy Higgs sector. We begin by
observing that in theCP conserving case the pseudoscalarCf,=cog 0)C21+ sin(#)Ch=cog #)C3—sin( H)Cilzcﬁyg,
channel gives the main contribution. As the Higgs mixing
turns on the pseudoscalar becomes a linear combination of (30
the two mass eigenstatés, ,H5, whereasH, stays almost b . b b . s s
entirely a CP-even state. However, the total annihilation Cbz=—SIN(0)Cy +cog0)Cr=—sin(0)Cx—cod 6)Cy,
cross section which is a sum over all the Higgs exchanges s
remains almost constant. Sin€# even andCP odd Higgs =—Cpa- (3D
mixing involves essentially only two Higgs bosons, we may
represent this mixing by just onex2 orthogonal matrix
rotation. Such a rotation does not change the sum of th
squared couplings of the two heavy Higgs boson, and
thereby the effect of the mixing on the annihilation cross C51Cpa+Ch (CP 4=0. (32)
section is small. The basic reason for the mixing effect being
small is because of the near degeneracy of@Reeven and ~ Furthermore, using Eq(25) it is clear that the s-channel
CP odd Higgs boson masses and widths, i.e., the fact thagontribution is proportional t&€s where
my,~my,, andl'y ~I'y_. We note in passing that the con-
tribution from the Higgs exchange interference teki Ce=((Cp )%+ (CP )P S;2+((C5 )%+ (CF 5% Si2.
—Hy to the neutralino annihilation cross section is negli- ’ ’ ' ' (33
gible. These phenomena allow us to write the total s-channel
contribution in a simplified way. Thus recalling that the light- The b quark couplings factors out, due to E&O0), and we
est Higgs boson gives almost a vanishing contributions, wé&et
only have to sum over the heavy Higgs particles in &%).
As we are in the decoupling limit given by E@L9), the Cs=((C§,3)2+(CE,3)2)(512+ S52). (34)
propagators in Eq25) are identical and can be factored out.
Furthermore, for large tgf we have the approximate rela- Again, the Higgs mixing does not change the square of the

(cos(e) sin(a))
—sin(#) cog0)

5
Al (27)

Cpa=—sin(6)C +cog 0)C3, (29)

This is just Eq.(26) in the Higgs rotated basis and we see
Hwat the interference terms are very small

tions between the bottom-Higgs couplings in ti@P-  imaginary Higgsy-x coupling. In theCP conserving limit
conserving case, we get
S~_cP S~cP U U gm COt(B) /2
Cs=—Ca, Ci=Cy. (26) $5,=0. Si=— oy~ QGsin(B) +cotl )
X (Qqocos 8) + Ry (35

The region where the lightest Higgs boson is resonant is almost
excluded by laboratory constraints. and

035014-5



GOMEZ et al. PHYSICAL REVIEW D 70, 035014 (2004

0.2 T L) T T | L) T T L) | | L) L) L) L} | | 1 1 L) 1) | 1 L] 1 1 ) | 1] 1 1] 1 ] 1 !
0.1} ~ -
[ \. ~N ]
- NN ]
U ‘ N =
r \ N - ]
01 \ ~ Y .
=] B . b
5 [ \ ~ -~ ] FIG. 2. Am, as a function of the phasé,
02 [ . -'_ (solid), &5 (dot-dash and 6, (dash when mg
“F \ - =my,,=Ay=600 GeV and ta=>50.
03fF \ -
: N\ ]
04 N -
[ '~ .
_05'....|....|....|....|....|....|-.:|
) 0.5 1 1.5 2 2.5 3

Phases (rad)

(S;?+ S42)—(sin( 8)Sp) 2+ (cod 0) Sh)?=(Sa)2. (36) is large the stop-chargino correction would be large and the
phaseaAt plays an important role. There are also neutralino

Thus Cg is unaffected by the Higgs mixing, but can vary diagrams but normally their contributions are small. Thus,
with phases if the magnitud¢s,| and|Cj ;2+|Cf 4% vary ~ the CP phasest,, ,¢; and ap, may strongly affect the relic
with phases. As already discussed @Rphases have a large density, whereas only weak dependent §né, will be
impact on the relic density through their influence on the present.
quark mass via the loop correctichm,. An exhaustive The dependence @m, on some of the phases is shown
analysis of the dependence®din, on phases is given in Ref. in Fig. 2 for my=my,»,=A,=600 GeV and tag=50. It is
[22]. For large tarB and smallA, the dominant contribution seen that changes @, only induce tiny variations in the
to Amy comes from the gluino-sbottom exchange diagramvalue of Am,, (£, induce similar small variationsHowever,
and the important phases here areand¢;. However, ifA,  changes off, and &; induce large changes aAm, and

700 LI R L N L B R L NN DL N D LA N N LN NN R N LI

600

500
z
O 400 FIG. 3. The pseudoscalar Higgs boson mass
‘:C m, as a function oA my, for fixed values of tarB
E Of 40, 50 and 60 When m0: m1/2: AO
=600 GeV.
300
200
100
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FIG. 4. An exhibition of the sensitivity of the
relic density to theéb quark mass as a function of
tang for the case when my=m,=A,
=600 GeV for values ofAm, from (—20%)
—(+20%).

thereby also large changes on the valuehgf such as to (CP-conserving MSUGRA, Am, is calculable as a function
obtain a successful prediction for the experimental value obf the input parameters. Nevertheless, in the above men-
my, . As seen in Fig. 2, the values Afm, varies in general in  tioned CP-violating case and also more general models like
the rangd —0.4,0.9. Since the impact of th€P phases on MSSM or nonuniversal SUGRA models, the bottom mass
the neutralino, sfermion and Higgs boson masses and cowerrection is a function of many parameters. The more gen-
plings are rather small, we can simulate the main effect okral parameter space of these models allows us to Aegt

the CP phases by takindm, as a free parameter. In Fig. 3 as a free parameter especially if we have parameters in the
and in other figures in Sec. Il we therefore usen, as a  space of the theory that are important for the bottom mass
free parameter, while performing the calculation in - correction but not that crucial for the analysis of the relic
conserving case putting all phases to zero. Note that in padensity(beyond their influence oAmy). Examples of these
ticular this meang.>0. Of course, in a specific model like parameters are the above mentior@@@phaseé; and also

60

55

FIG. 5. The region allowed by the relic den-
sity constraints in the ta— Am, plane for the
case when my=my,=A,=600 GeV. Curves
with fixed m, are also shown.

45
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FIG. 6. Region in theny—m, plane of MSUGRA allowed by the relic density constraints for the case whefi=&80, |Ao|=my, for
values ofAm,=0 (top) and Am,=20% (bottom). The limiting lines close areas such ma;h2 is below the indicated value.

the gluino mass, since they affeatm, through the SUSY see Ref[44]), no in depth study exists on the sensitivity of
QCD loops while the analysis of relic density is not that dark matter analyses to tequark mass. In this section we
sensitively dependent on them. analyze this sensitivity of the relic density to thequark
mass for the case when the phases are set to zero. In the
analysis we use the standard techniques of evolving the pa-
rameters given in MSUGRA at the grand unification scale by
the renormalization group evolution taking care that charge
While a considerable body of work already exists on theand color conservation is appropriately preseried a re-
analyses of supersymmetric dark maittier a small sample cent analysis of charge and color conservation constraints see

IIl. SENSITIVITY OF DARK MATTER TO THE b QUARK
MASS WITHOUT CP PHASES
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FIG. 7. Plot ofQ),h? as a function ofn, for
values of the Am, varying from (—10%)
—(+20%) whenmy=600 GeV,m,,,=|Ay| and
tanB=>50.
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Ref. [45]). We describe now our results. In contrast to thethe end of the lines aAm,=10%, 20% in Fig. 4. Thus for
analysis of Ref[46] that consider the effect from the experi- low values of tar8 one is in the nonresonant region and
mental uncertainty ofn,, we study the effect arising from increasing ta® moves one to the resonant region and con-
its SUSY corrections while fixing the value of,(MZ) to  sequently the relic density decreases due to resonant annihi-
2.888 GeV. One of the parameters which enters sensitively iation. As tang increases further, the relic density increases
the dark matter analysis is the mass of BB odd Higgs  to become flat due to the non fermionic decays. Finally, the
bosonm, . Figure 3 showsn, as a function of thé quark  ¢ryes forAmy, of 10% and 20% exhibit coannihilation and
correction Amy, which is used as a _fre_e parameter. TheQXh2 decreases again due to this effect as@ancreases. In
ranges chosen are such that thg may lie in the resonance rjg 5 yegions with fixed corridors of the relic density are
region of the anmhﬂaugn of the two neutralinos. We.flnd thatplotted in the tagB— Am, plane. The region consistent with
m, shows a very significant variation @m, moves in the  he current range of relic density observed by WMAP is dis-
range— 0.3 to 0.3. Figure 3 demonstrates the huge sensitivityy|aved in the dark shaded region. The hatched region has a
of m, to theb quark mass. Figure 3 also shows that for fixed, 5 ¢ 0t h? below the WMAP observation. Furthermore,
tanB one can enter in the area of the resonance for certaig,yes with constant values of, are exhibited. The analysis
values ofAm, . Figure 4 shows the sensitivity of the relic ghows that the region consistent with the WMAP relic den-
density to corrections to thie quark mass. The analysis was sity constraint is very sensitive to them,, correction.

carried out usingMicromegas[47]. The dominant channels Figure 6 displays area plots in tme,—m, plane of the
that contribute to the relic density depend on the mass regiopic density. The light shaded or gray ré(gion has 0.1291
and are as follows: In the regiomg <mj, the main chan- <Q,h?<0.3. The medium shaded or green region has
nels arexy— 77 and yx—bb. Here typically 2 h*>>0.5 0.094< () h?<0.1291 and is the @ allowed WMAP region.
and the main contribution comes from t- and u-channel exfinally the dark shaded or red region Hagh?<0.094. The

change of the shottom and stau sparticles. Moreover, also the,.haq region is excluded as thés the LSP. In Fig. 6 we
effects of theu ande decay channels can be seen. Since theit. sidered two values @m,: Am,=0 andAm,=20%. A

contributions are suppressed by the corresponding sleptqtynarison of these two exhibits the dramatic dependence of
masses, it signifies that one_is far away from the s-channgl,a \arious regions on the quark mass. Specifically it is
Higgs resonances. In the regiomg~ mA.the.resonanzt chan-  seen that the region consistent with the WMAP constraint is
nels account for almost the full contribution @,h" and  ragtically shifted toward lower values of, /m, for smaller
their influence can be detected several widthg, away — Am " inclusion of the experimental bounds from processes
from the resonance. In this region the contribution to thesuch asb—sy on Fig. 6 is beyond the scope of our study.
neutralino relic density from the t- and u-channel exchangeg, . ever the case ofAm,=20% is comparable to the
can be as much as 10% within the relic density range aIMSUGRA case(where Am,, ranges approximately from 17
lowed by the WMAR data. . . . to 219%. Therefore, the restrictions from the bounds lon

. Apother contribution that can potentlal!y enter is coanm-_)s% along with other constraints, on the top graph of Fig.
hilation. Indeed foml<1.25x m, one has important effects 6 can be approximately deduced from the appropriate figures
from 7,y coannihilation. These effects can be observed abf Ref. [45]. We note that in Fig. 6 there is a region where
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FIG. 8. A plot of (ov ) as a function of¢; and 6, (with the other phases set to zpfor the case whemy=m;,=A,=600 GeV,
tanB=50 and using the theoretically predicted value\ah, (black lineg, Am,=0 (light lines). The contribution of dominant channels to
(ovpg) are also shown: all contributiorgthick lines, only s-channeH,; mediated annihilation tbb (dashed linesand only s-channdti;
mediated annihilation tbb (dot-dashed lingsand all s-channel annihilation tﬂ?(solid thin lines.

mg andm;y, get large and appear to have a superficial resemisfied by the mechanism of proximity to a resonant staée
blance with the hyperbolic branch or focus poiRtB-FP) also in this context Ref50]) while for the HB-FP region the
region[12]. However, the mechanism by which relic density satisfaction occurs with a significant amount of coannihila-
constraint is satisfied in the WMAP region is entirely differ- tion. In Fig. 7 we give a plot oﬂ)(h2 as a function ofn, for

ent in this case than in the HB-FP cd48,49. Thus in the fixed m, (i.e.,my=600 GeV) and tag=50 for Am, values
analysis presented here the relic density constraints are satarying in the range € 10%)— (+20%). Again one finds
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FIG. 9. A plot of the neutralino relic densilgl)(h2 as a function of¢; and 6, for my=m,;,= A;=600 GeV, tan3=50 and using the

theoretically predicted value afm, (black lineg, Am,=0 (light lines). The contribution of dominant s-channels to the relic density are

represented by the same type of lines as Fig. 8.

that the relic density is sharply dependent on kthquark
mass correction.

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

b QUARK

We now give the analysis with inclusion &P phases. In

tribution from the s-channel exchange of the three Higgs
H,,H,,H3 and the t- and u-channel exchange of sfermions

as shown in Fig. 1. The prediction for the Higgs boson

masses and widths are extracted from the newly developed

software package CPsuper31]. The impact of theCP
phases on the relic density is as in the case withoBt
phases, i.e., mainly throughm,. On the other hand the

the calculation of the relic density, we only consider the con-effects of the Higgs mixing are marginal. In Fig. 8 we give a
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FIG. 10. Same as Figs. 8 and 9 for {as 40.

plot of the thermally averaged annihilation cross section at @hysical case with the theoretical value &, while the
temperature of the order of the freeze out temperalufsee light lines, having fixedim,=0, are plotted for comparison
Eqg. (A4) of the Appendiy as a function off,, and &; for  and to indicate the effect arising just from the change of the
tang=50. The contribution of individual channels are also couplings withCP phases. The large effects 6P phases on
displayed. The channels with tHeb final state dominate the relic density in this case are clearly evident. In particular
over the channels withr final state due to the color factor. it is seen that the largest impact from t@#® phases arises
We p|0tQXh2 as a function off, and &; in Fig. 9 for the from their influence on the value d&my. The curves with
same case. Figures 8 and 9 also exhibit the dependence érn, confined to a constant vanishing value show less varia-
the bottom mass correction: the black lines represent théons with the CP phases, althougls’llxh2 still changes by
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FIG. 11. The top graph shows the dependencepfsolid lineg andnr;; (dashed lineson as  for my=my,=600 GeV, tan3=50 and
for three different values df\,|/m,, (indicated on the curv@sThe neutralino relic density for the same three cases is displayed in the graph
on the bottom.

almost a factor of two due to the variation of the Higgs of ap onnr, andmy, . Thus for fixedA,, variations inozA0

°°“p'"?9~_°’- The large effec? of thiem, arises via |ts_ effect on affectn;. which can generatey coannihilations, and even
m, . Similar plots as functions of; are given in Fig. 10 for 1

tan8=40. pushrrr,1 belowm, . In Fig. 12 the neutralino relic density is
The dependence of the neutralino relic densityaqn is displayed as a function of taghfor three cases given byi)
displayed in Fig. 11. This dependence arises from the effedflo=My2=|Ao| =300 GeV, ax =1.0, §=0.5, &,=0.66,
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0.4p= . \ v\ - similar set of SUSY parameters for the case of
: \ I \ \\ 1 vanishing phases.
0.2 =
0-....|....|....|...
20 25 30 35 40 45 50
tanf3
§;=0.62, 0,=2.5; (i) My=My,=|Ao| =555 GeV, ap, =30 in the resonant s-channel region. The analysis also im-

=2.0, £=0.6, £&=0.65 £=0.65 6,=25; (i) m, Plies that the upper limit on the neutralino mass will be
=my,=|Ao| =480 GeV, oy =0.8, 51:64, £,=0.66, & larger than in the MSUGRA case. For tar-30 we find an

=0.63, ,=2.5. In all cas(ézs the EDM constraints for the YPPEr bound of-700 G_eV, as seen .in Fig. 14. For compari-
electron, the neutron and fo®Hg are satisfied for tag SO the upper bound in MSUGRA is found to be 500 GeV

=40 and their values are exhibited in Table I. In Fig. 13 Wefor tang<30 in Ref.[48].
show the value ofAm, for the curves of Fig. 12. These
results may be compared with the current experimental limits

on the EDM of the electron, the neutron and &tHg as In this paper we have carried out a detailed analysis to
follows: [d¢|<4.23x107*" ecm, |d,[<6.510 *°ecm  gyydy the sensitivity of dark matter to thequark mass. This
and Cy;4<3.0x10 **cm from the *Hg analysis(where  is done in two ways: by assuming that the correction totthe
Chyg is defined as in Ref[33]). From Figs. 4 and 5 it is quark mass is a free parameter and also computing it from
apparent that larger negative corrections to the bottom quanop corrections. In each case it is found that the relic density
mass push the resonance region toward smaller values ¢f very sensitive to the mass of thejuark for large targ. In
tanp. Use of nonuniversalities for the gaugino masses, inthe analysis we focus on the region where the relic density
cluding the case of having relative signs among them, allowgonstraints are satisfied by annihilation through resonant
for larger negative corrections to tequark mass. There- Higgs poles. The analysis is then extended to incl@#e
fore, it is possible to achieve agreement with the WMAPphases in the soft parameters taking account oftReven
result for lower values of taf than in the MSUGRA case. andCP-odd Higgs mixing. Sensitivity of the relic density to
Considering only the main contributions from the gluino- variations in theb quark mass and t€P phases are then
sbottom, the bottom quark mass correction will reach itSpyestigated and a great sensitivity to variations in the
maximum negative value fof, + £3=m. The phase of the quark mass with inclusion of phases in again observed.
trilinear coupling also plays a role through the chargino loop-These results have important implications for predictions of
Thus we investigate the case with =0, £3=, and take  dark matter in models where tghis large, such as in unified
ozAO: 7 at the GUT scale. As an illustration we show in Flg models bases OS(Xlo), and for the observation of super-
14 that indeed the WMAP result is compatible with an symmetric dark matter in such models.

V. CONCLUSION

TABLE I. The EDMs for tanB=40 for casesi)—(iii) of text. ACKNOWLEDGMENTS
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APPENDIX A: RELIC DENSITY ANALYSIS The evolution equation foY is given by

The analysis of neutralino relic density must be done with

care since one has direct channel poles and one must use the (LYZ 795 (T) {ov é>(Y2*Y2 ) (A2)
accurate method on doing the thermal averaging over these dT 45G Mel s

poles[52]. We give here the basic formulas for the relic

density analysi$52—54 Here(ovyg) is the thermal average of the neutralino anni-

hilation cross section multiplied by the Mgller veloc[t3],

1 LB UL BLELELEL BLELELELE JLELELELE BLELELELE BLELELELE BLELELELE BLELE

FIG. 14. The neutralino relic density as a
function of the lightest neutralino mass for tan
=30, £&=0, £,=0, &=m, ap=m and 6,
=0. Two different values ofn, are displayed(i)
my=600 GeV (solid line and (i) mg
=750 GeV(dashed ling

IIIllllllllllIIllIIIIIIIIIIIIIIIIIIIIIIIIIII
%50 400 450 500 550 600 650 700 750 800

m
X

035014-15



GOMEZ et al. PHYSICAL REVIEW D 70, 035014 (2004

Yo=Y(T=T,=2.726 K), whereT, is the microwave back- puting thermal averaging since one must integrate over the
ground temperaturey ;= Y T) is the thermal equilibrium ~ direct channel poles proper[2]. We use the relation
abundance given by

45 m,\? [m, (o0 _ .
Ved T) 2X4W4heﬁ(T)( T) Kz( T)' (3) 8m\TK3(m, /T)
Vs
The number of degrees of freedomgis~81. However, we j dSU(S)(S 4m?) sk, T/
use a more precise value as a function of the temperature
obtained from Ref[55] and the same is done fdr. To (A7)

calculate the freeze-out temperatdrewe use the relation

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

o(s)=2w(s)/\s(s—4m?). (A8)

din(Ye)  [m0.(
dT 45G

= <ova>qua<5+2> (A4)

The equation forYy is

Since we only consider channe{s(—>ff_, (f=b,7), w(s)

Yo Y, vt Xg, (A5)  becomes
and Y;=Y(Tg)=(1+8)Ye{Ts). We have introduced the 1 am?\
amountXr, such that we can split the independent contribu- w(s)= o7 fET 1-— wi(s). (A9)
tion of each channel
e c; Is the color factor so that,=3, c,=1. The definition of
f ~ . . .
X7,= \ /@f Os (MY v yg)dT. (AB)  wq(s) is directly related to the amplitude
To
~ 11 _
We have takef,=0 andé= 1.5 following the suggestion of Wi(s)= _f d cosfey| Ay x— )% (A10)
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