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Predictions of neutralino dark matter event rates in minimal supergravity unification
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A detailed analysis of dark matter event rates in minimal supergravity mgMi8&M’s) is given. It is
shown analytically that the lightest neutralidg is the LSP over almost all of the parameter space, and hence
the natural candidate for cold dark matt€&DM). The radiative breaking of S®@)xU(1) constraints is shown
to be crucial in determining the expected event rates. Approximate analytic formulas are obtained to determine
the gaugino-Higgsino content of tt particle. From this one can deduce the behavior of the event rates as
one varies the SUSY soft breaking parameters ang.t&he constraint on the event rates due to the recently
measured— s+ decay is calculated. It is seen that these data eliminate most of the parameter space where
u (the Higgs mixing parametgandA; (thet-quark cubic soft breaking parametéave the same sign. Since
thet quark is close to its Landau polé is restricted to be mostly positive, and so most of the0 part of
the parameter space is eliminated. However, 810, one finds large regions of parameter space where the
event rate is large and exceeds 0.01 events/kg day. The importance of proper treatmestabfahieelZ and
Higgs poles in calculating the relic density is stressed. The implications of the recent new expe(B@ts
and E143 on the quark polarizabilities are analyzed and it is seen that uncertainties in these generally produce
only small uncertainties in the event rates. A discussion is also given of the sensitivity of the expected event
rates to changes in the allowed rangeZgfrelic density.[S0556-282(96)05313-1

PACS numbeps): 19.80.Ly, 12.10.Dm, 95.35.d

[. INTRODUCTION of galactic center than in the halo of the Galaxy implies that
at most 30% of the halo dark matter is made up of
The nature of the dark mattédM) which makes up more MACHO'’S [1]. Thus most of the halo of the Galaxy must be
than 90% of the matter of the universe is a particularly im-cold dark matter, and it is this dark matter that terrestial
portant issue as it may have a fundamental impact both odetectors can observe.
astronomy and particle physics. Dark matter has currently A possible source of hot dark matter is massive neutrinos.
only been detected by its gravitational interactions, and thudp this paper we assume that the cold dark matter component
may be composed of several constituents, e.g., baryonic dai& the lightest supersymmetry neutralino, theparticle. The
matter(BDM), hot dark mattefHDM), and cold dark matter anisotropy power spectrurfincluding the recent Cosmic
(CDM) (where “hot” and “cold” refer to whether the par- Background Explore(COBE) datg puts constraints on the
ticle was relativistic or nonrelativistic at the time of galaxy relative amounts of HDM and CDM. A reasonable fit to the
formation). One may measure the amount of each species dlll spectrum givesQcpy :Qupw=2:1. AssumingQg=0.1
dark matter by the ratid),=p;/p. where p; is the mass one then estimate@zl=0.6. What is theoretically calcu-
density of theith constituent ang.=3H?%/87G,, is the criti-  |aple is O h2 whereh=[H/(100 km/s Mpg¢]. Current astro-
cal mass densityH is the Hubble constant an@y is the  nomical measurements yield
Newtonian gravitational constanWithin the framework of
the inflationary scenario one ha);=1. The amount of 0.4<h=0.8; 2
baryonic matter is severely limited in the big bang cosmol-
ogy by the observed abundancies of light elements, i.ej,e., two groups of measurementstoéxist, one clustering at

0z=0.1. the lower bound and one at the upper boufidhe inflation-
Rotation curves of stars imply a density of dark matter inary scenario(with zero cosmological constgntrequires

our Galaxy of h=0.5] Thus we estimate
pom=0.3 GeV/cni (1) 0.1=07 h*<0.4 ©)

and this matter will be impinging on the Earth with velocity and we will assume these bounds in the followip@ur re-
vpm=320 km/s. The fact that microlensing finds far more sults are not qualitatively sensitive to the precise upper and
massive compact halo objedIACHQO’s) in the direction lower limits of Eq. (3) and we will discuss below what
changes occur if one perturbs thém/e also note that it has
recently been suggestg?l that if the valuen=0.8 is correct,
*Permanent address. the age of the universe and other cosmological problems
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could be accounted for by a cosmological constant with There has been considerable activity in the recent past to
0=0.6-0.8, and the remainder being CDM. This would alsocalculate expected event rates for dark matter detectors
lead tonlh2 being in the range of Eq3). [7-13. However, Refs[7—9] do not impose radiative break-

Current dark matter detectors plan to obtain a sensitivitynd and thus can get abnormally high event rafefsen by
of R=0.1 events/kg day. Future developments may improvéhoosing thePC odd Higgs boson to be too lightThe ma-

this toR=0.01 events/kg day. We will thus limit our discus- Jor part of the analysis of Ref10] is also done in this frame-
sion here to the part of the parameter space where WOI’k, and when radiative breaking is introduced the entire

parameter space is not scanned. Thus Réf. predicts event
rates that are too low. The analyg&s-11] also impose relic
R=0.01 events/kg day, (49 density constraints which leave out the full thermal averag-
ing over theZ andh (light Higgs bosoh s-channel poles. It
{s known that such omissions can generate serious errors in

since this sensitivity is what one may expect over the nexd ) lculation&ld. 1 d il bel hat it i
5-10 yr. Detection of theZz, depends on their scattering _ensny calculationgl4,19, and we will see below that it is
portant to treats-channel poles correctly for about one-

cross section by quarks in the nuclei of the detector. Thus ) X
y 4 alf the parameter space. Finally R€fg,8] do not include

calculation of event rates depends on two thing8) that . . .
- b 98) the heavy Higgs bosor, in the event rate calculation, the

the relic density ofz, obey the bounds of Eqs3), which importance of which was first pointed out in REL6]
limits the allowed triSuU t . , : N
imits the allowed supersymmetriGUSY) parameter space, The plan of this paper is the following. In Sec. Il we

and(ii) a calculation of th&Z; —q cross section. We consider . . i . .
(i) 14 briefly review the ideas of radiative electroweak breaking

these calculations in this paper within the framework of su d di h i of th i lati b h
pergravity grand unification mode]8]. While this model is and discuss t € ongin o t € scaling re gmons etween t €
asses of the light neutralinos and charginos and the gluino.

not a complete theory it possesses a sufficient number cec. |l hibit imat e f la f
accomplishments to warrant using it as the dynamical frame-ﬂ ec. 1l we e(;< I-II'I an approxmatfa analy ";] ormul_a or
work. Thus it accounts naturally for grand unification at athe gaugino and Higgsino content o tig in the scaling

scaleMg=10' GeV implied by the measurements at theregi_m.e. In Sec. IV we discuss the relic density calculation,
CERNe'e~ collider LEP ofay, @y, andas atM, ; it allows exhibit the importance qf correct treatment of Ehehanpel

a natural breaking of supersymmetiy the hidden sectomat resonances, and also d_lS(_:u5§ the event rate ca_llculatlons. We
the grand unified theor§GUT) scale(something that cannot also show that uncertainties in the nucleon spin content do
be done in a phenomenologically acceptable way in the mininot have any S|gn|f|cant effect on event rates for all targets
mal supersymmetric standard modMSSM), and is yet to except for 'ghe lightest ones such ase and. Cap. These

be demonstrated to occur in string thegiiy can account for results are in contrast with a r.ecent anab[QE] where the

the suppression of flavor-changing neutral curr@fENC) coherent part of the scattering was ignored and hence

interactions in a natural way; in the minimal supergravitydmr_ned a large effect. Section V is concerned with con-
model (MSGM) it depends on only four additional param- straints on event rates and SUSY parameter space due to the

eters and one sign to describe all the masses and interactiofis” S* ¥ décay and the top quark mass. We show there that

of the 32 new SUSY particle$This may be compared with there are si;able regions of the parameter spaceR@tﬁ.Ol
110 new parameters that can occur in the MSSM. including this constraint, and thus our results differ from

The supergravity interactions of the MSGM produce fourthose O_f Ref[18] which c_oncludes that W'th.thbﬁs' Y
supersymmetry soft breaking termsha, scaled bymy (uni- constraint, the event rate is very s_mall. We d|scus_s in Sec.
versal spin-zero magsm,;, (universal gaugino magsand VI the effect of varying the endpoints of E(g). Section VII
A, andB, (cubic and quadratic soft breaking constan@ne gives the conclusmns..The MSGM predicts that Ihes the
of the remarkable features of this theory is that this spontal—'ghteSt supersymmetrlp partlcle' over 5."”.‘°St.a” the param-
neous breaking of supersymmetryMat, generates, by radia- eter space. The analytic analysis of this is given in the Ap-
tive renormalization groupRG) corrections, the breaking of pendix.
SU2)xU(1) at the electroweak scalgt]: supersymmetry
breaking produces S@)xU(1) breaking. We will see below II. RADIATIVE ELECTROWEAK BREAKING
that radiative breaking is a key element in the analysis of ]
dark matter event rates, and failure to include it loses much At the GUT scale the MSGM can be described by the
of the predictive power of the theory. superpotential

While the MSGM possesses only four additional param-
eters to describe SUSY phenomena, and this is far fewer than 1 @)
the 20 to 30 of the 110 possible new parameters that is com- W= uoH Ho+ Wy + Mg W, ©)
monly assumed in the MSSM, it still possesses a large pa-
rameter spacgldeally, one would like to have four experi-
ments to determine the four parameters, making all furthe
predictions of the theory unigyeRecently, however, there
have been two new pieces of data, the CLEO measureme
of theb— s+ branching ratid5] and the Collider Detector
at Fermilab(CDF) and DO measurements of the top quar
masg[6]. We will see below that, while large error flags still
remain in these data, they greatly reduce the allowed param-
eter space.

yvhereWY is the cubic Yukawa couplings ant® contains
any quartic nonrenormalizable couplingahich possibly
lﬁad to proton decagy The spontaneous breaking of super-
symmetry leads to the soft supersymmetry breaking effective
kpotentiaIVSB and gaugino mass terbm).«<

V=3, 428 Za+ (AgWy+BouoH Ho+H.C),  (6)
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LY = — MmO\ (7) ~ order 1.(For a detailed discussion of the effects of the Lan-
mass 1/2 ’ 2 . .
dau pole see Ref20].) ThusmH2 does indeed turn negative

where{z,} are the scalar fields and” the gaugino fields. allowing SU2)xU(1) breaking to occur at the electroweak

Equations(5)—(7) arise after the supergravity interactions scale.

cause the spontaneous breaking of supersymmetry in the hid- In the following we will restrictm, andmyto be less than

den sector, the GUT interactions cause the breaking of thé TeV to prevent an unreasonable amount of fine tuning.

GUT groupG to SU3)xSU(2)xU(1), all superheavy and [Actually we will see that Eq(4) implies mg=(650—700)

hidden sector fields are integrated out, and nonrenormalizseV] Equation(11) then implies

able terms scaled b{i/M ;) are neglected. The universality

of the soft breaking parametensy, Ay, By, andm,,, is a w?>M3. (12)

consequence of the universality of gravitational couplings,

plus the additional assumption that the hidden sector fields ifwhich is satisfied ifu=(2-3M_] for almost the entire pa-

the Kahler potential also couple universally to the physicafameter space. Note also that the above discussion implies

fields. (This universality also guarantees suppression ofhatu? is an increasing function af andm.

FCNC interactions and thus is phenomenologically desir- Equation(12) is essentially the remnants of the gauge

able) The above results are generally insensitive to the nahierarchy problem in supersymmetry, i.e., from E@®-

ture of the GUT group provided the representations used t¢l1), u is scaled bym, andmand we allow the latter to go

breakG are not too largéso that GUT threshold corrections as high as 1 TeV. It has been previously shd&m] that Eq.

are not too big (12) leads to a set of scaling relations between the light neu-
The effective potential may be reduced to the electroweakralinos, chargino, and gluino,

scale by using the renormalization groliRG) equations.

Minimizing the Higgs potential with respect ¢, ,) yields UURIUUR S
[4] 2mz =mz, =my, = 37 7/™s (13
, Mi—upSta’g 1, —2Bpu as well as the additional relations
K" arfg-1 2 Mz, SINZB=2 2 2v 2
MR K2 my. =my.>ms; my=my.=ma>m,. (14
(8 3.4 2 1
Here uf=mj +3; wheremy, is the runningH; mass at Also one finds
scaleQ~M; andX; are loop corrections. Th(m,ﬂi are given 63 GeV=m,; <120 GeV, (15

by
where the lower bound omy, is the current LEP limit. Equa-
2

mH1:m§+ m2,.,9(t), (99  tions (12—(14) are thus a direct consequence of radiative
electroweak breaking, and we will see below that they play a
mﬁ2=mi/ze(t)+Aom1/2f(t)+mSh(t)— K(HAZ, (10) ggglcr;%r;]t :glgsm determining relic densities and dark matter

where the form factors, f,g,h,k are defined in Ibagz et al. ~

[4], the gluino mass isty=(a3/ag) My, (With ag the GUT il. COMPOSITION OF  Z,

coupling constant andt=In(M 3/Q?). One may show that The Z, is generally a mixture of gauginod/s, B and
solutions exist to Eq98), i.e., that SW2)xU(1) is sponta- Higgsinosﬁl, H,. We write

neously broken, if and only if at least one of the supersym-

metry soft breaking interactions are nonzero. Thus it is the Z,=n;Ws+n,B+nsH; +ngH,. (16)
supergravity interactions 8 ¢ that give rise to the breaking
of SU(2)XU(1) at the electroweak scale. The expansion coefficienty are determined by diagonaliz-

To obtain a qualitative picture of the implications of elec- ing the neutralino mass matrix. In th&Vg,B,H,,H,) basis
troweak breaking, one notes from E@) that for taf 5>1  this readq3]
(i.e., tanB=2-3) that

m 0 a b
1 0 m
2 2 2 m c d
=—m; — = M5—3,. 11 == 1
Iu’ HZ 2 z 2 ( ) MZ a C 0 _M 1 (17)
. o b d - O
Thus for electroweak breaking to occur, it is necessary for
mﬁz to turn negative(Z, is generally a small correction. \here M= (ol ag) Mg, a=M,C0s,,C0B,
The measured value of the top quark mass idb=-Mzcos,sinB, _ c=—Mysing,coss, and

m,=(176+8+10) GeV from CDF[6] andm,=(199'33+22)  d=Msin4,sin3. The Z, is the lowest mass eigenvector of
GeV from DO[6] while indirect determinations from LEP Mgz, which may be determined in general numerically. How-
yield m=164,,°, GeV [19]. These imply that the top is ever, as discussed in Sec. Il, radiative breaking implies
relatively close to its Landau pole. In this domain, prat  u®>M 2. One may generate an approximate analytic form by
the electroweak scaldyt), e(t), andf(t) are negative and treating the two blocks proportional i, perturbatively. To
g(t) and k(t) are positive. Further, botth| and |¢] are of  second order perturbation theory one finds
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FIG. 1. El annihilation diagrams for annihilation in the early
universe.

1M, 1 M ; . my
n15—§7 (l—mi/,uz) - sin 260\ sin 2,8+7 )
(18)
1M2 1 m mi
n2=1—5M—;msin26W 1+715in 23+M— ,
(19
M, 1 , _ my
n3:7TWsm O sin B 1+700t,8 , (20
M5 1 . my
n4:—7Wsm 6w cosp 1+7tanﬂ .
(21)

Equations(18)—(21) differ from the numerical computer re-
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about=25%) the current relic density is given by
TE 3 T 3(N )1/2
M2 11 )| 1y f
where
Xt
J(xf)=f dx(ov), x;=kT¢/mgz,. (23
0

Here x=kT/mz,, N¢ is the effective number of degrees of
freedom at freeze out,T(zllTy)3 is the reheating factor, and
T, the current microwave radiation temperatyie K). In
Eq. (23), o is the annihilation cross section,is the relative
velocity and angular brackets means thermal average.

Freeze out generally occurs when thgare nonrelativis-
tic, i.e., atx;=kTy/mz =1/20. Thus the thermal average
may be taken over a Boltzmann distribution:

(ov)=f dv v2ov exqd —v2/4x] /f dv v?
0 0

X ex] —v?/4x]. (24)
The nonrelativistic nature of the annihilation process has
lead, in the past, to making a nonrelativistic expansiooof
i.e., cv=a+b(v?/c?)+--; after which the thermal average
becomes trivial to take. This is a good approximation for the
t-channel pole diagrams of Fig. 1, and for trsehannel dia-
grams when 7, is not in the vicinity of theh or Z poles.

However, when hz is near thes-channel poles, the non-

sults by amountsn, <0.03 over almost the entire parameter relativistic approximation fail§14] and can produce errors

space(and are generally a good deal bektdrhus one may

as large a factor of 10015] due to the fact thatv is a

use them to_understand the nature of the solutions. One se&&pidly varying function in this region. Further, the thermal

first that theZ, is mostly bino sincen, deviates from unity
by second order effect€(M 2/x?). Usually, n,>0.95 and
often larger. However,ns, n,, and n, are first order,
O(M/w). This allows the Higgsino components of theto

averaging smears the region where this effect can occur
(characteristically over a regioss10 GeV in mz, or ~50
GeV in mg). For this situation one can first perform the
integral of Eq.(24) analytically, and then calculate E(®3)

become considerable, e.giz~0.2. The coherent part of numerically.

the Z;-nucleus scattering in dark matter detectors, depend In the following, we will investigate the parameter space
upon the interference between the gaugino and Higgsindefined by the bounds

components of th&, [7]. Thus such terms can become quite

large, and as will be discussed in Sec. 1V, this means that the 100 GeV=my<1 TeV; 150 Ge\emg=<1l TeV,

coherent scattering almost always dominates the incoherent (25
(spin dependeitscattering. Thus there is a large difference
between &, whose bino amplitude is 0.95 and one which is —6<A//mp<6; 2<tanpB=<20. (26)

100% bino, and one cannot approximate the former as bein _
pure bino. We also note that the above results are a direa%he lower bound ommg is the current Tevatron bound and
consequence of the radiative breaking conditions, and woulth€ upper bounds om,, mg are to prevent excessive fine
not in general hold without them. tuning of parameterdSimilarly, we view tan3=30 a fine-
tuning of the Higgs vacuum expectation valM#EV) ratio ]
The range orA; covers the allowed parameter spdeden
_ all other experimental constraints are impgsedne may
The primordialz,, created at the time of the big bang, can estimate the region of this parameter space where the above
annihilate in the early universe. The main diagrams for thigdiscussion of-channel poles is important. The scaling rela-
are shown in Fig. 122]. At high temperature, th&, is in  tions, Eqs(13) and(14), allow us to chooseng as the inde-
thermal equilibrium with its decay products. However, whenpendent variable. One sees from these relations, that, varying
the annihilation rate falls below the expansion rate of theover the field parameter space, one is generally near an
universe, freeze out occurs at temperatliye The Z; are  s-channel resonandé or Z pole) whenmg=450 GeV, and
then disconnected from the background and continue to arfence for this region one must treat thehannel terms ac-
nihilate. In the simplest approximatiof23] (accurate to curately. This is borne out by detailed numerical calculations

IV. RELIC DENSITY AND EVENT RATE ANALYSIS
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Since the squarks are generally heavy over most of the

i ) o 4 parameter spacég, is dominated by its Higgs contributions
z, z, which has the general forfi26]
nO HO 20 , cqs ay
: . = AHiggs % | Fn sin
q q Sl 4MW mﬁ — S|n ay
- cosf
FIG. 2. Z,-quark scattering diagrams for a terrestial dark matter ]
detector. SIn ay
Fu sin B u quark
which show that significant errors occur in the calculation of + m2 | cosay d quark (31)
Q‘z‘lh2 with mz=<450 GeV when the nonrelativistic approxi- H cos B

mation to{ov) is made, while the approximation is gener-
aIIy gOOd for m§> 450 GeV. Since the constraint on detec- where Fh:(nl_ n, tan QW)(n4 cosay+ng sin aH) and
tion rate, R=0.01 events/kg day, requiresg=(650-700) F,=(n,—n,tanf,)(n,sinay—nz cosey) and ay is the
GeV, we see that a correct treatment of shghannel poles is rotation ang|e needed to d|agona||ze the HO mass matrix.
important for a large fraction of the total parameter space. Thus the Sl scattering arises from interference between the
Detection of dark matter impinging on the Earth dependsgaugmo and Higgsino parts of tm i.e., from Eqs(18)—
upon theZ1 guark scattering cross section for the quarks in(21) from then, X n5 terms ofF, ;; for most of the parameter
the nuclei of the detector. The basic diagrams are shown Igpace In gener&]ndudmg the |00p corrections to the H|ggs
Fig. 2. This process has been studied by a number of authoffass matrix[27]) one finds that tay,~0.1. Hence, for
[24], and can be represented by the effective Lagrangian most of the parameter space, thecontribution tod-quark
— B scattering is suppressed by a factor oftap relative to the
Let=(x17* 7" X[ A7u(AqPL+B¢PRIA] H, and this can overcome the fact thaf,%/m,?>1. In fact
+(ZX1)(H3qqu)- (7 Wwe find that. the!—l contribution vgries from 1/10 to 10 times
= the h contribution as one varies over the full parameter
Here x, is the Z, field, q is the quark field, and space, and itis essential to keep both neuirleven Higgs
Pr.L=(1%¥)/2. The coefficient#\, andB,, arise from thez ~ bosons in the analys[d.6].
t- Channe| p0|e and thq S- Channe| po]e Wh||g: comes In contrast to the above, the COntI’ibUtiOﬂSAtéb from the
from theh® andH® t-channel poles and tfgs- ~channel pole. Z pole depends on3—nj which is small by Eqs(18)—(21).
(We follow the notation of Ellis and Flord3] where explicit ~ Thus for heavy nuclei detectors one always has
formulas forA,, B, Cq are given for thég, h, andZ pole
diagrams). Rs>Rsp (32
The first term of Eq.(27) gives rise to spin dependent
(incoherenk scattering while the second term gives rise to
spin independer{coherenk scattering. Summing over all the
guarks in the nucleus, the latter term then produces an ad
tional factor of the nuclear mash] . The event rate for a
detector then takes the forf24]

and even for the light CgFdetector which has a large
A2J(J+1) value, the spin independent scattering dominates

Jpver most of the parameter space.

Rsp depends on the spin content of the nucleons defined

Pz,

R=[Rsi*Rsoll 53 Gevem?

vz, events (nlay*y°qln)y=2s{;Aq, (33
320 km/

kg day’ where s, is the spin four-vector of nucleon, and Aq
(28 measures the part of the nucleon spin carried by qgark
. L= L has been suggesté¢d?] that the differences between older

v’vuherepzl. is the local m.as's density @, v7, the. incident data[28] and more recent dati29] determinations ofAq

Z, velocity, and the spin independe(8]) and spin depen- (particularlyAs) could produce uncertainties in the value of

dent(SD) rates have the forrf25] R leading to errors as large as a factor of 30. This could

indeed be the case if the, was pure gaugindi.e., n,=1,

16mz My M4 n;=n,=n,;=0) for thenRg, would vanish. However, as we
Rsi= [My+m3 ]2 |Asi®, 29 saw above, a significant interference between the gaugino
and Higgsino parts of thg; exists(i.e., theZ, amplitude has
16m3 M a gaugino amplitude of (_)nly_a_bqu_t 0)9Rading inst«_aad to
Rep= —2 N2J(J+1)|Agp|2, (30) Eq. (32) for h(_aavy nuclei, minimizing the effect. Figure 3
[My+mz ] shows the ratio between the predicted value of the tBtal

using the new and old data fdrq for a Ge detector. The
where J is the nuclear spin and\ is defined by difference is less than 10% over the entire parameter space.
(N|ZS|N)=X(N|J|N). We note that for larg&, Rg~My  While larger errors can exist for a Cafletector, wher&kgp
while Rgp~1/M, showing that the heavy nuclei are best foris large, even here the difference is less thaB0% over
detectors sensitive to spin independent scattering. 92% of the parameter space.
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FIG. 3. R(new/R(old) vs u for a Ge detector. “New” data is
Ref.[29] and “old” data Ref.[28].

A more serious uncertainty exists Ry, due to a lack of
knowledge of thes-quark content of a nucleon defined by
(njmgss|ny=fM . Estimates off; [30] have about a 50%
uncertainty leading to &(30—50% uncertainty irRg,. This

will not, however, change the qualitative nature of the results

given below.

One may now understand analytically the dependence of
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FIG. 4. Diagrams contributing tb—s+vy decay atW mass
scale.

rate. Otherwise it is excludedThe Pb detector is generally
considerably more sensitive than the GaEtector since its
nuclear mass is considerably larger increasingRgecontri-
bution[as seen from Eq$29) and (30)].

The solid lines in Figs. 5 and 6 also show that the param-
eter space is bounded A& with most of the allowed region
occurring forA;>0. This phenomenon is due mainly to the
fact that thet quark mass is large and hence close to its
Landau pole. As one approaches the Landau pole, the light
stop massmy, obeys[20]

2
m- =—

1A2R+ 2 (NP 34
L~ 3D, my (NP), (34

the event rate on the different SUSY parameters. From Eq.

(11), we see tha? is an increasing function o:Fm,ﬂ2 and

hence by Eq(10) an increasing function afi . As shown in
the discussion following Eq:31), the major contribution to
Ag (which dominates the total event ra® is proportional

to (n,n3) [or (n,n,)] which by Egs.(18)—(21) are the lead-
ing [Q(M,/u)] terms. These decrease with increasing
Thus one expectR to be a decreasing function ofg . This
indeed was what was seen in the detailed computer calcul
tions of Ref.[12]. Further, for radiative breaking, which im-
plies tang>1, Eq. (31 also shows that thd-quark ampli-
tude is an increasing function of tgh Again the computer
calculations of Ref[12] show this rapid rise oR with tan .
The behavior oR with respect tan, is more complicated. It
turns out that there is an accidental cancellation of the coe
ficient of m3 in Eq. (10) at m,~170 GeV. Above this the
coefficient turns negative causingto increase at fixed\,
with increasingm.

The calculation of the detector event rates now proceeds

as follows. One calculateﬁ’z'lh2 and selects that part of the
parameter space of Eg®5) and (26) that satisfies the con-

where

Do=0.164 (m{)?—(m)2)/M§,.
(35)

Ag=A,—0.613ng;

m!=197 singB is the fixed point mass, anm%l(NP) is a

relatively smooth nonpole contribution. Fér sufficiently
Zfé\rge, thet,; becomes tachyonic, eliminating such parameter
points from the parameter space. One expects then a lower
bound onA; for A;<0, and similarly an upper bound for
A;>0 (as we are requiringig<<1 TeV), with the domain of
positive A; being larger than for the negativi since can-
celation inAg between theA; andmg term can occur in the
ormer case. One finds, in fact, including correctly the non-
pole part in Eq(34), that form,=170 GeV
—0.6sA;/my=<5.5. (36)
Thus the high mass of thequark eliminates a large amount
of the SUSY parameter space.

straint of Eq.(3) as well as the LEP and Tevatron bounds on

SUSY masses. One then calculates the eventRdtr this

allowed part of the parameter space. The solid lines in Figs.
5 and 6 show the maximum and minimum event rates for

©<0 and >0 as a function ofA,/m, for a Pb detector as

V. CONSTRAINTS FROM b—s+y DECAY

The b—s+ y decay is a sensitive test for new physics,
since it is a flavor changing neutral curréRCNC) process.

one lets the remaining parameters vary over the allowed parhys the Standard Model and new physics loops enter at the
rameter spaceThe relevant parts of these graphs are for thesame order. This is explicitly exhibited in Fig. 4. where the

regions wherd,,,,=0.01) As can be seen from the previous

basic diagrams for the decay at scaleM,, are given for

discussion, the largest event rates occur for the largest asysy models. ThaV-t loop is common with the standard

lowed values of taB and for the smallest values ofrg .
[The sharp peaks and dips in tRe,,, curves arise from the
fact that a small value ofng implies by Eq.(13) a small

model, while the other loops are the additional supersymmet-
ric contributions. The measured CLEO branching ratio for
B—Xs+7yis [5]

miy, - If this parameter point also satisfies the LEP cut that

my,>45 GeV it is allowed and gives rise to a large event

B(B—Xsy)=(2.32+0.5+0.29+-0.32 X104 (37)
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or combining all errors in quadrature one hasb—s+y decay. Th&—W diagram can become large, how-
B(B—Xsy)=(2.32+0.66x10 *. This result represents an ever, whenmy and mg, are small. Thef (mass* matrix
additional limitation on the allowed SUSY parameter spacereads

and we discuss in this section the effect the CLEO data has

on dark matter detection event rates. m> m,(A;— u cot B)
In the spectator approximation, tBemeson decay can be L m2 , (42
related to theb quark decay. It is convenient, to define the m(A;— u cot B) 'R

guantityR as . 2 2 ) . .
where expressions fan: , m7; are given in[20]. The light
L R

B(B—Xyy) _ T(b—s+7y) T eigenvalue is

—= —=R. (39
B(B—X.ev,) TI'(b—ct+et+uwy) 1, B 1, 5
my =5 (my +m~t~R)—L—1(m~t~L—mt )2
[A Cahibbe-Kobayashi-Mashaw&KM) and (m,)° factor,
which has large errors, cancels out iR.] Here 2 2 12
B(B— X ev,) =(10.7+-0.5%. The diagrams of Fig. 4 can be FMi(Ac—p cotp)T| (43

described by an effective Hamiltonig81]
One has tham;? can become small if, is negative due to
E the Landau pole in Eq$34) and(35). Further whenrA, and
Herr=VioVis 75 C1(Mw)Qy, (39 4 have the same sign the theoretical predictionB¢b— s
+ ) will become large if alsqm\x,1 is small, while the SUSY

whereQ,=(e/24m)mys o*"bgF ,, . HereF , is the elec- effect onB(b—s+ Z) will be small for A; and u having
tromagnetic field strength armd, is the b-quark mass. One ©OPPOSite sign(or m;, becoming large This can be seen
must use the renormalization group equations to go frongxplicitly to be the case from detailed computer calculations
scaleu=M,, to u=m, where the decay occurs. To leading given in[33].

order (LO) in QCD correctionsR is then calculated to be ~ Equation(36) shows that the major part of the parameter

[31] space ha#\;>0, and so thdo—s+vy decay is expected to
influence mostly thex>0 branch. One may quantify this by
* |2 requiring that the theoretical rate f&(b— s+ vy) be within
thvts 6 ff . .
=V 2 |CS(my)|?, (400  the 95% C.L. bounds of the experimental value. One finds
cb T

then that foru>0 one is restricted to the region

where | (z)=1-82z2+82°— 78— 247%nz is a phase space —0.25<A,/my<0.5, u>0; (44)
factor (z=m./m,) and
i.e., about 40% of the parameter space of &%) is elimi-
nated by theb— s+ data. In addition, sections of the pa-

8
CM(my) = 7192 (Myy) + 3 (7*423— 1623 Co(M ) rargefteros<paceowith snaaih;j are eliminated fol, <0, u<0
and for 0<A;<0.5, u>0.
+Cux(My). (41) The effects of the above restrictions are shown in Fig. 5

(u<0) and Fig. 6(u>0). In Fig. 5 one sees that event rates

HereQ8=(g3/16a-rz)mbs_Ro“”TAbLGﬁv, whereTA andGﬁV are reduced in the small domain Af<O0 (as the Iowm\],1
are the gluon generators and field strengths@pntepresents  part of the parameter space is eliminatebut not signifi-
operator mixing with the four-quark operators. cantly modified over the remainder of the parameter space
The QCD corrections are large for this process and thavhereA:>0, since hergu andA; have opposite signs. Figure
next to leading order correctioriiLO) are needed to obtain 6 shows that the only remaining part of the parameter space
an accurate theoretical prediction. At present, however, nds the narrow band oA;<0.5, and all of the parameter space
all the NLO terms have been calculated. Thus the theoretica¥ith A>0.5 (whereu andA; have the same sigris elimi-
analysis has an estimated error of abouB0% with a  nated. Thus the major effect of the-s+y data is to elimi-
standard model (SM) prediction of B[B—Xgy] nate regions of parameter space, rather than reduce expected
=(2.9+0.9xX10 * for m,=174 GeV[32]. TheH -t SUSY event rates. As can be seen from Figs. 5 and 6, there still
diagram of Fig. 4 adds constructively to the SM amplituderemain regions of parameter space with large event rates.
while theW—t loop may enter constructively or destructively (This is to be contrasted with the results stated1i].)
with the SM model amplitude. Since the central value of the
CLEO data of Eq(37) already lies about 1 std. below the VI. VARYING THE BOUNDS ON Qzlh2
central value of the SM results, the current data cannot tol- ) _ o
erate a large amount of constructive interference with SUSY The analysis considered above was, done within the
amplitudes. Thus, in spite of the large errors in the currenframework of the bounds of E¢3) on 7 h®. We consider
data, theb— s+ decay produces a significant constraint onnow the effect of varying these bounds. We first note that the
the SUSY parameter space. Z, annihilation cross section in the early universe arising
As seen from Eqgs(14), radiative breaking generally im- from the diagrams of Fig. 1 is a decreasing function of
plies my. is large, suppressing its contribution to the mz . Alternately, from the scaling relations EL3), one
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FIG. 5. Maximum and minimum event rates for Pb detector vs
Ai/mg without b— s+ vy constraint(solid) and withb—s+ vy con- wal ]
straint(dashed at 95% C.L. foru<0. Other parameters are varied '
over the range of Eq$25) and(26) with m;=168 GeV.(The mini-
mum event rates are unaffected by the s+ constraint). . . . .
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may say then thaﬂ‘z‘lh2 increases asng increases. On the
other hand, we saw in Sec. IV that the event rRtés a FIG. 7. Maximum value ofng (a) and the value onglh2 at

decreasing function aft;. We are interested in this paper in thjs mg (b) as a function of tarB for x<0 for domainR>0.01

the regionR=0.01 events/kg day which will be accessible events/kg day for Pb detector as other parameters are varied over
experimentally in the forseeable future. This bound Rn range of Eqs(25) and (26) with m;=168 GeV. The curves are
then puts an upper bound omy . The largest allowed value labeled by values oA/m,=0,2,3,4 in ascending order of their end

of mg occurs for the largest value of tghand smallest value points on the right-hand side ¢4), andA/my=3,2,4,0 in ascend-

of my [which by Eqgs. (25 and (26) we are taking as ing order of their end point on the right-hand side (o).

tan 8<20, my=100 Ge\, sinceR increases with ta and

decreases witim,. One finds then for the parameter space2nd S0 EQ/(45) represents the true upper bound g for

defined by Eqs(25) and (26) that for <0 one hag34] ?eacrtlérrzatter that can be detected with current designs of de-

A detailed inspection of the full parameter space shows
that the limitationR<<0.01 implies then that the early uni-
verse annihilation channel8,;Z,—hh,Zh are closed. The
For u>0, mg can rise to(700-750 GeV. However, this channelZ,Z,—~WW,ZZ is almost always closed, and the
occurs forA;>0, and as discussed in Sec. V, this region ofsmall regions in parameter space which allow this annihila-
the parameter space is eliminated bylbhe s+ decay data, tion are very close to threshold and hence highly suppressed.
Hence, one need not consider the vector meson channels in
the analysis of27 h? given in Sec. IV.

The behavior ofﬂzlh2 andR as a function ofmg also

shows that the boun&=0.01 implies thatmg<650 GeV.
This is exhibited in Fig. @). One sees, as shown in Fig.
7(b), thathlh2<0.3 when R=0.01 at these maximum val-

ues ofmg (except whem/mg is small and targ is large.
Thus in this domain, the results obtained above are not sen-
sitive to the precise upper bound in E@). (The excep-
tional region of largeth? can occur whermy is large (re-
ducing the relic annihilation ratewith a sufficiently large
4.0001 n > £ F 5 Afma tan 8 to maintainR>0.01) If one were to lower the upper
bound belowﬂzlh2=0.3, then the upper bound ang is

FIG. 6. Same as Fig. 5 fou>0. The parameter space with the further reduced. This is shown in Fig. 8, where it is seen that
b— s+ y constraint terminates fok,/mg>0.5. if Q§1h2< 0.2, thenmg<<400 GeV, which would make the

mz=650 GeV forR=0.01, u<0. (45)

Rlevents/kg day
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FIG. 8. Maximum value ofng as a function of the upper bound
on QZ h? for u<0 for tanB=6, At/mo 0.5. (Results are insen-
sitive to the values of tag and A, .) -4 5 + < 5 + :

gluino accessible to the proposed high luminosity upgrade of Adfmo

the Tevatron. We note that in both the inflationary scenario

with a cold-hot dark matter mixture or the scenario with cold F|G. 9. Maximum event rates for Pb detector as a function of
dark matter and a cosmological constant, low values of,/m, for u<0forQz, h?>0.10(solid) andQz, h?>0.15(dashedl
QZ h? are preferred. This follows from the fact that in the Other parameters are varied over the range of E2f. and (26)
former case one needs a small valuddf.e., h=0.5 so that with m;=168 GeV.(The b—s+y decay constraint is not here im-
the age of universe be consistent with the estimated age @Psed

globular clustergin the latter case becauslil is small(i.e.,

Q7,=0.2-0.4 since the majority of the matter of the uni-whereA, and u have the opposite sign. Thus the majority
verse is in the cosmological constant (though not all of the allowed parameter space is in the

We now turn to the question of sensitivity of results to the 910N whereA>0 and u<0.
lower bound onQ3 h2. As discussed above, lo@; h? Physical quantities in the MSGM depend on four SUSY
1 ! 1

arises whemmyg is small, which is also the domain of param- parametersmo, Mg, Ay, tanf, and the sign ofu. Thus a
eter space wherR can be large. Also, as discussed in Sec.
IV, the peaks and dips dR.,. in the solid lines in Figs. 5

and 6 arise from whether or not the LEP boum\q,l>45

GeV can be satisfied. Figures 9 and 10 exhibit the effect on
the maximum event rates for Pb and GaEtectors when the
boundQz, h?>0.10 is raised )z, h2>0.15. One sees that
the sharp peaks get reduced, but otherwise the results are
qualitatively unchanged. There still remains, however, a siz-
able amount of parameter space whBrexceeds 0.01.

n <

-2

VIl. CONCLUSIONS

We have examined in this paper the direct detection pos-
sibility of Z, cold dark matter within the framework of the
minimal supergravity mode(MSGM) for the parameter
space defined by Eq$25) and (26), and for relic densities
Q3 h? in the range given by Eq3). [Equation(3) encom- s
passes the range one would expect from inflationary cosmol-
ogy for either the cold-hot dark matter scenario or the cold -4
dark matter plus cosmological constant possibili@ne fur-
ther limits the parameter space so that experimental bounds At /mo
on SUSY masses are obeyed. Two new pieces of datd, the ‘
quark mass and thb—s+vy branching ratio, have greatly ~ FIG. 10. Maximum event rates for CaBetector as a function
constrained the SUSY parameter space. Thus the factithat of A/mg for u<0 for Q7 h?>0.10 (solid and Q7 h?>0.15
is large(i.e., close to its quasi infrared fixed pojifitmits the  (dashegl Other parameters are varied over the range of E2§.
domain ofAt to be mostly positive, while the experimental and(26) with m,;=168 GeV.(The b—s+ vy decay constraint is not
b— s+ decay rate limits the parameter space to be mostlyere imposed.

-3

LOG EVENT RATE, CaFa,

0 1 2 3 4 S
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general quantity has a complex behavior as one varies ovevhere the form factor$;(t) are defined as

the full parameter space. Radiative breaking, however, plays

a central role in MSGM predictions and allows one to under- fi(t)=t(2+ Bit)/(1+ Bit)?, (A5)
stand analytically the qualitative behavior of the event rate

for the detection ofZ, dark matter. Approximate analytic where t=2In(Mg/Q) and Bi=ag($,1,—3) are the Ul)
expressions were obtained in Sec. Il for the content of the<SU(2)XSU(3) B functions withag= ag/4. In the follow-

Z, showing that theZ, was mostly bino, but with a non- ing we useag=1/24,M3=2x10'"° GeV, Q=M. One finds
negligible amount of Higgsino. One can see from this thathen f;=38.1, ,=99.0, f3=772.0. In order to analytically
the spin independeritoherent contribution generally domi- illustrate the results, we will perform the remainder of the
natesR (and hence the most sensitive detectors are thosealculation in the scaling limit of Eqg13) and (14). (A
with the heaviest nuclgiand thatR decreases witlm, and ~ more accurate numerical calculation gives results close to the

mg and increases with tg8. analytic oneg.One can then relata,;, to theZ, mass by
Current dark matter detectors hope to obtain a sensitivity s
of R>0.01 events/kg day in the forseeable future. As seen mz =my=(ai/ag)My, (AB)

here, such a sensitivity will allow the exploration of a sizable

amount of the SUSY parameter space, though there will stilbr my,;=2.45m7 . Equations(A3) and (A4) then become

remain large sections that fall below this bound. The domain

R>0.01 corresponds tog=650 GeV and is insensitive to mé =ma+ O.912n% —sir? 6yM3 cos B, (A7)

the choice of upper bound dﬂzlh2 of Eq. (3) for most of R 1

the parameter space providedlzlhz) ma=0.3, and only

mildly sensitive to the lower bound of E@3). Thus dark

matter could only be expected to be seen by current detector _

designs if the gluino is not too heavy. The requirement that they not be the LSP then becomes an
upper bound omz:

m2=mZ+ 3.19~n§1+ 1 M2 cos . (A8)
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APPENDIX Equations(A9), (A10), and(A2) are three inequalities con-
straining the parametersz, , mo, and tanB. In addition we
Rave the fine tuning constraints of,, mg<1 TeV.

In the scaling limit then Eq(A9) implies, for mg=

In N=1 supergravity there are three possible candidate
for the lightest supersymmetric partidleSP). These are the
Z,, thev, and théeg . We discuss here the region of param-

. - . TeV,
eter space where ttg is the LSP. The basic requirement for
this is then that my>41.9 for tanB=1; my=0 for tanB=4.7,
In addition one has the LEP constraint that with corresponding smaller lower bounds om for smaller
values ofmg . Thus for almost the entire parameter space the
mz,=20 GeV. (A2)  MSGM predicts that th@g is not the LSP.

Turning to thew constraint, we see that the right-hand
The requirement that th@; be heavier thaiZ, is an experi-  Side of Eq.(A10) falls below the LEP bound EqA2) (and
mental constraint as otherwise a charged LSP would havBence becomes irrelevarwhen
already been discovered. We will see that in fact this condi-

2 2
tion is obeyed for almost the entire parameter space. The mg>3 M3(—cos 28)—(20)%/0.456 (A12)
region where thé& is the LSP will also be seen to be very
small. and hence
The'er and> masses can be expressed in terms of the
basic MSGM parameters 4] my=0 for tanB<1.24; my>57.3 GeV for tanB=1.
(A13)

mg =mi+ag & fami,—sir’ 6yMZ cos 8, (A3)

Alternately for all tanB, Eq. (A10) is satisfied for allm, if

mz,>43.6 GeV(or mg>308 GeV). Thus thev is predicted

me=ma+agl$ fo+ 3 f1lmZ,+ 3 M2 cos 23, to be heavier than thg, for all but a very small portion of
(A4)  the parameter space.
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