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Higgsino Cold Dark Matter Motivated by Collider Data
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Motivated by a supersymmetric interpretation of the Cb&yy + Er event and the reported
Z — bb excess at LEP, we analyze the implied Higgsino-like lightest supersymmetric partner as
a cold dark matter candidate. We examine constraints and calculate its relic density, obtaining
0.05 < Qh? < 1. Thus itis a viable cold dark matter candidate, and we discuss its favorable prospects
for laboratory detection. [S0031-9007(96)00381-X]

PACS numbers: 12.60.Jv, 14.80.Ly, 95.35.+d

One of the successes of the supersymmetric version dife finally accepted as the cold dark matter. In this pa-
the standard model is that it provides a natural candidatper we will demonstrate tha¥; can be an interesting
for the cold dark matter of the Universe. Many authorsdark matter candidate, despite the fact that it is Higgsino-
[1] have lauded this feature of supersymmetry. AlthougHike, and we also discuss the direct detection prospects for
Higgsino dark matter was studied in the past [2,3], recensuch a particle. Our analysis assumes a general low scale
studies have often assumed that the lightest supersymmetdpersymmetric Lagrangian, with no presumed relations
ric particle (LSP) is theB-ino (B), the supersymmetric among parameters. No assumptions are made about the
partner of the hypercharge gauge boson. Furthermore, tlexact form of the high scale theory except that it exists
old studies did not take into account coannihilation effectperturbatively, and no assumptions are made about com-
[4], which in general cause Higgsino-like LSP’s to anni-mon gaugino or scalar masses. Rather, we assume that
hilate too efficiently [5] to provide cosmologically inter- the low energy theory can be described by a superpoten-
esting amounts of cold dark matter. tial plus general soft-breaking terms. We use the results

In this paper we revisit this question mainly because obf Ref. [8] for the mass and coupling requirements of the
the recenteyy + Er event reported by CDF [6]. This light supersymmetric states.
event has two different possible supersymmetric interpre- We emphasize that here we are not doing just another
tations. One [7,8] is that two selectrons are created whicktudy of cold dark matter, we are calculating the pre-
ultimately decay into electrons, photons, and a very lighdiction of the supersymmetric interpretation of the CDF
gravitino (less than about 1 keV) as would happen in lowevent for the cold dark matter. In order for the event
scale gauge-mediated supersymmetry breaking modelg have the selection interpretation, the mass parameters
However, these models have not as yet produced a comrmust be in the rangd5 < M, < 85, 60 < M, < 85,
pelling cold dark matter candidate, and so we do not con—55 = u < —35, 30 < My, < 55 (all masses in GeV),
sider the light gravitino interpretation further for this paper.and tan3 < 2. In addition, My = M, (within 15%) is

The second supersymmetric interpretation of this evenmeeded rather than satisfying the gauge unification condi-
[8] assumes the gravitino is not light, and then the LSRion M, = M,/2. The analysis of Ref. [8] was checked
is the lightest neutralino. Then the decay chain whichagainst all LEP and rare decay data and other collider
produceseeyy + Er is " (— e"Ny)é" (— e N,), fol- data. The values foM,, M,, u, tangB are correlated
lowed by the photinolike second-lightest neutralidode- so one must use consistent sets from the above ranges.
caying radiatively [9] into the lightest neutralii®/;) and LEP160 could see events that confirm the supersymmetry
a photon. N, is the LSP. Here, we denote neutralinos byinterpretation of the FNAL event, but witt5 pb~! or so
N; (and charginos by;). If the supersymmetric interpre- of data they do not cover the whole space.
tation of the FNALeeyy + Er event is correct, thew, N, as the LSP—In order to proceed with a discussion
has been observed at FNAL. Of course, that it escapesbout the dark matter qualities of th&¥, LSP, we
the detector only proves it lives longer thari0~® sec, must discuss its composition and mass. For convention
so its direct detection would be necessary before it cor.:lqburposes we write down the neutralino mass matrix

M, 0 —MzcosBsinfy  MzsinBsinfy

0 M, Mz cosB cosfy  —Mz SinB cosby (1)
—MzcosBsindy Mz cospB cosfy 0 — M
MzsinBsinfy  —MzsinB cosfy - 0
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in the {B,W3,—iH),—if% basis. If 0< —pu <
M, = M,, and tan3 is near 1, then the two lightest
eigenstates of the neutralino mass matrix ate~ y
(photinolike), and N, ~ sinBHY + cospH® + §Z
(Higgsino-like), where § < 0.1. This arrangement
of lightest neutralino mass eigenstates enhances th-
important radiative neutralino decay, — N;y, and
along with the eeyy + Er event of Ref. [6] implies
my, — my, = 30 GeV and30 < my, < 55 GeV [8].

From the invisible width determinations at LEP, the
Z is not allowed to decay intaVv;N; with a partial

tan(bet.

width more than about 5 MeV (a2o) [10]. In our
approximation,
aMy cos 2B < m12\,l )3/2
iy = —4—L] . LSP Mass (GeV
i = 505 Oy cOS Oy ! M3 (2) ass (Ge)

. . N .. FIG. 1. Contours of constarf® #*
Figure 1 has contours (dashed lines) of the invisible widthnyisible width (dashed lines) due & — NN, in units of

in units of MeV. Since ta® = 1 is the natural region for MeV. The curren2s bound at LEP on the invisible width is
the radiative decay requirements in Ref. [8], the invisibled MeV.
width constraint is easily satisfied even if it is applied with
the most stringent assumptions [11].

N, pairs annihilate through th& into fermion pairs. Consequently, the sfermion annihilation channel is not
To look at the prediction fo) 42, we can expand the numerically important.
thermally averaged annihilation cross section [12] into Thes channel Higgs exchange diagrams might possibly
fermions( f) in the following way: play an important role in the annihilation cross section.
However, if the pseudoscaldn®) is sufficiently heavy
then the pseudoscalar and heavy sc@i#h) Higgs bosons
will decouple; in the absence of information about the
wherea; andb; depend only on one unknown, the LSP heavy Higgs bosons we assume they effectively decouple.
mass. Applying the usual approximation method [2] toln this limit it can be shown that thev,N;h® vertex
solve the Boltzmann equation, the relic abundance can bso decouples. Furthermore, since the LSP is sufficiently

(solid lines) and constant

(0v) (x) = coS2B D (ay + byx), 3)
f

found:

~v\({ T, \* Nr
2 _ (5% 1011 <i> ( Y > F
Ok = @25 %107 T,/ \2.7K/ cog2p

GeV?
axy + %bx%

(4)

< ( ).

where Ny, (Ty,/T,)?, and x; must be solved for self-

light not to annihilate into top quarks, or vector bosons,
the light final state fermion masses contribute a further
suppression of th#’ mediated annihilation cross section.
The allowed mass range fof, from Ref. [8] overlaps
Mz /2. If consistency with the supersymmetry interpre-
tation of the LEPZ — bb excess is required, probably
My, < 40 GeV, but it is premature to assume that. If
My, = Mz/2, it is necessary to do the resonant calcu-

consistency. Calculations such as these could be validhtion very carefully [4,13]. There is always a value of

to a factor of 2 or better.
In Fig. 1 contours of) 2 (solid lines) are plotted in the

tang for which the curves of Fig. 1 continue acrads /2
smoothly, so we will wait untilmy, and tan3 are bet-

tanB-my, plane. Since the annihilation cross section ister measured to do the more precise calculations needed.

proportional to co528, when tar3 gets closer to 1) 4>
begins to exceed 1. Thechannel sfermion exchange is
greatly suppressed (sindg is mainly Higgsino-like), but
if the Z fraction of N, is large enough, then achannel
sfermion diagram which couples like the &) gauge

We show results in Fig. 1 foMy, < Mz/2, which we
expect is the most relevant region. Given the results
of Ref. [8], the only channel that could complicate the
simple analysis is coannihilation of the, with the 7,
[14], if mz, = my, (7, is the lightest stop mass eigenstate).

coupling could start to become important. However, thisWe expectm; = Mz/2, so probably this complication
potentially efficient annihilation channel is suppressectan be ignored, but until the masses are better determined

by a factor of §* and & is less than about 0.1 [8].
Comparing 8*/m; with cos 28/M3, this channel can
compete with the channelZ exchange only when tg8
is less than about 1.05. At tgh= 1.05 the annihilation
cross section is too small for all values mfy, in Fig. 1,
so we set this as our lower bound on allowed fan

it should be kept in mind.

The Hubble constamt is probably between about 0.5
and 0.8. Assuming the cold dark matter constitutes 0.4 to
0.8 of O, we expect thaf)y, #? should lie somewhere
between 0.08 and 0.5 in Fig. 1 (e.d.,57> X 0.75 =
0.25). We emphasize that Fig. 1 follows from the results
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of Ref. [8], and that apart from the approximations men-currently being considered by experimentalists for larger
tioned above this is a prediction of the supersymmetricscale designs. The spin-dependent cross section in this
interpretation of the CDF event. Further, we note thatscenario can be written as

the supersymmetric interpretation of the reported excess 4 2 2

of Z — bb decays at LEP leads to the same region of pa- o 82 005242’8 v A S AT+ 1)
rameters as Ref. [8], with Higgsino-liké, and with tan3 lom My (my, + ma)

near 1 [15], and therefore can conservatively be viewed X [Ad — Au — AsP, (5)

as consistent with this prediction, or optimistically as ad-
ditional evidence for its correctness.

Detecting N; as the cold dark matter—~We have
established that the samVg which is necessary to explain . . ]
the eeyy + Er event at Fermilab, and independently [18] the rate of interactions per day:
the LEP R, excess, is also a viable cold dark matter R — oé <1.8 x 10! Ge\/“)
candidate. Future experiments at Fermilab and LEP will my, ma kg day

be able to determine if the supersymmetric interpretation . .
of the CDF event is a valid one. However, these colliderdVhere ¢ quantifies the nuclear form factor suppression.

cannot determine experimentally N, particles in fact /€ are not considering the spin-independent cross section
are stable and comprise a significant portion of the cold’ this analysis since, as we argued above, the couplings
dark matter in the Universe. Now we discuss some of th@f N1 to all scalar particles are very small. It is possible
direct detection prospects for this particle. with a lighter pseudoscalar mass to have larger couplings
From kinematic analyses of the galactic rotation curve@f V1 0 the Higgs particles, which would increase the
it has been estimated [16] that the local density of coldPin-independent cross section, but to be conservative we
dark matter is approximatelp.3 < p < 0.7 GeV/cnm?® havg assumed that the Higgs effects are decpupled.
(we will use the lower number). Several experiments Figure 2 is a plot of the event7£gte per kilogram per
are under way to look for weakly interacting massived2y of Vi Interacting on~Fe and "Ge. The expected
particles (WIMP's) floating around our part of the Galaxy. SENSitivity [20] for “Ge is at about the 0.3 event contour
Neutrino telescopes hope to see the effects of WIMP" the. near future, and abogt 0.01. in the next round of
annihilations in the Sun. Our light Higgsino dark matter ©XPeriments. Thus the entire region of the plot above

candidate would be difficult to detect at the large aretP0ut the 0.01 event contour will soon be probed in the
neutrino telescopes since the muon threshold energy bletop detector; the tabletop experiment can sometimes

about 30 GeV, roughly equivalent to the LSP mass rang&® better than collider Iim7igs (see Fig. 1) for an interesting
we are considering. The neutrinos produced by thdart of parameter space:*Ge has a reduced event rate

LSP annihilations in the Sun will be at energies belowcompared to quorine mainly because of the nuclear Lan'dé
2J(J + 1) factor is smaller, and the nucleus mass is

this threshold, and so the converted muons will not b i ’ ! i . A
eavier. We interpret Fig. 2 as implying that fluorine,

energetic enough to be detected.

Other experiments [17] are designed to measure dire(glermanium, and relgted (;Ietectors may be able to observe
annihilations of LSPs in the galactic halo by seeing® cold dark matter signal in the next round of attempts.

an excess of photons, electrons, antiprotons, etc. in the
spectrum. The steeply rising photon background (as
energy decreases) makes the photon signal difficult tc
extract, and the broad energy spread of the electron
positron signal fotv; N; annihilations in the galactic halo
also complicates this detection possibility.

Lastly, numerous tabletop experiments [18] are being 20
set up with the hope of seeing WIMP’s interact with T
different nuclei. It is these experiments that we focus &
on here. We also urge a change in notation, nameI)E
that the acronym WISP (weakly interacting supersym-
metric particle) be used when the particle in question is
known to be a possible state following from a supersym-
metric Lagrangian and consistent with phenomenologica
constraints; many WIMP'’s discussed in the literature are
not WISP’s.

Since theZ coupling is the most important one, we LSP Mass (GeV)
concentrate on'*F and *Ge which are well suited for FiG. 2. Event rate contours fof°F (solid lines) andGe
spin-dependent scattering of LSP’s with nucleons, and ar@lashed lines) in units of kg/day.

where A, ¢ is the spin content of the proton [19] carried
by quark ¢, and m4 is the mass of the fluorine atom.
(SubstituteAu — Ad for Ge.) From this we can estimate

(6)

o
o
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In summary, our analysis is not just a study of the
parameter space for cold dark matter, but a report of the
implications of the CDF slepton candidate event and/or
the LEP Z — bb excess for cold dark matter. Both
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