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Light scalar top quarks and supersymmetric dark matter
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A stable neutralinox̃1
0, assumed to be the lightest supersymmetric particle, is a favored particle physics

candidate for cosmological dark matter. We study coannihilation of the lightest neutralino with the lighter

scalar top quarkt̃ 1. We show that for natural values of the neutralino mass,&300 GeV, thex̃1
0- t̃ 1 mass

difference has to exceed;10 to 30 GeV ifx̃1
0 is to contribute significantly to the dark matter. Scenarios with

smaller mass splitting, wheret̃ 1 is quite difficult to detect at collider experiments, are thus cosmologically

disfavored. On the other hand, for smallt̃ 1-x̃1
0 mass splitting, we show that coannihilation allows superparticle

masses well beyond the reach of the CERN LHC,mx̃
1
0;5 TeV, without ‘‘overclosing’’ the Universe.

PACS number~s!: 12.60.Jv, 14.80.Ly, 95.35.1d, 98.80.Cq
.
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There is convincing evidence@1# that most matter in the
Universe is dark~nonluminous!:

0.2&VDM<1, ~1!

whereVDM is the dark matter~DM! density in units of the
critical density, so thatV51 corresponds to a flat Universe
On the other hand, analyses of big bang nucleosynthesis@2#
imply that most DM is nonbaryonic~although dark baryons
probably exist as well!.

One of the favorite particle physics candidates for DM
the lightest neutralinox̃1

0 @3#, assumed to be the lightest s
persymmetric particle~LSP!. It is stable ifR parity is con-
served@4#; this is also a sufficient~although not necessary!
condition for avoiding very fast nucleon decay in supersy
metric theories. The LSP makes an attractive DM candid
since the primary motivation for its introduction comes fro
particle physics arguments@5#: supersymmetry stabilizes th
huge hierarchy between the weak and grand unifica
scales against radiative corrections, and if it is broken a
sufficiently high scale, it allows us to understand the orig
of the hierarchy in terms of radiative breaking of the stand
model ~SM! electroweak SUL(2)3U(1)Y gauge symmetry;
furthermore it allows for a consistent unification of the gau
couplings.

Supersymmetric contributions to DM then come as ex
bonus, and for wide regions of parameter space, the
relic density falls in the preferred range Eq.~1!. This is true
in particular if the LSP is mostly a superpartner of the U(1Y
gauge boson, i.e.,B-ino-like, and if bothmx̃

1
0 and the masse

of SU(2) singlet scalar leptons fall in the natural range bel
a few hundred GeV@6# ~but above@7# the mass range ex
cluded by the CERNe1e2 collider LEP experiments!.

In most of this cosmologically favored region the cro
section for the production of superparticles at the CE
Large Hadron Collider~LHC!, as well as at future TeV-scal
lepton colliders, would be quite large@8#. However, a large
cross section by itself is not sufficient to guarantee discov
of a given superparticle. One also needs a signature tha
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lows to discriminate between superparticle production a
backgrounds from standard model processes. Most se
strategies rely on the assumption that a large amount of
ible energy is released when the superparticle one is sea
ing for decays; this in turn requires a large mass splitt
between this superparticle and the LSP.

The mass splitting between the LSP and the next
lightest superparticle~NLSP! P̃ also affects the estimate o
the LSP relic density. Our previous statement about the c
mologically favored region of parameter space assumes
x̃1

0x̃1
0 annihilation reactions are the only processes t

change the number of superparticles at temperatures ar
TF.mx̃

1
0/20, where the neutralinox̃1

0 decouples from the

plasma of SM particles. It has been known for some time@9#
that this is not true if the LSP-NLSP mass splitting is sma
In this case, reactions of the type

x̃1
01X↔ P̃1Y, ~2!

whereX,Y are SM particles, occur much more frequently
a temperatureT;TF than x̃1

0x̃1
0 annihilation reactions do

The rate of the latter kind of process is proportional to tw
powers of the Boltzmann factor exp(2mx̃

1
0 /TF). exp(220),

whereas formx̃
1
0.mP̃ the rate for reaction~2! is linear in this

factor. These reactions will therefore maintainrelative equi-
librium between the statesx̃1

0 and P̃ until long after all su-
perparticles decouple from the standard model plasma.

The total number of superparticles can then not only
changed byx̃1

0x̃1
0 annihilation, but also by the ‘‘coannihila

tion’’ processes

x̃1
01 P̃↔X1Y and P̃1 P̃(* )↔X1Y. ~3!

Eventually all particlesP̃ and P̃* will decay into x̃1
0 ~plus

SM particles!. In order to compute today’s LSP relic densit
we therefore only have to solve the Boltzmann equation
the sumnSUSY of densitiesni of all relevant species of su
©2000 The American Physical Society12-1
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perparticles. In this sum contributions from reactions~2! can-
cel, since they do not change the total number of super
ticles. One thus has@9#

dnSUSY

dt
523HnSUSY2(

i , j
^s i j v&~ninj2ni

eqnj
eq!

523HnSUSY2^seffv&~nSUSY
2 2nSUSY

eq2
!. ~4!

Here,H is the Hubble parameter,^•••& denotes thermal av
eraging,v is the relative velocity between the two annihila
ing superparticles in their center-of-mass frame, and the
perscript ‘‘eq’’ indicates the equilibrium density. In th
second step we made use of the fact that, as argued abov
relevant heavier superparticles maintain relative equilibri
to the neutralino LSP until long after the temperatureTF .
This allowed us to sum all superparticle annihilation p
cesses into an ‘‘effective’’ cross section; schematically@9#

seff}gx̃x̃s~ x̃1
0x̃1

0!1gx̃ P̃BP̃s~x̃1
0P̃!1gP̃P̃~BP̃!2s~ P̃P̃(* )!,

~5!

where thegi j are multiplicity factors, and

BP̃5~mP̃ /mx̃
1
0!3/2e2(mP̃2mx̃1

0)/T ~6!

is the temperature-dependent relative Boltzmann factor
tween theP̃ and x̃1

0 densities. The final LSP relic densit
Vx̃h2, whereh50.6560.15 is the scaled Hubble constant,
then essentially inversely proportional tôseffv& at TF
.mx̃

1
0/20. Coannihilation can therefore reduce the LSP re

density by a large factor, ifdm[mP̃2mx̃
1
0!mx̃

1
0 and

s(x̃1
0P̃)1s( P̃P̃(* ))@s(x̃1

0x̃1
0). This is true in particular if

x̃1
0 is a light, mx̃

1
0,MW , Higgsino @6,10# or SU~2! gaugino

@11#. More recently it has been pointed out@12,13# that coan-
nihilation with light sleptons can reduce the relic density o
B-ino-like LSP by about one order of magnitude.

In this paper we study coannihilation of neutralinos w
the lighter scalar top~top squark! eigenstatet̃ 1. Compared to
the other squarks,mt̃ 1

is reduced@5# by contributions of the
large top quark Yukawa coupling to the relevant renorm
ization group equations, as well as by mixing between SU~2!
doublet and singlet top squarks. While we do not know
any model that predictsmt̃ 1

.mx̃
1
0, a close mass degenerac

is possible in many models, e.g., in the popular minim
supergravity ~MSUGRA! model @5#. Moreover, scenarios
with small t̃ 1-x̃1

0 mass splitting are of great concern for e

perimenters, sincet̃ 1 decays then release little visible energ
making t̃ 1 production very difficult to detect at bothe1e2

@14# and hadron@15# colliders.
In contrast to the cases mentioned earlier, forP̃5 t̃ 1 it is

not entirely obvious that reactions of the type~2! will indeed
be much faster thanx̃1

0x̃1
0 annihilation processes. In the ab

sence of flavor mixing, one would have to choseX5W,Y
5b or vice versa. However, for a temperatureT,MW , the
W density is itself quite small, so reaction~2! would be much
03501
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faster thanx̃1
0x̃1

0annihilation only formx̃
1
0 significantly above

MW . On the other hand, most supersymmetric models p
dict some amount of flavor mixing in the squark sector, ev
if it is absent at some high-energy scale. As a result,
small dm the dominantt̃ 1 decay mode is usually its flavo
changing two-body decay intox̃1

01c @16#. For t̃ 1 masses of
current experimental interest the dominant contribution
Eq. ~2! therefore comes fromX5c,Y5 nothing, i.e.,~in-
verse! t̃ 1 decay. If the effectivec t̃1x̃1

0 coupling is suppressed
by a small mixing anglee, the condition that Eq.~2! is much
faster thanx̃1

0x̃1
0 annihilation reads

e2e2dm/TF@ae2mx̃1
0 /TF, ~7!

where the extra factor ofa;0.01 occurs since we are com
paring 2↔1 reactions with 2↔2 processes. Fordm&TF
;mx̃

1
0/20 we then only neede.e210.531025. In what

follows we will assume that this is true, or thatx̃1
0 is suffi-

ciently heavy thatx̃1
01W1↔ t̃ 11b̄ is fast.

Another property of the top squark is that it has stro
interactions. A leading order calculation ofs(x̃1

0 t̃ 1) and

s( t̃ 1 t̃ 1
(* )) will therefore not be very reliable. Unfortunatel

a full higher order calculation is highly nontrivial, since on
would need to include finite temperature effects~e.g., in or-
der to cancel Coulomb singularities in the nonrelativis
limit !. We expect these unknown higher order QCD corr
tions to be more important than the contributions of high
partial waves. In the calculation of the cross sectio
s(x̃1

0 t̃ 1) and s( t̃ 1 t̃ 1
(* )) we therefore only include the lead

ing, S-wave contribution; however, theP-wave contributions
to x̃1

0x̃1
0 annihilation process@6# are included. Our coannihi

lation cross sections will thus only be accurate to a factor
2 or so. Because of the exponential dependence ofseff on
dm, see Eqs.~5!,~6!, the bounds on thet̃ 1-x̃1

0 mass splitting
that will be inferred from upper or lower bounds onVx̃h2

should nevertheless be fairly accurate.
The existence of unknown, but probably large, higher

der corrections also means that we can ignore allt̃ 1 annihi-
lation reactions that involve more than the minimal requir
number of electroweak gauge couplings. However, we tr
the top and bottom quarks Yukawa couplings on the sa
footing as the strong coupling~the latter Yukawa coupling
will be large only for tanb;mt /mb). Altogether we there-
fore computed the cross sections for the following proces

x̃1
0 t̃ 1→tg,tHi

0 ,bH1,

t̃ 1 t̃ 1→tt,

t̃ 1 t̃ 1* →gg,Hi
0H j

0 ,H1H2,bb̄,t t̄ , ~8!

whereHi
0[h,H,A is one of the three neutral Higgs boso

of the minimal supersymmetric standard model~MSSM!

@17#. The cross sections forx̃1
0 t̃ 1* and t̃ 1* t̃ 1* annihilation are

identical to those in the first and second lines of Eq.~8!,
2-2
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respectively. We have performed two independent calc
tions of these cross sections. One calculation was base
trace techniques and the usual polarization sum for exte
gluons; here the nonrelativistic limit~to extract theS-wave
contribution @3#! was only taken at the end. The seco
method uses helicity amplitudes@6#; in this case the nonrel
ativistic limit can already be taken at the beginning of t
calculation. ~Note that the cross sections fort̃ 1 t̃ 1* →Hi

0g
vanish in this limit.! Explicit expressions for these cross se
tions will be published elsewhere.~Note that Refs.@12,13#
do not keep the mass of the relevant SM fermion, in th
case thet lepton, whereas we have to keep a finite value
the top quark mass,mtÞ0. Reference@12# also did not in-
clude f̃ L- f̃ R mixing, which in our case is crucial for obtainin
a light t̃ 1. In the relevant limit we agree with Refs.@12,13#.!
Given the cross sections for reactions~8!, our calculation of
the relic density closely follows the one of Ref.@9#.

We use a variant of the minimal supergravity model@5#
for our numerical analysis. In particular, we assume a co
mon gaugino mass, a common sfermion massm0, and a
common trilinear soft breaking parameterA0 at the grand
unification scaleMX5231016 GeV. However, we allow the
soft breaking masses of the two Higgs doublets to dif
from m0. In practice, this means that we keep the Higgs
mass parameterm and the massmA of the CP-odd Higgs
boson as free parameters at the weak scale. The final
parameter is the ratio tanb of vacuum expectation values o
the two Higgs fields.

For illustration, we takem522M2, whereM2.2mx̃
1
0 is

the SU~2! gaugino mass. This implies that the LSP isB-ino-
like, which is the most natural choice for this type of mod
@18#. It is also conservative, since a Higgsino-like LSP w
have larger couplings to top~quarks and squarks!, and hence
even larger co–annihilation cross sections Eq.~8!. We also
chose a large sfermion massm052M2. In the absence o
coannihilation this choice is usually incompatible@6# with
the upper bound on the LSP relic density, which we cons
vatively take asVx̃h2<0.5.

In Fig. 1 we show contours of constantVx̃h2 in the

FIG. 1. Contours of constantVx̃h250.5 ~solid!, 0.1 ~dashed!,
and 0.025~dotted! in the (mx̃

1
0,dm) plane, wheredm5mt̃ 1

2mx̃
1
0.

We took m,m0, and mA to be fixed multiples ofM2.2mx̃
1
0, as

indicated, whereas tanb510 has been kept fixed. The parameterA0

varies between about 2.5m0 and 3.2m0, with largerA0 values cor-
responding to smaller values ofdm.
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(mx̃
1
0,dm) plane for a scenario with moderate tanb and a

very heavy Higgs boson spectrummA55M2. This latter
choice implies that the only Higgs boson relevant for t
calculation of the LSP relic density is the lightCP-even
scalarh, with massmh<130 GeV. This is a conservativ
scenario in the sense that it minimizes the number of fi

states contributing in Eqs.~8!, and also leads to a smallx̃1
0x̃1

0

annihilation cross section. We see that scenarios with v
largedm values are indeed excluded by the upper bound
Vx̃h2. The peak in the contourVx̃h250.5 atmx̃

1
0.mt is due

to x̃1
0x̃1

0→t t̄ , which has a sizableS-wave cross section ift̃ 1

is not too heavy andmx̃
1
0 is not much abovemt . The much

smaller bumps atmx̃
1
0.130 GeV are due tohh final states

becoming accessible.
On the other hand, for very small values ofdm andmx̃

1
0 in

the range indicated by naturalness arguments (&0.3 TeV,
corresponding to a gluino massmg̃&2 TeV!, we find that the
LSP cannot contribute significantly to the solution of t
dark matter puzzle, since its relic density is too small.
particular, one needs@3# Vx̃h2.0.025 forx̃1

0 to form galac-
tic haloes. We see that even for the present very conserva
choice of parameters one needs at̃ 1-x̃1

0 mass splitting of at
least 9 to 19 GeV~6 to 10 %! to satisfy this lower bound on
Vx̃h2. This mass splitting is large enough for standardt̃ 1
search methods ate1e2 colliders@14,19# to have reasonably
high efficiency. If we require thatVx̃h2 lies in the currently
favored ‘‘best fit’’ range between about 0.1 and 0.2,dm has
to be between 11 and 33 GeV. Unfortunately this is still n
high enough for currentt̃ 1 search strategies at the Tevatro
@15# to be sensitive.

So far we have focused on LSP masses in the range
vored by naturalness arguments. It is sometimes claimed@8#
that the upper bound onVx̃h2 implies that LHC experiments
must find superparticles if the MSSM is correct andx̃1

0 is
B-ino-like. Unfortunately this is not true; fordm→0 an LSP
mass up to 4 TeV, corresponding to a gluino mass in exc
of 20 TeV, cannot be excluded from this cosmological arg
ment.~As noted above, our estimates fort̃ 1annihilation cross
sections are not very reliable. However, even if we overe
mated them by a factor of 2, the bound onmx̃

1
0 would only be

reduced by a factor ofA2, and would thus still allow spar
ticle masses far above the range to be covered by the LH!

In Fig. 2 we show analogous results for a light spectru
of Higgs bosons and large tanb, where the bottom Yukawa
coupling is sizable; the choicemA50.35M2.0.7mx̃

1
0 en-

sures that all Higgs pair final states will be accessible
mx̃

1
0.100 GeV. However, we keep the previous~large! val-

ues for umu and m0. Nevertheless we see that for natur
values of mx̃

1
0, requiring Vx̃h2.0.025 now impliesdm

.20 GeV. Moreover, the LSP makes a good DM candida
i.e., Vx̃h2;0.1, only for dm*40 GeV; this is sufficiently
large to permitt̃ 1 searches at the Tevatron@14,20#. Finally,
for dm→0, cosmology now allows an LSP mass up to
TeV, corresponding to a gluino mass of about 30 TeV. O
2-3
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viously the upper bound ondm that follows from Vx̃h2

.0.025 for natural values ofmx̃
1
0, as well as the absolut

upper bound onmx̃
1
0 that follows fromVx̃h2<0.5, are even

higher if we chose smaller values form0 and/orumu.
In conclusion, we have shown that scenarios with v

small t̃ 1-x̃1
0 mass splitting would permit an LSP mass

several TeV without ‘‘overclosing’’ the Universe. Thi

FIG. 2. As in Fig. 1, except that we took a large value of tanb
and a light Higgs boson spectrum. The regions below and to the
of the heavy dotted lines are excluded by Higgs boson search
LEP.
Pe

p

t.

03501
y

shows once again@6# that the upper bound on the LSP rel
density does not guarantee that LHC experiments will de
superparticles, even if the MSSM is correct; of course,~third
generation! superparticles with masses out of the reach of
LHC can hardly be argued to be ‘‘natural.’’ On the oth

hand, forx̃1
0 and t̃ 1 masses of present experimental intere

and indeed for the entire natural range of these massesx̃1
0

cannot contribute significantly to the dark matter in the U

verse unless thet̃ 1-x̃1
0 mass difference is large enough fo

conventionalt̃ 1 search strategies ate1e2 colliders to be ef-
fective. This does not imply that collider searches fort̃ 1

nearly degenerate withx̃1
0 @21# should not be continued; a

positive signal would definitely excludex̃1
0 as DM candidate,

which is not easy to accomplish with cosmological dark m
ter searches. However, since dark matter is known to ex
for natural values ofmx̃

1
0 a very smallt̃ 1-x̃1

0 mass splitting

would require physics beyond the MSSM.
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