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Light scalar top quarks and supersymmetric dark matter
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A stable neutralino}f, 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 quark,;. We show that for natural values of the neutralino mas800 GeV, the}f-?l mass
difference has to exceed 10 to 30 GeV if;((lJ is to contribute significantly to the dark matter. Scenarios with
smaller mass splitting, wherg is quite difficult to detect at collider experiments, are thus cosmologically
disfavored. On the other hand, for smﬁll}f mass splitting, we show that coannihilation allows superparticle
masses well beyond the reach of the CERN Ll-riﬂ;g~5 TeV, without “overclosing” the Universe.

PACS numbgs): 12.60.Jv, 14.80.Ly, 95.3%.d, 98.80.Cq

There is convincing evidendd] that most matter in the lows to discriminate between superparticle production and

Universe is darKnonluminous: backgrounds from standard model processes. Most search
strategies rely on the assumption that a large amount of vis-
0.2=Qpy=1], (1) ible energy is released when the superparticle one is search-

ing for decays; this in turn requires a large mass splitting
whereQpy, is the dark mattefDM) density in units of the between this superparticle and the LSP.
critical density, so tha€y=1 corresponds to a flat Universe.  The mass splitting between the LSP and the next-to-

On the other hand, analyses of big bang nucleosyntfigis |ightest superparticléNLSP) P also affects the estimate of
imply that most DM is nonbaryonicalthough dark baryons  the LSP relic density. Our previous statement about the cos-

probably exist as well mologically favored region of parameter space assumes that

One of the favorite particle physics candidates for DM '8}2}2 annihilation reactions are the only processes that

the lightest neutraling? [3], assumed to be the lightest su- change the number of superparticles at temperatures around
persymmetrlq p_art|c|e§LSP). I.t IS stable ifR parity is con- Te=m;0/20, where the neutralina((l’ decouples from the
served[4]; this is also a sufficientalthough not necessary X1 ,

condition for avoiding very fast nucleon decay in supersym-Plasma of SM particles. It has been known for some figie
metric theories. The LSP makes an attractive DM candidatéhat this is not true if the LSP-NLSP mass splitting is small.
since the primary motivation for its introduction comes from I this case, reactions of the type

particle physics argumenf§]: supersymmetry stabilizes the ~0 -

huge hierarchy between the weak and grand unification X1t X=P+Y, 2
scales against radiative corrections, and if it is broken at a _

sufficiently high scale, it allows us to understand the originVhereX,Y are SM particles, occur much more frequently at
of the hierarchy in terms of radiative breaking of the standarda temperatureT~T than x{x$ annihilation reactions do.
model (SM) electroweak SU(2)*x U(1)y gauge symmetry; The rate of the latter kind of process is proportional to two
furthermore it allows for a consistent unification of the gaugepowers of the Boltzmann factor exp(n;(clJ/TF): exp(=20),

couplings. _ o whereas fom;o=mg the rate for reactiok?) is linear in this
Supersymmetric contributions to DM then come as extr tor. Th 1 i il theref intaiati .
bonus, and for wide regions of parameter space, the LS ctor. These reactions will therefore main Ive equi-

: . . e b =0 And D 1infi
relic density falls in the preferred range Hd). This is true  librium between the stateg; and P until long after all su-
in particular if the LSP is mostly a superpartner of the (1) Perparticles decouple from the standard model plasma.
gauge boson, i.eB-ino-like, and if bothrrg(? and the masses The total number of superparticles can then not only be

of SU(2) singlet scalar leptons fall in the natural range be|OV\tha£]ged byx1x? annihilation, but also by the “coannihila-
a few hundred Ge\[6] (but above[7] the mass range ex- 1ON" processes
cluded by the CERMN:" e~ collider LEP experimenjs ~0 ~ ~ o~

In most of this cosmologically favored region the cross Xi+tPoX+Y and P+PH) o X+Y. ()
section for the production of superparticles at the CERN _ _ ~
Large Hadron CollidefLHC), as well as at future TeV-scale Eventually all particles? and P* will decay into x? (plus
lepton colliders, would be quite larg8]. However, a large SM particle$. In order to compute today’s LSP relic density,
cross section by itself is not sufficient to guarantee discoveryve therefore only have to solve the Boltzmann equation for
of a given superparticle. One also needs a signature that alke sumngysy of densitiesn; of all relevant species of su-
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perparticles. In this sum contributions from reacti¢2scan-  faster thany Yy 2annihilation only formo significantly above

qel, since they do not change the total number of superparMW. On the other hand, most supersymmetric models pre-
ticles. One thus ha9] . >
dict some amount of flavor mixing in the squark sector, even

dn if it is absent at some high-energy scale. As a result, for
SUSY eq.e i ~ ) )
dt :_3Hnsusv_2 (aijo)(ninj—ni N9 small sm the dominantt, decay mode is usually its flavor
] . .~ ~
changing two-body decay intg}+ c [16]. Fort, masses of
= —3Hngusy— {0eii Y (N3usy— nngY). (4)  current experimental interest the dominant contribution to

Eq. (2) therefore comes fronX=c,Y= nothing, i.e.,(in-
Here,H is the Hubble parametef; - -) denotes thermal av- versg 1, decay. If the effectivet, x° coupling is suppressed

eraging,v is the relative velocity between the two annihilat- by a small mixing ang|3, the condition that EqZ) is much
ing superparticles in their center-of-mass frame, and the SUaster tharﬁ(‘f}g annihilation reads

perscript “eq” indicates the equilibrium density. In the
second step we made use of the fact that, as argued above, all 20~ M TEs, (o~ MO/TE @
relevant heavier superparticles maintain relative equilibrium '

to the neutralino LSP until long after the temperatlie.  \yhere the extra factor af~0.01 occurs since we are com-

This allowed us to sum all superparticle annihilation pro-paring 2,1 reactions with 2-2 processes. Fosm=Te
cesses into an “effective” cross section; schematic — -10_ -5
ety m;0/20 we then only need>e “"=5X10"". In what

1 ~
~ ~ 0 ~~ follows we will assume that this is true, or thgf is suffi-
e (TOTON | e R (0 —~(R~)2 (*) '
O ff* o + Bro(x;,P)+ Bp)o(PP , . - - —.
e Oy (Xax2) + 0ypBRo(X1P) + gpp(BR) "ol )(5) ciently heavy thaly 9+ W"<T,+b is fast.
Another property of the top squark is that it has strong
where theg;; are multiplicity factors, and interactions. A leading order calculation of(yJt;) and

a(t,t,%)) will therefore not be very reliable. Unfortunately
a full higher order calculation is highly nontrivial, since one
) ) would need to include finite temperature effe@sy., in or-

is the temperature-dependent relative Boltzmann factor beger 1o cancel Coulomb singularities in the nonrelativistic
tween theP andx{ densities. The final LSP relic density limit). We expect these unknown higher order QCD correc-
Q;(hz, whereh=0.65+0.15 is the scaled Hubble constant, is tions to be more important than the contributions of higher
then essentially inversely proportional tremv) at Tg partial waves. In the calculation of the cross sections
:m;(g/zo. Coannihilation can therefore reduce the LSP relic; (3% ) and o(t,t*) we therefore only include the lead-

density by a large factor, ifém= M — M30< M50 and ing, Swave contribution; however, the-wave contributions

~ i~ ~~ ~ ~0~0 T . .
U(Xgp)+g(pp(*))>g(x(l¥;(tl>)_ This is true in particular if ;[ot_xlxl annlhlla?on prqlcﬁEES] arle |Ecluded. Ct)urtcoafnnlthl— f
Wis a light, o< My, Higgsino[6,10] or SU2) gaugino ation cross sections will thus only be accurate to a factor o

[11]. M v it has b inted 642,13 th 2 or so. Because of the exponential dependencegfon
. More recently it has been pointe ,13 that coan- = ~0 o
nihilation with light sleptons can reduce the relic density of aﬁm, see Eqs(5),(6), the bounds on thé,-x; mass splitting

T . that will be inferred from upper or lower bounds @)&hz
B-ino-like LSP by about one order of magnitude. .., should nevertheless be fairly accurate.
In this paper we study coannihilation of neutralinos with

) . ~ The existence of unknown, but probably large, higher or-
the lighter scalar toftop squark eigenstate ;. Compared to

) Lo der corrections also means that we can ignord alnnihi-
the other squarksrmlls reduced 5] by contributions of the lation reactions that involve more than the minimal required

large top quark Yukawa coupling to the relevant renormalnymper of electroweak gauge couplings. However, we treat
ization group equations, as well as by mixing betweetZ3U  the top and bottom quarks Yukawa couplings on the same
doublet and singlet top squarks. While we do not know offooting as the strong couplinghe latter Yukawa coupling
any model that predictsy;, =nmo, a close mass degeneracy wil| be large only for tanB~m,/m,). Altogether we there-

is possible in many models, e.g., in the popular minimalfore computed the cross sections for the following processes:
supergravity (MSUGRA) model [5]. Moreover, scenarios

B = (mp /) e (MM ®)

with smallt;-x? mass splitting are of great concern for ex- Xiti—tg,tHY bH™,
perimenters, since, decays then release little visible energy, .
makingt; production very difficult to detect at bota" e~ tity—tt,
[14] and hadror15] colliders. L
In contrast to the cases mentioned earlier,Rer 1, it is Tt —gg,HPHY H H ™ bbtt, ®

not entirely obvious that reactions of the ty{® will indeed

be much faster thagy® annihilation processes. In the ab- WhereH?=h,H,A is one of the three neutral Higgs bosons
sence of flavor mixing, one would have to chosew,y  ©of the minimal supersymmetric standard mod#SSM)
—b or vice versa. However, for a temperatife:M,y, the  [17]. The cross sections fo¢Jts andt¥t¥ annihilation are
W density is itself quite small, so reactié®) would be much identical to those in the first and second lines of Ej,
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m,=—p=2M, m,=6M, tang=10
T T ————

(m~g,5m) plane for a scenario with moderate {@amand a

very heavy Higgs boson spectrum,=5M,. This latter
choice implies that the only Higgs boson relevant for the
] calculation of the LSP relic density is the ligktP-even

. scalarh, with massm,=<130 GeV. This is a conservative

] scenario in the sense that it minimizes the number of final

] states contributing in Eq$8), and also leads to a smalf 2
. annihilation cross section. We see that scenarios with very
i . ] large 6m values are indeed excluded by the upper bound on
°“ o ”V‘l‘o‘oo - Q;h?. The peak in the contou®;h*=0.5 atnmo=m; is due
1G] to xJxY—tt, which has a sizabl&wave cross section if;
FIG. 1. Contours of constaf2;h?=0.5 (solid), 0.1 (dashey, IS not too heavy andnpo is not much aboven,. The much
and 0.025(dotteq in the (e, 6m) plane, whereSm=rmm;, M. smaller bumps atm=130 GeV are due ttih final states
We took u,mg, and m, to be fixed multiples of\ Z:Zm;(cll, as !
indicated, whereas tg®= 10 has been kept fixed. The parametgr

varies between about 2r and 3.2n,, with largerA, values cor- o
responding to smaller values ém. the range indicated by naturalness argumert®.8 TeV,

_ . corresponding to a gluino masg; <2 TeV), we find that the
respectively. We have performed two independent calcularSP cannot contribute significantly to the solution of the
tions of these cross sections. One calculation was based @ark matter puzzle, since its relic density is too small. In

trace techniques and the usual polarization sum for EXtemﬂarticular one needg] Q~h?>0.025 for}‘f to form galac-
1 X .

gluons; here the nonrelativistic limito extract theSwave i hajoes. We see that even for the present very conservative
contribution [3]) was only taken at the end. The second | . ~ ~0 -
choice of parameters one needs$;ay; mass splitting of at

method uses helicity amplitudé¢§]; in this case the nonrel- ) .
ativistic limit can already be taken at the beginning of the!€@St 9 to 19 GeV(6 to 10 % to satisfy this lower bound on
Q;(hz. This mass splitting is large enough for standagd

calculation. (Note that the cross sections fogt,* —H?g Hng
vanish in this limit) Explicit expressions for these cross sec- search methods af"e™ colliders[14,19 to have reasonably

: ; ; high efficiency. If we require tha®-h? lies in the currently
tions will be published elsewheréNote that Refs[12,13 " o X
do not keep the mass of the relevant SM fermion, in theif@vored “best fit” range between about 0.1 and G5y has

case ther lepton, whereas we have to keep a finite value forl0 be between 11 and 33 GeV. Unfortunately this is still not

the top quark massn,#0. Referencd12] also did not in- high enough fo.r.currenNtl search strategies at the Tevatron
cludef -f5 mixing, which in our case is crucial for obtaining [15%éofgfvxs/2nhsellt\llvee;‘ocused on LSP masses in the range fa
a .”ghttl' In the rele\{ant limit we agree with Re@zzla') vored by naturalness arguments. It is sometimes clair@gd
Given the cross sections for reactiai®, our calculation of that the upper bound ofi~h? implies that LHC experiments
the relic density closely follows the one of R¢8]. X

We use a variant of the minimal supergravity mogs) ~ Must find superparticles if the MSSM is correct apll is
for our numerical analysis. In particular, we assume a comB-ino-like. Unfortunately this is not true; fofm—0 an LSP
mon gaugino mass, a common sfermion mass and a  Mass up to 4 TeV, corresponding to a gluino mass in excess
common trilinear soft breaking parametay at the grand of 20 TeV, cannot be excluded from t[us cosmological argu-
unification scaleM y=2x 10'® GeV. However, we allow the ment.(As noted above, our estimates tgannihilation cross
soft breaking masses of the two Higgs doublets to differsections are not very reliable. However, even if we overesti-
from my. In practice, this means that we keep the Higgsinomated them by a factor of 2, the boundrno would only be

mass parameter and the massn, of the CP-odd Higgs  reduced by a factor of/2, and would thus still allow spar-

boson as free parameters at the weak scale. The final fraRle masses far above the range to be covered by the LHC.

parameter is the ratio tghof vacuum expectation values of In Fig. 2 we show analogous results for a light spectrum

the two Higgs fields. of Higgs bosons and large tBnwhere the bottom Yukawa
For illustration, we takg.= —2M,, whereM,=2mois  coupling is sizable; the choicen,=0.35V 2=0.7nm0 en-

the SU2) gaugino mass. This implies that the LSFBi$n0-  sures that all Higgs pair final states will be accessible for

like, which is the most natural choice for this type of modelm}o> 100 GeV. However, we keep the previoliarge val-
[18]. It is also conservative, since a Higgsino-like LSP will

1
. ues for|u| and my. Nevertheless we see that for natural
have larger coupllng_s o _to(xn]uarks and _squarksand hence values of nro, requiring Q;h?>0.025 now impliesém
even larger co—annihilation cross sections B). We also X1 X

chose a large sfermion mass,=2M,. In the absence of >20 GeV. Moreover, the LSP makes a good DM candidate,

8o [

60 [

ém [GeV]

o[

becoming accessible.
On the other hand, for very small valuesdrh andm;(cf in

coannihilation this choice is usually incompatitjg] with  i-e., 23h?~0.1, only for Sm=40 GeV; this is sufficiently
the upper bound on the LSP relic density, which we conserlarge to permitt, searches at the Tevatr¢h4,20. Finally,
vatively take asﬂ;(hzgo.S. for &m—0, cosmology now allows an LSP mass up to 6

In Fig. 1 we show contours of constalﬁl;(h2 in the  TeV, corresponding to a gluino mass of about 30 TeV. Ob-
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FIG. 2. As in Fig. 1, except that we took a large value of fan
and a light Higgs boson spectrum. The regions below and to the le
of the heavy dotted lines are excluded by Higgs boson searches
LEP.

viously the upper bound o@m that follows from Q;(h2
>0.025 for natural values crfrro as well as the absolute

upper bound om0 that follows fromQXh2<0 5, are even
higher if we chose smaller values for, and/or|u|.
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shows once agaif6] that the upper bound on the LSP relic
density does not guarantee that LHC experiments will detect
superparticles, even if the MSSM is correct; of cou(#ard
generation superparticles with masses out of the reach of the
LHC can hardly be argued to be “natural.” On the other

hand, fory? andt,; masses of present experimental interest,
and indeed for the entire natural range of these magges,
cannot contribute significantly to the dark matter in the Uni-
verse unless thEl-;(‘l) mass difference is large enough for
conventionalt,; search strategies at e colliders to be ef-
fective. This does not imply that collider searches for
faearly degenerate Wltlszz1 [21] should not be continued; a

pbsitive signal would definitely exclude) as DM candidate,
which is not easy to accomplish with cosmological dark mat-
ter searches. However, since dark matter is known to exist,

for natural values ofn~o a very smalit;- X1 mass splitting
would require physics beyond the MSSM.
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