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Scrutinizing the lightest supersymmetric particle dark matter at the CERN LHC
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We show that CERN LHC experiments might well be able to determine all the parameters required for a
prediction of the present density of thermal LSP relics from the big bang era. If the LSP is an almost pureB-ino
we usually only need to determine its mass and the mass of theSU(2) singlet sleptons. This information

can be obtained by reconstructing the cascadeq̃L→x̃2
0q→ l̃ Rlq→x̃1

0l 1l 2q. The only requirement is that
ml̃ R

,mx̃
2
0, which is true for most of the cosmologically interesting parameter space. If the LSP has a signifi-

cant Higgsino component, its predicted thermal relic density is smaller than for an equal-massB-ino. We show

that in this case squark decays also produce significant numbers ofx̃4
0 andx̃2

6 . Reconstructing the correspond-
ing decay cascades then allows us to determine the Higgsino component of the LSP.

DOI: 10.1103/PhysRevD.63.035008 PACS number~s!: 14.80.Ly, 12.60.Jv, 95.35.1d
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I. INTRODUCTION

The minimal supersymmetric standard model~MSSM! @1#
is one of the most promising extensions of the stand
model. It offers a natural solution of the hierarchy proble
@2#, amazing gauge coupling unification@3#, and dark matter
candidates@4#. If nature chooses low energy supersymme
~SUSY!, sparticles will be foundfor sure, as they will be
copiously produced at future colliders such as the La
Hadron Collider~LHC! at CERN or TeV scalee1e2 linear
colliders ~LC!. The LHC would be a great discovery ma
chine if SUSY breaking masses lie below a few TeV@5#. On
the other hand, there are several on-going and future pro
searching for lightest supersymmetric particle~LSP! dark
matter. One of them even claims a positive signal@6#, al-
though the current situation is rather contradictory@7#. In any
case, it seems very plausible that both SUSY collider sign
and LSP dark matter in the Universe will be found in t
future.

Recently interesting possibilities have been pointed
where non-thermal production of dark matter is significa
@8,9#. Generally the known bound from the thermal LSP de
sity may easily be evaded by assuming a low po
inflationary reheating temperature of the Universe, with
endangering the standard successes of big bang cosmo
@10#. If the reheating temperature is below the neutral
decoupling temperature, the relation between neutralino
annihilation rates and the mass density of the Universe
appears. The mass may then be determined by other pa
eters, such as theQ ball formation rate and decay time@9#, or
the moduli masses and their decay rates to LSPs@8#.

While these non-thermal mechanisms open excit
new possibilities, direct experimental or observational te
of them might be difficult, since they all have to occur b
fore big bang nucleosynthesis~BBN!.1 It is therefore

1For the Q ball case, measurements of the cosmic microwa
background by the Microwave Anisotropy Probe~MAP! and Planck
satellites might find isocurvature fluctuations due to the Affle
Dine field @11#.
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interesting to determine
~1! the actual LSP relic density, both ‘‘locally’’~in the

solar system! and averaged over the Universe; and
~2! the predicted thermal LSP relic density,

as precisely as possible. These quantities are closely re
to the mass and interactions of the LSP. A positive differen
between the actual and predicted LSP density would indic
the existence of non-thermal relics, whereas a negative
ference would hint at large entropy production below t
LSP freeze-out temperature~e.g. due to a low reheating tem
perature!.

The matter density in the Universe divided by the critic
density,Vmatter, is claimed to be tightly constrained alread
Vmatter50.3560.07 @12#. On the other hand, the therma
relic density of the UniverseVx̃

1
0h2 (h50.6560.05) has

been calculated through the mass and interaction of the L
which is likely to be the lightest neutralinox̃1

0. In the absence
of direct production of sparticles we have to rely on expe
mental lower bounds on sparticle masses as well as nat
ness arguments to conclude that the predictedVx̃

1
0h2 lies

somewhere between 1023 and 103; clearly this is not a very
useful prediction, although it is encouraging that this wi
range at least includes the correct value. The purpose of
paper is to discuss how future LHC experiments can cont
ute to the determination of the MSSM parameters that
needed to predict the thermal LSP relic density and the L
nucleon scattering cross section. Our goal is thus somew
different from that of Ref.@13#, where it was simply assume
that all relevant parameters had somehow been determ
by various experiments, with given errors; the main emp
sis was on estimating the resulting uncertainties in the p
dictions of the thermal LSP relic density and the LS
nucleon scattering cross section. In contrast, we discus
some detailhow these parameters can be determined, a
with what errors.

The determination of mass parameters has been discu
in detail in the minimal supergravity~MSUGRA! model,
where one assumes universality of scalar masses an
gaugino masses at the scaleMX of grand unification@14#. In
Sec. II, we point out thatx̃2

0→ẽR is open for most parameter
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giving a reasonable LSP density, making the determina
of mx̃

2
0, mx̃

1
0 andmẽR

possible at the LHC. We demonstra

that the mass density is determined by the LSP and sle
masses, if the LSP is mostly aB-ino as expected in
MSUGRA. In this caseVx̃

1
0 can be predicted to about 10 t

20% accuracy.
In Secs. III and IV we discuss a non-MSUGRA scenar

In Sec. III we relax the assumption of universal sca
masses for Higgs bosons. It is then easy to find ca
with comparable Higgsino and gaugino masses,m;M ,
while keeping all squared scalar masses positive atMX . The
LSP then has a significant Higgsino component, so tha
density cannot be predicted by only studyingx̃2

0→ẽR→x̃1
0

decays. The situation is further complicated if we also re
the assumption of universal gaugino masses, since
neutralino mass matrix then depends on three independ
unknown mass parameters. We point out that the casc
decayx̃2

1→ ñL→x̃1
1 can then often be identified, providin

clear evidence thatm;M . In Sec. IV we present a detaile
case study withm;M2 to confirm the potential of LHC
experiments to analyzex̃2

1 cascade decays; this allows
complete determination of the neutralino mass matrix~in the
absence ofCP-violating phases!. Section V is devoted to
discussions.

II. Vx̃1
0 IN MSUGRA

In the minimal supergravity model one assumes unive
soft breaking parameters at the grand unified theory~GUT!
scale: a universal scalar massm, universal gaugino massM,
universal trilinear couplingA, and Higgs boson mass param
eterB. The renormalization group evolution of soft breakin
squared Higgs boson masses then leads to consistent b
ing of the electroweak symmetry, provided the Higgsi
mass parameterm can be tuned independently. In this pap
we chose the weak scale input parametersmb(mb)54.2
GeV, mt(mt)5165 GeV, and tanb. We minimize the tree
level potential at renormalization scaleQ5Amt̃mt, which
reproduces the correct value ofm obtained by minimizing
the full 1-loop effective potential. We include loop corre
tions to the masses of neutral Higgs bosons, including le
ing two-loop corrections@15#.

The mass densityVx̃
1
0h2 of the LSP is calculated from

the pair annihilation cross section by using the express
@16#

Vx̃
1
0h25

1.073109/GeVxF

Ag* M P~a13b/xF!

s~x̃1
0x̃1

0→all!v5a1bv2

xF~[mx̃
1
0 /TF!

5 log
„0.764M P~a16b/xF!c~21c!mx̃

1
0…

Ag* xF

~1!
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except near regions of parameter space where special ca
needed. HereM P51.2231019 GeV is the Planck mass, an
a andb are the first two coefficients in the Taylor expansi
of the pair annihilation cross section of the LSP with resp
to the relative velocityv of the LSP pair in its center of mas
frame.g* is the effective number of relativistic degrees
freedom at LSP freeze-out temperatureTF . The expansion in
v breaks down arounds-channel poles; here the thermal a
erage is calculated numerically, using the formalism giv
by Griest and Seckel@17#. We also take into account sub
threshold annihilation intohh andW1W2 final states. When

the LSP is Higgsino-like, coannihilation ofx̃1
0 with x̃1

1 and

x̃2
0 are important@18,19#. The annihilation modesx̃1

0x̃1
1

→ f f 8 and x̃1
0x̃2

0→ f f̄ are approximated bys-channelW and

Z exchange, respectively;x̃1
0x̃1

1→Wg is also included. All
other Higgsino coannihilation modes are treated assum
SU(2) invariance. We also include one loop radiative co
rections to the mass splitting of Higgsino-like states@20#. We

do not includex̃1
0t̃ coannihilation, since we do not stud

cases withmx̃
1
0.mt̃ .

MSUGRA predicts aB-ino-like LSP x̃1
0 and W-ino-

like x̃1
1 and x̃2

0 for moderate values ofm and M ~below
;500 GeV!. This is a rather model independent res
@21#. Large positive corrections to squark masses fr
gaugino loops, together with the large top Yukawa coupli
drive the squared soft breaking Higgs boson massm2

2 nega-
tive at the weak scale. On the other hand, correct symm
breaking requiresm2

21m2.2mZ
2/2. One has to makem

large to obtain the correct electroweak symmetry break
scale, if scalar masses and gaugino masses are of the
order.

If slepton masses are moderate, the LSP isB-ino-like, and
one is sufficiently far away froms-channel poles (2mx̃

1
0

ÞmZ ,mHiggs), the mass density is essentially determined
t-channelẽR exchange@19#. This is because

~1! A pureB-ino couples only to fermion and sfermion, o
Higgs and Higgsino. Higgsino exchange is suppressed
m2@M2.

~2! mẽR
,mẽL

.mñ!mq̃ in MSUGRA, thereforeẽR ex-
change is least suppressed by large masses in the propa

~3! The hypercharges of sleptons satisfy the relationYẽR

52YẽL
, therefores(ẽR)v516s(ẽL or ñL)v when sfermion

masses are equal.
This can be seen in Figs. 1~a!–~d!, whereVx̃

1
0 ~a, b! and

b[106 GeV23Vx̃
1
0h2s B̃ ~c,d! are plotted. Heres B̃ is the

scaledB-ino pair annihilation cross section in the limit whe
mẽR

!mẽL
,mq̃ @19#,

s B̃5

mx̃
1
0

2

~mẽR

2
1mx̃

1
0

2
!2

3F S 12

mx̃
1
0

2

mẽR

2
1mx̃

1
0

2 D 2

1

mx̃
1
0

4

~mẽR

2
1mx̃

1
0

2
!2G .

~2!
8-2



SCRUTINIZING THE LIGHTEST SUPERSYMMETRIC . . . PHYSICAL REVIEW D63 035008
FIG. 1. Contours of constantVx̃
1
0h2 ~a,b! andb factor ~c,d! in the (m, M ) plane for tanb510 ~a,c! and 4~b,d!. We takem.0. Contours

of constantmx̃
1
0, as well as contours wheremx̃

1
05mẽR

andmx̃
1
05mẽL

are also shown.
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We find that the mass density increases with increas
M}mx̃

1
0 and m; m is essentially proportional tomẽR

for

m>M . Dotted lines are for constantx̃1
0 mass. The fact tha

it basically only depends onM indicates that the LSP is
indeedB-ino-like. The mass density becomes very small
mx̃

1
05mZ/2, because LSP pair annihilation throughZ ex-

change is enhanced. In Fig. 1~c! and 1~d! we show contours
of constantb. AlthoughVx̃

1
0h2 changes by more than a fac

tor of 4, the change ofb is very small over the wide range o
parameter region withM.160 GeV, again confirming the
B-ino-like nature of the LSP for the MSUGRA case.

The tanb dependence is also very weak, as can
seen in Figs. 2~a! and ~b!. This again shows that the LSP
B-ino dominant, andB-ino–Higgsino mixing, which is con-
trolled by the off-diagonal elements of the neutralino ma
matrix, has negligible effect on the LSP relic density for t
parameters given in the plot. For sufficiently heavyx̃1

0, Vx̃
1
0

is simply determined bymẽR
andmx̃0 so thatb;1.
1

03500
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We now show that analyses of sparticle production at
LHC would lead to tight constraints on the predicted therm
relic densityVx̃

1
0h2. Recently, quite a few studies of prec

sion measurements of sparticle masses at the LHC have

performed. When the cascade decayq̃→x̃2
0→ẽR→x̃1

0 is
open, a clean SUSY signal isl l 1 jets1missingET . It was
shown@14# thatmq̃ , mx̃

2
0, mẽR

andmx̃
1
0 can be reconstructed

from the upper end points of themjll andmjl distributions,
mjll

max andmjl
max; the edge of themll distribution,mll

max; and
the lower end point of themjll distribution with mll

.mll
max/A2, mjll

min . Herej refers to one of the two hardest je
in the event. In most cases it is chosen such that it has
smallerj l l invariant mass; this is meant to select the jet fro

the primaryq̃→x̃2
0q decay. However,mjll

min is reconstructed

by taking the jet which gives the largerj l l invariant mass, in
order to avoid contamination. Those end points are given
the analytical formulas@14#:
8-3
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mjll
max5F ~mq̃L

2
2mx̃

2
0

2
!~mx̃

2
0

2
2mx̃

1
0

2
!

mx̃
2
0

2 G 1/2

mjl
max5maxS F ~mq̃L

2
2mx̃

2
0

2
!~mx̃

2
0

2
2mẽR

2
!

mx̃
2
0

2 G 1/2

, F ~mq̃L

2
2mx̃

2
0

2
!~mẽR

2
2mx̃

1
0

2
!

mẽR

2 G 1/2D
mll

max5A~mx̃
2
0

2
2mẽR

2
!~mẽR

2
2mx̃

1
0

2
!

mẽR

2

mjll
min5

1

4mx̃
2
0

2
mẽR

2 @2mx̃
1
0

2
mx̃

2
0

4
13mx̃

1
0

2
mx̃

2
0

2
mẽR

2
2mx̃

2
0

4
mẽR

2
2mx̃

2
0

2
mẽR

4
2mx̃

1
0

2
mx̃

2
0

2
mq̃L

2

2mx̃
1
0

2
mẽR

2
mq̃L

2
13mx̃

2
0

2
mẽR

2
mq̃L

2
2mẽR

4
mq̃L

2
1~mx̃

2
0

2
2mq̃L

2
!

3A~mx̃
1
0

4
1mẽR

4
!~mx̃

2
0

2
1mẽR

2
!212mx̃

1
0

2
mẽR

2
~mx̃

2
0

4
26mx̃

2
0

2
mẽR

2
1mẽR

4
!#. ~3!

In addition to those quantities, one can measure the end pointmjl
min of the distribution of the smaller of the twomjl values.

It can be expressed as

mjl
min5A~mq̃L

2
2mx̃

2
0

2
!~mẽR

2
2mx̃

1
0

2
!

2mẽR

2
2mx̃

1
0

2 if 2mẽR

2
2~mx̃

1
0

2
1mx̃

2
0

2
!,0

5A~mq̃L

2
2mx̃

2
0

2
!~mx̃

2
0

2
2mẽR

2
!

mx̃
2
0

2 if 2mẽR

2
2~mx̃

1
0

2
1mx̃

2
0

2
!.0. ~4!

FIG. 2. Vx̃
1
0h2 and theb factor in the (tanb,M ) plane for fixedm.
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Because there are only four masses involved, the last
point is redundant, but might be useful to cross check
decay kinematics.

In Eqs.~3!,~4! we are assuming that squarks are basica
degenerate. Note that essentially only left-handed squ
will contribute here, sinceSU(2) singlet squarks very rarel

decay intox̃2
0. Barring ‘‘accidental’’ cancellations, bound

on flavor changing neutral current processes imply t
squarks with equal gauge quantum numbers must be clo

mass. The mass splitting betweenũL and d̃L squarks is lim-
ited by SU(2) invariance. With the possible exception
third generation squarks the assumed degeneracy ther
holds almost model-independently. If required, contributio
from third generation squarks can be filtered out by a
taggingb-jets.

Similarly, in our analysis we are assuming that sleptons
the first two generations are degenerate if they have the s
gauge quantum numbers~i.e. mẽL

5mm̃L
andmẽR

5mm̃R
, but

mẽL
ÞmẽR

in general!, as indicated by the absence of flav
changing neutral currents in the lepton sector. This hypo
esis can easily be tested from the data, by comparing
e1e2 and m1m2 samples. Note that the masses of th
generation sleptons do not enter the kinematical fit, si
electrons and muons that come fromt decays do not con
tribute to the edges that we are trying to determine; inde
they are frequently too soft to pass the acceptance cuts.

For the example studied in@14#, the so-called ‘‘point 5,’’
m5100 GeV andM5300 GeV, which results inmx̃

2
05233

GeV, mẽR
5157.2 GeV andmx̃

1
05121.5 GeV. The errors on

mẽR
andmx̃

1
0 are strongly correlated and are found to be 12

for mx̃
1
0 and 9% formẽR

. Within the framework of MSUGRA

the measured LSP mass excludes the possibility
s-channel poles are important for the LSP pair annihilat
cross section~see below!. We find that the correspondin
error ons B̃ , and hence on the prediction forVx̃

1
0h2, for this

parameter point is 20%. If the error~which is dominated by
systematics associated with uncertainties of signal distr
tions! is reduced by a detailed study of various signal dis
butions, the error ons B̃ may go down below 10%.

Figure 1 also contains contours wheremx̃
2
05mẽR

and

mx̃
2
05mẽL

. To the left of these contoursx̃2
0 decays intol̃ are

accessible, giving a substantial constraint to the kinema
of the events. First, note thatx̃2

0→ẽR decays are open fo
most of the cosmologically acceptable region withM>200
GeV. There is even a substantial region of parameter sp
where bothx̃2

0→ẽL and x̃2
0→ẽR are open. In our argumen

above, we assumed that all observed edges and end p
kinematic distributions come fromq̃L→x̃2

0→ẽR rather than

x̃2
0→ẽL . When the latter decay mode is open, the branch

ratio dominates overẽR , sincex̃2
0.W̃3 and ẽR is anSU(2)

singlet. However if one assumes that squared scalar ma
are positive at the GUT scale,ẽL cannot be too much lighte
than x̃2

0, so there is some kinematical suppression.
MSUGRA the relevant masses are expressed as
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M150.4M , M250.8M

mẽL

2
5m210.5M22S 1

2
2sin2uWDmZ

2 cos 2b

mẽR

2
5m210.15M22sin2uWmZ

2 cos 2b, ~5!

andmx̃
1
0;M1 andmx̃

2
0;M2 if M!m. In @14#, it was shown

that the two edges can be observed separately even ix̃2
0

→ẽL is not strongly phase space suppressed. It might als
possible to find evidence for light left-handed sleptons
looking into the relative strengths of different SUSY signa
If x̃2

0→ẽL ,ñL is open,x̃1
1→ẽL or ñL is also open and domi

nant, yielding relatively largel 1l 82 andl 1l 2l 8 signals com-
pared to thel 1l 2 signal.

If we assume bottom Yukawa corrections are negligi
and squared scalar masses are positive at the GUT scale
pseudoscalar Higgs boson massmA is bounded from below
asmA

2.m21mñ
2

@22#. Under theB-ino dominant assumption
and for moderate value of tanb, neutralino annihilation
throughs-channel poles can thus not be important. On
other hand, for large tanb the pseudoscalar Higgs boson c
be light enough to achievemx̃

1
0;mA/2 @22,19#. However, in

MSUGRA large tanb also implies a rather lightt̃1, which
greatly depletes thel 1l 2 signal @23#; the observation of
strong multi-lepton signals would thus already indicate t
tanb is not very large. This conclusion remains valid in a
models where sleptons with identical gauge quantum nu
bers have more or less the same soft breaking mass at s
high scale. Note also that for large tanb direct production of
the heavy neutral Higgs bosons from gluon fusion and/o
association withbb̄ pairs allows to detect or exclude thes
Higgs bosons at the LHC formA up to several hundred GeV
@24#. We will come back to the importance of determinin
mA later in Sec. III.

In Figs. 1 and 2, we only looked into the parameter sp
with moderate~‘‘natural’’ ! values ofm and M. If m@M ,
solutions withm;M may be obtained@19,25#, and the as-
sumptionx̃1

0.B̃ is not valid any more. In such a case th

decayx̃2
0→ẽR is not open. However there is still a chanc

that W-ino-like charginos and neutralinos (x̃4
0 and x̃2

1) are
produced in cascade decays, and yield additional kinem
constraints besides the end point measurement of themll

distribution fromx̃2
0→x̃1

0l l decay; see Sec. III. Largem may

also be allowed whenmx̃
1
0;mZ/2, in which casex̃2

0→ẽR

need not be open to makeVx̃
1
0 small. Even then themll end

point determinesmx̃
2
02mx̃

1
0 @5,26#, and themll distribution

of three bodyx̃2
0 decays is sensitive to very largemẽR

@27#.

Another twist appears whenx̃2
0→x̃1

0Z is open and dominate

x̃2
0 decays. The small leptonic branching ratio of theZ boson

might then make it difficult to study neutralino masses, a
8-5
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MANUEL DREES et al. PHYSICAL REVIEW D 63 035008
there is no sensitivity to slepton masses. Note, however,
in theB-ino–dominant regionx̃2

0→Z decays cannot compet

with x̃2
0→ẽR decays unless the latter are strongly pha

space suppressed.
We already briefly alluded to the case wheremẽR

@mt̃1

due to renormalization group effects andt̃ mixing. The
lighter t̃ can be substantially lighter than the other slepton
m tanb is large@22#. In this case pair annihilation throught
channelt̃ exchange can even dominate other sparticle
change contributions@19#, becauset̃1 could be lighter than
the other sparticles, and the mixing induces anS-wave am-
plitude. In @28# the possibility to detect and studyt̃ at the
LHC is discussed. The end point of thej t j t invariant mass
distribution, wherej t denotes at-jet, is not as well deter-
mined as that of themll distribution, but it has been est
mated that a;5% measurement should be possible. Eve
the j t j t end point indicatesmt̃1

,mẽR
, the constraint onmq̃ ,

mx̃
2
0 andmx̃

1
0 from l l events originating fromx̃2

0→ẽR decays

can perhaps be used to reduce themt̃ error, in which case the
combined error should not increase too much. Howeve
tanb is very large, it becomes easier to have an accept
LSP relic density even ifmẽR

.mx̃
2
0. In this case one may

need a linear collider to perform precision measurement
the nature oft̃1 @29,30#, wherest̃1

, the end point of thet jet

energy distribution, and a measurement of thet polarization
would do a good job in determining the parameters neede
predict the thermal LSP relic density.

III. Vx̃1
0 IN NON-MSUGRA SCENARIOS AND COLLIDER

SIGNALS

In the previous section, we have shown that t
MSUGRA assumption predicts aB-ino–dominant LSP. We
also found that measurements at LHC experiments are s
cient for a prediction ofVx̃

1
0h2, if the cascade decayx̃2

0

→ẽR→x̃1
0 is open and LSPB-ino dominance is assumed

Now the question is if LHC experiments can be used
check the assumption that the LSP is mostly aB-ino. After
all, it is possible thatm is smaller than or of the order of th
gaugino masses, and that the MSUGRA relationM1.M2/2
is broken. In this and the following section, we discuss
scenario where the inequalityM1,M2 is kept, whilem is
substantially smaller than the MSUGRA prediction. In su
a caseZ exchange effects and/or LSP annihilation intoW
pairs are expected to be more important than in the s
MSUGRA scenario studied in the previous section, and
needs more information to predict the thermal contribution
Vx̃

1
0h2.

The relative size betweenm andM is controlled by Higgs
sector mass parameters. The MSSM Higgs potential ca
written as

V5~m1
21m2!H1

†H11~m2
21m2!H2

†H21~BmH1•H21H.c.!

1~4th order terms!. ~6!
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Here m1 and m2 are soft breaking Higgs boson masses.
the previous section we tookm15m25m at the GUT scale,
which gavem2@M2 unlessm2@M2. In general,umu;M
may be achieved by allowing non-universal soft break
Higgs boson masses,m1 ,m2Þm. For simplicity we will
keepm15m2[mh at the GUT scale; we briefly comment o
the effect of relaxing this assumption below.

In Fig. 3~a!, we plotumu vs (mh /m)2. By increasingmh , m
is reduced gradually so thatmh

21m2 at the GUT scale is
roughly constant. Note that the negative radiative correct
to Higgs boson massm2

2 is dominated by the gaugino mas
through the stop and sbottom masses for this choice
parameters.2 Therefore the value ofmh

2 giving umu;M2 is
almost independent ofm, mh;330 GeV. Generallyumu
;M can be achieved ifmhuGUT*M ; the precise value is
determined by the top Yukawa coupling. In Figs. 3~b! and
3~c!, we also plotVx̃

1
0 and theb factor. These quantities var

substantially onceumu falls belowM2.
In Fig. 4 we show contours of constantVx̃

1
0 and constant

b factor in the (mh
2/m2,M ) plane for fixedm5100 GeV. We

first note thatVx̃
1
0 decreases asmh is increased. This is due

to the reduction ofumu for larger mh , see Fig. 3. This in-

creases the Higgsino components ofx̃1
0 and also reduces its

mass. Not onlyVx̃
1
0 but also theb factor decreases, therefor

pair annihilation is no longer dominated by sfermion e
changes. Especially in Fig. 4~d! we find very strong effects
from LSP annihilation intoW pairs. The same effect also ca
be found in Figs. 3~b! and ~c!, where the rise ofb andVx̃

1
0

corresponds to the closure of theWW mode. Note that no
consistent solution with electroweak symmetry breaking
ists below and to the right of the dashed line.3

As mentioned earlier we assume the two soft break
Higgs boson masses to be the same at the GUT scale. H
ever, once tan2b@1, the Higgsino massumu is essentially
only sensitive to the value ofm2

2. One can therefore increas
or reduce the pseudoscalar Higgs boson m
by varying m1

2 at the GUT scale without affectingm at the
weak scale significantly. Nevertheless, as long asm1

2(MX)
.0 and tanb is not very large,mA5Am1

21m2
212m2uweak

remains well above 2mx̃
1
0. However, in principle there is

nothing wrong with havingm1
2(MX),0, as long as the

‘‘boundedness condition’’m1
21m2

2.2uBmu remains satisfied
at all scales. IfmA.2mx̃

1
0, the thermal LSP relic density is

2The fact that in MSUGRAm2
2 at the weak scale is almost inde

pendent ofm2 is closely related to the ‘‘focus point’’ behavio
studied in Ref.@25#.

3Right on this line electroweak symmetry breaking requiresm50.
Searches for neutralino and chargino production at the CERNe1e2

collider LEP therefore exclude the region just above the das
line. However, this experimentally excluded region is very narro
sinceumu varies very rapidly near the maximal allowed value ofmh ,
as shown in Fig. 3.
8-6
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FIG. 3. ~a! m, ~b! Vx̃
1
0 and ~c! b as function of (mh /m)2. We fix M5250 GeV,A50 and tanb510.
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very small. Strictly speaking the constraints onVx̃
1
0h2 that

we will derive below are therefore merely upper bounds
long as we cannot prove experimentally thatmA is well
above 2mx̃

1
0.

The reduction ofumu would alter SUSY signals at collider
significantly. Whenumu&M , x̃4

0 and x̃2
1 production from

the decay ofSU(2) doublet squarks becomes important
they have substantialW-ino component. This leaves a
imprint on the kinematics of di-lepton events, which giv
us access to additional MSSM parameters, espec
when the decay channels of neutralinos and charginos
real sleptons are open. This increases the statistics of c
l l 1 jets1missingPT events, since the channels

x̃2
1→ ñL

(* )→x̃1
1

x̃4
0→ẽL

(* )~ ẽR
(* )!→x̃2

0~ x̃1
0! ~7!
03500
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should be seen in addition to the conventionalx̃2
0→x̃1

0l l
signal.4

As a result,
~1! The mll edge, and the other end points of thej l and

j l l invariant mass distributions ofx̃2
1→ ñL→x̃1

1 may be
measured. By identifyingt-leptons fromx̃1

1 decay, one can
confirm experimentally that the cascade decay origina
from x̃2

1 . This gives lowerandupper bounds onumu, which
in turn constrain the size of the Higgsino component of
LSP. An explicit example will be analyzed in Sec. IV.

~2! x̃4
0 may decay intoẽL directly followed by ẽL decay

into x̃2
0 or x̃1

0. On the other hand the decayx̃2
0→ẽL is usually

forbidden or kinematically suppressed. Thereforex̃2
0 decays

and x̃4
0 decays give information on different slepton mass

4WhenM1 andM2 have the same sign andumu is not too small,
one of the neutralinos is very Higgsino-like and would not be p
duced from the first and second generation squark decays. Her
implicitly assumeM1,m&M2, in which case the Higgsino-like

state isx̃3
0.
8-7
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FIG. 4. Vx̃
1
0 and theb factor in the (mh

2/m2,M ) plane for fixedm.
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Note that there are substantial constraints on -ino ma
and slepton masses fromSU(2)3U(1) gauge invariance
The six chargino and neutralino masses are determined~up
to radiative corrections@31#! by the values of the four pa
rametersM1 , M2 , m and tanb, while mẽL

and mñ are re-
lated by

mñ
2
2mẽL

2
5mZ

2 cos2uW cos 2b. ~8!

Therefore the measured edges and end points origina
from several decay chains can over-constrain the rele
MSSM parameters.

In Fig. 5, we show variousq̃L decay branching ratios
defined as an average ofũL and d̃L branching ratios. Asmh
increases we find substantial branching ratios into
heavier neutralino and chargino, onceumu becomes compa
rable toM2. The sources of the rise of thex̃2

1 signal are:

~1! The increase of squark branching ratios intox̃2
1 and

x̃4
0 with increasingW-ino component. In the limitumu!M2

the branching ratios satisfy~assumingM1,M2):

Br~ q̃L→x̃2
1!:Br~ q̃L→x̃4

0!:Br~ q̃L→x̃1
1!52:1:0. ~9!
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Throughout Fig. 5,x̃3
0 is a nearly pure Higgsino and does n

have a substantial branching ratio. See Table II in Sec. IV
an explicit example.

~2! The growth of thex̃2
1 decay branching ratio intoñLl ,

again due to the increase of itsW-ino component. Note tha

x̃2
1→ ñL is kinematically favored compared tox̃2

1→ẽL .

~3! There is little or no phase space forñL decays into

x̃1
1l if M2,umu. On the other hand, this mode may open

whenx̃1
1 becomes Higgsino-like. Indeed for Fig. 5~a!, in the

region of smallmh the decayñL→x̃1
1 is suppressed due t

the near mass degeneracy betweenñL and x̃1
1 .

~4! Finally, ‘‘conventional’’ modes such asq̃→x̃1
1 and

q̃→x̃2
0 will be suppressed due to the reduced gaugino co

ponents of these light states. Moreover, the decayx̃2
0→ẽR

may be suppressed or closed kinematically even for sm
values ofm, if umu,M2. In the limit umu,M1 , mx̃

2
02mx̃

1
0 is

small, and the correspondingmll distribution might be too
soft to be accessible experimentally.

These observations tell us that one should look forx̃2
1 and

x̃4
0 signals in addition to conventionalx̃2

0→x̃1
0l 1l 2 decays.
8-8
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FIG. 5. Squark decay branching ratios for~a! m590 GeV and~b! m5120 GeV, forM5250 GeV,A50 and tanb510. We averageũL

and d̃L decay branching ratios.
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Discriminating experimentally between scenarios withumu
.M , where these new signals are small, andumu,M2,
where they are expected to be significant, would be imp
tant to predict the mass density of the Universe. In the n
section we illustrate how these new signals could be a
lyzed at the LHC.

IV. ANALYZING THE MSSM WITH zµzÈM
AT THE CERN LHC

A. A Monte Carlo study

We now study leptonic SUSY signals at the LHC for
case wherex̃2

1 production from q̃L decays is sufficiently
common to be detectable. We usedISAJET 7.42 @32# to gen-
erate signal events, whileATLFAST 2.21 @33# was used to
simulate the detector response. For this analysis we ch
the MSSM parameter point shown in Table I. Here we to
a moderate value forM, leading to a large sample of sign
events.

The value of the GUT scale Higgs boson mass
chosen such that theB̃ component of x̃1

0 NB̃50.9, so
that effects from its other components on the predicted L
relic density start to be significant; (NB̃ ,NW̃ ,NH̃1

,NH̃2
)

TABLE I. Mass parameters and relevant sparticle masse
GeV for the point studied in this paper.ISAJET @32# was used to
generate this spectrum.

m 90.0 tanb 10 m1 360 m2 360
M 250 m 199.85 M1 103.9 M2 208.75
mẽR

139.3 mẽL
206.09 mũL

556.07 md̃L
561.67

mñ 190.28 mx̃
1
0 93.18 mũR

534.36 md̃R
533.21

mx̃
2
0 155.13 mx̃

3
0 208.74 mx̃

1
1 148.44 mx̃

2
1 272.52

mx̃
4
0 273.8 mñt

188.67 mt̃ 1
374.43 mt̃ 2

563.81
mt̃1

132.56 mt̃2
206.06 mb̃1

498.27 mb̃2
531.2

mh 112.59 mP 436.98 mH 437.63 mg̃ 624.36
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5~0.91,20.15,0.19,20.35!. In ISAJET this requiresmh /m
54. Our one-loop RG analysis described in Sec. III rep
duces this point formh /m;3.74, see Fig. 3~a!. See also
Figs. 3~b! and 3~c! for the corresponding values ofVx̃

1
0 and

the b factor. Reducingumu even further~by increasingmh)
would lead to even larger differences to well-know
MSUGRA scenarios, making it easier to measure all relev
parameters.

In pp collisions one mostly produces squarks and gluin
They decay further into neutralinos and charginos. In o
case gluinos do not decay exclusively into third generat
squarks; the branching ratio into first and second genera
left handed squarks is about 20%~11.3% intoũL and 9.6%
into d̃L). These squarks then often decay intox̃2

1 and x̃4
0.

The branching ratios relevant for the following discussio
are summarized in Table II. The tiny branching ratio intox̃3

0

is due to the fact that it is mostly Higgsino. In Table I
we show the dominant cascade decay processes w
produce opposite sign same flavor lepton pairs in the fi
state. In this table we also list the corresponding end po
of the kinematic distributions discussed in Sec. II, see E
~3! and ~4!.

in

TABLE II. Relevant branching ratios in % for our sample p
rameters.

ũL→x̃2
0 20.7 d̃L→x̃2

0 14.5

ũL→x̃3
0 0.4 d̃L→x̃3

0 0.7

ũL→x̃4
0 12.2 d̃L→x̃4

0 15.4

ũL→x̃2
1 21.4 d̃L→x̃2

1 36.4

x̃2
0→ẽR

23.6 x̃4
0→ẽL

5.5

x̃2
1→ ñL

9.7 x̃4
0→ẽR

1.1

x̃1
1→ t̃1

89.1 ñL→x̃1
1 40.1

ẽL→x̃2
0 38.2 ẽR→x̃1

0 100

ẽL→x̃1
0 19.8
8-9
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We now show several SUSY event distributions, after
plying the following cuts@26# to reduce the SM backgroun
to a negligible level:

4 jets withPT,1.100 GeV andPT,2,3,4.50 GeV.
Meff[PT,11PT,21PT,31PT,41E” T.400 GeV.
E” T.max(100 GeV, 0.2Meff).
Two isolated leptons withPT

l .10 GeV anduhu,2.5. Iso-
lation is defined as having less than 10 GeV energy dep
ited in a cone withDR50.2 around the lepton direction.

In the following plots we reduce SUSY backgrounds
subtracting event samples with different flavor, opposite s
dileptons (e1m2 andm2e1) from the sum of thee1e2 and
m1m2 event samples. To do this consistently we require t
and only two isolated leptons in the final state.5 We gener-
ated events corresponding to an integrated luminosity of
fb21, but the figures are normalized to 100 fb21.

In Fig. 6 we show the di-lepton invariant mass distrib
tion for our representative point. After the subtraction ofem
events, we see a distribution with at least four edges.6 They
are consistent with those found in Table III. Note that
rather weak edge from decay~D3! should appear very clos
to the one from~D2! in both theM@umu and umu@M limit;
mx̃

2
1;mx̃

4
0, mx̃

2
0;mx̃

1
1 and mñ;mẽL

hold in a wide region

of parameter space. The two edges must be separated o
fitting the smearedmll distribution. Note that since the kine
matics of two decay chains is expected to be similar,
systematic errors associated with the fitting should be sm
It seems that at least the first fourmll edges can be used fo
the fit of MSSM parameters, while it is not clear if the la
one is detectable statistically.

We then follow the analysis of@14#, by taking the jets
with the first and the second largestPT and considering their
mjll distributions. We labelj 1 and j 2 so thatmj 1l l ,mj 2l l .

We then find that most events havemj 1l l below ;400 GeV.

The mjll distribution will contain events from the differen
decay chains listed in Table III, but they can easily be se
rated out by requiringmll to lie between certain values. Fo

5However, as we have discussed in previous sections, the rat
4 and 3 lepton events compared to 2 lepton events must con
important information about MSSM parameters.

6Note that atmll ;55 GeV, this subtraction reduces the number
events by a factor of 0.35. The fluctuation of the resulting distri
tion is therefore higher than what is expected from the numbe
events in this distribution.

TABLE III. End points or edges of invariant mass distributio
~in GeV! for different decay processes.

mode mjl
max mjl

min mjll
max mjll

min mll
max

~D1! q̃L→x̃2
0→ẽR→x̃1

0 400.3 237.0 430.6 164.2 50.6

~D2! q̃L→x̃2
1→ ñL→x̃1

1 351.0 260.0 411.1 211.1 121.9

~D3! q̃L→x̃4
0→ẽL→x̃2

0 322.7 269.5 403.3 207.5 117.9

~D4! q̃L→x̃4
0→ẽL→x̃1

0 437.0 321.4 460.6 246.6 159.6

~D5! q̃L→x̃4
0→ẽR→x̃1

0 421.5 292.2 460.6 270.3 174.3
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example, if we require thatmll ,55 GeV @Fig. 7~a!# and 55
,mll ,125 GeV@Fig. 7~b!#, the distributions should domi
nantly contain events from decay chains~D1! and ~D2!, re-
spectively. In Fig. 7~a! themjll end points are indeed consis
tent with the values of end points listed in Table III. Th
distribution in Fig. 7~b! is somewhat smeared out near t
end point, due to contamination fromx̃4

0 decays.
In the next step we select events wheremj 1l l ,500 GeV

,mj 2l l ; the resultingmjll distributions are shown in Figs
7~c! and 7~d!. These additional cuts have been applied
Ref. @14# because they reduce the probability to select
‘‘wrong’’ jet, which does not come from primaryq̃L decays.
The mj 1l l distribution is then substantially harder, better r
flecting the distribution of the ‘‘correct’’ jet. Especially fo
events with 55 GeV,mll ,125 GeV, themj 1l l end point of
decay~D2! can be seen more clearly over the distributio
from x̃4

0 decays~D4! and ~D5!, which have highermj 1l l

edges.
In Figs. 7~c! and ~d!, we nevertheless see some contin

ous background near the end point ofmj 1l l which cannot be

explained byx̃4
0 contamination. Note that for our choice o

parameters,q̃L is considerably lighter than for the case stu
ied in @14#; moreover,mx̃

2
1 is not too small compared tomq̃ .

The probability that one of the two hardest jets does
come from primary squark decays should therefore be hig
than in the example analyzed in Ref.@14#.

These mis-reconstructed events also contaminate themj 1l
max

edge if we demandmj 1l l ,500 GeV,mj 2l l , as can be seen

in Figs. 8~a!,~b!. Here we plot the higher of the twomj 1l

values in each event. However, the edges seem to be hi
than the expected values in Table III. Note that we exclu
events withmll ;mZ becausex̃2

1→Zx̃1
1 followed by Z→ l l

of
in

f
-
f

FIG. 6. Theme1e21mm1m22me1m22me2m1 distribution for
the parameter point listed in Table I.
8-10



g

SCRUTINIZING THE LIGHTEST SUPERSYMMETRIC . . . PHYSICAL REVIEW D63 035008
FIG. 7. ~a!, ~b!: mj 1l l distributions for~a! mll ,55 GeV and~b! 55 GeV,mll ,125 GeV.~c!, ~d!: The same distributions after requirin
mj 1l l ,500 GeV,mj 2l l .
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has a highermj 1l edge. For the sample withmll ,55 GeV,

the contamination is seen as a change of slope, while for
samples with 55 GeV,mll ,85 GeV or 95 GeV,mll ,125
GeV, no structure can be seen near the expected end p

This contamination actually was to be expected, beca
the events that fall above the realmj 1l l edge must be mis
reconstructed events where the jet originates from ano
sparticle decay or QCD radiation. Therefore the correspo
ing mjl has no need to respectmjl

max, either; it tends to have
a value larger than this nominal end point. The artificial u
per limit of the mj 1l l distribution imposed by the cut the
03500
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nt.
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distorts the event distribution in Fig. 8~b!. We find that the
mj 1l distribution without the requirementmj 1l l ,500 GeV

,mj 2l l reproduces themjl
max end point of decay chain~D2!

better for the events with 125 GeV.mll .95 or 85 GeV
.mll .55 GeV @Fig. 8~c!#, although the distribution is still
affected somewhat by events coming fromx̃4

0 decays.
The lower edgemjll

min may be reconstructed from themj 2l l

distribution requiringmll >mll
max/A2; see Fig. 9. This distri-

bution is much harder than the correspondingem distribu-
tion; this is a sign that the observed lower edge is real. T
fit of the end point distributions will be given elsewhere@34#.
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We now discuss the possibility to identifyx̃2
1 decays

through the chain~D2!. In this case most daughterx̃1
1’s

would decay further asx̃1
1→ t̃1→x̃1

0, see Table II, producing
a t lepton in the last step of the cascade decay. Thet l l
invariant mass never exceedsmx̃

2
12mx̃

1
0. Hadronict decays

might be identified by looking for a narrow jet that is isolat
from other jet activity. Instead of studying the jet selectio
we use information from the event generator to chose
consistent with the parentt direction in the event list. The je
with minimum dR is selected ast-jet if dR,0.3, uhu,2.5
andPT /PT j.0.9, whereP5Pt2Pnt

. We plot themj t l l
min dis-

tribution, wherej t is selected so thatmj t l l is minimal if the

event contains severalt-jets. When we compare the distr
butions for mll ,55 GeV @Fig. 10~a!# and 55 GeV,mll
,125 GeV@Fig. 10~b!#, we find the latter events clustered
the regionmj t l l ,190 GeV, while no such structure is foun

for the events withmll ,55 GeV. The only possible interpre
tation would be that mostl l pairs with 55 GeV,mll ,125
GeV stem from the decay of a charged particle,x̃2

1 .
In the above plot, we are assuming 100% acceptancet

jets and no contamination from QCD jets. A rejection fac
of O(102) against QCD jets together with a 40%t identifi-
cation efficiency might be possible in the ATLAS expe
ment for jets withPT.30 GeV @24#. In @28#, the fake tau
distribution is studied assuming a rejection factor of 15
the case wherex̃2

0 decays dominantly intot1t2x̃1
0. Faket

backgrounds are then sizable in the region above the edg
the signalt1t2 distribution. The use of thej tl l distribution
to clean up thex̃2

1 sample might nevertheless help to reco
struct edges from decay chain~D2!.

B. Parameter fitting

In the previous subsection, we checked if it is possible
reconstruct the end points of invariant mass distributions
volving charged leptons. Statistically, it seems possible to
so for decay modes~D1! and ~D2!. This constrains mas
differences amongq̃L , x̃2

0, x̃1
0, ẽR ~D1! andq̃L , x̃2

1 , x̃1
1 , ñL

~D2!. We expect that these masses can be reconstructed
O~10! GeV errors, as was the case in Ref.@14#. However, the
corresponding errors on some MSSM parameters are sig
cantly larger.

In order to illustrate this point, we list four sets of MSS
parameters which reproduce all kinematic end points wit
Dx251 and 4, respectively. HereDx2 is defined as

Dx25(
i

~Mi
input2Mi

fit!2/~DMi !
2, ~10!

whereMi runs over all five end points,mjll
max(min), mjl

max(min)

andmll
max, of the decay chains~D1! and~D2! listed in Table

III. We assumeD(Mi) is 1% of Mi
input for distributions in-

volving a jet, and 0.3% ofmll
max,input. In Table IV, we list the

solution with maximal and minimalm ~for tanb<20! that
satisfyDx2<1(4).

We emphasize that this fit has been performed in a fa
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general version of the MSSM, not within MSUGRA. As a
ready discussed in Sec. II, we assume that first and sec
sfermions with identical gauge quantum numbers have
same mass; this is true in almost all models~due to FCNC
constraints!, and, in case of the sleptons, can be tested
rectly from the data. We also assume that all relevant s
breaking parameters are real. However, when performing
fit we do not assume that gaugino masses unify, we keem
as an independent free parameter, and we do not impose
relation betweenmq̃L

, mẽR
andmñ . In other words, all seven

parameters listed in Table IV are allowed to vary indepe
dently. A fit within MSUGRA might lead to considerabl
smaller errors on the~fewer! free parameters. Once actu
data exist it would be useful to compare these two fits.
course, the bounds that result from kinematical fitting sho
only be taken seriously if the overall quality of the fit (x2 per
DOF! is reasonable.

Note that the errors of the dimensionful parameters
strongly correlated, so that solutions withDx2,1 almost fall
onto a one-dimensional line in the seven-dimensional par
eter space. Table IV shows that the kinematic quantities
have used in the fit give rather weak constraints forM2 and
m, with errors of order 20 GeV to 50 GeV. In fact, for fixe
tanb we find two distinct sets of solutions, withm.M and
m,M , respectively. Moreover, one cannot fix the actu
value of tanb from this fit; one can only determine tha
tanb*8.65 where the minimum is achieved whenM2;m.

Table V shows that the corresponding chargino and n
tralino masses only vary within 15 GeV between the tw
extreme solutions~except forx̃3

0, which is almost not pro-

duced inq̃ decays!. Hence one will need additional informa
tion, beyond the kinematics of the decay chains~D1! and
~D2!, to reduce the errors on the fundamental parameter

Reducing the errors onm and tanb would be necessary to
predict the thermal relic density accurately. Them ~max,min!
solutions predictVx̃

1
0h250.160 and 0.122, respectively, a

compared to 0.152 for the input point. Them max point
predicts a similar relic density as the input point; indee
within the region withDx2<1, we were not able to find
solutions withVx̃

1
0h2.0.165. On the other hand, them min

solution predicts a significantly smaller relic density, a
even smaller values ofVx̃

1
0h2 are possible if we relax the

upper bound on tanb, which was imposed ‘‘by hand’’ in
this fit. For example, there is a solution with tanb536
and (M1 ,M2 ,m,mq̃ ,mẽR

,mñ)5~108.3,194.7,239.3,576.9

148.0,203.9! ~all masses in GeV!, giving Vx̃
1
0h250.112. We

hence need to reduce the errors onboth m and tanb. The
former determines the size of the Higgsino components
the LSP, which begins to be significant in this region
parameter space. The productm tanb determines the amoun
of t̃L2 t̃R mixing, which reduces the predicted relic dens
through a reducedt̃1 mass and enhancedS-wave annihila-
tion. In the following we discuss strategies that might
useful for reducing the errors on these two quantities.

One possibility is to measure some branching ratios.
Table VI, we compare theq̃ decay branching ratios into
8-12
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FIG. 8. Distribution of the higher of the twomj 1l values for a! 0 ,mll ,55 GeV and~b! 55 GeV,mll ,85 GeV or 95 GeV,mj 1l

,125 GeV with the cutsmj 1l l ,500 GeV,mj 2l l . Figure~c! corresponds to~b! without the cuts onmj 1l l andmj 2l l .
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charginos and neutralinos for the two solutions. Note that
ratio of thex̃2

1 andx̃2
0 modes increases by more than a fac

of three, from 0.45 to 1.71 forũL decay and from 1.11 to
4.25 for d̃L decay, when switching from them max solution
to the m min solution. This is almost entirely due to th
change ofm; the value of tanb is not important here~as long
as tan2b@1).

The relative strengths of the signals from decay cha
~D1! and ~D2! should thus yield important information t
reduce the errors on MSSM parameters. The strength
these signals can be extracted purely kinematically, e.g. f
03500
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the relative number of events withmll below thex̃2
0 and x̃2

1

edge, respectively, and/or by trying to determine the fract
of di-lepton events that have at-jet near the charged lepto
pair, as discussed above. For a given solution in Table IV
chargino and neutralino mixing angles and masses are fi
As stated above, this is a fairly constrained fit where
relevant sparticle masses are effectively described by
parameter. The acceptances should then be very well
brated from the mass constraints, so that systematic er
should be small.

In order to extract squark branching ratios from the nu
ber of events with a lepton pair in the final state, one m
8-13
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FIG. 9. mj 2l l distribution for ~a! 36.3 GeV,mll ,55 GeV and~b! 85.9 GeV ,mll ,125 GeV.
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know Br(x̃2
0→ẽR) andBr(x̃2

1→ ñL). These branching ratio
also depend on MSSM parameters, as shown in Table
Here we assume that thet̃ andñt soft breaking mass param
eters are the same as for first and second generation slep
We compute thet̃ mixing angle by settingAt50 at the weak
scale; whenever it is sizable,t̃L2 t̃R mixing is anyway domi-
nated by the contribution}m tanb. With these assumption
all parameters required to compute these branching ratios
in principle be extracted from the kinematic fitting describ
above.
03500
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The least critical quantity in Table VII is the branchin
ratio for ñe→x̃1

1 decays. It decreases slightly with decrea
ing m, due to the shrinkingW-ino component ofx̃1

1 . How-
ever, this effect is weaker than the simultaneous increas
Br(x̃2

1→ ñe), which is due to the increasingW-ino compo-
nent of x̃2

1 . The strength of the signal from decay cha
~D2! is proportional to the product of these two branchi
ratios, which varies between 0.027 and 0.041. Together w
the simultaneous change ofBr(q̃L→x̃2

1) shown in Table VI,
this means that for our choice of parameters the sig
FIG. 10. The invariant mass distributionmj t l l for ~a! mll ,55 GeV and~b! for 55 GeV,mll ,125 GeV.
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strength of~D2! decreases rapidly with increasingm. More-
over, the relevant branching ratios do not depend sign

cantly on the details of thet̃ sector, and can thus be pre
dicted fairly reliably from the quantities listed in Table IV7

Unfortunately this is not true for the branching ratio f

x̃2
0→ẽRe decays, which does depend strongly on the m

and mixing angle oft̃1. Note that the prediction in Table VI
for the input point~0.296! differs from the input value in
Table II ~0.236!. This is because we ignored the reduction

soft breakingt̃ masses through renormalization group~RG!
effects when computing the entries of Table VII. In the giv
case these effects only reducemt̃1

by ;5 GeV. This is suf-

ficient to increase the partial width forx̃2
0→ t̃1t significantly;

note that x̃2
0→ l̃ l decays are pure P-wave in the limitml

→0, and the available phase space for these decays is
large in our case. Since for both fit solutions shown in Ta
IV tanb is significantly larger than the input value, the

solutions predict even lightert̃1 states and enhancedt̃L

2 t̃R mixing. The use of these parameters would theref

underestimate the true branching ratio forx̃2
0→ẽRe decays

significantly.
In order to extract the squark branching ratios of Table

to better than a factor of 2 one will therefore need additio

information on thet̃ sector. This might be obtained b

studying x̃2
0→t1t2x̃1

0 decays. As mentioned at the end
Sec. III, it should be possible to determine the edge of the
t-jet invariant mass distribution to;5%. This would be

sufficient to detect large differences betweent̃ andẽ masses;
in particular, it would suffice to detect a significant reducti
of the predictedVx̃

1
0h2 due to enhanced annihilation int

t1t2 final states. However, it would not suffice to disti
guish between the three cases used in Table VII. To this
one would need to determine the ratio of branching ratios

x̃2
0→e1e2x̃1

0 and x̃2
0→t1t2x̃1

0 decays. The precision o
this measurement might be limited by systematic effe

7In principle x̃2
1 branching ratios could change somewhat ifmhl

,mx̃
2
12mx̃

1
1, in which case additional 2-body decay modes ofx̃2

1

would open up. However, such scenarios are already tightly c
strained by LEP data, and would give rise to a variety of Hig
signals at the LHC.

TABLE IV. Maximal and minimalm solution satisfyingDx2

<1(4).

mq̃L
M1 M2 m tanb mẽR

mñ

m max 575.38 108.28 196.76 235.71 20.0 147.37 202
(Dx2,4) 581.99 113.12 200.79 242.09 20.0 152.02 207
m min 554.64 99.58 218.70 180.10 20.0 135.18 185
(Dx2,4) 549.08 95.58 216.10 175.64 20.0 131.43 181
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since the two signals have very different efficiencies.8 How-
ever, given that this ratio of branching ratios differs by mo
than a factor of 4.5 between the three scenarios of Table
we think it likely that its measurement will help to reduce t
errors of the extracted squark branching ratios significan
Finally, once a linear collider of sufficient energy becom
available precision studies oft̃1 production and decay will
be possible@29,30#.

Let us summarize this somewhat complicated discuss
by turning the argument around. One should first extract
formation about thet̃ sector, e.g. by comparing signals fro
x̃2

0→t1t2x̃1
0 to those fromx̃2

0→e1e2x̃1
0. This will give

information on the soft breaking masses in thet̃ sector as
well as on the productm tanb. This information, together
with the result of the kinematic fit described above, will a
low one to predict the branching ratios of the decays listed
Table VII with reasonable precision. This in turn will allow
to translate the measured strengths of the signals from d
chains~D1! and ~D2! into squark branching ratios. Finally
these branching ratios can be used to greatly reduce the
on m.

Another way to further constrain the relevant MSSM p
rameters is to includex̃4

0 decay edges from decays~D3! and
~D4! in the fit. Just measuringmll

edge values of these deca
modes with 1% errors allows to reducemmax to 214 GeV.
However, this would still not allow us to give an uppe
bound on tanb.9 Moreover, this edge may not be visible fo
larger gluino and squark masses, where the production c
section is substantially smaller.

Given that the very weak upper bound tanb<20 which
we imposed in the fit summarized in Table IV is sufficient
predict Vx̃

1
0

th
h2.0.13560.03, it seems certain that the stra

egy outlined above will again allow to predict the therm
relic density to better than 20%. The only loophole occurs
mt̃1

.mx̃
1
0; this can happen even in MSUGRA if tanb is

very large. In this case thex̃1
02 t̃1 mass difference become

so small that thet from t̃1 decays become effectively invis
ible at hadron colliders. At the same timet̃12x̃1

0 co-
annihilation reduces the predicted LSP relic density by up
a factor of ten@35#. One would then need to increasem

n-
s

8Since thex̃2
02 t̃1 mass difference is quite small, one may have

allow one of thet-jets to be quite soft.
9Including this new information gives the strong upper bou

tanb<11 at the 1s level, but tanb520 remains allowed at 2s.

8
1
3
8

TABLE V. Neutralino and chargino masses in GeV for th
maximal and minimalm solutions.

mx̃
1
0 mx̃

2
0 mx̃

3
0 mx̃

4
0 mx̃

1
1 mx̃

2
1

m max 101.79 163.15 244.85 284.94 160.44 285.
(Dx2,4) 106.63 167.82 250.99 290.44 165.12 290.5
m min 89.0 150.97 190.41 268.72 144.19 268.7
(Dx2,4) 85.08 147.22 186.18 265.56 140.49 265.6
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and/orM in order to get a cosmologically interesting value
Vx̃

1
0h2; x̃2

0→ẽRe decays may not be open. In this ca

straightforward kinematic fitting as we described here w
not be possible at the LHC, although one should still ge
hint for the relative ordering oft̃1 andẽR masses by observ
ing t-jets in missingET1 jets events, which will yield the
most robust SUSY signal in this case. In such a somew
contrived scenario kinematical precision measureme
would probably only be possible at a lepton collider.

V. DISCUSSION

In this paper, we argued that LHC experiments can pla
substantial role in predicting the contributionVx̃

1
0

th
of thermal

relic LSPs to the mass density of the Universe. Previ
simulations in the literature were mostly done usi
MSUGRA assumptions, where usuallyumu2@M2. In such a
case the measuredx̃2

0 cascade decay determinesmẽR
, mx̃

2
0

andmx̃
1
0. Once we know that the LSP is mostlyB-ino, these

three masses are sufficient to determineVx̃
1
0

th
within 20%.

On the other hand, if nature does not respect universa
of all scalar soft breaking masses, it is possible thatm;M .
In such a case, one needs to knowm and M in addition to
mx̃

1
0 andmẽR

to determineVx̃
1
0

th
, becauses-channel exchange

of Z andh, or WW production might play important roles i
x̃1

0 pair annihilation in the early Universe. We showed that

m;M , x̃2
1 andx̃4

0 will be produced copiously inq̃L decays.
One can then determine all MSSM parameters neede
predictVx̃

1
0

th
through the study of these cascade decay ch

nels, using fits of kinematic end points and edges of invar
mass distributions. The isolation ofx̃2

1→ ñL→x̃1
1 decays by

observing the subsequentx̃1
1→ t̃ decay may be used to im

prove the reconstruction of thex̃2
1 production and decay

TABLE VI. Squark branching ratios for the maximal and min
mal m solutions.

x̃1
0 x̃2

0 x̃4
0 x̃1

1 x̃2
1

m max ũL→ 1023 0.257 0.073 0.553 0.113

d̃L→ 0.036 0.214 0.094 0.412 0.238

m min ũL→ 0.4 1023 0.167 0.162 0.381 0.285

d̃L→ 0.042 0.106 0.196 0.197 0.451

TABLE VII. Branching ratios for the maximal and minimalm
solution. We assume universal soft sfermion masses andAt50 at
the weak scale.

m max m input~univ! m min

x̃2
0→ẽR

230.06 230.148 230.105

x̃2
1→ ñe

0.063 0.096 0.109

ñe→x̃1
1 0.433 0.402 0.380
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kinematics. Moreover, the measurement of the relative nu
ber of events from different decay chains further constra
MSSM parameters. In the end it should again be possibl
predict the thermal LSP relic density with an error of 20%
better even in this more complicated scenario. In fact, t
scenario is advantageous, since it allows us to determ
both the gaugino and Higgsino components of the LSP; th
are needed to predict the strength of the LSP couplings
Higgs bosons, which in turn are required for predicting t
LSP-nucleon scattering cross section. In MSUGRA scena
with umu.M one can probably only establish an upp
bound on the Higgsino component of the LSP, which on
allows one to derive upper bounds on LSP-Higgs couplin

Notice that weonly used information that can be extracte
from studies at the LHC to arrive at this rather optimis
conclusion. If any one of the relevant masses could be de
mined with better precision elsewhere, e.g. at a lepton c
lider, the allowed region would shrink significantly, since t
fit of hypothetical LHC data resulted in an almost on
dimensionalDx2<1 domain.

In this paper we discussed the case wherem!M so that
neutralino decay into sfermion is open. This is a good
sumption if x̃1

0 is gaugino like, asx̃1
0 density overclose the

Universe ifm@M . For increased Higgsino component ofx̃1
0,

such a requirement is no longer necessary. It is interestin
see if one can extract sparticle masses from decay distr
tions for such cases.

In this paper, we did not study the case wherem

!M1 ,M2, where the Higgsino-like statesx̃1
0, x̃2

0 andx̃1
1 are

nearly degenerate in mass. In such a case we should obs
x̃2

1 ,x̃4
0 production from squark decays in addition tox̃3

0 pro-

duction, which is now mostlyB̃. If scalar masses are not to
large so that decays of the heavier neutralinos and charg
into real sfermions are open, the analysis is similar to the
that has been given in Sec. IV. If the sfermion decay mod
closed, the decay to a~virtual! Higgs boson might play an
important role, unlike the case wherem;M . While on-shell
Higgs bosons produced in SUSY cascade decays can
identified @24#, the kinematical fitting would be more diffi
cult since it would be entirely based on jets. Note, howev
that the thermal relic density of Higgsino-like LSPs is sm
unlessmx̃

1
0*500 GeV, in which case it might be difficult to

even discover supersymmetry at the LHC.
We also did not discuss the case whereM2!M1 ,m sug-

gested in models with anomaly mediated supersymm
breaking @8#. These models predict a rather heavy gluin
This results in a limited number of events even at the LH
making precision studies rather difficult. In models with
not too heavy gluino while keepingM2!M1 ,m, the relative
number of events fromB̃→ẽR andB̃→ẽL might be useful to
show thatM1@M2, if both modes are open. This would b
sufficient to show that the thermal LSP relic density is sm
independent of the relative ordering ofM2 andm, since both
W-ino-like and Higgsino-like LSPs with mass in the~few!
hundred GeV range annihilate efficiently.

We thus conclude that whenever LHC experiments fin
large sample of SUSY events, it will be possible to eith
8-16
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predict the thermal relic density of LSPs with a fairly sm
error, or else one will be able to conclude that thermal re
LSPs do not contribute significantly to the overall mass d
sity of the Universe. In the latter case one would need ph
ics beyond the MSSM, and/or a non-thermal LSP product
mechanism, to explain the dark matter in the Universe.
v.
,

ri

h
nd

s

8.

C.

03500
c
-

s-
n

ACKNOWLEDGMENTS

The work of M.D. was supported in part by the ‘‘Sonde
forschungsbereich 375-95 fu¨r Astro–Teilchenphysik’’ der
Deutschen Forschungsgemeinschaft. The work of Y.G
was supported by the JSPS.
s.

ys.

r-
://
l

.

ta,

t.
@1# For a review, see H. E. Haber and G. L. Kane, Phys. Rep.117,
75 ~1985!.

@2# E. Witten, Nucl. Phys.B188, 513 ~1981!.
@3# C. Giunti, C. W. Kim, and U. W. Lee, Mod. Phys. Lett. A6,

1745~1991!; U. Amaldi, W. de Boer, and H. Fu¨rstenau, Phys.
Lett. B 260, 447~1991!; P. Langacker and M. Luo, Phys. Re
D 44, 817 ~1991!; J. Ellis, S. Kelley, and D. V. Nanopoulos
Phys. Lett. B260, 131 ~1991!.

@4# For a review, see G. Jungman, M. Kamionkowski, and K. G
est, Phys. Rep.267, 195 ~1996!.

@5# Proceedings of the ‘‘1996 DPF/DPB Summer Study on Hig
Energy Physics,’’ edited by D. G. Cassel, L. T. Gennari, a
R. H. Siemann.

@6# DAMA Collaboration, R. Bernabei, Phys. Lett. B480, 23
~2000!.

@7# CDMS Collaboration, R. Abusaidi, Nucl. Instrum. Method
Phys. Res. A444, 345 ~2000!.

@8# T. Moroi and L. Randall, Nucl. Phys.B570, 455 ~2000!.
@9# K. Enqvist and J. McDonald, Nucl. Phys.B538, 321 ~1999!.

@10# G. F. Giudice, E. W. Kolb, and A. Riotto, Phys. Rev. D~to be
published!, hep-ph/0005123.

@11# K. Enqvist and J. McDonald, Phys. Rev. Lett.83, 2510~1999!.
@12# M. S. Turner, astro-ph/9912211.
@13# M. Brhlik, D. J. H. Chung, and G. L. Kane, hep-ph/000515
@14# H. Bachacou, I. Hinchliffe, and F. E. Paige, Phys. Rev. D62,

015009~2000!.
@15# J. R. Espinosa and R.-J. Zhang, J. High Energy Phys.03, 026

~2000!; M. Carena, H. E. Haber, S. Heinemeyer, W. Hollik,
E. M. Wagner, and G. Weiglein, Nucl. Phys.B580, 29 ~2000!.

@16# E. W. Kolb and M. S. Turner,The Early Universe~Addison-
Wesley, Redwood City, CA, 1990!; K. Griest, M. Kamion-
kowski, and M. S. Turner, Phys. Rev. D41, 3565~1990!.
-

-

@17# K. Griest and D. Seckel, Phys. Rev. D43, 3191~1991!.
@18# S. Mizuta and M. Yamaguchi, Phys. Lett. B298, 120 ~1993!.
@19# M. Drees and M. M. Nojiri, Phys. Rev. D47, 376 ~1993!.
@20# M. Drees, M. M. Nojiri, D. P. Roy, and Y. Yamada, Phy

Rev. D56, 276 ~1997!.
@21# T. Falk, Phys. Lett. B456, 171 ~1999!.
@22# M. Drees and M. M. Nojiri, Nucl. Phys.B369, 54 ~1992!.
@23# H. Baer, C.-H. Chen, M. Drees, F. Paige, and X. Tata, Ph

Rev. Lett.79, 986 ~1997!.
@24# ATLAS Collaboration, ATLAS Detector and Physics Perfo

mance Technical Design Report. CERN/LHCC99-19. http
atlasinfo.cern.ch/Atlas/GROUPS/PHYSICS/TDR/access.htm

@25# J. L. Feng, K. T. Matchev, and F. Wilczek, Phys. Lett. B482,
388 ~2000!.

@26# I. Hinchliffe, F. E. Paige, M. D. Shapiro, J. Soderqvist, and W
Yao, Phys. Rev. D55, 5520~1997!.

@27# M. M. Nojiri and Y. Yamada, Phys. Rev. D60, 015006
~1999!.

@28# I. Hinchliffe and F. E. Paige, Phys. Rev. D61, 095011~2000!.
@29# M. M. Nojiri, Phys. Rev. D51, 6281~1995!.
@30# M. M. Nojiri, K. Fujii, and T. Tsukamoto, Phys. Rev. D54,

6756 ~1996!.
@31# D. Pierce and A. Papadopoulos, Phys. Rev. D50, 565 ~1994!;

Nucl. Phys.B430, 278 ~1994!; A. B. Lahanas, K. Tamvakis,
and N. D. Tracas, Phys. Lett. B324, 387 ~1994!.

@32# F. E. Paige, S. D. Protopopescu, H. Baer, and X. Ta
hep-ph/9810440.

@33# E. Richter-Waset al., ATLFAST2.21, ATLAS Internal Note,
PHYS-NO-079.

@34# M. Drees, Y. G. Kim, M. M. Nojiri, D. Toya, K. Hasuko, and
T. Kobayashi~work in progress!.

@35# J. Ellis, T. Falk, K. A. Olive, and M. Srednicki, Astropar
Phys.13, 181 ~2000!.
8-17


