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We study the dependence on tanb of the event kinematics of final states withe1e2/m1m2/e6m71ET
miss

1 jets, as expected inpp collisions at CERN LHC, within the framework of the minimal supergravity model.
With an increase of tanb, the third generation sparticle massesmt̃1

andmb̃1
decrease due to the increase of the

tau and bottom Yukawa couplings. As a result, the gluino, top squark, sbottom, chargino, and neutralino decays
to third generation particles and sparticles are enhanced. With tanb rising, we observe a characteristic change
in the shape of the dilepton mass spectra ine1e2/m1m21ET

miss1 jets versuse6m71ET
miss1 jets final states,

reflecting the presence of the decaysx̃2
0
˜ l̃ L,R

6 l 7
˜x̃1

0l 1l 2, x̃2
0
˜x̃1

0l 1l 2, and x̃2
0
˜ t̃1

6t7
˜x̃1

0t1t2, x̃2
0

˜t1t2x̃1
0, respectively. We exploit this effect for constraining the value of tanb. @S0556-2821~99!06913-1#

PACS number~s!: 14.80.Ly, 04.65.1e, 12.60.Jv, 13.85.Qk
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I. INTRODUCTION

There is general agreement that new particles predicte
supersymmetry~SUSY! have to be found at the CERN Larg
Hadron Collider~LHC!, if the appealing conjecture of low
energy supersymmetry is correct. Therefore, the discov
potential of LHC for SUSY particles has been studied ext
sively @1#.

Within recent years it has became customary to study p
duction and decay of SUSY particles in the context of
‘‘minimal supergravity model’’~MSUGRA! @2#. This model
has only five parameters allowing one to study system
cally the whole parameter space. The MSUGRA mode
based on the minimal supersymmetric extension of the s
dard model~MSSM!, which has the minimal possible pa
ticle content with two Higgs doublets~five physical Higgs
bosons!. The number of parameters of the MSSM is strong
reduced by assuming simple boundary conditions at
grand unified theory~GUT! point. The renormalization
group equation~RGE! are then used to calculate the para
eters at the electroweak scale. A further strong constrain
the parameters is given by the requirement of spontane
electroweak symmetry breaking at this scale~radiative elec-
troweak symmetry breaking!. The parameters which remai
arem0, the common scalar mass atMGUT51016 GeV, m1/2,
the unifying gaugino mass,A0, the common trilinear term a
MGUT, tanb5v2 /v1 @with v1(v2) being the Higgs vacuum
expectation value of the Higgs bosonH1

0(H2
0)#, and sgn(m),

m being the Higgsino mass parameter. This model is inc
porated in the Monte Carlo generatorISAJET @3#, which is
used in our analysis.

A systematic study of all possible signals at LHC as
function of the MSUGRA parameter space was carried ou
0556-2821/99/60~3!/035008~9!/$15.00 60 0350
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@4,5#. In @6# we worked out a method to determine the mod
parametersm0 andm1/2 with fixed tanb from an analysis of
the event kinematics of final states with two same-flav

opposite-sign1ET
miss1(jets), arising from the decaysx̃2

0

˜ l̃ L,R
6 l 7

˜ l 1l 2x̃1
0 , x̃2

0
˜ l 1l 2x̃1

0, with l 5e,m. Both in @4#
and in @6# the value of tanb was taken to be<10. As,
however, pointed out in@7–9# at large tanb (tanb*10) the
tau and bottom Yukawa couplingf b,t5gmb,t /A2mW cosb
may become comparable to the electroweak gauge coup
and even to the top Yukawa couplingf t5gmt /A2mW sinb.
As a consequence, gluino, top squark, sbottom, chargino,
neutralino decays into third generation particles and sp
ticles are enhanced when tanb is large@9,10#. These features
make the expected experimental signatures very diffe
from those at low or moderate tanb.

Exploiting the fact that decays intot ’s are enhanced a
large tanb, one can get information about the underlyin
model framework. With this aim, in@9,10# the reconstruction
of t ’s by their hadronicdecays has been considered. In th

paper we study the decaysx̃2
0
˜ t̃1

6t7
˜x̃1

0t1t2 and x̃2
0

˜x̃1
0t1t2, where thet ’s decayleptonically leading to final

states with twodifferent-flavor opposite-sign leptons1 ET
miss

1 jets as a characteristic experimental signature.
In Sec. II we discuss the sparticle mass spectrum wit

MSUGRA. Section III is dedicated to a discussion of t

production and leptonic decays ofx̃2
0 in the MSUGRA pa-

rameter space. In Sec. IV we work out a method to const
the parameter tanb by analyzing the shape of the invaria
mass distributions in two same- and different-flav
opposite-sign leptons1 ET

miss 1 jets channels. We summa
rize our results and give some conclusions in Sec. V.
©1999 The American Physical Society08-1
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II. SPARTICLE MASSES IN MSUGRA

The masses of the sfermions~squarks and sleptons! of the
first two generations are given by the RGE,@11#:

ml̃ R

2
5m0

210.15m1/2
2 2 sin2 uWD, ~1!

ml̃ L

2
5m0

210.52m1/2
2 21/2~122 sin2 uW!D, ~2!

mñ
2
5m0

210.52m1/2
2 11/2D, ~3!

mũR

2
5m0

21~0.071c!m1/2
2 12/3 sin2 uWD, ~4!

md̃R

2
5m0

21~0.021c!m1/2
2 21/3 sin2 uWD, ~5!

mũL

2
5m0

21~0.471c!m1/2
2 1~1/222/3 sin2 uW!D, ~6!

md̃L

2
5m0

21~0.471c!m1/2
2 2~1/221/3 sin2 uW!D, ~7!

whereD5MZ
2 cos 2b and 4.5,c,6. In the third generation

of sfermions f̃ the f̃ L2 f̃ R mixing may play an importan

role. The mass matrix in the basis (f̃ L , f̃ R) with f 5t,b,t is
given by

M
f̃

2
5S m

f̃ L

2
afmf

afmf m
f̃ R

2 D , ~8!

with

m
f̃ L

2
5MQ̃,L̃

2
1mZ

2 cos 2b~ I 3L
f 2ef sin2 uW!1mf

2 , ~9!

m
f̃ R

2
5M

$Ũ,D̃,R̃%
2

1mZ
2 cos 2bef sin2 uW1mf

2 , ~10!

afmf5H ~Af2m cotb!mf for f̃ 5 t̃ ,

~Af2m tanb!mf for f̃ 5b̃,t̃, ~11!

whereI 3
f is the third component of the weak isospin andef

the electric charge of the fermionf. MQ̃,L̃,Ũ,D̃,R̃ and Af are
soft SUSY-breaking parameters. Note that the mixing te
~11! is proportional to the fermion mass and cotb enters in
the case of the top squark and tanb in that of the sbottom
and the stau. Therefore, strong mixing is expected for the
squarks, but mixing may also be important for sbottom a
stau if tanb is large (tanb>10) so that one mass eigensta

can be rather light. The mass eigenstatesf̃ 1 and f̃ 2 with
massesmf̃ 1

andmf̃ 2
are obtained by diagonalizing the matr

~8!:
03500
p
d

m
f̃ 1 , f̃ 2

2
51/2~m

f̃ L

2
1m

f̃ R

2
!71/2A~m

f̃ L

2
2m

f̃ R

2
!14afmf .

~12!

In addition, one expects from the RGE that due to t
Yukawa interactions the soft SUSY breaking mass
MQ̃,L̃,Ũ,D̃,R̃ of the 3rd generation sfermions are smaller th
those of the 1st and 2nd generation. As in MSUGRAumu is
quite generally large (umu.M ), the parameterAf does not

play a crucial role, especially for large tanb in the case ofb̃
and t̃. We therefore have takenA50 in this study.

Within the MSSM the masses of the charginos and n
tralinos are determined by the parametersM5m1/2(MZ), m,
tanb using

M1.
5

3
tan2 uWM.0.5M , ~13!

M1 being theU(1) gaugino mass. In MSUGRA one ha
quite generally the following mass spectrum:

mx̃
2
0.mx̃

1
1.2mx̃

1
0.M50.8m1/2, mx̃

3
0.mx̃

4
0.umu.

~14!

In this modelx̃1
0 is almost a pureB-ino andx̃2

0 almost a
pureW3-ino. x̃1

1 also has a strong gaugino component. O
the other hand, the heavier statesx̃3

0, x̃4
0, x̃2

6 are Higgsino-
like. The gluino mass is given by

mg̃5
as

a2
M.3M.2.4m1/2. ~15!

III. PRODUCTION AND LEPTONIC DECAY OF x̃2
0

AT LARGE tan b

At a hadron collider the neutralinosx̃2
0 are dominantly

produced in the decay chain of massive gluinos and squa
for instance g̃˜qq̄x̃ i

0 or q̃1,2˜qx̃ i
0 , i 51,4, and x̃ j

0

˜x̃k
0Z0, j 52,4, k51,j 21. These decays have been studi

extensively for tanb&10 in @12#. Squarks and gluino decay
for tanb*10 have been discussed first in@8#. The collider
phenomenology with large tanb has been quite generall
discussed in@7,9#, including the chargino and neutralino de
cays. There are two features which play an important role

large tanb. First, as shown in Sec. II the sbottomb̃1 and stau
t̃1 become lighter. Second, the Yukawa couplings ofb andt
f b,t5gmb,t /A2mW cosb increase with tanb. Both effects
lead to a significant enhancement of sbottom and top squ
production and of decays of gluinos, stops, sbottoms, cha
nos, and neutralinos into third generation particles and s
ticles. In particular, the branching ratios of thex̃2

0 to ~s!tau’s
are increasing for large tanb with respect to the correspond
ing decays into~s!electrons and~s!muons. In Fig. 1 we show
the maximum possible branching ratio values~for m0
&500 GeV, m1/2&900 GeV, m,0) of the following lep-
tonic decays ofx̃2

0, as a function of tanb:

x̃2
0
˜x̃1

0l 1l 2, ~16!

x̃2
0
˜ l̃ Ll , ~17!
8-2
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CONSTRAINING THE MINIMAL SUPERGRAVITY MODEL . . . PHYSICAL REVIEW D60 035008
x̃2
0
˜ l̃ Rl , ~18!

wherel 5e andm, and

x̃2
0
˜ t̃1t, ~19!

x̃2
0
˜t1t2x̃1

0 . ~20!

In MSUGRA whenx̃2
0 decays into sleptons are kinema

cally allowed, the sleptons then decay directly into the lig

est supersymmetric particle~LSP! with B( l̃ L,R
6

˜x̃1
0l 6)

5100% andB( t̃1˜tx̃1
0);100%.

As can be seen in Fig. 1, the branching ratio ofx̃2
0

˜ t̃1t can even become 100% for tanb>10, if this channel
is the only two-body decay channel kinematically allowe
Furthermore, the branching ratio of the three-body de
x̃2

0
˜x̃1

0t1t2 can go up to 90%. It does not reach 100
because there are always competing other three-particle

cay channels, in particularx̃2
0
˜x̃1

0bb̄. The t ’s decay ast2

˜e2n̄ent ,m2n̄mnt with a branching ratio of 17.8% an
17.4%, respectively. Therefore, with tanb>10 the decays
x̃2

0
˜ t̃1t˜t1t2x̃1

0 andx̃2
0
˜t1t2x̃1

0 give a contribution to

FIG. 1. The maximum branching ratio of the decays~a! x̃2
0

˜x̃1
0l 1l 2, ~b! x̃2

0
˜ l̃ L

6l 7, ~c! x̃2
0
˜ l̃ R

6l 7, ~d! x̃2
0
˜ t̃1

6t7, and ~e!

x̃2
0
˜t1t2x̃1

0 with l 5e andm, for A050, m.0.
-

.
y

e-

final states with two leptons with opposite charge and
same flavor, whereas with tanb&10 that contribution is neg-

ligible compared to that fromx̃2
0
˜ l̃ L,R

6 l 7
˜ l 1l 2x̃1

0 , x̃2
0

˜ l 1l 2x̃1
0 with l 5e,m. However, the distinctive feature o

the x̃2
0 decays intot ’s is that they also lead to final state

with two opposite sign butdifferent flavorleptons.
In Fig. 2 we show for tanb510, m.0 in the (m0 ,m1/2)

plane contour lines for cross-section times branching ra

(s3B) for production of x̃2
0 followed by decays x̃2

0

˜ l̃ L,R
6 l 7

˜ l 1l 2x̃1
0 , x̃2

0
˜ l 1l 2x̃1

0, x̃2
0
˜ t̃1

6t7
˜t1t2x̃1

0

˜ l 1n l n̄tl
2n̄ lntx̃1

0, x̃2
0
˜t1t2x̃1

0
˜ l 1n l n̄tl

2n̄ lntx̃1
0, with l

5e and m. As in the low tanb case we can again defin
three kinematical domains, determined by the masses ox̃2

0

and the sleptons@6#, with the characteristic decays

FIG. 2. Contour lines for cross-section times branching ratios

the (m0 ,m1/2) plane for indirect and associatedx̃2
0 production fol-

lowed by decaysx̃2
0
˜ l̃ R

6l 7
˜x̃1

0l 1l 2 ~solid line!, x̃2
0
˜x̃1

0l 1l 2

~dotted line!, x̃2
0
˜ t̃1

6t7
˜t1t2x̃1

0
˜ l 1n l n̄tl

2n̄ lntx̃1
0 ~dashed-

dotted line!, and x̃2
0
˜t1t2x̃1

0
˜ l 1n l n̄tl

2n̄ lntx̃1
0 ~short dashed

line! x̃2
0
˜ l̃ L

6l 7
˜x̃1

0l 1l 2 ~long dashed line! with l 5e and m, for
tanb510, A050, m.0.
domain I ~m0*0.6m1/2,m1/2&250 GeV!: mx̃
2
0&mt̃1

, with x̃2
0
˜x̃1

0l l and x̃2
0
˜x̃1

0tt ,

domain II ~0.3m1/2&m0&0.6m1/2!: ml̃ R
,mx̃

2
0,ml̃ L

, with x̃2
0
˜ l̃ Rl and x̃2

0
˜ t̃1t ,

domain III ~m0&0.3m1/2!: mx̃
2
0*ml̃ L

, with x̃2
0
˜ l̃ Ll .

035008-3
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In domains I and II there is an additional source of tw
opposite-sign lepton final states from decays to tau’s
stau’s, respectively, if tanb*10. In domain III the decays

x̃2
0
˜ l̃ Rl and x̃2

0
˜ t̃1t would be kinematically allowed. As

x̃2
0 is almost aW3-ino these decays are suppressed beca

t̃1. t̃R . Moreover, comparing to the tanb52 case@6#, one
t

m

er

-
-
r

y

e
t

th

tw

m
u

l

03500
d

se

can observe a significant decrease ofs3B values for x̃2
0

˜ l̃ L,Rl˜ l 1l 2x̃1
0 and x̃2

0
˜ l 1l 2x̃1

0 decays. For tanb*25

the domain forx̃2
0
˜ l̃ L,Rl almost disappears due to the dom

nance of the decaysx̃2
0
˜ t̃1t, see Fig. 1. This can be seen

Fig. 3 where we show the same as in Fig. 2, but for tab
535. Here we have only two domains left which are
domain I ~m0*m1/2,m1/2&250 GeV!: mx̃
2
0&mt̃1

, with x̃2
0
˜x̃1

0l l and x̃2
0
˜x̃1

0tt ,

domain II ~0.5m1/2&m0&m1/2!: mt̃1
,mx̃

2
0,ml̃ R

, with x̃2
0
˜ t̃1t .
nly
f
The
els
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Moreover, as one can see comparing Figs. 2 and 3,
upper theoretically excluded area is increasing with tanb.
This is due to the fact that the stau lepton mass beco
lighter than that ofx̃1

0 with values ofm0 andm1/2 decreasing.
Another interesting feature appearing at large tanb is the

enhanced yield ofZ0. This is due to three factors: the larg

production cross section forb̃1b̃1 because of the smallerb̃1

mass, the enhanced branching ratio ofb̃1˜x̃3,4
0 b due to the

Yukawa coupling ofb to the Higgsino component ofx̃3,4
0 ,

and to the decayx̃3,4
0
˜Z0x̃1,2

0 .
Furthermore, in the regionm1/2*250 GeV, where the de

cay x̃2
0
˜Z0x̃1

0 is kinematically possible, it is generally en
hanced compared to low tanb, because of the large
Higgsino component ofx̃2

0 and x̃1
0 at large tanb. There is

also a narrow band 260 GeV&m1/2&305 GeV, where the
decayx̃2

0
˜Z0x̃1

0 is the only two-particle decay kinematicall
possible because the mass ofh0 is larger at large tanb.

IV. CONSTRAINING tan b

A. Signatures

At low tanb, the decays ofx̃2
0 to ~s!electrons and

~s!muons, Eqs.~16!–~18!, dominate over those into~s!tau’s,
Eqs. ~19!, ~20!, leading to electron and muon pairs in th
final states, see Fig. 1. The favored signature to select
decay channels Eqs.~16!–~18! is given by twosame-flavor
opposite-sign leptons1ET

miss1 jets final states~SFOS!. As is
known from previous works@13,14,5#, the invariant mass
distribution of the two leptons has a pronounced edge at
kinematical end-point. With increase of tanb the decays to
third generation~s!particles@Eqs. ~19!, ~20!# are increasing.
To select these decays we use the event topology of
different-flavoropposite-sign leptons1ET

miss1 jets ~DFOS!.

B. Signal and background event simulation

The simulations are done at the particle level with para
etrized detector responses based on detailed detector sim
tions. These parametrizations are adequate for the leve
he

es

he

e

o

-
la-
of

detector properties we want to investigate, and are the o
practical ones in view of the multiplicity and complexity o
the final state signal and background channels studied.
essential ingredients for the investigation of SUSY chann
are the response to jets,ET

miss, the lepton identification and
isolation capabilities of the detector, and the capability to
b jets. The CMS detector simulation programCMSJET 3.2
@16# is used. It contains all significant detector response
pects, calorimeter acceptances and resolutions, granula
main detector cracks, and effects of magnetic field. For m
details we refer to Refs.@6,5#.

FIG. 3. Contour lines for cross-section times branching ratios

the (m0 ,m1/2) plane for indirect and associatedx̃2
0 production fol-

lowed by decaysx̃2
0
˜ l̃ R

6l 7
˜x̃1

0l 1l 2 ~solid line!, x̃2
0
˜x̃1

0l 1l 2

~dotted line!, x̃2
0
˜ t̃1

6t7
˜t1t2x̃1

0
˜ l 1n l n̄tl

2n̄ lntx̃1
0 ~dashed-

dotted line!, and x̃2
0
˜t1t2x̃1

0
˜ l 1n l n̄tl

2n̄ lntx̃1
0 ~short dashed

line! x̃2
0
˜ l̃ L

6l 7
˜x̃1

0l 1l 2 ~long dashed line! with l 5e and m, for
tanb535, A050, m.0.
8-4
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Standard model background processes are generated
PYTHIA 5.7 @15#. We use CTEQ2L structure functions. Th
largest background is due tot t̄ production. We also consid
ered other standard model~SM! backgrounds:W1 jets, WW,

WZ, Z1 jets, ZZ, bb̄, and tt-pair production, with decays
into electrons and muons.

C. The shape of the dilepton mass distribution in the
MSUGRA parameter space

In this section we will analyze the shape of the invaria
mass distribution of the two leptonsl 5e,m, coming from the
x̃2

0 decays, Eqs.~16!–~20!, considering SFOS and DFO
channels. To this purpose we have investigated the expe
dilepton invariant mass distributions for different values
the parametersm0 , m1/2, tanb, with m.0.

In Figs. 4~a!–4~d! we show the invariant mass distribu
tions of the two leptons in the SFOS and DFOS channel
a point m05100 GeV, m1/25190 GeV, for tanb
52, 10, 15, 25, respectively (m.0). The mass spectrum
at this point is mx̃

2
0'140 GeV, mx̃

1
0'75 GeV, ml̃ R

'132 GeV, butmt̃1
decreases from 124 GeV to 91 Ge

with the increase of tanb.
At this (m0 ,m1/2) point, which belongs to domain II, th

two-step decaysx̃2
0
˜ l̃ R

6l 7
˜ l 1l 2x̃1

0 are possible for tanb

&25, but the decaysx̃2
0
˜ t̃1

6t7
˜t1t2x̃1

0 start to contribute

FIG. 4. The invariant mass distributions ofe1e2 and m1m2

~solid line! and e6m7 ~dotted line! lepton pairs at the pointm0

5100 GeV, m1/25190 GeV, m.0, A050 with various tanb
52,10,15,25. SM background is also shown~hatched histogram!.
03500
ith

t

ted
f

at

significantly to the final states considered for tanb*10.
Thus, in Figs. 4~a!–4~d! one can observe a characteris
change of the dilepton mass shape in the SFOS and D
channels with increase of tanb, reflecting the appearance o
disappearance of the corresponding decay modes.

For low tanb (&10), a pronounced edge is visible in th
Ml 1 l 2 distribution in the SFOS channel with the maximu
at @14#:

Ml 1 l 2
max

5
A~mx̃

2
0

2
2m

l̃ R

2
!~m

l̃ R

2
2mx̃

1
0

2
!

ml̃ R

, ~21!

while no characteristic structure in theMl 1 l 82 spectrum is
expected in the DFOS case, see Fig. 4~a! for tanb52. In the
DFOS case the difference in magnitude~but not in shape!
between theMl 1 l 82 spectrum predicted by the SM and th
by MSUGRA is due to internal SUSY background. The lar
est SM background is due tot t̄ production, with bothW’s
decaying into leptons, or one of the leptons from aW decay
and the other from theb decay of the samet quark. As a
consequence the SM background equally contributes
SFOS and DFOS channels giving similar dilepton mass
tributions. Hence in the figures we plot SM dilepton mass
SFOS channel only. SUSY SFOS and DFOS lepton p
originate mainly from the decays of the charginos and n
tralinos produced in the decay chains of gluinos and squa
For example, at this (m0 ,m1/2) point wheremg̃.mq̃ , gluino
dominantly decays to squarks, while squarks decay wea
to charginos and neutralinos@B(q̃˜x̃1

6q8);60%, B(q̃

˜x̃2
0q);30%#. The largest SUSY background contributio

to SFOS and DFOS channels in this case comes from in
pendent decays of gluinos and squarks to leptons, one le
originating from squark decays via charginos and the sec
from a decay chain of a gluino within the acceptance of
detector. These decays contribute equally also
e6e6& m6m6, e6m6 finals states. The dilepton channe
get also contributions from multilepton decays of gluin
and squarks proceeding through heavier charginos or n
tralinos, or fromt,b,Z,W, with some leptons being outsid
acceptance.

Figure 4~b! is as Fig. 4~a!, but for tanb510. In compari-
son to the tanb52 case one can see a decrease of the
tistics in both the SFOS and DFOS channels for the sa
integrated luminosity of 53103 pb21. In both SFOS and
DFOS final states, the event rates are by an order of ma
tude larger than those according to SM expectations. Mo
over, a pronounced deviation in the shape of theMl 1 l 82spec-
trum from the expected SM and SUSY background
observable in the low mass region. The correspond
M t1t2 spectrum due to thex̃2

0 decays to stau’s should hav
a maximum at

M t1t2
max

5
A~mx̃

2
0

2
2mt̃1

2
!~mt̃1

2
2mx̃

1
0

2
!

mt̃1

. ~22!

The edge of the ditau spectrum is shifted fromMl 1 l 2
max

537 GeV toM t1t2
max

551 GeV due to the mass differenc
8-5
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betweenl̃ R and t̃1, see Eqs.~21! and~22!. But the spectrum
of the DFOS channel proceeding throught˜ lnn decays is
not so pronounced as in the SFOS channel having no s
edge due to the missing momentum taken by four neutri

from t decays. Therefore thel 1l 82mass is distributed in the
lower mass region, below the expected ditau kinematical
point. Thus, a distinctive feature of theMl 1 l 82spectrum is an
enhancement in both shape and magnitude over backgr
in the low mass range~‘‘low-mass enhancement’’!.

A further characteristic difference in the dilepton ma
spectrum compared to tanb52 is the appearance of aZ0

peak in the SFOS channel, which can clearly be seen in
4~b!. Here theZ0 peak is due to the decaysx̃3

0
˜Z0x̃2

0, as
explained in Sec. III.

With a further increase of tanb, due to the significant
increase ofx̃2

0 decays into stau’s and the corresponding
crease of decays into selectrons and smuons, we obse
deterioration of the sharpness of the edge also in the S
channel, see Fig. 4~c! for tanb515. Another consequence o
the change in the relative branching fractions of these dec
is that the event rate difference between the SFOS and D
channels decreases. This effect is visible by comparing F
4~b! and 4~c!. Figure 4~c! also exhibits a decrease of th

relative event rate below the two peaks fromx̃2
0
˜ l̃ l / t̃1t and

x̃3
0
˜Z0x̃2

0 decays.
Finally, at tanb.25, Fig. 4~d!, when the decays into

stau’s are the only decay modes contributing to the fi
states considered, the dilepton mass spectra in the SFOS
DFOS channels become similar with complete disappeara
of sharp edges but a strong low-mass enhancement, an
corresponding event rates become comparable. The
massl 1l 2 peak and theZ0 peak are of the same magnitud

Figure 4 clearly shows an excess of SFOS versus DF

events beyond theZ mass, originating fromx̃4
0
˜ l̃ L,Rl de-

cays. This effect shows up at tanb*10 due to an enhance
ment ofx̃4

0 production from gluinos and squarks as explain
in Sec. III.

Let us discuss possibilities to separate neutralino dec
into ~s!electrons/~s!muons from those into~s!tau’s and to re-
duce internal SUSY and SM backgrounds. The signal fr
neutralino decays into~s!electons/~s!muons shows up in
SFOS topology, while the signal from neutralino decays i
~s!tau’s feeds equally both SFOS and DFOS final states.
discussed above, the internal SUSY background has e
tively an equal contribution to twosame-flavor opposite-sig
leptons1ET

miss1 jets, two different-flavor opposite-signlep-
tons1ET

miss1 jets, two same-flavor same-signleptons
1ET

miss1 jets ~SFSS! and twodifferent-flavor same-signlep-
tons1ET

miss1 jets ~DFSS! channels. Therefore the SUS
background can be estimated with SFSS or DFSS e
samples which get no contribution from signal and a ne
gible contribution fromt t̄ . Channels with SFOS and DFO
dileptons get equal contributions from SM events due tot t̄
process. Thus, to separate signal from neutralino decays
~s!electrons/~s!muons from that into~s!tau’s and to reduce
SM background we subtract DFOS from SFOS event sam
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with the same kinematical cuts. In Fig. 5 we plote1e2

1m1m22e6m7 events for the (m0 ,m1/2) point shown in Fig.

4~c!. A clear signal can be seen from bothx̃2
0
˜ l̃ R

6l 7 and

x̃4
0
˜ l̃ R

6l 7 decays. Two edges atMl 1 l 2
max

538 GeV and

Ml 1 l 2
max

5224 GeV are observed due tox̃2
0
˜ l̃ R

6l 7 and x̃4
0

˜ l̃ R
6l 7, respectively.

For comparison of the dilepton mass spectra at t
(m0 , m1/2) point we used a common set of cuts for all va
ues of tanb, requiring two hard isolated leptons withpT

l 1,2

>10 GeV in uhu,2.4, accompanied by large transver
missing energy,ET

miss>150 GeV and jet multiplicityNjet

>3 with energyET
jet>60 GeV in the rapidity rangeuh jetu

,4.5. This point is reachable at low luminosityLint55
3103 pb21 even at the largest tanb shown. We used softe
cuts plotting thee1e21m1m22e6m7 distribution in Fig.
5 as SM background cancels with such a procedure. M
specifically thresholds on missing energy and jet multiplic
are decreased in this case toET

miss>100 GeV andNjet>2.
The observability of the edges in both the SFOS and DF
channels is estimated by the criterion (NEV2NB)/ANEV*5
and (NEV2NB)/NB*1.3, whereNEV is the number of events
with Ml 1 l (8)2<Ml 1 l (8)2

max , andNB is number of the expected
SM and SUSY background events in the same mass rang
case the edge is not very sharp due to the dominance ox̃2

0

decays to stau’s, we estimate in practice the kinemat
‘‘end points’’ Ml 1 l 2

max andMl 1 l 82
max subtracting SUSY and SM

background by the event sample with the same kinema
but containing two same-sign leptons for the DFOS chan
or different-flavor events for the SFOS channel, normaliz
to the nonthreshold region. The precision of the kinemati
end-point measurement in this case is estimated to
65 GeV for M

l 1 l (8)2

max
&50 GeV. For M

l 1 l (8)2

max
*50 GeV

the mass difference betweenx̃2
0 and the sleptons is larger

and the neutrinos can have larger momentum. In this case

FIG. 5. The e1e21m1m22e6m7 distribution at the point
m05100 GeV, m1/25190 GeV, m.0, A050 and tanb515
shown in Fig. 4~c!.
8-6



e
th

e
,

r

at

the

ith

the
est

p-
the

cts

.

.

be-
os.
ced
end
ce-
bu-
ar-

ton
ond-

in-
den-
igh
o-
this

e

ape
nd

CONSTRAINING THE MINIMAL SUPERGRAVITY MODEL . . . PHYSICAL REVIEW D60 035008
technique of reconstructing the kinematical end point r
quires a more detailed study and is beyond the scope of
paper.

To illustrate the behavior of theMl 1 l 2 andMl 1 l 82spectra
at very large tanb, we show in Fig. 6 various (m0 , m1/2)
points with tanb535. Figure 6~a! clearly exhibits the simi-
larity of the dilepton mass spectra in the SFOS and DFO
channels with comparable event rates, as expected at la
tanb from x̃2

0 two-body decays to stau’s~domain II!. Figure
6~b! represents a (m0 , m1/2) point where three-body decays
of x̃2

0 are possible. Here the two contributions from the d
cays Eqs.~16! and ~20! are visible in the SFOS channel
while in the DFOS channel onlyx̃2

0 decays into tau’s are
selected, see Fig. 6~b!. Figure 6~c! shows theMl 1 l 2 spec-
trum at pointm05800 GeV, m1/25250 GeV, tanb535,
m.0 with the decaysx̃2

0
˜ l 1l 2x̃1

0, l 5e,m. In Figs. 6~a!–
6~c! the Z0 peak is higher than the ‘‘low-mass enhance
ment’’ as being expected for large tanb*25. For m1/2
*450 GeV, Fig. 6~d!, there is only aZ0 peak left, mainly
due to the decaysx̃3

0
˜Z0x̃1,2

0 .
To reach the (m0 , m1/2) points shown in Fig. 6, a higher

luminosity is necessary,Lint5531042105 pb21. Corre-
spondingly harder cuts on the leptons and the missing ene
have to be applied: two isolated leptons withpT

l 1,2>10
215 GeV, ET

miss>2002300 GeV, Njet>3 with ET
jet

FIG. 6. The invariant mass distributions ofe1e2 and m1m2

~solid line! and e6m7 ~dotted line! lepton pairs at various
(m0 ,m1/2) points with tanb535. SM background is also shown
~hatched histogram!.
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>60 GeV in uh jetu,4.5. The parameter region reachable
tanb535 is limited withs3B;0.01 pb forx̃2

0 decays into
stau’s ands3B;0.1 pb forx̃2

0
˜ l 1l 2x̃1

0, see Fig. 3.

V. SUMMARY AND CONCLUSIONS

In this paper we worked out a method to constrain
parameter tanb of the minimal supergravity model inpp
collisions at LHC. The characteristic features arising w
increase of tanb are ~1! the x̃2

0 decay branching ratio into
~s!taus is increasing, whereas the decay fraction into~s!elec-
trons and~s!muons is decreasing, and~2! x̃3

0 production and
decays intoZ0 are enhanced. The method is based on
analysis of the dilepton mass distributions in the simpl
experimental signatures,e1e2/m1m21ET

miss1 jets and
e6m71ET

miss1 jets. These signatures select different le
tonic decays of the neutralinos and hence are sensitive to
value of tanb. In particular, events withe1e2/m1m2

1ET
miss1 jets final states mainly contain the decay produ

from x̃2
0 decays to~s!electrons and~s!muons at low tanb and

to leptonically decaying stau’s at large tanb. Moreover, at
large tanb, the channele1e2/m1m21ET

miss1 jets allows
one to measure theZ0 boson. At large tanb the topology
with e6m71ET

miss1 jets selects tau’s decaying leptonically

The dilepton mass distributions from the decays ofx̃2
0 to

~s!electrons/~s!muons and to~s!tau’s have different shapes
The decays to~s!electrons and~s!muons lead to a pro-
nounced edge at the kinematical end point in theMl 1 l 2 spec-
trum, while the edge due to the decays into~s!tau’s with
tau’s decaying into electrons and muons is smeared out
cause of missing momentum taken away by four neutrin
The dilepton mass spectrum, however, has a pronoun
low-mass enhancement, a peak below the kinematical
point. Therefore, the observation of a ‘‘low-mass enhan
ment’’ in shape and magnitude in the dilepton mass distri
tion is regarded as evidence for stau lepton production, p
ticularly so in different flavor final states.

We have made use of the expected characteristic dilep
mass shapes and event rates for identifying the corresp
ing decays and thus for constraining the value of tanb. An
important aspect of the method is that no particularly str
gent demands on detector performance are required for i
tifying the tau’s from the decays of neutralinos even at h
luminosity. Essential is the ability to define and select is
lated electrons and muons. Another important aspect of
method is that it may give information on tanb even with
low integrated luminosity.

We have shown the following.
An edge in theMl 1 l 2 distribution is expected to be visibl

in the e1e2/m1m21ET
miss1 jets channel for tanb&25 in

domain II (0.3m1/2&m0&0.6m1/2), and for tanb&50 in do-
main I (m0*0.6m1/2, m1/2&250 GeV). The method to dif-
ferentiate between two- and three-body decays ofx̃2

0 was
discussed in Ref.@6#.

In the dilepton mass spectrum a clear deviation in sh
and magnitude from the SM and internal SUSY backgrou
is expected ine6m71ET

miss1 jets final states with tanb
*10.
8-7
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Two components in the dilepton mass spectrum due
three-bodyx̃2

0 decays to electrons and muons and to tau’s
observed for tanb*10. Combining the results of the analy
sis of the dilepton mass distributions ine1e2/m1m2

1ET
miss1 jets versuse6m71ET

miss1 jets final states, we hav
found the following criteria for constraining tanb in domain
II.

Observation of an edge in the dilepton mass spectrum
e1e2& m1m21ET

miss1 jets channels, but no deviation from
SM and internal SUSY background in that fore6m7

1ET
miss1 jets channel restricts tanb to be&10.

Observation of an edge in the dilepton mass spectra
e1e2& m1m21ET

miss1 jets and a low-mass enhancement
e6m71ET

miss1 jets channels constrains the value of tanb to
10&tanb&25.

Observation of the similar dilepton mass spectra
e1e2& m1m21ET

miss1 jets ande6m71ET
miss1 jets channels

with comparable shapes and event rates, indicates tb
&25.

The tanb ranges are estimated taking into account a s
tematic uncertainty on the measurement of the edge posit
and of the end points of low mass threshold enhancem
(60.5 GeV and65 GeV, respectively! at assumed lumi-
nosities; the statistical error is taken into account compa
event rates in SFOS and DFOS spectra. A systematic err
30% for SM background uncertainty~the main background
is t t̄ ) is included.

A further constraint of tanb can be found by measurin
the Z0 peak in thee1e2& m1m21ET

miss1 jets channel. This
channel has the advantage of getting no contribution fr
SM background which makes the SUSYZ0 signal event
p
e

,
,

8
4;
h,

Su
ld

.
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sample very clean. This is especially useful if an edge du
x̃2

0 three-body decays is observed. The absence of aZ0 peak
will restrict tanb to be&2. We have also analyzed the rel
tive event rate in the ‘‘low-mass peak’’ of theMl 1 l 2 spec-
trum and in theZ0 peak. If both peaks are of the same si
the value of tanb should be*25.

In the region 10&tanb&25, tanb can be determined
more precisely by measuring the kinematical end poin
Ml 1 l 2

max in the e1e2& m1m2 spectrum andMl 1 l 82
max in the

e6m7 spectrum. Knowing theMl 1 l 2
max contour line in the

(m0 ,m1/2) parameter plane@6# with good precision, we can
constrain tanb by using the relative event rate
N1(e1e2& m1m2)/N2(e6m7) and N1(e1e2& m1m2)/
N3(Z0). Here N1 is the number of events withMl 1 l 2

&Ml 1 l 2
max , N2 is the number of events withMl 1 l 82

&Ml 1 l 82
max , andN3 is the number of events in the mass regio

of Z0, 86 GeV ,mZ0,96 GeV. We have found that th
Ml 1 l 2

max contour lines in the (m0 ,m1/2) parameter plane are
almost independent of tanb due to the fact that the masses

x̃2
0 ,x̃1

0 , l̃ R do not strongly depend on tanb in MSUGRA.
Quite generally, the observation of a characteristic dev

tion in the dilepton mass shape from that predicted by
SM background can be considered an evidence for phy
beyond the standard model, in particular SUSY@6#.

ACKNOWLEDGMENTS

L.R. is thankful for financial support by the Austria
Academy of Sciences. This work was also supported by
‘‘Fonds zur Förderung der Wissenschaftlichen Forschun
of Austria, Project No. P10843-PHY.
ev.

N,

ys.

ys.

ys.

g.

s.
@1# H. Baer, X. Tata, and J. Woodside, Phys. Rev. D45, 142
~1992!; H. Baer, M. Bisset, X. Tata, and J. Woodside,ibid. 46,
303 ~1992!; A. Bartl, W. Majerotto, B. Mösslacher, and N.
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