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Measurements in gauge mediated SUSY breaking models at the CERN LHC
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Characteristic examples are presented of scenarios of particle production and decay in supersymmetry
models in which the supersymmetry breaking is transmitted to the observable world via gauge interactions. The
cases are chosen to illustrate the main classes of CERN Large Hadron Collider~LHC! phenomenology that can
arise in these models. A new technique is illustrated that allows the full reconstruction of supersymmetry
events despite the presence of two unobserved particles. This technique enables superparticle masses to be
measured directly rather than being inferred from kinematic distributions. It is demonstrated that the LHC is
capable of making sufficient measurements so as to severely over constrain the model and determine the
parameters with great precision.@S0556-2821~99!06917-9#

PACS number~s!: 12.60.Jv, 11.30.Pb, 13.85.2t, 14.80.Ly
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I. INTRODUCTION

If supersymmetry~SUSY! exists at the electroweak scal
then gluinos and squarks will be copiously produced in pa
at the CERN Large Hadron Collider~LHC! and will decay
via cascades involving other SUSY particles. The charac
istics of these decays and hence of the signals that wil
observed and the measurements that will be made de
upon the actual SUSY model and in particular on the patt
of supersymmetry breaking. Previous, detailed studies of
nals for SUSY at the LHC@1–3# have used the supergravit
~SUGRA! model@4,5#, in which the supersymmetry breakin
is transmitted to the sector of the theory containing the s
dard model particles and their superpartners via gravitatio
interactions. The minimal version of this model has just fo
parameters plus a sign. The lightest supersymmetric par
(x̃1

0) has a mass of order 100 GeV, is stable, is produce
the decay of every other supersymmetric particle and is n
tral and, therefore, escapes the detector. The strong pro
tion cross sections and the characteristic signals of ev
with multiple jets plus missing energyE” T or with like-sign
dileptonsl 6l 6 plus E” T @6# enable SUSY to be extracte
trivially from standard model backgrounds. Characteris
signals were identified that can be exploited to determ
with great precision, the fundamental parameters of th
model over the whole of its parameter space. Variants of
model whereR parity is broken@7# and thex̃1

0 is unstable
have also been discussed@8#.

There also exists a class of gauge-mediated SUSY br
ing ~GMSB! models @9,10# in which the supersymmetry
breaking is mediated by gauge interactions. The model
sumes that supersymmetry is broken with a scaleAF in a
sector of the theory which contains heavy non-standa
model particles. This sector then couples to a set of parti
with standard model interactions, called messengers, w
have a mass of orderM. These messengers are taken to
complete representations of SU~5! so as to preserve the cou
pling constant unification of the minimal supersymmet
0556-2821/99/60~9!/095002~21!/$15.00 60 0950
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standard model~MSSM!. The mass splitting between the s
perpartners in the messenger multiplets is controlled byAF.
One~two! loop graphs involving these messenger fields, th
give mass to superpartners of the gauge bosons~quarks and
leptons! of the standard model. This model is preferred
some because the superpartners of the standard mode
ticles get their masses via gauge interactions, so there ar
flavor-changing neutral currents, which can be problema
in the SUGRA models.

The characteristic spectra of superparticles are differ
from those in the SUGRA model; in particular, the lighte
supersymmetric particle is now the gravitino (G̃). This par-
ticle has feeble interactions and can be produced with
nificant rate only in the decays of particles which have
other decay channels. In the SUGRA models,G̃ has a mass
of order 1 TeV and is phenomenologically irrelevant~except
possibly for cosmology!. In GMSB models, the next-lightes
supersymmetric particle~NLSP! decays intoG̃. The lifetime
of the NLSP is very model dependent:O(1 mm),ct
,O(many km). As it is not stable, it can either be charg
or neutral.

If the NLSP is neutral, it is the lightest combination (x̃1
0)

of gauginos and Higgsinos, and it behaves, except for
decay, in the same manner as thex̃1

0 in the SUGRA model.
~The rather unlikely possibility that it is a gluino@11# is not
explored in this paper.! If its lifetime is very long so that
none of the producedx̃1

0 decay within the detector, the phe
nomenology is very similar to that in the SUGRA models

If the NLSP is charged, it is most likely to be the partn
of a right-handed lepton. Two cases are distinguished
tanb, the ratio of the vacuum expectation values of the t
Higgs fields, is small, thenẽR , m̃R and t̃R are degenerate. I
tanb is large, t̃R is the lightest slepton and the others c
decay into it with short lifetimes. If the lifetime of the NLSP
is very long, each SUSY event contains two apparen
stable charged particles@12#. If it is short, each event con
tains two charged leptons from each of the decays.

The simulation in this paper is based on the implemen
©1999 The American Physical Society02-1
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I. HINCHLIFFE AND F. E. PAIGE PHYSICAL REVIEW D60 095002
tion of the minimal GMSB model inISAJET @13#. The model
is characterized byL5F/Mm , the SUSY breaking mas
scale;Mm , the messenger mass;N5 , the number of equiva-
lent 515̄ messenger fields; tanb, the usual ratio of vacuum
expectation values of the Higgs fields that couple to
charge 2/3 and 1/3 quarks; sgnm561, the sign of them
term, the valueumu being determined by theZ mass from
usual radiative electroweak symmetry breaking; andCgrav
>1, the scale factor for the gravitino mass which determi
the NLSP lifetime (tNLSP;Cgrav

2 ). At the scaleMm , for ex-
ample, the masses of the gluino, squark and slepton are g
by

mg̃5
as

4p
LN5 , ~1!

mẽL

2 5
3a2

2

32p2 L2N51
3a1

2

160p2 L2N5 , ~2!

mẽR

2 5
3a1

2

40p2 L2N5 , ~3!

mũL

2 5
as

2

6p2 L2N51
3a2

2

32p2 L2N51
a1

2

480p2 L2N5 , ~4!

mũR

2 5
as

2

6p2 L2N51
a1

2

30p2 L2N5 , ~5!

m
d̃R

2
5

as
2

6p2 L2N51
a1

2

120p2 L2N5 . ~6!

Here as , a2 , anda1 are the coupling constants of SU~3!,
SU~2!, and U~1! respectively. These masses are then evol
from the scaleMm to the weak scale, inducing a logarithm
dependence onMm . As in the case of the SUGRA model
this evolution leads to the spontaneous breaking of e
troweak symmetry as the large top quark Yukawa coupl
of the top ~and possibly bottom! quark induces a negativ
mass squared of the Higgs field~s!. From these equations
can be seen that asN5 is increased the slepton masses
crease more slowly than the gaugino masses. Hence onl
small values ofN5 will the NLSP be ax̃1

0, at larger values it
is a ~right! slepton. Messenger fields in other representati
of SU~5! can be included by modifying the value ofN5 . If
there are several messengers with different masses the
fects can be approximated by changingN5 . Therefore, we
will consider N5 to be a continuous variable when we es
mate how well it can be measured at LHC.

This paper presents a series of case studies for this m
which illustrate its characteristic features. We use the f
sets of parameters shown in Table I. These cases are p
and differ only in the value ofCgrav and hence in the lifetime
of the NLSP. The masses of the superpartners of the stan
model fields are given in Table II. In casesG1a andG1b,
the NLSP isx1

0; its lifetime is quite short,ct51.2 mm, in
the former case and long,ct51 km, in the latter. In case
G2a andG2b the NLSP is a stau. In the latter case it ha
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very long lifetime,ct'1.25 km, and exits a detector withou

decaying. The decayl̃ → t̃1tl is not kinematically allowed,
so theẽR and m̃R are also long lived. In the case of poin
G2a, the t̃1 , ẽR and m̃R are short lived withct552mm.
The production cross section for supersymmetric particle
quite large; 7.6 and 22 pb at lowest order in QCD for ca
G1 andG2, respectively. Note that the larger value ofN5 in
the case ofG2 results in considerably smaller squark mas
and hence the larger cross section; the gluino masses are
similar.

All the analyses presented here are based onISAJET 7.37
@13# and a simple detector simulation. At least 50 K eve
were generated for each signal point. The standard mo
background samples contained 250 K events for each oft t̄ ,
WZ with W→en, mn, tn, andZj with Z→nn̄, tt, and 5000
K QCD jets ~including g, u, d, s, c, andb! divided among
five bins covering 50,pT,2400 GeV. Fluctuations on the
histograms reflect the generated statistics. On many of
plots that we show, very few standard model backgrou
events survive the cuts and the corresponding fluctuat
are large, but in all cases we can be confident that the si
is much larger than the residual background. The cuts
we choose have not been optimized, but rather have b
chosen to get background free samples.

The detector response is parametrized by Gaussian r
lutions characteristic of the ATLAS@14# detector without
any tails. All energy and momenta are measured in GeV

TABLE I. Parameters for the four case studies in this paper

Point
L

~TeV!
Mm

~TeV! N5 tanb sgnm Cgrav>1

G1a 90 500 1 5.0 1 1.0
G1b 90 500 1 5.0 1 103

G2a 30 250 3 5.0 1 1.0
G2b 30 250 3 5.0 1 53103

TABLE II. Masses of the superpartners, in GeV, for the cases
be studied. Note that the first and second generation squarks
sleptons are degenerate and so are not listed separately.

Sparticle G1 G2 Sparticle G1 G2

g̃ 747 713
x̃1

6 223 201 x̃2
6 469 346

x̃1
0 119 116 x̃2

0 224 204
x̃3

0 451 305 x̃4
0 470 348

ũL 986 672 ũR 942 649

d̃L
989 676 d̃R

939 648

t̃ 1
846 584 t̃ 2

962 684

b̃1
935 643 b̃2

945 652

ẽL 326 204 ẽR 164 103
ñe 317 189 t̃2 326 204
t̃1 163 102 ñt 316 189
h0 110 107 H0 557 360
A0 555 358 H6 562 367
2-2
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MEASUREMENTS IN GAUGE MEDIATED SUSY . . . PHYSICAL REVIEW D60 095002
the central region of rapidity we take separate resolutions
the electromagnetic~EMCAL! and hadronic~HCAL! calo-
rimeters, while the forward region uses a common reso
tion:

EMCAL 10%/AE% 1%, uhu,3,

HCAL 50%/AE% 3%, uhu,3,

FCAL 100%/AE% 7%, uhu.3.

A uniform segmentationDh5Df50.1 is used with no
transverse shower spreading; this is particularly unreali
for the forward calorimeter. Both ATLAS@14# and CMS
@15# have finer segmentation over most of the rapidity ran
An oversimplified parametrization of the muon momentu
resolution of the ATLAS detector including both the inn
tracker and the muon system measurements is used, viz

dpT /pT5A0.01621~0.0011pT!2. ~7!

In the case of electrons we take a momentum resolution
tained by combining the electromagnetic calorimeter reso
tion above with a tracking resolution of the form

dpT /pT5S 11
0.4

~32uhu!3DA~0.0004pT!210.0001. ~8!

This provides a slight improvement over the calorime
alone. Missing transverse energy is calculated by taking
magnitude of the vector sum of the transverse energy de
ited in the calorimeter cells.

Jets are found usingGETJET@13# with a simple fixed-cone
algorithm. The jet multiplicity in SUSY events is rathe
large, so we will use a cone size of

R5A~Dh!21~Df!250.4 ~9!

unless otherwise stated. Jets are required to have at
pT.25 GeV; more stringent cuts are often used. All lepto
are required to be isolated and have some minimumpT and
uhu,2.5. The isolation requirement is that no more than
GeV of additionalET be present in a cone of radiusR50.2
around the lepton to reject leptons fromb jets andc jets. In
addition to these kinematic cuts a lepton~e or m! efficiency
of 90% and ab-tagging efficiency of 60% is assumed@14#.
Where relevant, we include the possibility that jets cou
appear as photons in the detector due to fragmentation w
most of the jet energy is taken up byp0’s. Jets are picked
randomly with a probability of 1023. They are then called
photons and removed from the list of jets. This is a cons
vative assumption, ATLAS is expected to have a better
jection.

Results are presented for an integrated luminosity of
fb21, corresponding to one year of running at 1033cm22 s21

so pile up has not been included. We will occasionally co
ment on the cases where the full design luminosity of
LHC, i.e., 1034cm22 s21, will be needed to complete th
studies. For many of the histograms shown, a single ev
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can give rise to more than one entry due to different poss
combinations. When this occurs, all combinations are
cluded.

The next sections of this paper contain detailed examp
of analyses that could be carried out in the selected case
particular, we illustrate a technique where the momenta
each of theG̃’s can be reconstructed even though only t
sum of their transverse momenta is measured directly. Us
these momenta we are then able to reconstruct the squark
gluino decays. We devote considerable space to this te
nique as it is new and enables the masses of superparticl
be directly measured rather than inferred from kinematic d
tributions. This technique should be applicable to oth
cases. We then estimate how well the LHC could determ
the parameters of the model and comment on possible a
guities in interpreting the signal. In those cases where
signal is characteristically different from the SUGRA cas
the expected precision on the model parameters is even
ter than that in the SUGRA cases. Finally we comment up
how our results can be used to estimate how well the L
would be able to study other parameter sets of the GM
model.

II. POINT G1a

In caseG1a, the NLSP isx1
0 and decays toG̃g with

ct51.2 mm. The total SUSY cross section is 7.6 pb. SU
events are characterized by two hard isolated photons
the usual jets, leptons, and missing transverse energyE” T .
The presence of two photons in almost every event rend
the standard model backgrounds negligible. The first e
dence for new physics in this case will arise from a hu
excess of events with two photons and missingET over that
expected from the standard model.

In a small fraction~2.0%! of the events, the NLSP will
undergo a Dalitz decay toe1e2G̃. The electron and positron
can be used to accurately determine the decay vertex a
precise measurement of the lifetime made. The system
limit on the precision from the resolution of the vertex sy
tem of ATLAS is at the 10mm level. The precision will,
therefore, be limited by statistics of the thousand or so
served Dalitz decays. This measurement is important a
provides the only constraint onCgrav and hence on the true
scale of SUSY breaking.

The effective mass is defined to be the scalar sum of
missing transverse energyE” T and thepT’s of the four hardest
jets, which are required to contain more than one char
particle withpT.1 GeV:

Meff[E” T1pT,11pT,21pT,31pT,4 . ~10!

This is a good measure of the hardness of the event. Ev
are selected to have

Meff.400 GeV,
E” T.0.1Meff .

Electrons and photons are required to havepT.20 GeV;
muons are required to havepT.5 GeV. At least two photons
and two leptons are also required for all the analyses in
section.
2-3
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I. HINCHLIFFE AND F. E. PAIGE PHYSICAL REVIEW D60 095002
A. Lepton-photon distributions

We begin a detailed study by first selecting events t
have at least two leptons~either electrons or muons! and two
photons satisfying the cuts described above. In order
cleanly select events arising from the decay chain

x̃2
0→ l̃ 6l 7→x̃1

0l 6l 7→G̃gl 6l 7, ~11!

we observe that these leptons are correlated in flavor
hence we take events where a pair of the leptons have o
site charge and form the flavor-subtracted combinat
e1e21m1m22e6m7. The distribution in thel 1l 2 mass
distribution is shown in Fig. 1. This distribution has a sha
edge at

M x̃
2
0A12S M l̃ R

M x̃
2
0
D 2A12S M x̃

1
0

M l̃ R

D 2

5105.1 GeV,

~12!

which arises from the decay chain above. If we do not fo
the flavor combination, the edge is still clearly visible b
there is much more combinatorial background. The posit
of this edge can be used to determine this combination
masses with great precision given the huge statistical sam
The ultimate limit will arise from systematics in the me
surement of dilepton mass distribution, which given the la
sample ofZ→l 1l 2 decays that will be available for cali
bration, we expect to have an uncertainty of order 0.1%
100 MeV.

From the same sample of events with two leptons and
photons, the smaller of the twol 1l 2g masses is formed
and the resulting mass distribution is shown in Fig. 2. T
end point is at

AM x̃
2
0

2
2Mx

1
0

2
5189.7 GeV, ~13!

FIG. 1. M l l distribution fore1e21m1m22e6m7 events with
two photons and two isolated leptons arising at pointG1a. The
standard model background is negligible.
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the kinematic limit forx̃2
0→G̃l 1l 2g. Instead of having a

sharp edge like Fig. 1, this distribution vanishes linearly b
cause of four-body phase space. The figure shows as a d
line the linear fit to the end of the spectrum. From this fit t
precise end point can be determined. The smaller statis
sample and the need for a fit imply that the resulting unc
tainty on the value of the end point is larger. We estimate
precision from Fig. 2 to be6500 MeV; the full LHC lumi-
nosity of 100 fb21 should enable this uncertainty to be r
duced to6200 MeV.

The subset of events where onel 1l 2g mass is larger
and the other smaller than this end point was then selec
Only the combination with the lowerl l g mass can come
from x̃2

0 decay. TheM l 6g distribution for this combination
is shown in Fig. 3. Two structures are present in this p
There is a sharp edge at

AM
l̃ R

2
2Mx

1
0

2
5112.7 GeV ~14!

from the photon and the second~‘‘right’’ ! lepton in the de-
cay chain (l̃ →l g), and there is a distribution that vanishe
linearly at

AMx
2
0

2
2M

l̃ R

2
5152.6 GeV ~15!

from the photon and the first~‘‘wrong’’ ! lepton. The former
of these has a background from the latter. The plot show
linear fit between 115 and 150 GeV, which can be used
determine the position of the second end point. We estim
the errors on these quantities to be6200 and6500 MeV for
luminosity of 10 fb21 where they are limited by statistics
We expect that that they will become limited by systemat
at 6100 and6200 MeV at LHC design luminosity.

These four measurements are sufficient to determine
masses of the particles (x̃2

0, l̃ R , andx̃1
0) in this decay chain

FIG. 2. M l l g distribution for e1e21m1m22e6m7 events
with two photons at pointG1a. A linear fit from 160 to 190 GeV
used to determine the position of the four-body end point is a
shown as a dashed line.
2-4
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MEASUREMENTS IN GAUGE MEDIATED SUSY . . . PHYSICAL REVIEW D60 095002
without assuming any model of SUSY breaking. Of cou
the existence of, and rate for, this decay chain are mo
dependent. So is the interpretation of the slepton mass a
mass of thel̃ R . A similar combination of three-body an
four-body distributions will be useful in other cases f
which a decay chain involving three two-body steps can
identified.1

B. Reconstruction of G̃ momenta

The supersymmetry events each have two unobse
G̃’s. The sum of their transverse momenta is, up to reso
tion effects and possible missing neutrinos, measured as
two components ofE” T . There appears to be insufficient in
formation to reconstruct their momenta. However, the de
chain

x̃2
0→ l̃ 6l 7→x̃1

0l 6l 7→G̃gl 6l 7 ~16!

provides three precisely measured final-state particles
three mass constraints using the masses determined from
measurements in the previous subsection. A 0C fit for the G̃
momentum is then possible assuming thatMG̃50. The solu-
tion has a fourfold ambiguity since the leptons cannot
uniquely assigned and there is quadratic ambiguity from
solution to the constraints. The details are presented in
Appendix.

We want to have ax̃2
0→l 1l 2gG̃ decay on both sides o

the event. We therefore select events with four leptons
two photons. We require two opposite-sign, same-flavor l
ton pairs and a unique way of combining these with

1For example, at SUGRA Point 5 considered previously@1,2#, the

decay q̃L→x̃2
0q→ l̃ R

6l 7q→x̃1
0l 1l 2q can be used to determin

an l 1l 2 edge, anl q edge, and anl 1l 2q end point.

FIG. 3. M l 6g distribution for e1e21m1m22e6m7 events
sample with two photons; a linear fit from 115 to 150 GeV is us
to determine the end point for the photon and the ‘‘wrong’’ lept
and is shown as a dashed line.
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photons consistent withx̃2
0 decay. Then there are a total o

16 solutions.E” T can be used to resolve these ambiguities
follows. The best solution is selected by summing the m
menta of the twoG̃’s and calculating thex2 for matching
this to the measured value ofE” T ,

x25S E” x2p1x2p2x

DE” x
D 2

1S E” y2p1y2p2y

DE” y
D 2

. ~17!

We then select the solution that has the lowestx2 (xmin
2 ). It is

assumed that the resolution inE” T is determined by the tota
transverse energyET ,

DE” x5DE” x50.6AET10.03ET . ~18!

We can evaluate the effectiveness of this method by co
paring the reconstructed values of theG̃ momentum to the
best match with the generated values. Figure 4 shows
distribution of the fractional difference between the gen
ated and reconstructedG̃ momentum

Dp

p
5

uprecon2pgenu
upgenu

~19!

for solutions wherexmin
2 ,10; the distribution forxmin

2 ,1 is
very similar. As can be seen from the figure which indica
a resolution of order 10% with a long tail, showing that t
method works quite well. In approximately 40% of th
events that enter this analysis, theG̃ momenta reconstructe
within 10% of their nominal value. The shape of this dist
bution is dominated by detector resolution on the leptons
photons. It is much narrower if the generated momenta
used, and it is significantly wider if the resolution for th

d
FIG. 4. The distribution inuDpu/upu for reconstructed gravitino

momenta. The gravitino momenta are reconstructed using
method described in the text. The difference (Dp) between the
reconstructed~p! and generated momentum is then formed for t
combination with the lowestx2. Events are included where th
lowestx2 is less than 10 or 1~dashed line!.
2-5
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I. HINCHLIFFE AND F. E. PAIGE PHYSICAL REVIEW D60 095002
electron energy is taken from the calorimeter alone; the c
tral tracker is important for soft electrons.2

C. Reconstruction of gluinos and squarks

Squark production is significant at pointG1a even
though squarks are considerably heavier than gluinos.
reconstruction technique of the previous section can be
tended to allow the chainq̃→g̃q→x̃2

0q̄qq to be recon-
structed and the gluino and squark masses measured
begin with the events selected in the previous section wh
two x̃2

0 momenta each arising fromx̃2
0→l 1l 2gG̃ have

been reconstructed. Jets are then searched for that havpT
.75 GeV in a coneR50.4. We require that at least fou
such jets be present in the event. Eachx̃2

0 is then combined
with two and with three jets; the resulting invariant ma
distributions are shown in Figs. 5 and 6, respectively. T
j j x̃2

0 mass of Fig. 5 has a peak close to the gluino mass
744 GeV, while Fig. 6 has a broader peak near the squ
masses, 935–985 GeV. The peaks occur in essentially
same place if the jet cut is raised topT.100 GeV and so are
not simply reflections of the kinematic cuts. It is important
emphasize that this technique enables the masses o
squarks and leptons to be measured directly rather than b
inferred from features in kinematic distributions.

The peaks can be sharpened up considerably by searc
for correlations since, for eachx̃2

0 momentum and set o
three jets, there should be onex̃2

0 j j j peak at the squark mas

2It is possible, in principle, to apply this method to other cas
involving three identifiable decays, e.g., theq̃L decay chain for
SUGRA point 5 @1,2#. Unfortunately, the combination of mor
combinatorial background and relatively poor resolution for j
seems to make it not possible to reconstruct thex̃1

0 momenta in this
case.

FIG. 5. Invariant mass ofx̃2
0 and two jets, for events at poin

G1a. The peak is due to the decayg̃→qq̄x̃2
0. Events are required

to have twox̃2
0 momenta reconstructed and at least four jets w

pT.75 GeV.
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and threex̃2
0 j j mass combinations, one of which is at th

gluino mass. The scatter plot of all combinations is shown
Fig. 7. While the points show significant scatter, there
nevertheless, a clear peak in theM (x̃2

0 j j ) projection, made
by selecting events in the range 800 GeV,M (x̃2

0 j j j )
,1200 GeV, shown in Fig. 8. The smooth curve shown
this plot is a Gaussian fit over the range 500–900 Ge
shows a clear maximum at 699 GeV. If a cut around t
peak, 600 GeV,M (x̃2

0 j j ),800 GeV, is made a projection
of the scatter plot onto thej j j x̃2

0 axis made as shown in Fig
9, a somewhat narrower peak at the squark mass than th
Fig. 6 is obtained. The smooth curve is again a Gaussia
over the range 760–1020 GeV and has a maximum at a
909 GeV. The statistical errors on the locations of the pe
are quite small and the precision of the measurement
likely dominated by systematic effects such as the calibra
of the jet energy scale.

s

s

FIG. 6. Invariant mass ofx̃2
0 and three jets, for events at poin

G1a. The peak is due to the decayq̃→qg̃→qqq̄x̃2
0.

FIG. 7. Scatter plot ofM (x̃2
0 j j j ) vs M (x̃2

0 j j ) for events at point
G1a where twox̃2

0 momenta are reconstructed and there are at le
four jets withpT.75 GeV.
2-6
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III. POINT G1b

In this case the NLSP is neutral and long lived. Almost
of the produced NLSP’s exit the detector without interactin
so the phenomenology is qualitatively similar to the SUGR
models. We first see evidence for new physics via the p
ence of events with large totalET , large E” T , and isolated
leptons. Approximately 0.1% of the NLSP’s will deca
within the detector volume, resulting in a photon that do
not point to the interaction vertex. The ability to identi
such photons and measure the decay point would provid
valuable constraint on the lifetime and hence information
Cgrav. We anticipate that a decay probability of 0.1% will b
difficult but perhaps possible to detect. Apart from this fe
ture, this case is similar to one of the SUGRA cases~point 4!
studied earlier@1,3#. In that case, there was more structure
the dilepton spectra as significant production ofx̃3

0 and x̃4
0

FIG. 8. Projection of Fig. 7 on theM (x̃2
0 j j ) axis for 800 GeV

,M (x̃2
0 j j j ),1000 GeV. The peak corresponds to gluino dec

The fit shown is a Gaussian over the range 500 to 900 GeV.

FIG. 9. Projection of Fig. 7 on theM (x̃2
0 j j j ) axis for

600 GeV,M (x̃2
0 j j ),800 GeV. The peak corresponds to squa

decay. The fit shown is a Gaussian over the range 760–1020 G
09500
l
,

s-
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occurs in the decay of a gluino.

A. Effective mass analysis at pointG1b

Events that have at least four jets are selected and
scalar sum of thepT’s of the four hardest jets and the missin
transverse energyE” T , formed

Meff5pT,11pT,21pT,31pT,41E” T . ~20!

Here the jetpT’s have been ordered such thatpT,1 is the
transverse momentum of the leading jet. Figure 10 shows
distribution inMeff for events where the following cuts hav
been made:

E” T.100 GeV,
>4 jets withpT.50 GeV andpT,1.100 GeV,
Transverse sphericityST.0.2,
No m or isolatede with pT.20 GeV anduhu,2.5,
E” T.0.2Meff.

Here transverse sphericity is defined as

ST52 minF(
i

~ETi!
2Y (

i
~Ei !

2G , ~21!

where the sum runs over the energy in a calorimeter c
defined as a two-dimensional vector transverse to the be
and the subscriptT denotes the component transverse to
axis, the direction of which is varied to minimizeST . It can
be seen clearly from Fig. 10 that there is an excess of ev
at largeMeff over that expected in the standard model, p
viding clear evidence for new physics.

B. Selection of dilepton events

We attempt to extract the decay chainx̃2
0→l l̃ R

→l 1l 2x̃1
0 as follows. Events are selected that haveMeff

.1000 GeV andE” T.0.1Meff , and two and only two isolated
leptons of opposite charge withpT.20 GeV for electrons,
pT.5 GeV for muons, anduhu,2.5 for both. In order to
reduce the combinatorial background we again look at

.

V.

FIG. 10. The effective mass distribution showing LHC poi
G1b signal and standard model backgrounds~hatched histogram!.
2-7
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combinatione1e21m1m22e6m7. Figure 11 shows the
dilepton mass distribution. There is a clear end point at

Me5M x̃
2
0A12S M l̃ R

M x̃
2
0
D 2A12S M x̃

1
0

M l̃ R

D 2

5105.1 GeV.

~22!

We expect this to have a precision of order 0.1% on
position of this end point. The standard model backgrou
shown on this plot reflects the poor statistics of our sam
the actual background is much smaller. The figure a
shows a small, but statistically significant, peak fromZ de-
cays. These are arising from the decayx2

0→x1
0Z which has a

branching ratio of 9%. The fact that this two-body decay
of the same order of magnitude as thel 1l 2x̃1

0 decay is
strong evidence that the latter is not arising from the thr
body decayx2

0→x1
0l 1l 2 but from the sequence of 2 two

body decays. Additional evidence is provided by the sh
of the edge. We can be confident, therefore, that the
point is measuring the combination of masses in the ab
equation.

C. Extraction of gluino

We now select events from the previous sample that h
at least two jets withpT.125 GeV and require that the dilep
ton mass is below 105 GeV. The invariant mass of
l 1l 2 j j system is shown in Fig. 12 where again to redu
combinatorial background we look at the combinati
e1e21m1m22e6m7. All combinations of jets withpT
.25 GeV are shown. The figure shows a broad peak bu
clear structure. The events in this plot are dominated by
cay g̃→qq̄x̃2

0→qq̄l 1l 2x̃1
0. However, the large combinato

rial problem prevents a kinematic edge from being visible
order to estimate the sensitivity to the gluino mass, we g

FIG. 11. The dilepton mass distribution at pointG1b. The stan-
dard model background~hatched histogram! is very small. The fluc-
tuations in our event sample for the combination shown, i
e1e21m1m22e6m7 are therefore larger than one would expe
in 10 fb21.
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erate another set of events which differ only in that t
gluino mass has been increased to 800 GeV. The distribu
from this sample is shown as the dashed histogram in
12. The total event rate for this sample has been increase
a factor of 1.24, to compensate for the smaller product
rate and to facilitate a comparison of shapes of the distri
tions. It is clear from this figure that these two curves cou
be distinguished and that a constraint on the gluino m
obtained. The different eventrates is not directly usable as a
mass constraint as the branching ratios are not known.

The signal can be improved somewhat if we restrict
jets to be those that arise from bottom quark jets. The res
ing distribution is shown in Fig. 13 which is identical to th
for Fig. 12 except that the jets are required to be taggedb
jets. The mass distribution has a clear structure which refl
the kinematic end point of the dijet-dilepton system at

H ~Mg̃2Mx
2
0!21Me

2

1
Mg̃2M x̃

2
0

2M x̃
2
0

F M x̃
2
0

2
2M

l̃

2
1

~M x̃
2
0

2
1M l

2 !~M l
2 2M x̃

1
0

2
!

2M l
2

3S 11

M x̃
2
0

2
2M l

2

2M x̃
2
0M l

D G J 1/2

. ~24!

~23!

Me is the value of the dilepton edge defined above~the b
quark mass is neglected in this result!. This dilepton-dijet
end point corresponds to 629 GeV. The dashed line on
figure shows the result when the gluino mass is increase

.,
t

FIG. 12. The mass distribution of a dilepton and two jets
point G1b. The dotted histogram corresponds to a different ev
sample where the gluino mass is changed to 800 GeV, this di
bution has been scaled by a factor of 1.24 to facilitate compari
of the shapes. The standard model background is shown as
hatched histogram.
2-8
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MEASUREMENTS IN GAUGE MEDIATED SUSY . . . PHYSICAL REVIEW D60 095002
800 GeV; the kinematic end point is now at 673 GeV. T
event rates in this plot are rather low and to obtain precis
using this method 100 fb21 of integrated luminosity will be
needed.

Following in the spirit of Ref.@3#, we attempt to look for
kinematic structure in the dijet mass distribution from t
decay g̃→qq̄x̃2

0→qq̄l 1l 2x̃1
0. We begin by selecting

events withMeff.1000 GeV andE” T.0.1Meff and four iso-
lated leptons. We retain the event if these leptons can
grouped into two opposite-sign, same flavor pairs each
which has an invariant mass below 105 GeV. We then se
the four jets with the highest transverse momenta, and
them up, selecting the combination that gives the smal
value for the sum of the two pair masses. A plot of the m
distribution of a dilepton pair and one of the jet pairs
similar, with poorer statistics, to that of Fig. 12; there is s
no clear kinematic feature. Figure 14 shows the invari
mass of each of the jet pairs~two entries per event!. The end
point that one expects to see atmg̃2mx̃

2
0 is not visible. How-

ever, the shape of this curve is sensitive to the gluino mas
can be seen by comparing the dashed histogram which is
result of the same event selection applied to an event sam
where the gluino mass is raised to 800 GeV. A detailed st
@3# of a case similar to this concluded that one could meas
the mass differencemg̃2mx̃

2
0 with an uncertainty of order

3% with an event sample approximately ten times larger t
this one~the cross section is approximately three times lar
due to the smaller gluino mass of 580 GeV and 30 fb21 of
data was assumed!. We will conservatively assume that w
can determinemg̃2mx̃

2
0 with an uncertainty of 50 GeV, i.e.

the difference shown in the figures.

D. Extraction of squarks

In view of the lack of clear structure in the events of t
previous section, it will be very difficult to extract the ca

FIG. 13. The mass distribution of a dilepton and twob jets at
point G1b. The dashed histogram corresponds to a different ev
sample where the gluino mass is changed to 800 GeV. No stan
model background events passed the cuts.
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cade decayq̃→g̃q→qq̄qx̃2 as was possible in the case
G1a. We, therefore, attempt to extract the decayq̃→qW̃
→qWx̃1

0. We first select events withMeff.1000 GeV and
E” T.0.1Meff and only two isolated leptons which can for
any of the following combinations:e1e1, e2e2, m1m1,
m2m2 or em ~any charges!. In addition we require that there
be two jets each withpT.450 GeV. Few events pass th
selection, but in those that do 60% of the directly produc
supersymmetric particles are squarks. Figure 15 shows
lepton jet invariant mass distribution. In order to assess
sensitivity of this distribution to the squark mass, anoth
event sample was produced where the squark masses

nt
rd

FIG. 14. The mass distribution of two jets at pointG1b. There
are two entries per event. The dotted histogram corresponds
different event sample where the gluino mass is changed to
GeV, this distribution has been scaled by a factor of 1.18 to fac
tate comparison of the shapes. No standard model events passe
cuts.

FIG. 15. The mass distribution of a lepton1jet system. The
dashed histogram corresponds to a different event sample wher
squark mass has been reduced by 50 GeV. The standard m

background shown as a hatched histogram is dominated byt t̄ pro-
duction.
2-9
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I. HINCHLIFFE AND F. E. PAIGE PHYSICAL REVIEW D60 095002
reduced by 50 GeV. The distribution from this sample
shown as the dashed histogram in Fig. 15. The shapes
significantly different; the shifting to the left of the dashe
histogram is symptomatic of the smaller mass of the squ
A Kolmogorov test applied to the shape of the histograms
Fig. 15 using finer binning and data samples correspond
to 30 fb21 of integrated luminosity indicates that they a
distinct with a probability of 92%. Sensitivity to squar
masses at the 50 GeV level should therefore be possible

IV. POINT G2a

The total supersymmetry supersymmetry cross section
both casesG2a andG2b is 23 pb, larger than that of case
G1 because the squark masses are considerably lower. S
the slepton is the NLSP, almost all supersymmetry eve
contain a pair of sleptons. Most of these sleptons are p
duced in the decaysx̃2

0→l l̃ and x̃1
0→l l̃ . In the case of

point G2a, the NLSP decays with a very short decay leng
~52 m! to give an additional lepton. If the produced slepto
are selectrons or smuons, the high multiplicity of produc
isolated leptons will provide both a convenient trigger a
the first evidence for new physics. Only in the case wh
both sleptons are staus and decay hadronically, will we h
to rely upon a jet and missing-ET trigger for the first indica-
tion of new physics.

A. Dilepton distributions

As the branching ratios forx̃ i
0→ l̃ R→G̃l 1l 2 are sub-

stantial we can attempt to select this decay chain by sea
ing for events with isolated leptons and jets as most of thex̃ i

0

will be produced in the decay of strongly interacting sp
ticles. Events are selected that have at least four jets
pT.25 GeV anduhu,2.5 and at least four charged trac
associated with each jet~to eliminate jets from hadronic ta
decays!. An Meff is formed from the scalar sum of the tran
verse energies of the four jets with the largestpT andE” T .

Meff5pT,11pT,21pT,31pT,41E” T . ~25!

We then requireMeff.400 GeV andE” T.0.2Meff .
An additional selection requiring two oppositely charg

leptons ~either electrons or muons! with pT.10 GeV and
uhu,2.5 is made and the dilepton mass distribution form
In order to reduce combinatoric background, we form
combinatione1e21m1m22e6m7. The mass distribution
for this combination is shown in Fig. 16. Two edges a
visible at 52 and 175 GeV corresponding to

AM x̃
1
0

2
2M

l̃ R

2
552.1 GeV ~26!

and

AM x̃
2
0

2
2M

l̃ R

2
5175.9 GeV. ~27!

The standard model background shown on this plot app
not to be negligible. However, this is somewhat mislead
as our background sample does not correspond to the s
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tical fluctuations expected for an integrated luminosity of
fb21. The number of background events can be seen m
clearly in Fig. 17 which shows the combinatione1e2

1m1m21e6m7. It can be seen from this figure that th
combination has considerable combinatorial background
the signal events; the edge at 175 GeV is less clear. F
this plot one can estimate that, in the mass range 60–
GeV, the true standard model background in Fig. 16 is
660; this fluctuation is insignificant compared with th
;4000 signal events in the same region.

It is clear that the statistical error on the precision t
measurement of the position of the lower edge will be sm
and the systematic errors will dominate. The higher edge
much poorer statistics, so we have used a fit to estimate

FIG. 16. M l l distribution for the flavor-subtracted combinatio
e1e21m1m22e6m7 of events having two isolated leptons ari
ing at pointG2a. The standard model background shown does
represent the statistical fluctuations expected in 10 fb21 of inte-
grated luminosity~see text!.

FIG. 17. M l l distribution for all oppositely charged dilepto
pairse1e21m1m21e6m7 in events having two isolated lepton

arising at pointG2a. The background, mostly fromt t̄ production,
is shown as the hatched histogram.
2-10
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well the end point might be measured. Before any cuts,
signal distribution inM l l has the form

dN

dMl l

5A~11M l l !u~Mmax2M l l !, ~28!

where Mmax is the position of the edge. We add to this
backgroundB taken to be constant in the vicinity of the edg
and then smear with a Gaussian of widthsM to be deter-
mined by the fit. We then use thePAW version ofMINUIT @16#
to fit the data set of Fig. 16, whose statistical fluctuatio
represent approximately 10 fb21 of integrated luminosity,
over the ranges 20 GeV,M l l ,80 GeV and 150 GeV
,M l l ,250 GeV. The best fits are shown in Fig. 18, a
the fits give

Mmax552.26620.045
10.058 GeV, sM50.86 GeV,

Mmax5175.4620.22
10.21 GeV, sM56.5 GeV.

The errors onMmax are determined byMINOS @16#. We can
expect systematic uncertainties of order 0.1% on these m
surements. We, therefore, expect that the precision of
upper edge will be limited by statistics even for 100 fb21 of
data. For the purposes of parameter fitting below, we w
assume that the errors are 70 and 270 MeV for 10 fb21 and
50 and 180 MeV for 100 fb21, respectively.

B. Detection of q̃R

Here we use the decay chainq̃R→qx̃1
0→ql̃ R

6l 7

→qG̃l 1l 2. The same event selection as in Sec. IV A
used with the addition of the requirement that the dilep
pair have massM l l ,52 GeV and transverse momentu
pT(l l ).75 GeV to enhance the probability that the lepto
come from the same decay chain. The two jets with the la
est transverse momentum were then selected; each i

FIG. 18. As Fig. 16 except that the distribution is shown on
logarithmic scale and the fits to the edges described in the tex
shown. No background is shown on this figure.
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quired to havepT.50 GeV and to contain least four charge
tracks. We show the invariant mass of the dilepton and
of these two jets (l 1l 2 j ) in Fig. 19 and of one the lepton
and a jet in (l 6 j ) distributions are shown in Fig. 20. In eac
case only the smaller of the various mass combination
plotted and again we show the subtracted distributio
e1e21m1m22e6m7 which have a cleaner structure.

The l 1l 2q distribution has an expected end point at

M l l q
max5AMq̃R

2 2M
l̃ R

2
5640.12 GeV, ~29!

while the l 6q distribution has an expected end point at

re

FIG. 19. M l l j mass spectrum at pointG2a for events that
contain at least two isolated leptons and four jets. The linear
shown as a dashed line is over the range 390–590 GeV. The
dard model background is shown as the hatched histogram.

FIG. 20. M l j mass spectrum at pointG2a. The fits shown as
dashed lines correspond to two separate linear fits over the rang
over the ranges 150–280 GeV and 305–400 GeV. The former
trapolates to an end point at 315 GeV. The standard model b
ground is shown as the hatched histogram.
2-11
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I. HINCHLIFFE AND F. E. PAIGE PHYSICAL REVIEW D60 095002
M l q
max5AMq̃R

2 2M x̃
1
0

2 A12

M
l̃ R

2

M x̃
1
0

2 5289.16 GeV.

~30!

The plots show a linear fit below the end points. These
extrapolate to end points slightly larger than the actual v
ues. The errors on the precision of these values will be do
nated by the systematic uncertainties in the jet energy sc
estimated to be of order 1%. We expect that the system
uncertainty in the measurement of theratio of these two end
points will be less than this.

We can now solve for thel̃ R , x̃1
0, andq̃R masses in terms

of the measured end points:

M l̃ R
5

M l l AM l l q
2 2M l q

2 2M l l
2

M l q
, ~31!

M x̃
1
05AM l l

2 1M
l̃ R

2
, ~32!

Mq̃R
5AM l l q

2 1M
l̃ R

2
. ~33!

Note that this method for extracting masses requires only
existence of the decay chain; the underlying model is
used in the analysis. Of course, the interpretation of
masses as those ofq̃R , l̃ R , etc., is model dependent.

C. Detection of x̃1
6 decays

Approximately 50% of the decays ofq̃L occur to ax̃1
6 .

There is a decay chain starting fromx̃1
6 proceeding through

a slepton and ax̃1
0 that gives a final state with three isolate

leptons, viz.,

x̃1
1→l 1ñ→x̃1

0nl 1→nl 1l 2 l̃ R
1→nl 1l 2l 1G̃.

~34!

The combined branching ratio is 29%. We begin with t
event selection of the previous section, requiring that th
be at least three isolated leptons in addition to the j
Events are then required to have at least one opposite
same flavor pair with an invariant mass in the ran
40 GeV,M l l ,52 GeV so that they are likely to have com
from a x̃1

0 decay. Any other pairs of leptons of same flav
and opposite sign withM l l ,175 GeV are discarded as the
are likely to come fromx̃2

0 decay. The selected dilepton
then combined with any other remaining lepton and the
variant mass of the trio is shown in Fig. 21. If all thre
selected leptons arose from the decay ofx̃1

6 , this distribu-
tion would have a linear vanishing at

AM x̃
1
6

2
2M ñ

21M x̃
1
0

2
2M

l̃ R

2
585.75 GeV. ~35!

There is considerable background in this plot arising fr
signal events; the standard model background is very sm
Nevertheless there is clear evidence of structure. Whil
may not prove possible to extract a precision measurem
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from this distribution, it provides evidence for the existen
of x̃1

6 and a strong consistency check of the model.

V. POINT G2b

In this case the NLSP is thet̃1 , and it has a long lifetime,
ct'1 km. The decayl̃ → t̃1tl is not kinematically al-
lowed, so theẽR andm̃R are also long lived. Each event wi
contain two of these quasistable particles which will app
in the detector as a pair of slow muons. These will provid
trigger as the mean velocity is quite large~see below! and the
first evidence for new physics in this case.

A small fraction of the sleptons will decay within th
detector; significant energy is released in the decay so
result is a track which ends somewhere and a decay pro
that points back to this end point. If the sparticle in quest
is a selectron, the resulting electron could be pointed b
using the electromagnetic calorimeter in combination w
information from the central tracker. If the sparticle is
smuon, the resulting muon would have to be pointed us
the remainder of the tracking volume and the outer mu
system. If it is a stau, the resulting hadronic decay of the
might be pointed using a combination of the central trac
and the electromagnetic calorimeter.3 It is worth emphasiz-
ing the importance of measuring this decay length: it is
only way to obtain information on the gravitino coupling
and the fundamental scale of supersymmetry breaking.

A. Effective mass analysis at pointG2b

The events can be triggered using the quasistable part
that will appear as muons. The velocity distribution of the
particles is shown in Fig. 22, from which it can be seen t
the mean velocity is greater than 0.9c. Hence, many of these
should pass the ATLAS level-1 muon trigger@17#.

3To our knowledge no detailed study of the smuon and stau c
has been done.

FIG. 21. M l l l mass spectrum at pointG2a. The standard
model background~hatched histogram! is very small.
2-12
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MEASUREMENTS IN GAUGE MEDIATED SUSY . . . PHYSICAL REVIEW D60 095002
The events also have a large amount of missingET as
measured by the calorimeter. The distribution is shown
Fig. 23, which has a mean value of 315 GeV. If the measu
momenta of the sleptons is included, the missing energ
much smaller as can be seen from the dotted curve in
23. The true missingET is larger than standard model bac
grounds due to the larger number of taus and heavy flavo
the SUSY sample. The standard model background sh
on this plot is controlled by the requirement that it contain
least two muons. This calorimetric missingET could also be
used as a trigger.

We begin the analysis by using the effective mass dis
bution found by selecting events that have at least four
and forming scalar sum of thepT’s of the four hardest jets
and the missing transverse energyE” T ,

FIG. 22. Generated slepton velocity distributionb at pointG2b.
The dotted curve is for sleptons withh,1.

FIG. 23. Calorimetric missing transverse energyE” T at point
G2b. The dotted curve shows the trueE” T including sleptons. The
standard model background of dimuon events is shown as
hatched histogram.
09500
n
d
is
g.

in
n

t

i-
ts

Meff5pT,11pT,21pT,31pT,41E” T . ~36!

Here the jetpT’s have been ordered such thatpT,1 is the
transverse momentum of the leading jet. There is no requ
ment that the jets or missingET be large enough to provide
trigger; we assume that the events are triggered by the m
system. Note that the standard model background shown
this plot is required to have two muons in it and is su
pressed as a result. The NLSP’s are ignored when ma
this effective mass variable. The distribution shown in F
24, has a mean value of 1004 GeV characteristic of
masses of the strongly interacting sparticles which domin
the production.

There is a peak in the effective mass distribution at ze
corresponding to the production of events which have li
hadronic activity andE” T . It is due to the direct production o
NSLP via such processes asqq̄→ l̃ 1 l̃ 2 and the direct pro-
duction ofx̃1

0 andx̃1
1 which then decay to the NLSP. This i

shown in Fig. 25 which shows the ID codes for the produc
primary sparticles and demonstrates that they are ma
sleptons and gauginos. We will discuss these events in m
detail below.

B. Slepton mass determination

The sleptons~NLSP! are dominantly produced at the en
of decay chains and consequently the majority of them
fast. The velocity distribution is shown in Fig. 22 from
which the mean velocity can be determined. Time-of-flig
measurements in the muon detector system can be use
determine this velocity. When this is combined with a me
surement of momentum in the same system, the mass ca
obtained.

The muon chambers in the ATLAS detector can provid
time-of-flight resolution of about 1 ns. For each slepton w
uhu,2.5 the time delay relative tob51 to the outer layer of
the muon system, taken to be a cylinder with a radius of
m and a half-length of 20 m, is calculated using the gen
ated momentum and smeared with a Gaussian 1 ns res

he

FIG. 24. Effective mass distribution not including sleptons
point G2b. The standard model background of dimuon events
shown as the hatched histogram.
2-13
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tion. The smeared time delayDt and measured momentum
are then use to calculate a mass. The resulting mass dist
tion is shown in Fig. 26 for sleptons with 10 ns,Dt
,50 ns. Raising the lower limit onDt improves the mass
resolution but reduces the efficiency. The resolution is ne
good enough to resolve thet̃1 andl R masses of 101.35 an
102.67 GeV. The upper limit onDt is somewhat arbitrary; it
reflects practical concerns and also eliminates sleptons
very low b that lose most of their energy in the calorimete
The average of the generated distribution, 102.2 GeV, ag
well with the fitted mean value in Fig. 26. It is important
note that this method will provide a mass measurement o
average over thet̃1 , m̃R , and ẽR masses as this analys
cannot distinguish slepton flavors.

C. Reconstruction of x̃1
0, x̃2

0 and x̃4
0

Since thel̃ R are quasistable, the decaysx̃ i
0→ l̃ Rl can be

fully reconstructed. Events are selected that have at l

FIG. 25. The particle ID codes for the primary particles
events in Fig. 24 which haveMeff,100 GeV: left sleptons~31–36!,
gauginos~30, 39, and 40! and right sleptons~52, 54, and 56!.

FIG. 26. Reconstructed slepton masses for time delays 1
,Dt,50 ns relative to ab51 particle.
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three isolated electrons, muons or quasistable sleptons
uhu,2.5 and pT.10 GeV. The two highestpT particles
among the sleptons and muons~i.e., those particles that pen
etrate to the muon system! are assumed to be sleptons a
are assigned their measuredpW and the slepton mass; the re
are assumed to be muons. The standard model backgrou
already negligible, so there is no need to make a time
flight cut to identify the sleptons. Sleptons are then combin
with electrons or muons~l ! of the opposite charge and th
resulting mass for alll̃ 6l 7 combinations is plotted in Fig
27; we have no way of determining the flavor of a slepto
There are two narrow peaks at thex̃1

0 and x̃2
0 masses. The

rather strange shape of thex̃1
0 peak is a consequence of th

fact that the splitting between thex̃1
0 and l̃ R is small, so the

mass is dominated by the rest mass of thel̃ R . There is a
small peak at 348 GeV due to the decay ofx̃4 .

The mass measurement of the slepton itself can now
refined and the smuon and selectron separated by using
events in the in thex̃1

0 mass peak. By restricting the eve
samples to the cases where the lepton is either an electro
muon, this method can be used to provide separate sam
of ẽR and m̃R . The analysis of the previous section is no
repeated for the events within65 GeV of thex̃1

0 peak where
the lepton is an electron. The resulting distribution, shown
Fig. 28 has a mean quite close to the correctẽR mass. The
statistical error on the mass in from a data sample of 10 f21

is ;100 MeV. Therefore, it should be possible to distingui
the average slepton mass as determined in the previous
tion from theẽR andm̃R masses. The actual errors are like
to be dominated by systematic effects estimate to be 0.
This will be sufficient to constrain the mass of the stau wh
is present in the average from the separate selectron
smuon masses.

D. Extraction of l̃ L

We can begin with the reconstructedx̃1
0 and combine it

with another charged lepton in an attempt to detect the de
ns

FIG. 27. l̃ 6l 7 mass distribution at pointG2b.
2-14
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chain l̃ L→x̃1
0l → l̃ R

6l 7l . We select events that have
least two muons or stable sleptons withpT.10 GeV and
uhu,2.5. The two highestpT objects are assigned to be sle
tons and the rest are called muons. Combinations of a sle
and either muon or electron are formed that have no
charge and the system is tagged asx̃1

0 if M l 6l 75M x̃
1
0

65 GeV. Thisx̃1
0 candidate is then combined with anoth

charged lepton and the mass of the three lepton syste
shown in Fig. 29. There is a clear peak at the slepton mas
203 GeV.

Another feature is also present in this plot. The dec
chain x̃1

6→ ñl →x̃1
0nl → l̃ R

6l 7nl has a kinematic uppe

bound for the mass of thel̃ R
6l 7l system of

AM x̃
1
6

2
2M ñ

21M x̃
1
0

2
5134 GeV. ~37!

FIG. 28. Same as Fig. 26 for events in a65 GeV window
around thex̃1

0 mass peak of Fig. 27 and the lepton is identified as
electron.

FIG. 29. The mass distribution of a slepton and a pair of lept
at point G2b. Events are selected so that a lepton and a slep
reconstruct to thex̃1

0 mass (M x̃
1
065 GeV).
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The structure below this end point is clearly visible in Fi
29. However, there is a large background so a very accu
measurement will be difficult. Nevertheless, this structu
measures a combination ofñ and x̃1

6 and will provide a
powerful constraint on the model.

E. Reconstruction of squarks

At this point squarks are considerably lighter than gl
nos, reflecting the fact thatmg̃ /mq̃;AN5 and N5.1, as is
usually the case when the NLSP is a slepton. Direct prod
tion of squarks is dominant and the decayq̃R→x̃1

0q is large.

Events are selected that have al l̃ mass within 5 GeV of the
x̃1

0 peak in Fig. 27. This pair is then combined with any
the four highestpT jets in the event. The resulting mas
distribution of the jet-x̃1

0 system shown in Fig. 30 has a rela
tively narrow peak somewhat below the averageq̃R mass of
648 GeV. Some shift is expected since the jets are defi
using a small cone size,R50.4.

The decayq̃L→x̃2
0q is significant but not dominant. It can

be reconstructed by selecting events that have al l̃ mass
within 5 GeV of thex̃2

0 peak in Fig. 27 and combining thex̃2
0

momentum with the momentum of any of the four highestpT

jets. The resulting mass distribution of the jet-x̃2
0 system is

shown in Fig. 31; it has a somewhat wider peak than tha
Fig. 30 a little below the averageq̃L mass of 674 GeV. The
signal-to-background ratio is poorer than in Fig. 30, a refl
tion of the smaller branching ratioq̃L→x̃2

0q ~;25%!.

It is also possible to reconstruct theb̃1,2 squarks. The
subset of events in Fig. 31 for which the jet is tagged asb
jet is shown in Fig. 31 as the dashed curve. No correction
theb-jet energy is done. Theb̃-squark peak is clearly visible
and is at somewhat lower masses. The resolution is ins
cient to separate the peaks fromb1 and b2 whose average
mass is 647 GeV and separation is 9 GeV. A subset of

n

s
n

FIG. 30. x̃1
0-q mass distribution at pointG2b. Events have a

lepton and a slepton with invariant mass in a65 GeV window
around thex̃1

0 mass peak of Fig. 27. The dashed distribution cor
sponds to cases where the jet is from ab quark. The fit is a Gaussian
over the range 610–640 GeV.
2-15
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events of Fig. 30 where the quark jet is tagged as ab jet is
shown as the dashed line in Fig. 30. No structure is visible
this case. This difference is due to the branching rat
BR(b̃1→x̃1

0b)55.9%, BR(b̃2→x̃1
0b)53.6%, BR(q̃R

→x̃1
0q)594%, while BR(b̃1→x̃2b)515.6%, BR(b̃2

→x̃2b)510.8%, and BR(q̃l→x̃2q)525%. The mixing be-
tween theb squarks ensures that both can decay tox̃2 .

The wider peak of Fig. 31 relative to that of Fig. 30 c
now be understood. It is due to the presence of a signific
number ofb squarks in the former distribution. The ma
differences betweenq̃L and b̃ are not large enough for th
peaks to separate and the result is a broad distribution.

F. Reconstruction of t̃t decays

The decayx̃ i
0→ t̃6t7 is more difficult to reconstruct than

x̃ i
0→ l̃ R

6l 7, but it can provide information on the gaugin
content of thex̃ i

0. A technique similar to that discussed
Refs. @18# and @19# can be used. Hadronict’s are selected
with visible pT.20 GeV andh,2.5. These are identified b
taking jets where the number of charged tracks is less tha
equal to three. The simplest approach is to combine the
ible t momentum with the slepton momentum. The result
mass distributions are shown in Fig. 32 and on an expan
scale for masses near thex̃1

0 mass in Fig. 33.4 These curves
do not have true peaks because of the missingnt , but they
do have fairly sharp end points at thex̃1

0 and x̃2
0 masses.

If the slepton momenta are included in the calculation
E” T and there are no other neutrinos, thenE” T can be used to

4This plot requires at one least slepton, assumed to be the ‘‘m
candidate’’ with the largestpt , to be present in the event. A secon
slepton may be required to facilitate triggering. Since all eve
have two sleptons, the efficiency for this is quite large. This ad
tional requirement would reduce the rate shown in Fig. 32 sligh

FIG. 31. x̃2
0-q mass distribution at pointG2b. Events have a

lepton and a slepton with invariant mass in a65 GeV window
around thex̃2

0. The dashed distribution corresponds to cases wh
the jet is from ab quark. The fit is a Gaussian over the ran
625–700 GeV.
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determine the truet momentum. Only the highestpTt is
used, and the angle between it and theE” T direction is re-
quired to beDf,0.1p. The visible t momentum is then
scaled by a factor 11E” T /ET,t , and thet̃-t mass is recom-
puted. This gives the dashed curves in Figs. 32 and 33
expected, includingE” T not only reduces the statistics bu
also worsens the resolution forx̃1

0, since thet is very soft in
this case. However, it produces a peak near the right pos
for the x̃2

0. While this peak probably does not improve th
mass resolution, it adds confidence that one is seeing a
body resonance.

G. Direct production of electroweak sparticles

We now return to the events present in the peak at
Meff shown in Fig. 24. As pointed out above these events
due to the direct production of gauginos and sleptons.

n

s
i-
.

re
FIG. 32. t̃-t mass distribution at pointG2b. Solid curve indi-

cates using visiblet momentum. The dotted curve is obtained b
selecting events where the missingET is aligned with the tau direc-
tion by Df,0.1p and addingE” T to t momentum.

FIG. 33. Same as Fig. 32 on a finer scale with smaller bins
2-16
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begin with the event sample used in Fig. 28 and remake
distribution with the requirement thatMeff,100 GeV. This
is shown in Fig. 34. This plot has a very strong peak at
mass ofx̃1

0 and a weak, though still clear one, at the mass
x̃2

0. This higher peak is suppressed as the lepton from
decay is contributing toMeff and the cut throws away som
signal.

We can also repeat the analysis of Sec. V D, with
addition of the cutMeff,100 GeV. We can take the events
the x̃1

0 peak~in the mass range 110–120 GeV! of Fig. 34 and
then combine that reconstructedx̃1

0 momentum with an ad-
ditional charged lepton. The mass distribution of the res
ing system is shown in Fig. 35. This plot shows a peak at
GeV which corresponds to the decayl̃ L→x̃1

0l → l̃ R
6l 7l .

The fit shown on this plot is a linear combination of a exp
nential, a Gaussian and constant over the mass range
250 GeV. The slepton peak is visible, although there

FIG. 34. Same as Fig. 27 except that the additional requirem
Meff,100 GeV has been made.

FIG. 35. The mass of the slepton-lepton-lepton system form
by selecting events in the mass range 110–120 GeV from Fig
and combining this slepton-lepton pair with and additional lepto
09500
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many fewer events than in Fig. 29. The kinematic feat
from the decay chainx̃1

6→ ñ l→x̃1
0nl → l̃ R

6l 7nl is still
visible.

VI. DETERMINING SUSY PARAMETERS

Once a number of quantities have been measured, we
attempt to determine the particular SUSY model and the v
ues of the parameters. The strategy will be to attemp
perform a global fit to the model parameters using all of
available data, much as the standard model is tested usin
W andZ masses and the many quantities precisely meas
by the CERNe1e2 collider LEP or SLAC Linear Collider
~SLC!. Such a fit is beyond the scope of our work, and
adopt a simpler procedure. We assume that from meas
ments of global parameters such as those discussed in Se
we know the approximate scale of the superpartner ma
and have some idea that we might be in a GMSB model. T
object is then to determine the parameters of that model
check its consistency. We must, therefore, determine the
rametersL, Mm , N5 , tanb, sgnm, andCgrav. If we know
the value of one gaugino and one squark or slepton mas
the first two generations measured at the mass scaleMm then
N5 and L are determined. Since these are measured at
lower energy scale, the physical masses also depend onMm
via the renormalization-group scaling and we need one m
measurement to constrain its value. Two gaugino masses
one squark or slepton mass of the first two generations
fice. tanb can be constrained either from the Higgs bos
mass or from the masses of the third generation squarks
sleptons. In the case of modelG2b, the splitting betweenẽR
and t̃1 constrains it. Additional constraints on tanb and on
sgnm arise from the Higgs boson,x̃ i

0 and x̃ i
6 masses. The

only constraint uponCgrav arises from the lifetime of the
NLSP. In casesG1a and G2a and G2b we have precise
measurements of the slepton andx2

0 and x1
0 masses, so the

less precise measurements of the squark and gluino ma
are not useful in determining the fundamental paramet
they only provide powerful consistency checks. Indeed
caseG2b has so many observables, that it is enormou
over constrained.

In addition to the measurements presented above we
sume that the lightest Higgs boson has its mass determ
precisely from its decay tog-g. We will assume two values
for its error;63 GeV, which we estimate is the current sy
tematic limit in the theoretical calculations needed to relat
to the model parameters; and6100 MeV which corresponds
to the expected experimental precision.

Our strategy for determining the parameters is as follo
We choose a point randomly in parameter space and c
pute the spectrum. We assign a probability to this point
termined from how well it agrees with our ‘‘measured qua
tities’’ using our estimates of the errors on those quantiti
The process is repeated for many points and the probabil
used to determine the central values of the parameters,
errors and their correlations.N5 is treated as a continuou
variable for these purposes.

At point G1a the measurements discussed above for
~30! fb21 where statistical errors will still be important, viz

nt

d
4

.
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M x̃
2
0A12S M l̃ R

M x̃
2
0
D 2A12S M x̃

1
0

M l̃ R

D 2

5105.160.10~0.10! GeV,

AM x̃
2
0

2
2Mx

1
0

2
5189.760.50~0.30! GeV,

AM l R

2 2Mx
1
0

2
5112.760.20~0.15! GeV,

AMx
2
0

2
2M l R

2 5152.660.50~0.30! GeV,

mh05109.4763 GeV,

imply that

L590 00062500~1700! GeV,

Mm5500 0006210 000~170 000! GeV,

tanb55.062.1~1.3!,

N55160.017~0.14!.

sgnm is determined unambiguously. Some improvement w
be possible with greater integrated luminosity until the s
tematic limit is reached. This will occur for 100 fb21 of
integrated luminosity. Assuming that the errors are th
6100,6200,6100,6200 MeV, and63 GeV, respectively,
the uncertainties on the parameters reduce to

L590 0006890 GeV,

Mm5500 0006110 000 GeV,

tanb55.060.5,

N55160.011.

If the error on the Higgs mass is reduced to6100 MeV, the
uncertainty on tanb reduces to60.1; the other uncertaintie
are unchanged. The poorer precision onMm reflects the fact
that it enters only via the renormalization-group evoluti
and, therefore, that the observed masses depend only
rithmically upon it.

At point G1b, we have for 10 fb21 of integrated luminos-
ity

M x̃
2
0A12S M l̃ R

M x̃
2
0
D 2A12S M x̃

1
0

M l̃ R

D 2

5105.160.10 GeV,

mg̃2mx̃
2
05523650 GeV,

mh05109.4763 GeV.
09500
ll
-

n

ga-

The precision on the second of these numbers can be
pected to increase with more integrated luminosity; the o
ers are systematics limited. These are sufficient only to c
strain the following with any degree of precision:

LN5590 00061200 GeV,

tanb55.021.8
12.7.

This is due to an accident in our choice of parameters. T
position of the kinematic end point of Fig. 11 is insensiti
to variations of the slepton mass, whenml̃ R

5Amx̃
2
0mx̃

1
0. For

our choice of parameters these quantities differ by 0.5 G
As x̃1

0 andx̃0
2 are almost purely gaugino, these relations p

vide constraints only on the gaugino masses, i.e., on
productLN5 . If we assume that we are able to constrain t
average light squark mass within 50 GeV of its nomin
value as appears to be possible from the discussion surro
ing Fig. 15, for 30 fb21, we then obtain

LN5590 0006880 GeV,

L590 00061100 GeV,

Mm,93108 GeV ~95% confidence!,

tanb55.021.8
12.7.

Here we have restrictedMm.L; the model is not sensible i
this is not the case. If the error on the Higgs boson mas
reduced to6100 MeV, the uncertainty on tanb reduces to
60.1; the other uncertainties do not reduce. It is not poss
to determine sgnm using the signals that we have shown. F
example, the set of parametersL5104 500 GeV, Mm
50.2393109 GeV, N550.872, and sgnm521 is accept-
able. The mass ofx̃2

0 (x̃1
0) is increased by 19~6! GeV and

the mass ofẽR by 40 GeV, but this case has the same e
point in Fig. 11. An independent constraint on the slep
mass or a measurement of the squark mass with a prec
of order 10 GeV is needed to eliminate this case.

At point G2a the measurements discussed above for
fb21, viz.,

Amx̃
1
0

2
2mẽR

2 552.2160.07 GeV,

Amx̃
2
0

2
2mm̃R

2 5175.9460.27 GeV,

Amq̃R

2 2mẽR

2 564067 GeV,

Amq̃R

2 2mẽR

2 A12

M
l̃ R

2

M x̃
1
0

2 Y AMq̃R

2 2M x̃
1
0

2
50.4560.004,

mh05106.6163 GeV,

imply that

L530 0006580 GeV,
2-18
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Mm5250 000662 000 GeV,

tanb55.061.0,

N55360.051.

sgnm is determined unambiguously. Only small improv
ments can be expected as the integrated luminosity is
creased above 10 fb21. If we reduce the errors on the firs
two quantities to 50 and 180 MeV, respectively, their like
systematic limits, as might be achieved with 30 fb21 of data
we obtain

L530 0006540 GeV,

Mm5250 000659 000 GeV,

tanb55.061.0,

N55360.049.

If the error on the Higgs mass were reduced to6100 MeV,
the error on tanb reduces to60.04.

At point G2b the measurements discussed above, viz

mẽR
5102.6760.1 GeV,

mm̃R
5102.6760.1 GeV,

mt̃1
5101.3560.1 GeV,

mx̃
1
05115.1860.1 GeV,

mx̃
2
05203.7160.2 GeV

and

mh05106.6163 GeV,

imply that

L530 0006247 GeV,

Mm5250 000631 800,

tanb55.060.30,

N55360.019.

sgnm is determined unambiguously. These measurem
are likely to be at their systematic limits with 10 fb21 of
integrated luminosity and further improvement will be dif
cult. If the error on the Higgs mass is reduced to6100 MeV,
the error on tanb reduces to60.03.

In case G1b whose global signatures are similar
SUGRA, we must address the issue of whether it could
confused with a SUGRA model. We search SUGRA para
eter space for test of parameters that could be consistent
the following:
09500
n-

ts

e
-
ith

M x̃
2
0A12S M l̃ R

M x̃
2
0
D 2A12S M x̃

1
0

M l̃ R

D 2

5105.160.10 GeV,

mg̃2mx̃
2
05523650 GeV,

mh05109.4763 GeV,

mq̃2mg̃52006500 GeV.

We obtain the following solution for the SUGRA param
eters:

m05100628 GeV,

m1/2529569 GeV,

tanb54.561.5,

sgnm511,

A52506280 GeV.

This solution has only a 15% probability. The central val
of the light squark masses for this solution is 760 GeV. M
of the other masses are similar to those of caseG1b with the
exception ofẽL which has mass 100 GeV larger. This res
illustrates the general difference between SUGRA a
GMSB models. The mass splitting between the squarks
ẽR is larger in the GMSB case. If we assume thatmq̃2mg̃
5200675 GeV as we might expect from the methods
Sec. III with at least 30 fb21 of integrated luminosity, then
the SUGRA solution is eliminated~it has 1025 probability!
and the ambiguity resolved.

VII. DISCUSSION AND CONCLUSIONS

In this paper we have given examples of how LHC e
periments might analyze supersymmetry events if SUSY
ists and if the pattern of superpartner masses is given
gauge-mediated models of supersymmetry breaking.
have illustrated the four classes of phenomenology to be
pected in such models: events with missing energy that
similar to those expected in SUGRA models~point G1b);
events with a pair of isolated photons fromx̃1

0 decay~point
G1a); events with long lived sleptons~point G2b); and
events with leptons from prompt slepton decay~point G2a).
In the first case, we have discussed how measurements
be made which enable one to prove that the gauge-medi
model and not SUGRA is responsible for the pattern
masses. In the other cases, detection and measureme
easier than in SUGRA. Characteristic features are pre
such as photons, leptons or stable charged particles, tha
able the supersymmetry signals to be extracted trivially fr
standard model backgrounds. In addition, these featu
make it possible to identify and use longer decay chains

We have illustrated a technique whereby the supers
metry events can be fully reconstructed despite the prese
2-19
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of two undetected particles. The technique relies upon th
being a decay chain of sufficient length that occurs twice
the same event. Each step in the chain provides a const
and sufficient constraints can occur that together with
measurement ofE” T enables the event to be reconstructed.
such cases the masses of the superparticles in the decay
can be measured directly rather than inferred from kinem
distributions.

In all of the cases discussed in this paper, as in
SUGRA cases discussed previously@1–3#, the LHC will be
capable of making many precise measurements that will
able the underlying model of supersymmetry to be seve
constrained should supersymmetric particles be obser
The key to all of these analyses is the ability to identify
characteristic final state arising from the decay of a spart
that is copiously produced. The main such decays that h
been used in the SUGRA and GMSB analyses done so
are

Dileptons from x̃2→x̃1
0l 1l 2 or x̃2→ l̃ Rl Rx̃1

0l 1l 2;
taus from the decaysx̃2→x̃1

0t̃1
1t1

2 or x̃2→ t̃1t1→x̃1
0t1t2,

which can dominate when tanb is large; x̃2→x̃1
0h→x̃1

0bb̄.
In the case of GMSB orR-parity-breaking models, the sub
sequent decay ofx̃1

0 can provide additional information an
constraints. Of course the information extracted in this w
is only a small fraction of the total available. A comple
analysis will involve generating large samples of events
many SUSY models and comparing all possible distributio
with the experiment.
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APPENDIX

The details of the full reconstruction used in Sec. II B a
given here. Events are selected to have four leptons
two photons with a unique combination of two leptons a
one photon coming from eachx̃2

0 decay. Thex̃2
0, l̃ R , andx̃1

0

masses are assumed to be known precisely from the d
butions discussed in Sec. II A, and theG̃ mass was assume
to be ~essentially! zero. This leads to the following set o
equations for the four-momentump of the gravitino:

p250, ~A1!

~p1pg!25M x̃
1
0

2
, ~A2!

~p1pg1pl 2
!25M

l̃

2
, ~A3!

~p1pg1pl 2
1pl 1

!25M x̃
2
0

2
. ~A4!

This implies that the gravitino momentump is given in terms
of the photon momentumk and the lepton momental andq
by
09500
re
n
int
e
n
ain

ic

e

n-
ly
d.
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ar
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-
ts
-
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ts

nd

ri-

2p0k022p•k5M x̃
1
0

2
[Ck , ~A5!

2p0l 022p• l5M l̃ R

2 2M x̃
1
0

2
22k• l[Cl , ~A6!

2p0q022p•q5M x̃
2
0

2
2M

l̃ R

2
22~k1 l !•q2q2[Cq ,

~A7!

where

p05Ap. ~A8!

It is now clear that they give two linear and one quadra
constraint and hence an additional 232 ambiguity. The so-
lution is straightforward. From the above equations one fin

p•D15E1 , ~A9!

p•D25E2 , ~A10!

where

D152l 0k22k0l, ~A11!

E152 l 0Ck1k0Cl , ~A12!

D252q0k22k0q, ~A13!

E152q0Ck1k0Cq . ~A14!

These can be solved to give

pi5Fi1Gipz , i 51,2, ~A15!

where

Fx5
E1D2y2E2D1y

D1xD2y2D2xD1y
, ~A16!

Gx52
D1zD2y2D2zD1y

D1xD2y2D2xD1y
, ~A17!

Fy5
E1D2x2E2D1x

D1yD2x2D2yD1x
, ~A18!

Gy52
D1zD2x2D2zD1x

D1yD2x2D2yD1x
. ~A19!

This is then substituted into the first of the original equatio
to yield a quadratic equation forpz

H01H1pz1H2pz
250, ~A20!

where
2-20
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H054k0
2~Fx

21Fy
21M x̃

1
0

2
!2~Ck12Fxkx12Fyky!2,

~A21!

H154k0
2~2FxGx12FyGy!22~Ck12Fxkx12Fyky!

3~2Gxkx12Gyky12kz!, ~A22!
.

s

et

-

.

09500
H254k0
2~Gx

21Gy
211!2~2Gxkx12Gyky12kz!

2.
~A23!

This gives two solutions for theG̃ momentump for a given
assignment of the other momenta providedH1

224H0H2>0
and no solution otherwise.
0,
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