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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 Qalltd&rphenomenology 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 precisidi$0556-282(199)06917-9

PACS numbses): 12.60.Jv, 11.30.Pb, 13.85t, 14.80.Ly

[. INTRODUCTION standard modeMSSM). The mass splitting between the su-
perpartners in the messenger multiplets is controlled/By
If supersymmetrySUSY) exists at the electroweak scale, One(two) loop graphs involving these messenger fields, then
then gluinos and squarks will be copiously produced in pairgjive mass to superpartners of the gauge bosquarks and
at the CERN Large Hadron CollidéLHC) and will decay leptons of the standard model. This model is preferred by
via cascades involving other SUSY particles. The charactersome because the superpartners of the standard model par-
istics of these decays and hence of the signals that will bécles get their masses via gauge interactions, so there are no
observed and the measurements that will be made depeffidvor-changing neutral currents, which can be problematic
upon the actual SUSY model and in particular on the patterin the SUGRA models.
of supersymmetry breaking. Previous, detailed studies of sig- The characteristic spectra of superparticles are different
nals for SUSY at the LHE1-3] have used the supergravity from those in the SUGRA model; in particular, the lightest
(SUGRA) model[4,5], in which the supersymmetry breaking supersymmetric particle is now the gravitinG). This par-
is transmitted to the sector of the theory containing the stanticle has feeble interactions and can be produced with sig-
dard model particles and their superpartners via gravitationadificant rate only in the decays of particles which have no
interactions. The minimal version of this model has just fourother decay channels. In the SUGRA mod@&shas a mass
parameters plus a sign. The lightest supersymmetric particlef order 1 TeV and is phenomenologically irrelevéexcept
(322) has a mass of order 100 GeV, is stable, is produced ipossibly for cosmology In GMSB models, the next-lightest
the decay of every other supersymmetric particle and is neusupersymmetric particleNLSP) decays intdG. The lifetime
tral and, therefore, escapes the detector. The strong produsf the NLSP is very model dependen®(1 um)<cr
tion cross sections and the characteristic signals of events O(many km). As it is not stable, it can either be charged
with multiple jets plus missing enerdg; or with like-sign  or neutral.
dileptons/*/* plus E; [6] enable SUSY to be extracted  If the NLSP is neutral, it is the lightest combinatichY
trivially from standard model backgrounds. Characteristicof gauginos and Higgsinos, and it behaves, except for its
signals were identified that can be exploited to determinegecay, in the same manner as ﬁ%in the SUGRA model.
with great precision, the fundamental parameters of theséThe rather unlikely possibility that it is a gluifd 1] is not
model over the whole of its parameter space. Variants of thigxplored in this paper.If its lifetime is very long so that
model whereR parity is broken[7] and theﬂ is unstable none of the produceﬂ‘f decay within the detector, the phe-
have also been discussgg]. nomenology is very similar to that in the SUGRA models.
There also exists a class of gauge-mediated SUSY break- If the NLSP is charged, it is most likely to be the partner
ing (GMSB) models[9,10] in which the supersymmetry of a right-handed lepton. Two cases are distinguished. If
breaking is mediated by gauge interactions. The model agang, the ratio of the vacuum expectation values of the two
sumes that supersymmetry is broken with a scdfein a  Higgs fields, is small, theBg, 7.g and7x are degenerate. If
sector of the theory which contains heavy non-standardtang is large,7g is the lightest slepton and the others can
model particles. This sector then couples to a set of particledecay into it with short lifetimes. If the lifetime of the NLSP
with standard model interactions, called messengers, whicts very long, each SUSY event contains two apparently
have a mass of ordeVl. These messengers are taken to bestable charged particldd2]. If it is short, each event con-
complete representations of 8) so as to preserve the cou- tains two charged leptons from each of the decays.
pling constant unification of the minimal supersymmetric The simulation in this paper is based on the implementa-
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tion of the minimal GMSB model imsAJET[13]. The model TABLE |. Parameters for the four case studies in this paper.
is characterized byA=F/M,,, the SUSY breaking mass

scale;M,, the messenger maddi, the number of equiva- _ A Mm

lent 5+§messenger fields; ta®) the usual ratio of vacuum Point (Tev) (TeV) Ns tanf  sgnu  Cgal
expectation values of the Higgs fields that couple to thesia 90 500 1 5.0 + 1.0
charge 2/3 and 1/3 quarks; sgr=*1, the sign of thew  g1p 90 500 1 5.0 + 108
term, the valuelu| being determined by th& mass from gog 30 250 3 5.0 + 1.0
usual radiative electroweak symmetry breaking; &@l., go2p 30 250 3 50 + 5% 10°

=1, the scale factor for the gravitino mass which determines
the NLSP lifetime €y sp~Cjra)- At the scaleM,, for ex-

ample, the masses of the gluino, squark and slepton are giverry long lifetime,c7~1.25 km, and exits a detector without

by decaying. The decay—7,7/ is not kinematically allowed,
ag so the®g and g are also long lived. In the case of point
mg= EANE” (1) G2a, the7,, B and g are short lived withc=52 um.
The production cross section for supersymmetric particles is
342 302 quite large; 7.6 and 22 pb at lowest order in QCD for cases
m = 22A2N5+ 12A2N5 2) G1 andG2, respectively. Note that the larger valueNof in
e 32w 160 ’ the case o652 results in considerably smaller squark masses
and hence the larger cross section; the gluino masses are very
, 3af ) similar.
M~ WA Ns, 3 All the analyses presented here are basetsaseT 7.37
[13] and a simple detector simulation. At least 50 K events
, a? a? a? were generated for each signal point. The standard model
M = 672 A®Ng+ WAZN# WAZN& (4)  background samples contained 250 K events for ead,of
WZ with W—ev, uv, v, andZj with Z— vv, 77, and 5000
o? o? K QCD jets(including g, u, d, s, ¢andb) divided among
m% = —32A2N5+ —12A2N5, (5) five bins covering 56 p;<<2400 GeV. Fluctuations on the
R 67 30m histograms reflect the generated statistics. On many of the
5 5 plots that we show, very few standard model background

2

s ay events survive the cuts and the corresponding fluctuations
M~ 2 N N T2 A Ns- ® fdent 1

are large, but in all cases we can be confident that the signal
is much larger than the residual background. The cuts that
Here as, a,, anda; are the coupling constants of &),  we choose have not been optimized, but rather have been
SU(2), and U1) respectively. These masses are then evolve@hosen to get background free samples.

from the scaleM, to the weak scale, inducing a logarithmic  The detector response is parametrized by Gaussian reso-
dependence oM ,,. As in the case of the SUGRA models, lutions characteristic of the ATLA$14] detector without

this evolution leads to the spontaneous breaking of elecany tails. All energy and momenta are measured in GeV. In
troweak symmetry as the large top quark Yukawa coupling

of the top (and possibly bottopnquark induces a negative TABLE Il. Masses of the superpartners, in GeV, for the cases to
mass squared of the Higgs fiédl From these equations it be studied. Note that the first and second generation squarks and
can be seen that a4 is increased the slepton masses in-sleptons are degenerate and so are not listed separately.

crease more slowly than the gaugino masses. Hence only foF

small values oNs will the NLSP be &2, at larger values it ~Sparticle Gl G2 Sparticle  G1 G2
is a(right) slepton. Messenger fields in other representationﬁ 747 713

of SU(5) can be included by modifying the value Nf. If gflt 293 201 ¥ 469 346
there are several messengers with different masses their 0 119 116 39 204 204

fects can be approximated by changiNg. Therefore, we Zj 451 305 20 470 348
will considerNg to be a continuous variable when we esti-.f](3 986 672 %(4 942 649
mate how well it can be measured at LHC. - R

This paper presents a series of case studies for this modgll 989 676 fR 939 648
which illustrate its characteristic features. We use the foutty 846 584 ts %2 684
sets of parameters shown in Table I. These cases are pairgg 935 643 b, 945 652
and differ only in the value o€ y,, and hence in the lifetime & 326 204 B 164 103
of the NLSP. The masses of the superpartners of the standaygd 317 189 Iy 326 204
model fields are given in Table II. In cas€la andG1b, ) 163 102 7. 316 189
the NLSP isxg; its lifetime is quite shortc7=1.2mm, in Ko 110 107 HO 557 360
the former case and long=1 km, in the latter. In cases A° 555 358 H* 562 367

G2a andG2b the NLSP is a stau. In the latter case it has a
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the central region of rapidity we take separate resolutions focan give rise to more than one entry due to different possible
the electromagnetiCEMCAL) and hadronidHCAL) calo- combinations. When this occurs, all combinations are in-
rimeters, while the forward region uses a common resolueluded.
tion: The next sections of this paper contain detailed examples
of analyses that could be carried out in the selected cases. In
EMCAL 10%/\JE®1%, | 7|<3, particular, we illustrate a technique where the momenta of

each of theG’s can be reconstructed even though only the
HCAL 50%/\JE®3%, | 7|<3, sum of their transverse momenta is measured directly. Using
these momenta we are then able to reconstruct the squark and
FCAL 100%/\/EEB 7%, |n|>3. gluino decays. We devote considerable space to this tech-
nique as it is new and enables the masses of superparticles to
A uniform segmentatiomA »=A¢=0.1 is used with no be directly measured rather than inferred from kinematic dis-
transverse shower spreading; this is particularly unrealisti¢ributions. This technique should be applicable to other
for the forward calorimeter. Both ATLA$14] and CMS  cases. We then estimate how well the LHC could determine
[15] have finer segmentation over most of the rapidity rangethe parameters of the model and comment on possible ambi-
An oversimplified parametrization of the muon momentumguities in interpreting the signal. In those cases where the
resolution of the ATLAS detector including both the inner signal is characteristically different from the SUGRA cases,
tracker and the muon system measurements is used, viz, the expected precision on the model parameters is even bet-
ter than that in the SUGRA cases. Finally we comment upon
Spt/pr=+/0.016+ (0.001%)>. (7)  how our results can be used to estimate how well the LHC
would be able to study other parameter sets of the GMSB
In the case of electrons we take a momentum resolution obmodel.
tained by combining the electromagnetic calorimeter resolu-
tion above with a tracking resolution of the form Il. POINT Gila

0.4 B In caseGla, the NLSP isy} and decays tdGy with
1+ (3—|77|)3) ¥(0.0004r)*+0.0001. (8) cr=1.2mm. The total SUSY cross section is 7.6 pb. SUSY
events are characterized by two hard isolated photons plus
This provides a slight improvement over the calorimeterthe usual jets, leptons, and missing transverse enBkgy
alone. Missing transverse energy is calculated by taking th&he presence of two photons in almost every event renders
magnitude of the vector sum of the transverse energy depothe standard model backgrounds negligible. The first evi-
ited in the calorimeter cells. dence for new physics in this case will arise from a huge
Jets are found usingeTJET[13] with a simple fixed-cone excess of events with two photons and misdiygover that
algorithm. The jet multiplicity in SUSY events is rather expected from the standard model.

opr/pr=

large, so we will use a cone size of In a small fraction(2.0% of the events, the NLSP will
5 5 undergo a Dallitz decay " e~ G. The electron and positron
R=V(An)+(A¢)°=04 (9 can be used to accurately determine the decay vertex and a

. . precise measurement of the lifetime made. The systematic
unless otherwise stated. Jets are required to have at legghit on the precision from the resolution of the vertex sys-
pr>25GeV; more stringent cuts are often used. All leptonsem of ATLAS is at the 10um level. The precision will,
are required to be isolated and have some mininpnand  therefore, be limited by statistics of the thousand or so ob-
|7|<2.5. The isolation requirement is that no more than 10served Dalitz decays. This measurement is important as it
GeV of additionalEr be present in a cone of radi®&=0.2  provides the only constraint 08, and hence on the true
around the lepton to reject leptons frdmjets andc jets. In scale of SUSY breaking.
addition to these kinematic cuts a lept@or u) efficiency The effective mass is defined to be the scalar sum of the
of 90% and ab-tagging efficiency of 60% is assumétid].  mjssing transverse ener@y and thep;’s of the four hardest

Where relevant, we include the possibility that jets couldjets, which are required to contain more than one charged
appear as photons in the detector due to fragmentation whefrticle withp;>1 GeV:

most of the jet energy is taken up by’’s. Jets are picked

randomly with a probability of 10°. They are then called Me=Etr+pritprotPratPra. (10
photons and removed from the list of jets. This is a conser-

vative assumption, ATLAS is expected to have a better reThis is a good measure of the hardness of the event. Events

jection. are selected to have
Results are presented for an integrated luminosity of 10 M>400 GeV,
fb~1, corresponding to one year of running af3@m ?s! E+>0.1M .

so pile up has not been included. We will occasionally com-Electrons and photons are required to hg#e>20 GeV,
ment on the cases where the full design luminosity of themuons are required to hape >5 GeV. At least two photons
LHC, i.e., 1*cm ?s%, will be needed to complete the and two leptons are also required for all the analyses in this
studies. For many of the histograms shown, a single evergection.
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FIG. 1. M, distribution fore"e™ + u* u~ —e*u™ events with FIG. 2. M, distribution fore*e +u*u™ —e*u™ events
two photons and two isolated leptons arising at pddita. The  with two photons at poinGla. A linear fit from 160 to 190 GeV
standard model background is negligible. used to determine the position of the four-body end point is also

shown as a dashed line.
A. Lepton-photon distributions

We begin a detailed study by first selecting events thathe kinematic limit f0f7(g—_>é(/+/_ y. Instead of having a
have at least two leptorigither electrons or muohand two  sharp edge like Fig. 1, this d|str|but|on_ vanishes linearly be-
photons satisfying the cuts described above. In order téause of four-body phase space. The figure shows as a dotted

cleanly select events arising from the decay chain line the linear fit to the end of the spectrum. From this fit the
precise end point can be determined. The smaller statistical
o=/ /T XY TGy T (11)  sample and the need for a fit imply that the resulting uncer-

tainty on the value of the end point is larger. We estimate the
we observe that these leptons are correlated in flavor anRfecision from Fig. 2 to be=500 MeV; the full LHC lumi-
hence we take events where a pair of the leptons have opp8osity of 100 fb = should enable this uncertainty to be re-
site charge and form the flavor-subtracted combinatiorfiuced t0=200 MeV.

ete +utu —e*u*. The distribution in the”"/~ mass The subset of events where oré /~ y mass is larger
distribution is shown in Fig. 1. This distribution has a sharp@nd the other smaller than this end point was then selected.
edge at Only the combination with the lower'/y mass can come
from %5 decay. Them ,+,, distribution for this combination
1\ 2 M=o 2 is shown in Fig. 3. Two structures are present in this plot.
MZe X1 There is a sharp edge at
Mo\ /1- - =105.1 GeV,
2 M-~o M7
X5 R

2 2 _
(12 N Mo=112.7 GeV (14)

which arises from the decay chain above. If we do not formfrom the photon and the secoffttight” ) lepton in the de-

the flavor combination, the edge is still Clearly visible but cay chain ?_>/»y), and there is a distribution that vanishes

there is much more combinatorial background. The positioninearly at

of this edge can be used to determine this combination of

masses with great precision given the huge statistical sample. M2 a2 —

The ultimate limit will arise from systematics in the mea- MX% M/R 1526 Gev (19

surement of dilepton mass distribution, which given the large ]

sample ofZ—/*/~ decays that will be available for cali- from the photon and the firgtwrong™ ) lepton. The former

bration, we expect to have an uncertainty of order 0.1% oPf these has a background from the latter. The plot shows a

100 MeV. linear fit between 115 and 150 GeV, which can be used to
From the same sample of events with two leptons and twél€termine the position of the second end point. We estimate

photons, the smaller of the twg*/~y masses is formed the errors on these quantities to H200 and=500 MeV for

and the resulting mass distribution is shown in Fig. 2. Thduminosity of 10 fb* where they are limited by statistics.

end point is at We expect that that they will become limited by systematics

at £100 and+=200 MeV at LHC design luminosity.

These four measurements are sufficient to determine the
JMZ—M%=189.7 Ge, (13 e > ac e o
X2 X masses of the particle§%, 7z, andy?) in this decay chain
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FIG. 3. M=, distribution fore*e +u"u" —e“u™ events
sample with two photons; a linear fit from 115 to 150 GeV is used
to determine the end point for the photon and the “wrong” lepton
and is shown as a dashed line.

FIG. 4. The distribution ifAp|/|p| for reconstructed gravitino
momenta. The gravitino momenta are reconstructed using the
method described in the text. The differenckp) between the
reconstructedp) and generated momentum is then formed for the

. . . 2 .
without assuming any model of SUSY breaking. Of coursq}ﬂi'tr;“;nl e";ghthtgﬁ llgmfrsi(d éslﬁgzr}?iﬁare included where the

the existence of, and rate for, this decay chain are mode

dependent. So is the interpretation of the slepton mass as ﬂb‘ﬁotons consistent Witl}tg decay. Then there are a total of

mass of the/r. A similar combination of three-body and 1¢ sojutions; can be used to resolve these ambiguities as

four-body distributions will be useful in other cases for sq0ws. The best solution is selected by summing the mo-
which a decay chain involving three two-body steps can be ~, . 2 .
identified? menta of the twoG’s and calculating they“ for matching

this to the measured value &f;,

B. Reconstruction of G momenta

The supersymmetry events each have two unobserved X*=
G's. The sum of their transverse momenta is, up to resolu-

tion effects and possible missing neutrinos, measured as thwe then select the solution that has the lowgstx?,.). It is
two components oE+. There appears to be insufficient in- assumed that the resolution By is determined by the total
formation to reconstruct their momenta. However, the decayransverse energ,

chain

2 2
EX_plX_pZX) +< Ey_ ply_pZy) . (17)
AE, AE,

0 M 0w = e AE,=AE,=0.6JEr+0.0FE. (18
A C U CE (16)
We can evaluate the effectiveness of this method by com-

provides three precisely measured final-state particles a ring the reconstructed values of tBemomentum to the
three mass constraints using the masses determined from thgst match with the generated values. Figure 4 shows the
measurements in the previous subsection.G\fld for the G distribution of the fractional difference between the gener-

momentum is then possible assuming theg=0. The solu- o104 and reconstructdd momentum
tion has a fourfold ambiguity since the leptons cannot be

uniquely assigned and there is quadratic ambiguity from the AP |Precor Pged
solution to the constraints. The details are presented in the —= W (19
Appendix. P Pge

We want to have &;—/ "/~ G decay on both sides of for solutions wherey?,,<10; the distribution fory?, <1 is
the event. We therefore select events with four leptons angery similar. As can be seen from the figure which indicates
two photons. We require two opposite-sign, same-flavor lepy yesolution of order 10% with a long tail, showing that the
ton pairs and a unique way of combining these with themethod works quite well. In approximately 40% of the

events that enter this analysis, tBemomenta reconstructed
within 10% of their nominal value. The shape of this distri-
'For example, at SUGRA Point 5 considered previolisl], the  bution is dominated by detector resolution on the leptons and
decay®, —x20—/5/ " q—%2/"/"q can be used to determine photons. It is much narrower if the generated momenta are
an/*/~ edge, arvq edge, and a’" /g end point. used, and it is significantly wider if the resolution for the

095002-5



I. HINCHLIFFE AND F. E. PAIGE PHYSICAL REVIEW D60 095002

10 T 7 T T T T 7 T T T T 7 T T LSO e s e s e s e e s e s B e

100 — = 100 — —

Events/40 GeV/10 fb™!
T
1

Events/40 GeV/10 fb™!
T
1

&
|
|

&
|
|

O 11 1 I | I I 1111 I 11 O 111 | I I 1111 I |

0 500 1000 1500 2000 0 500 1000 1500 2000
M, (GeV) M, (GeV)

FIG. 5. Invariant mass 0}2 and two jets, for events at point FIG. 6. Invariant mass o}g and three jets, for events at point
Gla. The peak is due to the dec@wqﬁ}%. Events are required Gla. The peak is due to the decﬁyaq"gaqqﬁ”xg.
to have tvvoj(g momenta reconstructed and at least four jets with
pr>75GeV. and three5jj mass combinations, one of which is at the
gluino mass. The scatter plot of all combinations is shown in
electron energy is taken from the calorimeter alone; the cerFig. 7. While the points show significant scatter, there is,

tral tracker is important for soft electrofs. nevertheless, a clear peak in thg%3jj) projection, made
by selecting events in the range 800 GeM (}gjjj)
C. Reconstruction of gluinos and squarks <1200 GeV, shown in Fig. 8. The smooth curve shown in

K ducti s signif . this plot is a Gaussian fit over the range 500-900 GeV,;
Squark production is significant at poirBla even gn,q 4 clear maximum at 699 GeV. If a cut around this

though squ_arks are _conS|derany he.aV|er tha_n gluinos. Tr:ﬁeak, 600 GeV: M (7%} ) <800 GeV, is made a projection
reconstruction technique of the previous section can be ex- O .
of the scatter plot onto thgjx, axis made as shown in Fig.

. ~ ~0= _

ts?:]udcetg dtcz)in?j”?r\:ve thliirfgz:rr?;sg%;ﬁ Zgggsgos tr)r?e;(iﬁcr)en d a somewhat narrower peak at the squark mass than that of
S 9 4 . ) " Fig. 6 is obtained. The smooth curve is again a Gaussian fit

begin with the events selected in the previous section WherSver the range 760—1020 GeV and has a maximum at about
~0 i =0 o+ o— A - .

two Y, momenta each arising frofi;—/" /"~ yG have  gog GeV. The statistical errors on the locations of the peaks

been reconstructed. Jets are then searched for thatdiave gre quite small and the precision of the measurements is

>75GeV in a coneR=0.4. We require that at least four |ikely dominated by systematic effects such as the calibration
such jets be present in the event. Eatgnis then combined  of the jet energy scale.

with two and with three jets; the resulting invariant mass
distributions are shown in Figs. 5 and 6, respectively. The 2000 T T T T T T T
ji’X3 mass of Fig. 5 has a peak close to the gluino mass, of P e
744 GeV, while Fig. 6 has a broader peak near the squark
masses, 935—-985 GeV. The peaks occur in essentially the
same place if the jet cut is raisedpg>100 GeV and so are
notsimply reflections of the kinematic cuts. It is important to
emphasize that this technique enables the masses of the
squarks and leptons to be measured directly rather than being = 1000
inferred from features in kinematic distributions. 3
The peaks can be sharpened up considerably by searching
for correlations since, for eack momentum and set of
three jets, there should be oT}agjjj peak at the squark mass

1500

GeV)

M

500

L | 1T T T | T T T T | 1T T T
11 1 1 | 111 1 | L1 1 1 | 11 1 1

| | |
2lt is possible, in principle, to apply this method to other cases 0 I500I - I1000I - I1500I - I2000

involving three identifiable decays, e.g., thg decay chain for M,; (GeV)

SUGRA point 5[1,2]. Unfortunately, the combination of more

combinatorial background and relatively poor resolution for jets FIG. 7. Scatter plot oM (%3jjj) vs M(X3jj) for events at point
seems to make it not possible to reconstruct}tﬁmomenta in this  Gla where two“)zg momenta are reconstructed and there are at least
case. four jets withp>75 GeV.

o
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FIG. 8. Projection of Fig. 7 on th#1(%3jj) axis for 800 GeV FIG. 10. The effective mass distribution showing LHC point

<M(}2jjj )<1000 GeV. The peak corresponds to gluino decay.Glb signal and standard model backgrouridatched histograim

The fit shown is a Gaussian over the range 500 to 900 GeV. . .
occurs in the decay of a gluino.

lll. POINT Glb

. . . A. Effective mass analysis at poiniG1b
In this case the NLSP is neutral and long lived. Almost all

of the produced NLSP’s exit the detector without interacting, Events that have at least four jets are selected and the
so the phenomenology is qualitatively similar to the SUGRAScalar sum of th@+'s of the four hardest jets and the missing
models. We first see evidence for new physics via the pregransverse energl;, formed

ence of events with large totél;, large E1, and isolated _

leptons. Approximately 0.1% of the NLSP’s will decay Met=Prat ProtPratPratEr.
within the detector volume, resulting in a photon that doe
not point to the interaction vertex. The ability to identify

(20

SHere the jetpr’s have been ordered such thg¢; is the

h ohot q the d it Id id transverse momentum of the leading jet. Figure 10 shows the
such photons and measure the decay point wWould provide gqyijy tion inM ¢ for events where the following cuts have
valuable constraint on the lifetime and hence information Oheen made:

Cgrav- We anticipate that a decay probability of 0.1% will be = = _ 159 gev

difficult but perhaps possible to detect. Apart from this fea- >T4 jets withp, >50GeV andp ;> 100 GeV
ture, this case is similar to one of the SUGRA cagesnt 4) Transverse spThericith>O 2 o '
studied earlief1,3]. In that case, there was more structure in No 1 or isolatede with PT>.2,0 GeV and 7|<2.5

the dilepton spectra as significant production}&ﬁf and 3(2 Er>0.2M .
300 T ——— Here transverse sphericity is defined as
B X/ndf T 4100 / 4 |
Constant 203.1 - o
- o | Sr=2min 2 (Er)’? / 2 ()7, (21)
2 500 _ where the sum runs over the energy in a calorimeter cell,
= L 4 defined as a two-dimensional vector transverse to the beam,
8 L 4 and the subscripT denotes the component transverse to an
g - - axis, the direction of which is varied to minimi& . It can
£ - . be seen clearly from Fig. 10 that there is an excess of events
% 100 — at largeM ¢ over that expected in the standard model, pro-
- . viding clear evidence for new physics.
B 7 B. Selection of dilepton events
o '5(')0' L '10'00' S e We attempt to extract the decay chafo—/ 7

M . (GeV) —/*/7%? as follows. Events are selected that havey
W >1000 GeV andt+>0.1M o, and two and only two isolated
FIG. 9. Projection of Fig. 7 on theM(%3jjj) axis for leptons of opposite charge with:>20GeV for electrons,
600 GeV< M (%3jj) <800 GeV. The peak corresponds to squark pr=>5 GeV for muons, and#|<2.5 for both. In order to
decay. The fit shown is a Gaussian over the range 760-1020 GeVveduce the combinatorial background we again look at the
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FIG. 11. The dilepton mass distribution at po@®tb. The stan- FIG. 12. The mass distribution of a dilepton and two jets at

dard model backgrounghatched histograjris very small. The fluc-  point G1b. The dotted histogram corresponds to a different event

tuations in our event sample for the combination shown, i.e.sample where the gluino mass is changed to 800 GeV, this distri-

ee +utu —e u™ are therefore larger than one would expect bution has been scaled by a factor of 1.24 to facilitate comparison

in 10 fb L. of the shapes. The standard model background is shown as the
hatched histogram.

combinationete” +u*u~ —e*u™. Figure 11 shows the

. ; . r nother f events which differ only in that th
dilepton mass distribution. There is a clear end point at erate another set of events ch differ only in that the

gluino mass has been increased to 800 GeV. The distribution

— > from this sample is shown as the dashed histogram in Fig.

M7, M3 12. The total event rate for this sample has been increased by
Me=Mx2\ 17| s 1=l y= | ~1051 GeV.  a factor of 1.24, to compensate for the smaller production
X2 /R rate and to facilitate a comparison of shapes of the distribu-

(220 tions. It is clear from this figure that these two curves could
be distinguished and that a constraint on the gluino mass

We expect this to have a precision of order 0.1% on thepbtained. The different evenatesis not directly usable as a
position of this end point. The standard model backgroundnass constraint as the branching ratios are not known.
shown on this plot reflects the poor statistics of our sample, The signal can be improved somewhat if we restrict the
the actual background is much smaller. The figure alsgets to be those that arise from bottom quark jets. The result-
shows a small, but statistically significant, peak fr@nde-  ing distribution is shown in Fig. 13 which is identical to that
cays. These are arising from the deggy- xZ which has a  for Fig. 12 except that the jets are required to be taggeul as
branching ratio of 9%. The fact that this two-body decay isiéts- The mass distribution has a clear structure which reflects
of the same order of magnitude as m»é/wfl) decay is the kinematic end point of the dijet-dilepton system at

strong evidence that the latter is not arising from the three-
body decayx5— x>~/ but from the sequence of 2 two-
body decays. Additional evidence is provided by the shap
of the edge. We can be confident, therefore, that the en (

e . IR . - 24 M2 (23
point is measuring the combination of masses in the abov M M"g) Me

9

equation. ) )
Mg=Mze| (Mot MO(MZ-MZo)
C. Extraction of gluino + T}g M}g— M=+ M2
We now select events from the previous sample that have
at least two jets witlpr>125 GeV and require that the dilep- MZo— M2 12
ton mass is below 105 GeV. The invariant mass of the sl qe_2 ° (24)
/" /7jj system is shown in Fig. 12 where again to reduce ZM;gM/

combinatorial background we look at the combination
efe +u"u —e"u. All combinations of jets withps
>25 GeV are shown. The figure shows a broad peak but no
clear structure. The events in this plot are dominated by dem, is the value of the dilepton edge defined abdire b
~ —= (0 — o+ o—~0 H . . . . . .
cayg—qax,—0aq/ "/ x;. However, the large combinato- quark mass is neglected in this resulfhis dilepton-dijet
rial problem prevents a kinematic edge from being visible. Inend point corresponds to 629 GeV. The dashed line on the
order to estimate the sensitivity to the gluino mass, we genfigure shows the result when the gluino mass is increased to
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FIG. 14. The mass distribution of two jets at po@ib. There

FIG. 13. The mass distribution of a dilepton and tvgets at . ;
point G1b. The dashed histogram corresponds to a different evenf'© two entries per event. The dotted histogram corresponds to a

sample where the gluino mass is changed to 800 GeV. No standaﬂiﬁerem_ ev.ent_ sample where the gluino mass is changed to 800
model background events passed the cuts. GeV, this distribution has been scaled by a factor of 1.18 to facili-

tate comparison of the shapes. No standard model events passed the

800 GeV; the kinematic end point is now at 673 GeV. The®"™

event rates in this plot are rather low and to obtain precision5qe decafi—Tq—qqqy, as was possible in the case of
using this method 100 fit of integrated luminosity will be Gla. We, therefore, attempt to extract the dedy>qW

needed. —>qW)"(2. We first select events wit .>1000 GeV and

Following in the spirit of Ref[3], we attempt to look for : )
kinematic structure in the dijet mass distribution from the E7>0.IM¢¢ and iny two |§olqted I(iptgns YVhJCh c+an+form
any of the following combinationse™e™, e e, u u™,

decay §—qqyve—aqq/ / %2. We begin by selectin yo - .
even%/s ?Ivitf?h(/::)e(ff2>l%go GeVXz;ncET>0.JJ\% off an}(/j four iso-g Mop OTEN (any ch.arge)s In addition we require that therg
lated leptons. We retain the event if these leptons can bBe two jets each witlp;>450 GeV. Few events pass this

) . 0 .
grouped into two opposite-sign, same flavor pairs each c)§ele<:t|on, but in thos_e that do 60% of th(—\T directly produced
which has an invariant mass below 105 GeV. We then seleciPe'Symmetric particles are squarks. Figure 15 shows the

the four jets with the highest transverse momenta, and pa epton jet invariant mass distribution. In order to assess the

them up, selecting the combination that gives the Smalles§ensitivity of this distribution to the squark mass, another
value for the sum of the two pair masses. A plot of the mas?vent sample was produced where the squark masses were

distribution of a dilepton pair and one of the jet pairs is .
similar, with poorer statistics, to that of Fig. 12; there is still i

LI | LI | T 17T | L

no clear kinematic feature. Figure 14 shows the invariant
mass of each of the jet paifsvo entries per evejtThe end
point that one expects to seera§— My is not visible. How-

ever, the shape of this curve is sensitive to the gluino mass as
can be seen by comparing the dashed histogram which is the
result of the same event selection applied to an event sample
where the gluino mass is raised to 800 GeV. A detailed study
[3] of a case similar to this concluded that one could measure
the mass differencma—m;g with an uncertainty of order

3% with an event sample approximately ten times larger than
this one(the cross section is approximately three times larger
due to the smaller gluino mass of 580 GeV and 30'fbf - ;
data was assumgdWe will conservatively assume that we 045~ 200 600 800 1000
can determineng — MR with an uncertainty of 50 GeV, i.e., M; (GeV)

the difference shown in the figures.

IS
o
[

Events/25 GeV/10fb™'
N
(= |

FIG. 15. The mass distribution of a leptbjet system. The
dashed histogram corresponds to a different event sample where the
squark mass has been reduced by 50 GeV. The standard model

In view of the lack of clear structure in the events of the background shown as a hatched histogram is dominated pyo-
previous section, it will be very difficult to extract the cas- duction.

D. Extraction of squarks
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reduced by 50 GeV. The distribution from this sample is
shown as the dashed histogram in Fig. 15. The shapes are
significantly different; the shifting to the left of the dashed
histogram is symptomatic of the smaller mass of the squark.
A Kolmogorov test applied to the shape of the histograms in
Fig. 15 using finer binning and data samples corresponding
to 30 fb ! of integrated luminosity indicates that they are
distinct with a probability of 92%. Sensitivity to squark
masses at the 50 GeV level should therefore be possible.

3000

2000

PHYSICAL REVIEW D60 095002

T TT

IIIIIIIII|II[I|IIII

IV. POINT G2a

The total supersymmetry supersymmetry cross section for
both casess2a andG2b is 23 pb, larger than that of cases
G1 because the squark masses are considerably lower. Since

Events/2.5 GeV/10 fb™'

1000

T 1 1 T | T T T | 1 T 1 | T T T
1 1 1 1 | 11 1 1 | 11 1 1 | 11 1

0 PP PRI f A P R P T
0 50 10 15 200 250

the slepton is the NLSP, almost all supersymmetry events M, (GeV)
contain a pair of sleptons. Most of these sleptons are pro- !

duced in the decay¥5—/7 and¥—/7. In the case of

FIG. 16. M, distribution for the flavor-subtracted combination

point G2a, the NLSP decays with a very short decay lengthe € +u "~ —e“u” of events having two isolated leptons aris-
(52 ) to give an additional lepton. If the produced sleptonsing at pointG2a. T_he_ standard model backgrour_ld shown _does not
are selectrons or smuons, the high multiplicity of producedepresem t.he §tat|st|cal fluctuations expected in 10 fbf inte-
isolated leptons will provide both a convenient trigger anddrated luminosity(see text

the first evidence for new physics. Only in the case where

both sleptons are staus and decay hadronically, will we havécal fluctuations expected for an integrated luminosity of 10

to rely upon a jet and missing+ trigger for the first indica-
tion of new physics.

A. Dilepton distributions

As the branching ratios fo§’—/r—G/ "/~ are sub-

fb~L. The number of background events can be seen more
clearly in Fig. 17 which shows the combinatios e
+utu +eut. It can be seen from this figure that this
combination has considerable combinatorial background in
the signal events; the edge at 175 GeV is less clear. From
this plot one can estimate that, in the mass range 60—170

stantial we can attempt to select this decay chain by searclsey, the true standard model background in Fig. 16 is 0
ing for events with isolated leptons and jets as most ofyihe  +g0; this fluctuation is insignificant compared with the
will be produced in the decay of strongly interacting spar-—4000 signal events in the same region.

ticles. Events are selected that have at least four jets with |t s clear that the statistical error on the precision the
pr>25GeV and|y|<2.5 and at least four charged tracks measurement of the position of the lower edge will be small
associated with each jéto eliminate jets from hadronic tau and the systematic errors will dominate. The higher edge has
decay$. An M is formed from the scalar sum of the trans- much poorer statistics, so we have used a fit to estimate how

verse energies of the four jets with the largpstand E+ .
Metr= P11t Prot PratPratEr. (25

We then requiréVl o+>400 GeV andE>0.2M .

An additional selection requiring two oppositely charged

leptons (either electrons or muopswith pr>10GeV and

| 7|<2.5 is made and the dilepton mass distribution formed.
In order to reduce combinatoric background, we form the
combinationete™+u*u” —e*u . The mass distribution

for this combination is shown in Fig. 16. Two edges are

visible at 52 and 175 GeV corresponding to

JMZ—M2 =52.1 Gev (26)
X1 R

and

JMZ—MZ2 =175.9 GeV. (27)
X2 R

FT T 17T T 1T L T 17T 1T 1714

4000 — —

) | _
=

3 L i
[
(0]

0 L _
[\J

£ 2000 —
9]
>

i L _

0 p.0Y / /IA% }A.}.j/l/h.,u.;; bt Plenbn ol i b ok
0 50 100 150 200 250
M, (GeV)

FIG. 17. M, distribution for all oppositely charged dilepton

The standard model background shown on this plot appearsirse*e™+u*u~+e u™ in events having two isolated leptons
not to be negligible. However, this is somewhat misleadingarising at pointG2a. The background, mostly frortt production,
as our background sample does not correspond to the statis-shown as the hatched histogram.
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1 (GeV) FIG. 19. M,,; mass spectrum at poirG2a for events that

FIG. 18. As Fig. 16 except that the distribution is shown on acontain at least two isolated leptons and four jets. The linear fit

logarithmic scale and the fits to the edges described in the text argoWn as a dashed line is over the range 390-590 GeV. The stan-
shown. No background is shown on this figure. dard model background is shown as the hatched histogram.

well the end point might be measured. Before any cuts, th@ired to havep,>50 GeV and to contain least four charged

signal distribution inM ,, has the form tracks. We show the invariant mass of the dilepton and one
of these two jets{* /") in Fig. 19 and of one the leptons
=A(L+M,,) (M mae M ), (28) and a jetin ¢~ ) distributions are'shown in Fig. 20.' In 'each.
dMm,, case only the smaller of the various mass combinations is

) N ~ plotted and again we show the subtracted distributions
WhereMmax is the position of the edge. We add to this a.e+87_|_Iui+1u/7_etluyjr which have a cleaner structure.

backgroundB taken to be constant in the vicinity of the edge  The /*/~q distribution has an expected end point at
and then smear with a Gaussian of widtyy, to be deter-

mined by the fit. We then use tiraw version ofMINUIT [16] max_ /M2 _ M2 =640.12 GeV (29)
to fit the data set of Fig. 16, whose statistical fluctuations /v IR &

represent approximately 10 b of integrated luminosity,
over the ranges 20GeV¥M,,<80GeV and 150GeV

<M,,<250GeV. The best fits are shown in Fig. 18, andwhile the /=q distribution has an expected end point at

the fits give
1000 — T T T T T T T —]
M nax=52.266 5 53¢ GeV, oy=0.86 GeV, i )
M = 175.46 335 GeV, oy=6.5 GeV. o0 [ ]
Ke) - -
The errors onM ,,,, are determined byinos [16]. We can = r ]
expect systematic uncertainties of order 0.1% on these mea- 3 L i
surements. We, therefore, expect that the precision of the g 500 — —
upper edge will be limited by statistics even for 100 flof 2 i i
data. For the purposes of parameter fitting below, we will :>J’ S -
assume that the errors are 70 and 270 MeV for 10 #ind 255 |- 7
50 and 180 MeV for 100 fb!, respectively. L 4
B. Detection of g i | i

0 1
i ~0_ T* g% 0 200 400
Here we use the decay chaifir—qYx;—0q/ g/ M, (GeV)

—qG/ "/ ~. The same event selection as in Sec. IVA is
pair have masM ,, <52GeV and transverse momentum dashed lines correspond to two separate linear fits over the ranges is
pr(//)>75GeV to enhance the probability that the leptonsover the ranges 150—280 GeV and 305-400 GeV. The former ex-
come from the same decay chain. The two jets with the largtrapolates to an end point at 315 GeV. The standard model back-
est transverse momentum were then selected; each is rground is shown as the hatched histogram.
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M2 _IIIII|1I|I|II|IIII_
MT&*= M2 —M 1-—-289.16 Gev I |
/q R XY M2, ' ' L 4
X1
200
(30 |
The plots show a linear fit below the end points. These fits g -
extrapolate to end points slightly larger than the actual val- 3 L
ues. The errors on the precision of these values will be domi- 3 L
nated by the systematic uncertainties in the jet energy scales ¢ o |
estimated to be of order 1%. We expect that the systematic 3 i
uncertainty in the measurement of tfaio of these two end
points will be less than this. i ’
~ ~ %
We can now solve for the'r, “)22, andggr masses in terms | g i
of the measured end points: | : LA |
Olllllll ) N I N N N I I |
. . . 0 50 100 150 200
N M//\/M//q_M/q_M// My, (GeV)
7o M ; (31)
7a FIG. 21. M,,, mass spectrum at poirt2a. The standard
> model backgroundhatched histograjris very small.
M;(rl):\/M//ﬂLM;Z, (32
"R
from this distribution, it provides evidence for the existence
M- =+/M2, +M2 (33 of X1 and a strong consistency check of the model.
IR ran oy
V. POINT G2b

Note that this method for extracting masses requires only the

existence of the decay chain; the underlying model is not |, this case the NLSP is ta , and it has a long lifetime,

used in the analysis. Of course, the interpretation of thv%T%1 km. The decay”—#,r/ is not kinematically al-

masses as those Gk, /'r, etc., is model dependent. lowed, so th&g andi are also long lived. Each event will
contain two of these quasistable particles which will appear
C. Detection ofx; decays in the detector as a pair of slow muons. These will provide a

trigger as the mean velocity is quite lar@gee belowand the
first evidence for new physics in this case.

A small fraction of the sleptons will decay within the
detector; significant energy is released in the decay so the
result is a track which ends somewhere and a decay product
7(1*—>/+7/—>'5((1’v/+—>v/*/’?&ev/*/’/*@. fthat poilnts backgo this (Tr_ld polint. If the s;?article in questionk

(34) is a selectron, the resulting electron cqud be pom_ted b{;\c
using the electromagnetic calorimeter in combination with

The combined branching ratio is 29%. We begin with theinformation from the central tracker. If the sparticle is a
event selection of the previous section, requiring that ther&Muon, the resulting muon would have to be pointed using
be at least three isolated leptons in addition to the jetsthe remainder of the tracking volume and the outer muon
Events are then required to have at least one opposite sigaystem. If itis a stau, the resulting hadronic decay of the tau
same flavor pair with an invariant mass in the rangeMight be pointed using a combination of the central tracker
40 GeV< M, , <52 GeV so that they are likely to have come and the electromagnetic calorimefeit. is worth emphasiz-
from a}g d'e'cay. Any other pairs of leptons of same flavor iNg the importance of measuring this decay length: it is the

and opposite sign witM ,,< 175 GeV are discarded as they only way to obtain information on the gravitino cogplings
are likely to come frorrﬂg decay. The selected dilepton is and the fundamental scale of supersymmetry breaking.
then combined with any other remaining lepton and the in-
variant mass of the trio is shown in Fig. 21. If all three
selected leptons arose from the decayygf, this distribu- The events can be triggered using the quasistable particles
tion would have a linear vanishing at that will appear as muons. The velocity distribution of these
particles is shown in Fig. 22, from which it can be seen that
\/Méi— M72,+ M)g(o— Mz; =85.75 GeV. (350  the mean velocity is greater than 6.Hence, many of these
. . R should pass the ATLAS level-1 muon trigger7].

There is considerable background in this plot arising from

signal events; the standard model background is very small.

Nevertheless there is clear evidence of structure. While it *To our knowledge no detailed study of the smuon and stau cases
may not prove possible to extract a precision measuremeias been done.

Approximately 50% of the decays @f. occur to ay; .
There is a decay chain starting fré¢j proceeding through
a slepton and 5((1) that gives a final state with three isolated
leptons, viz.,

A. Effective mass analysis at pointG2b
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8 FIG. 24. Effective mass distribution not including sleptons at

point G2b. The standard model background of dimuon events is

FIG. 22. Generated slepton velocity distributigrt pointG2b. ~ shown as the hatched histogram.

The dotted curve is for sleptons with<1.
Mef= P11t P2t Prat Prat Er. (36)

The events also have a large amount of misdiigas
measured by the calorimeter. The distribution is shown irfiere the jetps’s have been ordered such thaf; is the
Fig. 23, which has a mean value of 315 GeV. If the measureéfansverse momentum of the leading jet. There is no require-
momenta of the sleptons is included, the missing energy ig§1ent that the jets or missirfgr be large enough to provide a
much smaller as can be seen from the dotted curve in Figligger; we assume that the events are triggered by the muon
23. The true missin@_l_ is |arger than standard model back- SyStem. Note that the standard model baCkgrOUnd shown on
grounds due to the larger number of taus and heavy flavors iflis plot is required to have two muons in it and is sup-
the SUSY sample. The standard model background showpressed as a result. The NLSP’s are ignored when making

on this plot is controlled by the requirement that it contain atthis effective mass variable. The distribution shown in Fig.
least two muons. This calorimetric missifg could also be 24, has a mean value of 1004 GeV characteristic of the

used as a trigger. masses of the strongly interacting sparticles which dominate
We begin the analysis by using the effective mass distrithe production.

bution found by selecting events that have at least four jets There is a peak in the effective mass distribution at zero,

and the missing transverse eneiy, hadronic activity andE+ . It is due to the direct production of
NSLP via such processes @g—~ /"~ and the direct pro-
L S duction of}‘(g’ andy; which then decay to the NLSP. This is

shown in Fig. 25 which shows the ID codes for the produced

primary sparticles and demonstrates that they are mainly
sleptons and gauginos. We will discuss these events in more
detail below.

1 1L

11 IIIIII|

B. Slepton mass determination

The sleptongNLSP) are dominantly produced at the end
of decay chains and consequently the majority of them are
fast. The velocity distribution is shown in Fig. 22 from
which the mean velocity can be determined. Time-of-flight
measurements in the muon detector system can be used to
determine this velocity. When this is combined with a mea-
surement of momentum in the same system, the mass can be

Z ZZ obtained.
° . 4EOTOmiss (GS\O/? 800 1090 _ The muon chamb_ers in the ATLAS detector can provid_e a

’ time-of-flight resolution of about 1 ns. For each slepton with

FIG. 23. Calorimetric missing transverse enefy at point | 7|<2.5 the time delay relative t6=1 to the outer layer of
G2b. The dotted curve shows the trg including sleptons. The the muon system, taken to be a cylinder with a radius of 10
standard model background of dimuon events is shown as the1 and a half-length of 20 m, is calculated using the gener-
hatched histogram. ated momentum and smeared with a Gaussian 1 ns resolu-

Events/20 GeV/10 fb™!

| IIIIIHl

L 1 T

[ANNANNANNNNNNNN
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FIG. 25. The particle ID codes for the primary particles of _
events in Fig. 24 which havd .4+<<100 GeV: left slepton§31-36, FIG. 27. /*/~ mass distribution at poir®2b.
gauginos(30, 39, and 4Pand right slepton$52, 54, and 56

three isolated electrons, muons or quasistable sleptons with
lﬂ|<2'5 and pt>10GeV. The two highesp; particles
among the sleptons and muofe., those particles that pen-

tion. The smeared time delayt and measured momentum
are then use to calculate a mass. The resulting mass distrib

tion is shown in Fig. 26 for sleptons with 10qat
etrate to the muon systgnare assumed to be sleptons and

<50ns. Raising the lower limit oAt improves the mass ) : ~ i
resolution but reduces the efficiency. The resolution is neve®'® assigned their measurgdand the slepton mass; the rest

good enough to resolve thg and/ r masses of 101.35 and are assumeq tp be muons. The standard model background is
102.67 GeV. The upper limit oAt is somewhat arbitrary; it already negligible, so there is no need to make a time-of-
reflects practical concerns and also eliminates sleptons Witﬂ'ght cut to identify the slgptons. Slepton_s are then combined
very low B that lose most of their energy in the calorimeter. With €lectrons or muong”) of the opposite charge and the
The average of the generated distribution, 102.2 GeV, agredgsulting mass for alt’™=/* combinations is plotted in Fig.
well with the fitted mean value in Fig. 26. It is important to 27; we have no way of determining the flavor of a slepton.
note that this method will provide a mass measurement of afihere are two narrow peaks at t§ andxJ masses. The
average over th&,;, Tig, and@g masses as this analysis rather strange shape of tli(% peak is a consequence of the

cannot distinguish slepton flavors. fact that the splitting between thg and/ is small, so the
_ 0 ~0 -0 mass is dominated by the rest mass of the. There is a
C. Reconstruction ofxy, X2 and x4 small peak at 348 GeV due to the decayxaf
Since the’  are quasistable, the decdy ,% 7o/ can be The mass measurement of the slepton itself can now be

fully reconstructed. Events are selected that have at lea&gfined and the smuon and selectron separated by using the
events in the in th§j mass peak. By restricting the event

T samples to the cases where the lepton i; either an electron or
Canstae o000 muon, this method can be used to provide separate samples
Sigma 3820 of g and g . The analysis of the previous section is how
repeated for the events withih5 GeV of the}‘f peak where

the lepton is an electron. The resulting distribution, shown in
Fig. 28 has a mean quite close to the cori&gtmass. The
statistical error on the mass in from a data sample of 18 fb

is ~100 MeV. Therefore, it should be possible to distinguish
the average slepton mass as determined in the previous sec-
tion from the@g andg masses. The actual errors are likely

to be dominated by systematic effects estimate to be 0.1%.
This will be sufficient to constrain the mass of the stau which

is present in the average from the separate selectron and
smuon masses.

1000||||||||||||||

800

600

400

Events/0.5 GeV/10 fb!

200

LI | 1T I LI I LI L I LI

11 1 | 11 1 I 11 1 I 111 I

0 e by Ly 0™ :
80 90 100 110 120

M (GeV) D. Extraction of /|

e
wW
o

FIG. 26. Reconstructed slepton masses for time delays 10ns We can begin with the reconstructgd and combine it
<At<50ns relative to g8=1 particle. with another charged lepton in an attempt to detect the decay
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FIG. 30. ¥;3-q mass distribution at poinG2b. Events have a
FIG. 28. Same as Fig. 26 for events int&b GeV window lepton and a slepton with invariant mass int&® GeV window
around th@?f mass peak of Fig. 27 and the lepton is identified as anaround the}z‘l) mass peak of Fig. 27. The dashed distribution corre-
electron. sponds to cases where the jet is frofmguark. The fit is a Gaussian
over the range 610-640 GeV.

chain 7, =%/ —75/7/. We select events that have at

least two muons or stable sleptons Wi""i> 10 GeV and The structure below this end point is clearly visible in Fig.

| 7| <2.5. The two highesp objects are assigned to be slep- 29. However, the_re is a _Ia_rge background so a very accurate
tons and the rest are called muons. Combinations of a S|eptdﬁeaSUrement will be difficult. Nevertheless, this structure
and either muon or electron are formed that have no neheasures a combination & and’; and will provide a
charge and the system is tagged &S if M sere=Mzo powerful constraint on the model.

+5 GeV. This}? candidate is then combined with another
charged lepton and the mass of the three lepton system is E. Reconstruction of squarks

shown in Fig. 29. There is a clear peak at the slepton mass of At this point squarks are considerably lighter than glui-

203 GeV. : .
Another feature is also present in this plot. The decaynos’ reflecting the fact thay /mg N5 andNs>1, as is

v~ —0 . ) ) usually the case when the NLSP is a slepton. Direct produc-
chainy; =7/ —=xv/—/ g/ v/ has a kinematic upper

RO tion of squarks is dominant and the de@gy—x1q is large.
bound for the mass of thez /"~ system of Events are selected that have’a mass within 5 GeV of the
> > X1 peak in Fig. 27. This pair is then combined with any of
\/M}f_M%’LM}E:lgA' GeV. (37) thle four highestp; jets in the event. The resulting mass
distribution of the jefy? system shown in Fig. 30 has a rela-
e tively narrow peak s_omewhat below_the averﬁganass of_
P 27 648 GeV. Some shift is expected since the jets are defined

P 1298 using a small cone siz&=0.4.

P4 393.4-

Ps 87 The decayq,_aj(gq is significant but not dominant. It can

be reconstructed by selecting events that havé/amass
within 5 GeV of the$ peak in Fig. 27 and combining thg
momentum with the momentum of any of the four highest
jets. The resulting mass distribution of the ”@-system is
shown in Fig. 31; it has a somewhat wider peak than that of
Fig. 30 a little below the averag®y mass of 674 GeV. The
signal-to-background ratio is poorer than in Fig. 30, a reflec-
tion of the smaller branching ratigy — 59 (~25%).

It is also possible to reconstruct tﬁqyz squarks. The
subset of events in Fig. 31 for which the jet is tagged &s a
jet is shown in Fig. 31 as the dashed curve. No correction of
the b-jet energy is done. Thie-squark peak is clearly visible

FIG. 29. The mass distribution of a slepton and a pair of leptongand is at somewhat lower masses. The resolution is insuffi-
at point G2b. Events are selected so that a lepton and a sleptogient to separate the peaks frdm and b, whose average
reconstruct to thg? mass (vl;(gts GeV). mass is 647 GeV and separation is 9 GeV. A subset of the
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FIG. 31.%5-q mass distribution at poinG2b. Events have a

lepton and a slepton with invariant mass in% GeV window FIG. 32.7-7 mass distribution at poinG2b. Solid curve indi-
around thex3. The dashed distribution corresponds to cases whergates using visible- momentum. The dotted curve is obtained by
the jet is from ab quark. The fit is a Gaussian over the range selecting events where the missilig is aligned with the tau direc-
625-700 GeV. tion by A $<0.17 and addingé; to 7 momentum.

events of Fig. 30 where the quark jet is tagged dsjet is , i i
shown as the dashed line in Fig. 30. No structure is visible iffiétermine the truer momentum. Only the highegir7 is
this case. This difference is due to the branching ratiosgaierg*d (’itgdbzf(ﬁaz%lel bet‘l\'l\;\eeer\;i;b?gd ﬁgmdgﬁfslr%nislstrr]ee-n
= ~0R1Y = ~01Y AT, T

BFi(El_wlb)_S'g%_' BR(E)Z_)flb)_s'G%' BROR  scaled by a factor + E/E+ ,, and thé7-r mass is recom-
—X10)=94%, while BRD,—%;b)=15.6%, BRb;  puted. This gives the dashed curves in Figs. 32 and 33. As
—X2P) =10.8%, and BR—x2q) =25%. The mixing be-  expected, includingE not only reduces the statistics but
tween theb squarks ensures that both can decayo also worsens the resolution fgf, since ther is very soft in

The wider peak of Fig. 31 relative to that of Fig. 30 can g case. However, it produces a peak near the right position
now be understood. It is due to the presence of a significan, e 70 \hile this peak probably does not improve the
number ofb squarks in the former distribution. The mass \,sq vesolution, it adds confidence that one is seeing a two-
differences betweefi, andb are not large enough for the pody resonance.
peaks to separate and the result is a broad distribution.

G. Direct production of electroweak sparticles
F. Reconstruction of = decays

We now return to the events present in the peak at low

The decayy)—7" 7" is more difficult to reconstruct than M. shown in Fig. 24. As pointed out above these events are
’5(?_>7§/1, but it can provide information on the gaugino due to the direct production of gauginos and sleptons. We
content of the}zio. A technique similar to that discussed in
Refs.[18] and[19] can be used. Hadroni¢s are selected LN L L L B DR
with visible pr>20 GeV andy<2.5. These are identified by
taking jets where the number of charged tracks is less than or
equal to three. The simplest approach is to combine the vis-
ible 7 momentum with the slepton momentum. The resulting
mass distributions are shown in Fig. 32 and on an expanded
scale for masses near t{§ mass in Fig. 33. These curves
do not have true peaks because of the missingbut they
do have fairly sharp end points at tf§ andy> masses.

If the slepton momenta are included in the calculation of
£+ and there are no other neutrinos, tHepcan be used to

10°

102

Events/0.5 GeV/10 fb'

“This plot requires at one least slepton, assumed to be the “muon
candidate” with the largegt, , to be present in the event. A second 100 110 120 130 140 150
slepton may be required to facilitate triggering. Since all events M, (GeV)
have two sleptons, the efficiency for this is quite large. This addi-
tional requirement would reduce the rate shown in Fig. 32 slightly.  FIG. 33. Same as Fig. 32 on a finer scale with smaller bins.
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many fewer events than in Fig. 29. The kinematic feature
from the decay chaify; =¥l —%v/—/ 5/ v/ is stil
visible.

1500
VI. DETERMINING SUSY PARAMETERS

Once a number of quantities have been measured, we can
attempt to determine the particular SUSY model and the val-
ues of the parameters. The strategy will be to attempt to
perform a global fit to the model parameters using all of the
£60 available data, much as the standard model is tested using the

W andZ masses and the many quantities precisely measured
by the CERNe"e™ collider LEP or SLAC Linear Collider
M (SLC). Such a fit is beyond the scope of our work, and we
0 ‘5'0' = '1(')0' 50 200 350 adopt a simpler procedure. We assume that from measure-
M, (GeV) ments of global parameters such as those discussed in Sec. I,
we know the approximate scale of the superpartner masses

FIG. 34. Same as Fig. 27 except that the additional requiremeréind have some idea that we might be in a GMSB model. The
M¢<100 GeV has been made. object is then to determine the parameters of that model and

check its consistency. We must, therefore, determine the pa-
begin with the event sample used in Fig. 28 and remake thatimetersA, M,, Ns, tang, sgnu, and Cgy,,. If we know
distribution with the requirement thafl .+<100 GeV. This the value of one gaugino and one squark or slepton mass of
is shown in Fig. 34. This plot has a very strong peak at thehe first two generations measured at the mass $¢al¢hen
mass ofjg and a weak, though still clear one, at the mass ofN; and A are determined. Since these are measured at the
5(3. This higher peak is suppressed as the lepton from itéower energy scale, the physical masses also deperd pn
decay is contributing td/ .z and the cut throws away some Via the renormalization-group scaling and we need one more
signal. measurement to constrain its value. Two gaugino masses and

We can also repeat the analysis of Sec. VD, with theone squark or slepton mass of the first two generations suf-
addition of the cuM .+<100 GeV. We can take the events in fice. tang can be constrained either from the Higgs boson
the’y; peak(in the mass range 110-120 Gedf Fig. 34 and ~ Mass or from the masses of the third generation squarks and
then combine that reconstruct§d momentum with an ad- Sleptons. In the case of mod8Pb, the splitting betweeBg
ditional charged lepton. The mass distribution of the resultand7, constrains it. Additional constraints on tgrand on
ing system is shown in Fig. 35. This plot shows a peak at 208gnu arise from the Higgs posoﬁ/yio and’y;” masses. The
GeV which corresponds to the decZYai(g/—JE/:/. only constraint uporCy,, arises from the lifetime of Fhe
The fit shown on this plot is a linear combination of a expo-NLSP- In casesG1a and G2a and G2b we have precise
nential, a Gaussian and constant over the mass range 138€asurements of the slepton apl and x} masses, so the

250 GeV. The slepton peak is visible, although there ardess precise measurements of the squark and gluino masses
are not useful in determining the fundamental parameters;

1000

Events/2.5 GeV/10 fb™!

R B e they only provide powerful consistency checks. Indeed the
g‘(ﬂhf o s el caseG2b has so many observables, that it is enormously
P2 2033 | over constrained.

a0 " o | In addition to the measurements presented above we as-
. g | sume that the lightest Higgs boson has its mass determined

precisely from its decay tg-y. We will assume two values
for its error; =3 GeV, which we estimate is the current sys-
tematic limit in the theoretical calculations needed to relate it
to the model parameters; andl00 MeV which corresponds
to the expected experimental precision.

Our strategy for determining the parameters is as follows.
We choose a point randomly in parameter space and com-
pute the spectrum. We assign a probability to this point de-

N
o

Events/1 GeV/10 fb’

N w

o o
|III|III||I|II|IIII|IIII|IIII

10 . : : 7
termined from how well it agrees with our “measured quan-
tities” using our estimates of the errors on those quantities.
0400~ 150 200 250 The process is repeated for many points and the probabilities

M,; (GeV) used to determine the central values of the parameters, their
errors and their correlation®\s is treated as a continuous
FIG. 35. The mass of the slepton-lepton-lepton system formedariable for these purposes.
by selecting events in the mass range 110-120 GeV from Fig. 34 At point Gla the measurements discussed above for 10
and combining this slepton-lepton pair with and additional lepton. (30) fb~* where statistical errors will still be important, viz.,
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M~0 The precision on the second of these numbers can be ex-
M-~ 2 X1 pected to increase with more integrated luminosity; the oth-
M7 ers are systematics limited. These are sufficient only to con-

R strain the following with any degree of precision:

=105.1-0.1000.10 GeV, ANg=90000:1200 GeV,
./M;Z(g—Mig=189.7L_F 0.5000.30 GeV, tang="5.0"27.
5 vl This is due to an accident in our choice of parameters. The
\/M/R_ MX2—112.?:0.2CI0.15) GeV, position of the kinematic end point of Fig. 11 is insensitive
to variations of the slepton mass, WhaaR: \ /m;(gm;(tlx For
7 /MXZO— M§R= 152.6-0.5000.30 GeV, our choice of parameters these quantities differ by 0.5 GeV.
2 As 7(2 and}zé are almost purely gaugino, these relations pro-
myo=109.47-3 GeV vide constraints only on the gaugino masses, i.e., on the
productANs. If we assume that we are able to constrain the
imply that average light squark mass within 50 GeV of its nominal
value as appears to be possible from the discussion surround-
A=90000+250Qq1700 GeV, ing Fig. 15, for 30 fb'!, we then obtain
M ,=500000-210000170000 GeV, AN5=90000-880 GeV,
tan8="5.0+2.1(1.3), A=90000+-1100 GeV,
Ng=1+0.0170.14). M., <9x10°GeV (95% confidencg
sgnu is determined unambiguously. Some improvement will tang="5.0"%.

be possible with greater integrated luminosity until the sys-
tematic limit is reached. This will occur for 100 Th of = Here we have restricted ,,>A; the model is not sensible if

integrated luminosity. Assuming that the errors are thedhis is not the case. If the error on the Higgs boson mass is

+100, +200, =100, =200 MeV, and+3 GeV, respectively, reduced to=100 MeV, the uncertainty on ta# reduces to

the uncertainties on the parameters reduce to *+0.1; the other uncertainties do not reduce. It is not possible
to determine sgp using the signals that we have shown. For

A=90000-890 GeV, example, the set of parameters=104500GeV, M,
=0.239x 10° GeV, Ns=0.872, and sgp=—1 is accept-
M =500 000G 110000 GeV, able. The mass 6§39 (%)) is increased by 196) GeV and
the mass oEg by 40 GeV, but this case has the same end
tanB="5.0+0.5, point in Fig. 11. An independent constraint on the slepton
mass or a measurement of the squark mass with a precision
Ns=1+0.011. of order 10 GeV is needed to eliminate this case.

At point G2a the measurements discussed above for 10
If the error on the Higgs mass is reducedt400 MeV, the fb~ 2, viz.,
uncertainty on ta reduces ta+0.1; the other uncertainties

are unchanged. The poorer precisionMp, reflects the fact 7 /m}zo—m-g; 52.21+0.07 GeV,
that it enters only via the renormalization-group evolution '

and, therefore, that the observed masses depend only loga- 7 7

rithmically upon it. VM= Mg =175.9400.27 GeV,

At point G1b, we have for 10 fb* of integrated luminos-
ity mg_—mg =640=7 GeV,

ar
2 M}g 2
M*)*(O 1- 1-
2 M;R

=105.1+0.10 GeV,

M

N\l
Py

\lmaR— méR

M

N O

X

M~
‘R 2 7
- I\/I)g(o/ ,/MaR—M}2—0.4&O.OO4,
1

Mpo=106.61=3 GeV,
—Mro=523+ m
Mg — My 9=523+50 GeV, imply that

Mno=109.473 GeV. A=30000-580 GeV,
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M =250 000+ 62 000 GeV, M=\ 2 Mo\ 2
R X1
M;(O 1— 1_
tanB="5.0+1.0, 2 M39 M7
Ns=3*0.051. =105.1+0.10 GeV,

sgnu is determined unambiguously. Only small improve-
ments can be expected as the integrated luminosity is in-
creased above 10 TB. If we reduce the errors on the first
two quantities to 50 and 180 MeV, respectively, their likely

Mg —m;0=523+50 GeV,
2

Mno=109.47%3 GeV,

systematic limits, as might be achieved with 30 flof data
we obtain

A=30000-540 GeV,
M ,,=250000:59 000 GeV,
tanB=5.0=1.0,
N5=3+0.049.
If the error on the Higgs mass were reduced#®00 MeV,

the error on tarB reduces ta+0.04.
At point G2b the measurements discussed above, viz.,

Mg, = 102.670.1 GeV,

e = 102.670.1 GeV,
m;, = 101.35£0.1 GeV,
m;o=115.18-0.1 GeV,

myo= 203.71£0.2 GeV

and
mpo=106.61-3 GeV,
imply that
A=30000+247 GeV,
M =250 000+ 31 800,
tanB=5.0=0.30,

Ns=3+0.019.

mg— Mg =200+=500 GeV.

We obtain the following solution for the SUGRA param-
eters:

my=100£28 GeV,
my,=295+9 GeV,
tanB=4.5=1.5,
sgnu=+1,
A=250£280 GeV.

This solution has only a 15% probability. The central value
of the light squark masses for this solution is 760 GeV. Most
of the other masses are similar to those of cadé with the
exception ofé, which has mass 100 GeV larger. This result
illustrates the general difference between SUGRA and
GMSB models. The mass splitting between the squarks and
‘€ is larger in the GMSB case. If we assume tha—my
=200£75GeV as we might expect from the methods of
Sec. lll with at least 30 fb* of integrated luminosity, then
the SUGRA solution is eliminate@it has 10 ° probability)

and the ambiguity resolved.

VIl. DISCUSSION AND CONCLUSIONS

In this paper we have given examples of how LHC ex-
periments might analyze supersymmetry events if SUSY ex-
ists and if the pattern of superpartner masses is given by
gauge-mediated models of supersymmetry breaking. We
have illustrated the four classes of phenomenology to be ex-
pected in such models: events with missing energy that are
similar to those expected in SUGRA modéjmint G1b);
events with a pair of isolated photons frgffl decay(point
Gla); events with long lived slepton§oint G2b); and
events with leptons from prompt slepton dec¢pgint G2a).

In the first case, we have discussed how measurements can

sgnu is determined unambiguously. These measurementse made which enable one to prove that the gauge-mediated

are likely to be at their systematic limits with 10 b of

model and not SUGRA is responsible for the pattern of

integrated luminosity and further improvement will be diffi- masses. In the other cases, detection and measurement is

cult. If the error on the Higgs mass is reduced#®00 MeV,
the error on targ reduces ta+0.03.

easier than in SUGRA. Characteristic features are present
such as photons, leptons or stable charged particles, that en-

In case G1b whose global signatures are similar to able the supersymmetry signals to be extracted trivially from
SUGRA, we must address the issue of whether it could bestandard model backgrounds. In addition, these features
confused with a SUGRA model. We search SUGRA parammake it possible to identify and use longer decay chains.
eter space for test of parameters that could be consistent with We have illustrated a technique whereby the supersym-

the following:

metry events can be fully reconstructed despite the presence
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of two undetected particles. The technique relies upon there 2poko—2p-k= MEQECk, (A5)
being a decay chain of sufficient length that occurs twice in X1
the same event. Each step in the chain provides a constraint
and sufficient constraints can occur that together with the 2polo—2p-I=M?7 —Mgo—2k-IEC|, (AB)
measurement dE; enables the event to be reconstructed. In R X1
such cases the masses of the superparticles in the decay chain
can be measured directly rather than inferred from kinematic —_m2 2 2=
distributions. g ZPodo—2p-4=Mze= M7 —2(k+1)-q-a"=Cq,

In all of the cases discussed in this paper, as in the (AT)
SUGRA cases discussed previougly-3|, the LHC will be
capable of making many precise measurements that will en¥here
able the underlying model of supersymmetry to be severely
constrained should supersymmetric particles be observed. Po=Vp. (A8)
The key to all of these analyses is the ability to identify a
characteristic final state arising from the decay of a sparticlét is now clear that they give two linear and one quadratic
that is copiously produced. The main such decays that haveonstraint and hence an additionak 2 ambiguity. The so-

been used in the SUGRA and GMSB analyses done so faqtion is straightforward. From the above equations one finds
are

Dileptons from Y,—X%/ "/~ or Xo—/r/’XS/ /7 p-D;=Ey4, (A9)
taus from the decayg,— X7, 7, Of Xo— T T1—XoT " -
which can dominate when tahis large;¥,—%5h—X5bb. 0.D,=E,, AL0)

In the case of GMSB oR-parity-breaking models, the sub-

sequent decay 0}‘1’ can provide additional information and where

constraints. Of course the information extracted in this way

is only a small fraction of the total available. A complete D, =2l ok— 2Ky, (A11)
analysis will involve generating large samples of events for

many SUSY models and comparing all possible distributions

with the experiment. E1=—10Ck+koCy, (A12)
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where
APPENDIX
The details of the full reconstruction used in Sec. || B are - E1Day—EoDyy (A16)
given here. Events are selected to have four leptons and X D1xDoy—DoDyy’
two photons with a unique combination of two leptons and
one photon coming from ead decay. Th&3, 7, andx} D1,D5,—D,,Dyy
masses are assumed to be known precisely from the distri- Gyx=— - : (A17)
. . . =~ DlxDZy D2xD1y
butions discussed in Sec. Il A, and tBemass was assumed
to be (essentially zero. This leads to the following set of
. L E1D2y—E2Diy
equations for the four-momentumof the gravitino: F.o= (A18)
Y DlyD2x_ D2yDlx ’
p*=0, (A1)
(p+p,)2=MZ, (A2) G = D1D2—DaDuy AL9
1 - - .
) 2 Y DlyD2x_D2yDlx
(p+py+p, ) =MZ, (A3) . . . . . .
This is then substituted into the first of the original equations
(PP, +p,,+ p/1)2: M;O, (A4)  toyield a quadratic equation fqu,
2
This implies that the gravitino momentupis given in terms Ho+Hp,+H,p2=0, (A20)
of the photon momenturk and the lepton momentaandq
by where
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Ho=4k5(GZ+ G7+ 1) — (2G Ky +2G ky + 2k,).

Ho=4K3(FZ+F7+M20) = (Cet 2F Ky + 2F k)2,
: (A23)

(A21)
This gives two solutions for th& momentump for a given

assignment of the other momenta providéfj— 4HH?=0
and no solution otherwise.

Hy=4k3(2F,G,+ 2F,Gy) — 2(Cy+ 2F K, + 2F k)

X (2Gky+2G K, + 2Kk,), (A22)
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