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Abstract. We consider the phenomenology of a class of gauge-mediated supersymmetry (SUSY) breaking
(GMSB) models at a ete” Linear Collider (LC) with Fc.o.m. up to 500 GeV. In particular, we refer to
a high-luminosity (£ ~ 3 X 1034 cm™2 sfl) machine, and use detailed simulation tools for a proposed
detector. Among the GMSB-model building options, we define a simple framework and outline its
predictions at the LC, under the assumption that no SUSY signal is detected at LEP or Tevatron.
We assess the potential of the LC to distinguish between the various SUSY model options and to
measure the underlying parameters with high precision, including for those scenarios where a clear
SUSY signal would have already been detected at the LHC before starting the LC operations. Our
focus is on the case where a neutralino (Ni) is the next-to-lightest SUSY particle (NLSP), for which
we determine the relevant regions of the GMSB parameter space. Many observables are calculated and
discussed, including production cross sections, NLSP decay widths, branching ratios and distributions,
for dominant and rare channels. We sketch how to extract the messenger and electroweak scale model
parameters from a spectrum measured via, e.g. threshold-scanning techniques. Several experimental
methods to measure the NLSP mass and lifetime are proposed and simulated in detail. We show
that these methods can cover most of the lifetime range allowed by perturbativity requirements and
suggested by cosmology in GMSB models. Also, they are relevant for any general low-energy SUSY
breaking scenario. Values of c7y, as short as 10’s of um and as long as 10’s of m can be measured
with errors at the level of 10% or better after one year of LC running with high luminosity. We discuss
how to determine a narrow range ( < 5%) for the fundamental SUSY breaking scale V'F, based on
the measured my , ¢7g, . Finally, we suggest how to optimise the LC detector performance for this purpose.

1 Introduction

If the world is supersymmetric at short distances, then
the gauge hierarchy problem can be naturally solved. The
most compelling proof of this hypothesis would be di-
rect detection of superpartners at colliders. This has not
been achieved so far, which tells us that supersymmetry
(SUSY) must be broken. In order for a SUSY theory to
preserve its theoretically pleasant characteristics, super-
symmetry breaking (SSB) can only occur in a “soft” way
[1]. However, this constraint still allows a general phe-
nomenological approach to SSB involving over a hundred
new parameters in addition to the Standard Model (SM)
ones. Strategies for searches at present and future collid-
ers must then rely, at least to start with, on theoretically
well-motivated schemes for SSB, providing a more definite
framework and living on a manageable parameter space.
A related question is how this SSB is transmitted to the
visible (light) sector of the theory, e.g. the particles of
the Minimal SUSY extension of the SM (MSSM). Histor-

ically, the most popular approach has been that SUSY is
broken at very high energies (HESB) of the order of the
Planck mass or the scale of Grand-Unified Theories (GUT)
and SSB is communicated to the MSSM sector through
gravitational interactions. Such an approach goes usually
under the name of (minimal) Supergravity [(m)SUGRA]
or, with some additional assumptions, Constrained MSSM
(CMSSM) [2]. More recently, another equally attractive
scenario has earned large consensus and recognition, both
among theorists and experimentalists, the Low-Energy Su-
persymmetry Breaking (LESB) option, and in particular,
the Gauge-Mediated (GMSB) version of it [3]. LESB, in
itself, may already have striking phenomenological con-
sequences, as it was shown in pioneering works by Fayet
[4]. Indeed, gravity enters the expression for the gravitino
mass,
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where V/F is the fundamental scale of SSB, 100 TeV is a
typical value for it in LESB models, and M}, = 2.44 x 1018
GeV is the reduced Planck mass. As a result, the gravitino
is so light in LESB models that it plays always the role
of the lightest SUSY particle (LSP) and can be treated
as massless for all kinematics purposes at high energy col-
liders. However, for VF < M}, the dominant gravitino
interactions come from its longitudinal, spin-1/2 compo-
nents, namely the goldstino components that the gravitino
has acquired through the so-called SUSY-Higgs mecha-
nism. Hence, gravity does not enter the strength of the
gravitino couplings to matter, which in the relevant ap-
proximation are proportional to the mass splitting be-
tween superpartner masses and the ordinary SM particle
masses and inversely proportional to F'. The latter can be
small enough to render the gravitino relevant for collider
phenomenology. (It should be noted here that a light grav-
itino LSP can also be obtained within the framework of
no-scale SUGRA models [5].)

The phenomenological scenario in LESB with con-
served R-parity (which we assume in the rest of the paper)
can be summarised as follows:

— every produced SUSY particle has to decay to the G,
possibly through a cascade;

— since the goldstino interactions are still much weaker
than the ordinary SM gauge and Yukawa interactions,
every decay chain has to involve the next-to-lightest
SUSY particle (NLSP), which in turn will finally decay
to the gravitino;

— depending on V'F, the production energy and details
of the SUSY spectrum, the NLSP can decay close to
the interaction point (i.p.), within or outside a collider
detector, producing a plethora of new spectacular sig-
natures.

Among the possible mechanisms for transmitting LESB
to the MSSM fields, by far the most effective and theo-
retically satisfying is GMSB, where a so-called messenger
sector is responsible for communication between the se-
cluded sector where SSB takes place and the visible sec-
tor, via SM gauge interactions. Mainly motivated by a
natural suppression of the SUSY contributions to flavour-
changing neutral current (FCNC) and CP-violating pro-
cesses, such a scenario was first explored in various forms
in several early 1980’s works [6] and then recently revived
in its present version in the famous papers of [7]. Remark-
ably, in addition to the appealing theoretical features, the
minimal version of GMSB also provides a powerful tool
for building very predictive models and calculating spec-
tra from just a handful of parameters, as done e.g. in [8,
9,11]. An important boost to the popularity of LESB and
GMSB models came a few years ago due to a possible ex-
planation of the anomalous CDF ete~vyyFr event within
this framework [12,13]. Today, such an explanation seems
more unlikely, yet it worked fine in stimulating a con-
siderable number of dedicated analyses and searches for
GMSB-inspired new signals at LEP and Tevatron, which
are of course of much broader interest [12,14,15]. Hence,
it is now time to think about how similar searches could
be pursued at next generation colliders and how the reach
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in the GMSB parameter space of such machines could be
optimised. Some work in this respect has already been car-
ried out for the Tevatron Run IT [16] and for the LHC [17].
In this paper, we will be instead mainly concerned with
GMSB phenomenology at a first phase of operations of a
ete™ Linear Collider (LC) with c.o.m. energy up to around
500 GeV, and will focus on the case where a neutralino is
the NLSP. In particular, we will refer to a high-luminosity
machine with £ ~ 3 x 10** cm=2 s7!, such as being con-
sidered e.g. by the ECFA/DESY TESLA project, and the
related proposed detector. Many of our results and exper-
imental methods can be easily extended to more general
LESB models and might even have an impact on other
scenarios such as HESB models with R-parity violation,
where delayed NLSP or LSP decays can take place.

The rest of this paper is organised as follows. In Sec. 2,
we briefly describe our GMSB-model building framework
and specify the region of the parameter space we are in-
terested in here. In Sect. 3, we focus on the general phe-
nomenology of models with a neutralino NLSP and discuss
its possible (delayed) decays, including some new aspects
of interest for the LC. In Sect. 4, we introduce the main
features of the proposed TESLA linear collider and give
the expected machine parameters relevant to our study. In
Sect. 5, we discuss the general characteristics of the GMSB
signal at the LC and show an example of how it is pos-
sible to extract a good amount of information about the
GMSB parameters via a simple experimental technique in
principle possible at such a machine. In Sect. 6, we de-
scribe the relevant characteristics of the LC detector and
the software we used for our simulations. In Sect. 7, we dis-
cuss several methods for measuring the neutralino NLSP
properties, and in particular its mass and lifetime, using
different parts of the detector, and we show our results.
Finally, in Sect. 8, we draw our conclusions and comment
on how the performance of the LC in measuring GMSB
parameters depends on details of the machine and detec-
tor design. We also give a few suggestions to optimise such
performance.

2 Models with gauge-mediated SUSY
breaking

In addition to the automatic suppression of SUSY FCNC,
GMSB models have many other interesting characteris-
tics. For instance, the sparticles’ masses have a transpar-
ent and common origin and all approximately scale with
a single parameter A which is the universal soft SUSY
breaking scale for the visible sector. Also, the resulting
spectrum is notably different from other SUSY scenar-
ios. Further, it is possible to achieve radiative electroweak
symmetry breaking (EWSB) nicely. There are however
problems connected for instance with the lack of a com-
pelling dynamical mechanism for generating the SUSY pa-
rameter u, but this is common to other SUSY frameworks.

As far as GMSB-model building is concerned, we will
follow closely the approach used in [11] for LEP2 phe-
nomenology, with some extensions of the parameter space
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to account for the wider kinematical reach of a LC. We will
not repeat the technical details here, but in order to fix
our framework and notations we remind that, after impos-
ing EWSB, a minimal GMSB model can be constructed
from the following parameters,

Mmess: NIIIeSSa A7 tanﬂ? Sign(/"t)7 (2)

where M,ess is the overall messenger scale; Nyegs is the
so-called messenger index that parameterises the struc-
ture of the messenger sector; A is the universal soft SUSY
breaking scale felt by the low-energy sector; tan 8 is the
ratio of the vacuum expectation values (VEVSs) of the two
Higgs doublets; sign(u) is the ambiguity left for the SUSY
higgsino mass after EWSB conditions are imposed. The
MSSM parameters and the sparticle spectrum are deter-
mined from renormalisation group equation (RGE) evolu-
tion starting from boundary conditions at the M5 scale,
where M, = NinessAg(A/
Miess)a, (a =1, 2, 3) for the gaugino masses and m? =
2Nmess A2 f(A/Mess) Y., (a/4m)2C,  for  the scalar
masses. Here g, f are the one, two-loop functions whose
exact expression can be found e.g. in [11], and C, are the
quadratic Casimir invariants for the scalar fields. The Ay
couplings are taken to be zero at the messenger scale, since
they are generated (first power) at the two-loop level. We
use a phenomenological approach for By, which is not
assumed to vanish at M., but is instead determined
together with |u| by requiring correct EWSB.

For the purpose of exploring the GMSB parameter
space of interest for the LC, we generated about 20,000
models, of which about 5,000 have a neutralino NLSP.
The spectacular GMSB signatures, most of which are free
from SM-background, make it generally possible to ex-
clude GMSB models at LEP2 with mypsp < /s/2— few
GeV [11]. We estimate that in a few years searches at
LEP and Tevatron will only allow models where the whole
MSSM spectrum is above about 100 GeV, at least in most
typical GMSB scenarios. (A remarkable exception is the
case where the neutralino is the NLSP and decays outside
the detector, due to relatively large values of vF, but this
is of no special interest here.) Hence, we limit ourselves to
models where 100 GeV < mnrsp < 250 GeV = /s, /2.
As a result, the relevant range for A is between about 60
TeV/Nmess and 200 TeV/v/Npess-

For the sake of simplicity, at first we considered only
models where Ny,ess is a positive integer between 1 and 10
(actually, we could not construct a model with Nyess > 8
satisfying all constraints described above and below). As
an example, if the messenger sector consists of a 5+5 of
the global GUT group SU(5) D SU(3)c®SU(2),®U(1)y,
then Npess = 1, while if it also includes a 10410, then
Npess = 1+ 3 = 4. Our messenger scale M,qss is bounded
from below by several constraints. First, to avoid excessive
fine-tuning of the messenger masses, we impose Myess >
1.01A. Second, we require that the mass of the lightest
messenger scalar be much heavier than the MSSM parti-

cles (at least 10 TeV, that is Mmess > @)

Finally, to preserve gauge-coupling unification, we also
impose Myess > Mgur exp(—125/Nyess). In this way,
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the lowest allowed value we obtained for M s 18 around
19 TeV. Further, to start with, we set a nominal up-
per bound on the messenger scale Myes < 10°4 —
Miess S 2 x 1010 GeV. We will see that this is overruled
by other constraints described below. As for tan 3, we re-
quire it to be larger than 1.2 (to avoid imminent bounds
from SUSY Higgs searches at LEP2 and non-perturbative
blowing up of the top Yukawa coupling below the GUT
scale) and we could not construct a coherent model with
correct EWSB and tan 3 larger than about 55, with a mild
dependence on A.

In addition to these parameters, for each given GMSB
model, a value for the fundamental SUSY breaking scale
V/F has to be specified to complete the information needed
for collider phenomenology. The ratio Fs/F = AMpess/ F,
where Fg is the scale of SUSY breaking felt by the mes-
senger particles, depends on details of the secluded sector
and the communication between it and the messengers.
If this occurs, e.g., via a direct interaction and the gold-
stino superfield coincides with a single superfield enter-
ing the messenger superpotential (which we will assume
in the following for simplicity), then one can infer from
perturbativity arguments up to the GUT scale that the
corresponding coupling has to be smaller than one [11].
In models with radiative secluded-messenger communica-
tion, the ratio can be even much smaller. In general, one
can argue that

VF > \/AMpess > A. (3)

This allows the determination, for each given GMSB
model, of a lower bound for the gravitino mass (and the
NLSP lifetime, as we will see) and an upper bound for
the strength of its interactions with matter ~ 1/F. In
our set of models of interest for the LC with 100 GeV
< mnLsp < 250 GeV, we find mg 2 0.2 eV and VF 230
TeV. Unfortunately, there is no such compelling argument
to put a strict upper limit on v/F that can be of relevance
to collider physics. In a simple cosmological scenario, one
might invoke the argument that if the gravitino mass is
too heavy ( 2 1 keV = V/F 2 few thousand TeV),
then the gravitino relic density could over-close the uni-
verse [18]. This is of some use for our purposes and we will
exploit this argument in the following. However, one has
to keep in mind that a heavier gravitino can well be in
agreement with cosmological scenarios including an infla-
tionary epoch. Barring the latter possibility, one finds that
the upper limit on the gravitino mass can only be satisfied
in our framework if Mpess < 2 x 108 TeV, in models of
interest for the LC. This also implies that values of Nyjess
larger than 6 are highly disfavoured in this case.

In this parameter space, we generated models by means
of a private computer program called SUSYFIRE [19], an
updated, generalised and Fortran-linked version of the
program used in [11], which can produce minimal and
non-minimal GMSB and SUGRA models. For scanning,
we used logarithmic steps for A, A/Myess and tan 8. The
program proceeds by iterating the following: setting the
masses and the gauge couplings at the weak scale; evolv-
ing the REG’s to the messenger scale; setting the messen-
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Fig. 1. Scatter plot of GMSB models of interest for
a 500 GeV eTe™ linear collider (100 GeV < mnrsp <
250 GeV) in the (Mmess, Nmess) plane. The region in
the upper left corner is excluded by requiring pertur-
bativity up to the GUT scale. For each integer value of
Nmess (fractions along the y axis have here no mean-
ing and are for display purposes only) from bottom to
top and in different grey scale, we display neutralino-
NLSP models (+), stau-NLSP models (*), slepton co-
NLSP models (o), and neutralino-stau-coNLSP mod-
els (x)
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ger scale boundary conditions (see (23), (24) in [11]) for

the soft sparticle masses; evolving the RGE’s back to the
weak scale, taking care of decoupling each sparticle at the
proper threshold. We use two-loop RGE’s for the gauge
couplings, third generation Yukawa couplings and gaug-
ino soft masses. The other RGE’s are at the one-loop level.
We require EWSB using the one-loop effective potential
approach (one-loop Higgs masses + consistent corrections
from stops, sbottoms and staus) at the /M, my, scale and
we eliminate |u| and By in favour of tan 8 and M.

The phenomenology of GMSB models is largely depen-
dent on which particle is the NLSP or, better, on which
sparticle(s) has (have) a large branching ratio (BR) for
decaying to its SM partner and a gravitino. Four main
scenarios are possible:

Neutralino NLSP scenario: Occurs whenever myg, <

(ms, —m;). Here typically a decay of the Ny to G~ is
the final step of decay chains following any SUSY pro-
duction process. As a consequence, the main inclusive
signature at colliders is prompt or displaced photon
pairs + X + missing energy. N7 decays to GZ° and
other minor channels are also important for this study,
as we will see in the following. In the rest of this pa-
per, we will focus on this possibility, although we are
well aware that the other scenarios are very relevant
for LC phenomenology and we plan to devote further
work to them. A detailed discussion of the neutralino
NLSP case will be carried out in Sect. 3.

Stau NLSP scenario: Defined by mz < Min[mg ,m;_]—

m,, features 7 — G7 decays, producing 7 pairs or
charged semi-stable 7, tracks or decay kinks + X +
missing energy. Here ¢ stands for e or pu.

Slepton co-NLSP scenario: When m; < Min[mg, ,mz +

mr], lp — G decays are also open with large BR. In
addition to the signatures of the stau NLSP scenario,
one also gets £7¢~ pairs or £ tracks or decay kinks.

Neutralino-stau co-NLSP scenario: If [mz, —mg | < m,
and myg < my;_, both signatures of the neutralino
NLSP and stau NLSP scenario are present at the same
time, since N1 <> 71 decays are not allowed by phase
space.

Note that one always has m;_ > msz in the GMSB
parameter space we explored, and that the classification
we give above is only valid in the limit m., m, — 0 and
has to be intended as an indicative scheme. Indeed, we
did not take into account very particular regions of the
parameter space where, due to a fine-tuned choice of v/F
and the sparticle masses, one may achieve competition
between phase-space suppressed decay channels from one
ordinary sparticle to another and sparticle decays to the
gravitino [20]. Note also that we did not find in our sample
any model with a sneutrino NLSP, since this is only pos-
sible in a corner of the parameter space where the lightest
sparticle masses are well below 100 GeV.

In Fig. 1, we show where in the (Mpess, NVmess) Plane
the scenarios described above are of relevance, for a GMSB
spectrum of interest for the LC. One can see that the
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Fig. 2. Allowed regions in the (tan 3, A) plane for neutralino-
NLSP models of interest for the linear collider, for different
values of Nmess (necessary, but not sufficient conditions)

neutralino-NLSP scenario can only occur (but does not
need to) for Nyess = 1, 2 or 3. For Npyess = 3, it is also
necessary to have a messenger scale as high as 108 GeV
or more. Neutralino-stau co-NLSP models exist also for
Npess = 4, but only for very high Mjyess. Stau NLSP
and slepton co-NLSP models are instead possible for all
allowed values of Npeqs, but slepton co-NLSP models need
Mess to be lower than 10% (107) GeV, if Nyess = 1 (2).
Perturbativity requirements up to the GUT scale start
to be effective in excluding relatively low values of M ess
for Npess => 5, while models with Npyess = 7 or 8 are
not possible if one imposes the simple cosmology-inspired
condition mgz < 1 keV.

Within a given scenario, the specific topology of the
signatures is determined by the value of v/F. We discuss
this in detail in the next section, for the specific case where
a neutralino is the NLSP. We now analyse a few important
characteristics of neutralino NLSP models with 100 GeV
<mpy, <250 GeV in our sample.

First, in Fig. 2, we show the allowed regions in the
(tan 3, A) plane for such a scenario to be realized. All
the neutralino NLSP models we generated fall within the
regions shown in Fig. 2 for a given value of Ny, but note
that it is generally possible to construct models giving
rise to different NLSP scenarios that also fall in the same
regions of this plane. The regions in figure are sketched
with a regular form to give a more intuitive feeling and are
a bit wider than those actually populated by the relevant
models in our sample. Also note that, due to the stau L-R
mixing producing lower mass eigenvalues for large tan 3, it
is impossible to build a neutralino NLSP model of interest
here for tan 8 2 30 (15), when the messenger sector is not
the simplest possible one, namely Npess = 2 (3).

Second, it is important to determine how much heav-
ier the other sparticles can be compared to the Ny. This
tells us what the likelihood is that once Ni-pairs are pro-
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Fig. 3. Bounds on the ratio between R-selectron and the ]\71
masses in neutralino NLSP models of interest for the LC. Con-
tours of the populated regions are shown for different values of
chss

duced as an isolated signal at the LC, one can turn other
SUSY processes on by just slightly raising the available
c.o.m. energy. In all neutralino-NLSP models, the next-to-
NLSP particles are the R-sleptons, and in particular the
71 (which turns always out to be dominated — 85% or more
— by the R component). The é, mass is particularly rele-
vant, since it largely determines the etfe™ — NlNl Cross
section, together with the N; physical composition, due to
the large contribution from ¢-channel é-exchange graphs.
Indeed, we will see that in GMSB models, the N; is dom-
inated by the bino component, more strongly coupled to
R-particles, and the €, is always much heavier than the
€r. The contribution from t-channel €,-exchange graphs
is hence generally negligible. In Fig. 3, we show the ratio
Mey /My, as a function of tan 3 and for different messen-
ger multiplicity. We chose tan 8 here as the independent
variable mainly for visual purposes. The main informa-
tion that can be extracted from Fig. 3 is that there are
no neutralino-NLSP models where the €5 is more than 1.8
(1.4, 1.2) times heavier than the Ny for Npess = 1 (2,3).

Both in connection with the production cross section
and with the decay properties to be discussed in the next
section, it is essential to specify the possible physical com-
position of the V; in GMSB models with neutralino NLSP.
Fig. 4 shows clearly that the bino component is always well
above 90%, while the wino component never reaches the
2% level. The total higgsino component in the Ny can only
rarely reach the 5% level, hence in some cases we will just
neglect it in the following and assume that the V; is a pure
gaugino. Note also that in the EW-diagonalised basis, the
photino component |(N7|7)|? of the NLSP is always in-
cluded in the 0.60-0.85 range, while the zino component
is in the 0.15-0.35 range.

The reader must be warned, however, that this is only
true in the simple GMSB framework we use in this pa-
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per. Here, we chose the phenomenological approach where
one just assumes the existence of the p and B terms at
the messenger scale and determines them through EWSB
conditions. As a consequence of this and the particular
characteristics of the stop spectrum in GMSB, |u| turns
always out to be 2 300 GeV > M in neutralino GMSB
models with 100 GeV < my, < 250 GeV. Further, the re-
lation || 2 2M; always holds at the EW scale (here M,
is the bino soft mass). Such a circumstance produces de-
coupling between the gaugino and higgsino blocks in the
neutralino and chargino mass matrices and the character-
istic relations mg, ~myg, ~ My >~ 2myg ~ 2M; approx-
imately hold, while the heavier neutralino and chargino
mass eigenvalues are always of order |u|.

However, there are many possible sources of more com-
plex scenarios. For instance, if one attempts to put to-
gether a radiative mechanism to generate |u| and B, one
may find extra corrections to the Higgs soft (mass)? pa-
rameters, which in turn can modify the value of ||, often
lowering it [8,9,11,22]. Further, it is possible to build co-
herent GMSB models that have unequal messenger mul-
tiplicity relative to the three SM gauge groups. Models in
this class exist where the higgsino component of the Ny
NLSP is large, with remarkable phenomenological conse-
quences, both for the N1 N; production cross section and
N; decay BR’s to be discussed below. Many other vari-
ations in the messenger sector are possible [23], but the

and higgsinos components. Our basis
for the neutralino mass matrix is the
same as in [21]

associated phenomenology is beyond the scope of this pa-
per. In the following, we will always assume that the hig-
gsino components of the N3 NLSP are small and possibly
negligible.

We list here three reference GMSB models with neu-
tralino NLSP in our sample that we will use in the fol-
lowing. We chose these particular models because they
are qualitatively different for our experimental studies of
Sect. 7. They cover a good spectrum of possibilities and
provide a feeling of the various problems that the exper-
imenters could face if nature had chosen GMSB and the
neutralino as the NLSP.

Model # 1 features are summarised in Table 1, where
spectrum, production cross sections at a 500 GeV LC, and
other relevant details such as sparticle physical composi-
tion and dominant decay channels are given (details about
the NLSP decay are deferred to the next section). The pre-
cise values reported for masses and cross sections (which
include ISR and running ., effects), depend slightly on
details of the spectrum calculation, higher-order correc-
tions etc. They should be considered as an approxima-
tion at the level of a few percent. (Since here we are not
particularly interested in the Higgs sector, we give only
indicative information about it.)

Model # 1 is a model with a rather light spectrum, in
particular the NLSP mass is right at our assumed LEP2/
Tevatron bound of 100 GeV. The next-to-NLSP, the R-
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Table 1. Input parameters, output spectrum and basic characteristics of a typical GMSB model

with a 100 GeV neutralino NLSP: Model # 1

Model # 1. INPUT: Muess = 161 TeV; Nuess = 1; A = 76 TeV; tan 8 = 3.5; > 0

Particle Mass Production @ 500 GeV LC Comments

G =LSP 229eV indirect only stable

Ni: = NLSP  100.0 GeV o(NiN1) = 256 fb |(N1|B)|> = 0.97; decays to G
71 136.6 GeV o(f171) = 56.9 fb ~ 7r: decays to N

€r, iR 137.1 GeV o(Eérér, irRfir) = 274,56.6 fb decay to N,

C 183.3 GeV o(C1Cy) =137 fb |Uin|? =0.87; |Vii]? = 0.94
Na 184.6 GeV  o(N1 N2, NaNo) = 39.1,38.3 fb [(No|W3) |2 = 0.9

Ve pur 264.4 GeV - - U, slightly lighter

e, fiL 274.3 GeV o(éLéx) =101 fb

7 274.5 GeV o(7172) < 0.1 fb ~ 7

R ~ 105 GeV a(hZ) ~ 70 fb

Nz, Ny, Coa > 400 GeV .

HO A°, H* > 500 GeV -

g ~ 650 GeV _

q > 700 GeV _

sleptons, are in the middle of their allowed mass range
for such a NLSP mass. If this GMSB scenario were to be
realized, the sparticles that could be produced with ap-
preciable cross section at a 500 GeV LC would be gaugi-
nos, R-sleptons and L-selectron (in association with €ég).
The total GMSB signal would be in this case quite “gen-
erous.” Heavy interacting sparticles are definitely out of
reach, even for a possible second phase of LC operations
with c.o.m. energy at or slightly above 1 TeV. These large
mass splittings are a well-known characteristics of GMSB
models (cfr. e.g. [3,24]) and are due to the fact that gaug-
ino and scalar masses are proportional to the relevant
gauge couplings. (The light Higgs is close to the edge of
detectability at LEP2/Tevatron, depending on fine details
and higher-order corrections that we do not take into ac-
count. In any case, models with a slightly heavier h® and
no significant differences in the other sectors can easily
be constructed with small changes to the input parame-
ters. The rest of the Higgs sector is very heavy.) Notice
that such a model would not be expected to produce a
large signal at the LHC, due to the heaviness of gluino
and squarks, hence a careful search and study at the LC
would be most likely necessary, if not for initial SUSY
discovery, then at least for a confirmation and for deter-
mining with good accuracy the source of the anomalous
signal and the underlying SUSY-model parameters.
Model # 2 (see Table 2) is much more of an “avari-
cious” model, with a 200 GeV NLSP mass. It is obtained
from Model # 1 by just raising the input value of A,
leaving the Myess/A ratio and the other parameters un-
touched. The only GMSB signal present at a 500 GeV LC
would be NLSP pair production in this case. Note that
changing the N; mass with respect to Model # 1 does
not only result in a drastic reduction of the cross section
for N1 N; production, but also in an important change in

the Ny decay BR’s, as described in detailed in Sect. 3. As
a consequence, even focussing on N1 N; production only,
this model would produce a considerably different signal
at the LC compared to Model # 1, both quantitatively
and qualitatively. In this case, gluino and squarks are very
heavy, possibly close to a reasonable bound from natural-
ness arguments and the GMSB signal at the LHC would
be rather scarce.

Model # 3 (see Table 3) is a special model present-
ing some unusual and challenging characteristics. First of
all, the R-slepton masses are very close to the neutralino
NLSP mass of 165 GeV. (Note that when the difference
between the 71 mass and the NLSP mass approaches the
tau mass, one falls in the neutralino-stau co-NLSP sce-
nario that we are not treating here.) As we will see, this
poses the problem of separating the various GMSB signals
from each other at the LC in order to perform specific mea-
surements. Another experimental challenge follows from
the fact that the relatively low minimum gravitino mass
combined with a quite large N7 mass makes it possible
for the neutralino to decay very close to the interaction
region at the LC (see Sect. 3) in this case.

In Fig. 5, we plot the cross-section for the various
SUSY production processes as a function of /s in the
range of interest for a 500 GeV LC, for Model # 1. Ac-
tually, Fig. 5 contains some more information, since the
normalisation of the y axis takes into account the inclusive
nature of the GMSB signal and the typical luminosities of
the LC. As we will see in Sect. 3, for all neutralino NLSP
models N; — G7 is the dominant NLSP decay channel,
with BR’s always greater than about 85%. (For Model
# 1 this is actually 95%.) As a consequence, each time a
sparticle pair is produced, there is a large probability of
getting a final state with 2 photons, some other particle
resulting from cascade decays and large missing energy.
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Table 2. Input parameters, output spectrum and basic characteristics of a typical GMSB
model with a 200 GeV neutralino NLSP: Model # 2

Model # 2. INPUT: Mpess = 309 TeV; Nmess = 1; A =146 TeV; tan 8 = 3.5; u > 0

Particle Mass Production @ 500 GeV LC Comments

G =LSP 2 11 eV indirect only stable

Ni = NLSP  200.0 GeV o(NiNy) = 42.3 tb [(N1|B)|> = 0.99; decays to G
R ~ 115 GeV o(hZ) ~ 63 fb

Ty 256.4 GeV - — ~ Fr; decays to Ny

ér, fir 256.8 GeV —— decay to N,

C 374.1 GeV - |Un|> =0.95; |Vi1]? = 0.98
Ny 374.4 GeV - |(N2|W3)|? = 0.96

Ve, p,r 511.5 GeV - — U, slightly lighter

ér, L 516.7 GeV - -

To 516.7 GeV - - ~ 7

N3, Niy G > 700 GeV -
HC, A° H* > 900 GeV - -
~ 1150 GeV -
> 1300 GeV ——

ESTINSY

Table 3. Input parameters, output spectrum and basic characteristics of a typical GMSB model
with a very-short lived neutralino NLSP and nearly degenerate light sparticles: Model # 3

Model # 3. INPUT: Myess = 110 TeV; Npess = 1; A =100 TeV; tan 8 =3; p < 0

Particle Mass Production @ 500 GeV LC Comments

G =LSp 2 2.6 eV indirect only stable

Ni = NLSP  165.0 GeV o(Ni1Ny) =136 fb |(N1|B)|]> = 0.99; decays to G
1 171.5 GeV o(f171) = 34.6 fb ~ 7r; decays to N

ér, fir 171.8 GeV  0(érér, firjir) = 78.7,34.5 fb decay to N

Ny 315.0 GeV o(N1N2) = 1.07 fb |(N2|W3)|? = 0.96

R ~ 105 GeV a(hZ) ~ 70 fb

Cy 315.1 GeV -— |Un1? =0.93; [Vi1|?> =0.99
Ve, 342.5 GeV - - U, slightly lighter

&L, fir 349.8 GeV -

’7‘:2 349.8 GGV - = ~ %L

N3, Ny, C2 > 500 GeV -
H® A°, H* > 650 GeV -
~ 950 GeV -
> 950 GeV -

ESTEST

In Fig. 5, the quotation marks for v mean that (one of) for our experimental studies in Sect. 7. We will also use
the photons might escape detection if the Ny lifetime is Fig. 5 as a basis for the study of Sect. 5.

very large (cfr. Sect. 3). The number of “y”“y” 4+ X +

F events is normalised to an integrated luminosity of 100

fb~!, which is a typical value for a few-month run at the .

LC (cfr. Sect. 4). Notice here that for the case of Model 3 Neutralino NLSP decays

# 1, running at c.o.m. energies of order 270 GeV would
still allow for order 20,000 GMSB events, while selecting

Y \ : In this section, we analyse the properties of the NLSP de-
pure yvF events only. This circumstance will be exploited N

cay in GMSB models, with focus on the case where Ny =
NLSP.
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Signal from GMSB at the Linear Collider

Mmess/A = 2.12
|Nmess = 1
| tang = 3.5i sgn(u)= +

m(N,) = 100 GeV

| BR(N, —9G) = 0.95

# of (e*e'—>SUSY—)”Y”’y”+X+Emiss) events in 100 fb™'
>
FS

9 (a0

Fig. 5. Inclusive signal “4”“y” + X
+ F from GMSB Model # 1 as a
function of /s in the range of inter-
est for a 500 GeV LC. The total as well
as all contributions to the signal from
each sparticle-pair production process

350
E.., [GeV]

In [10], all the formulas for 2-body decays involving the
gravitino can be found, in the limit where the gravitino in-
teractions can be approximated by those of the goldstino
and its mass can be kinematically neglected, which is al-
ways the case in GMSB at collider energies. For a generic
decay S — SG, where S is a SM particle and S its MSSM
superpartner, one has for the correspondlng width,

As M5 (gaye = s
487er2 2 o 167/

where the gravitino mass is given by (1), 8% is the rela-

tivistic factor /1 — (mg/mg)? if S is a vector or scalar
boson. If S is a massless fermion, 8% — 1. Ag is a constant
depending on the S, S spin and possibly a mixing matrix
element. For example, if S is a SM lepton or quark and S
a slepton or squark, then simply Ag = 1.

We are here interested in the S = N case, since in our
neutralino NLSP models the only particle that can un-
dergo a 2-body decay to a gravitino with a non-negligible
width is the lightest neutralino. The relevant expressions
for Ag can be found in Table 4, where we use the nota-
tion of [21] for the neutralino mixing matrix and « is the
mixing angle in the MSSM neutral Higgs sector.

Due to the absence of the (3*)® kinematic suppression
and the Ny physical composition in the models of interest
here (cfr. Fig. 4), the Ny decay is always dominated by
the photon channel. However, in the context of this paper

(ﬂs) (4

450 are shown. The normalisation is based

on an integrated luminosity of 100 fb™*

Table 4. Constant factors entering the expressions for the
widths of neutralino 2-body decays to gravitino

Decay As = where

Channel

S=x Kivy Kiy = |Ni1 cos Ow + Nigsin Oy |?
z° KiZp + %KiZL Kizg = |Ni1sin 0w — Ny cos Oy |?

Kiz; = |Niz cos 8 — Ny sin 8)?

h? Kino /2 Kino = |Nizsina — Nig cos af?
H° Ko /2 Kipro = |Nig cos a + Ny sin a?
A° K40 /2 Kiq0 = |[Nigsin B+ Nia cosﬂ\2

where mg > 100 GeV and fine details of the neutralino
decay will be used in the following, it is important to note
that the BR for decaying to a Z° can be sizeable and
also to address the problem of the 3-body decay channels
N1 — ffG, where f is a SM lepton or quark [9].

The Feynman diagrams contributing to the 3-body
processes are shown in Fig. 6. An analytical formula for
the sum over final-state SM-fermions of the total widths
for these decays via real or virtual boson exchange has
appeared in [9]. However, that summed formula could not
take into account Diags. 6-9 where a L- or R-sfermion
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Diagr. 7

is exchanged, which are a-priori not less relevant than
Diags. 2-5, where other heavy intermediate particles are
involved. Also, in [9] the virtual photon contribution (Di-
agr. 1) was calculated including an overall detector-
dependent cutoff on the fermion pair invariant mass, cho-
sen to be of order 1 GeV. In the context of this paper,
however, we have at our disposal a full detector simulator
(cfr. Sect. 6) and we will be interested in the individual
BR’s for each ff pair (cfr. Sect. 7). Also, the kinematical
distributions of these decays are relevant to our following
studies. In the rest of the paper, we will often use the
name “neutralino charged decays” when referring to the
N1 — ffG channels and in particular to the case where
the subsequent final state includes either a charged lepton
or a charged “stable” hadron.

To account for these channels, we proceeded as follows.
Using the general lagrangian for the goldstino interactions
with matter without assuming on-shell conditions (cfr.,
e.g., [3,10]), we input all the relevant vertices' involving
the gravitino in CompHEP 3.3.18 [26] in a limit suitable
for collider physics. For the other vertices involving MSSM
particles, we used the home-made lagrangian® that was
first checked against analytical calculations and then used
for numerical evaluations in the work of [20]

We named the resulting software Gravi-CompHEP [19].
Using Gravi-CompHEP, we found that the contribution to
the total width from virtual photons is in very good nu-
merical agreement (for the electron and muon case up to
4 digits) with the analytical formula [28], valid to lowest

! For some of our gravitino vertices and using the goldstino
lagrangian as an input, we checked that there is agreement
with the output of LanHEP 1.5.06 [25]

2 For the relevant MSSM vertices and in the relevant limit,
we checked that there is numerical agreement with our results
when using the CompHEP 3.3-compatible MSSM lagrangian of
[27] instead
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- __/G
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/A-\if
b B

G
Diagr. 6
Fig. 6. Feynman diagrams con-
- v/ tributing to 3-body neutralino
Ni 7. - decays N; — ffG, where f is a
R <f charged SM fermion. The chan-
G nels N; — v;7;G receive contri-
bution from Diags. 2, 6 and 7
Diagr. 9 only

order in my/mpy,,
(N = ffG)

2
~ =\ Olem 70 mr, 15
= I'(N; — 7@) - N¢Q} lln ( m]; > - 4] (5)

where @)y is the final fermion electric charge in units of e,
N¢ =1(3) for leptons (quarks) and the cutoff is naturally
provided by the f mass. Note that, e.g. for a 100 GeV neu-
tralino mass as in Model # 1, (5) gives for the case of elec-
trons in the final state numbers about twice (five times)
as large as for the case of muons (taus). For hadronic final
states, a realistic evaluation must take hadronization ef-
fects and higher-order corrections into account. However,
since hadrons will not be our main focus in the analyses
of Sect. 7 and we will be most interested in the BR’s for
the leptonic channels, we chose a reasonable approxima-
tion using a rough cutoff for the invariant mass of the final
fermion pair at 2Aqcp ~ 300 MeV for light quarks and
(5) for heavy quarks.

The contribution from Z°-exchange to I'(Ny; — ffG)
(Diagr. 2) is obtained from (4) by replacing

Az(B3)F = |maze 1(2) + P41 (Z)| BR(Z = ),

where Iy and I; are kinematical factors taking finite Z°-
width effects into account®. In our model sample for the
LC, one finds that as long as my, 2> 120 GeV the on-shell
Z° approximation is accurate at the level of 10% or bet-
ter. For lighter neutralinos, the full calculation is required,
since e.g. for myg = 100 GeV one has Ip(Z) = 0.0052 and
I,(Z) = 0.0023, whereas ((%)® = 0.00081, and the on-
shell Z° approximation underestimates the Diagr. 2 con-
tribution by a factor 2.5-3. On the other hand, for models
with mg < 120 GeV in our sample, the Z°-exchange

3 Analytical expressions can be found in [9,10]
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contribution is always < 3 (15)% of the virtual photon
contribution, e.g. for the f = e (7) case.

The interference between the 7- and Z°-exchange dia-
grams turns out to be always small, generally at the level
of a few % or less of the pure Diagr. 1 contribution (cfr.
also [9]).

Diagr. 3 is always negligible for the models of our in-
terest here. Indeed, one has both a dynamical suppres-
sion due to the lack of higgsino components in the N;
(cfr. Fig. 4) and a kinematical ~ (3*)® suppression, for
myg, 2 150 GeV (in this range, mh/m];,1 < 0.85 always
in our model sample and the on-shell approximation ap-
plies). Taking off-shell effects into account for myg < 150
GeV (the formulas are similar to those for the Z° case
described above) does not help either, since the h® width
is typically very small in the MSSM. Also, Diagr. 3 con-
tributes to the channels with heavy fermions in the final
state only, which have typically lower BR’s. Diags. 4 and
5 are even more strongly suppressed, because the masses
of the CP-odd and heavy CP-even Higgses only rarely
drop below 300 GeV in our model sample. Interferences
involving Diags. 3-5 are basically zero. In the rest of this
section, we will often assume for simplicity that the V7 is
pure bino; this makes all the contributions from Diags. 3-5
zero and is justified by Fig. 4.

Finally, as far as Diags. 6-9 are concerned, the f ex-
changed is necessarily heavier than the initial N7 by defi-
nition of neutralino NLSP model. For the case of hadronic
final states, these diagrams do not count, since the squarks
are too heavy in our models. However, it turns out that
limited to the case of £p exchange, the contribution to
the width is often non-negligible and at the level of sev-
eral to 10% of the total, especially for those models where
mpy, /mg, is close to 1 and for the case of heavier leptons
in the final state where Diagr. 1 is less dominant. This
is again due to the relatively large B—1Ig coupling and
the fact that the /g can never be much heavier than the
NLSP (cfr. Fig. 3). Diags. 6-7 are always negligible, even
in the leptonic case, due to the relative heaviness of the
L-sleptons.

In Fig. 7, we give a general idea of the behaviour of the
BR’s for the main neutralino NLSP decay channels as a
function of my for all the models in our sample of inter-
est for the LC. From top to bottom, we show the BR’s for
the dominant two-body channel to a photon, the two-body
channel to a Z° including off-shell effects (so that the con-
tribution from Diagr. 2 to 3-body channels can be readily
extracted by multiplying by the appropriate Z° BR), the
hadronic and ete” 3-body channels from Diagr. 1. For
comparison, we also report our results for the BR of the
2-body N; — h°G decay in the on-shell approximation.
The logarithmic scale does not allow inspection of fine ef-
fects. However, it is evident that the Z° channel can be
important with BR’s up to about 15% for heavy neutrali-
nos, while the main 3-body channels via virtual photon
are always relevant with BR’s at the level of a few %.
The Higgs channel has always BR’s less than 0.1%. Note
also that, due to the homogeneous physical composition
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Fig. 7. Scatter plot for the BR’s of various neutralino NLSP
decay channels as a function 0f~the N1~ma~ss. Dots~in different
grey scale refer to the decays N1 — vG, N1 — ZG (including
off-shell effects), and to hadrons or e*e™ via virtual photon, as
labelled. For reference, we also report results for the two body
N1 — h°G decay in the on-shell approximation, whose BR is
always negligible

of the N; in our sample, the important BR’s are basically
dependent only on the neutralino mass.

Fig. 8 is a scatter plot for our model sample showing
in detail the BR’s for all the ~ _
3-body Nj decay channels (excluding Ny — voG) as a
function of the neutrahno mass. From toE to bottom,
hadronic + G, ete~G, ptp~G and 777G final states
are calculated 1nc1ud1ng all contrlbutlons from Diags. 1-9
in Fig. 6. The BR’s for all 3-body channels all increase for
heavier neutralinos. The hadronic channel occurs about
2% to 15% of the times, the electron channel 1%-1.5%,
the muon channel 0.8%-1.1%, the tau channel 0.3%-0.7%.
Again, fixing the Ny mass basically determines these BR’s,
with some more uncertainty for the hadron and 7 chan-
nels that receive relatively larger contributions from Z°-
exchange.

In spite of the fact that the BR for the leptonic 3-body
channels is often quite low, due to the large integrated lu-
minosity that might be available at a LC, the possible
number of events featuring a (displaced) ¢T¢~ pair is still
large in most cases. In Fig. 9, we show scatter plots for
our neutralino NLSP model sample referring to inclusive
GMSB signals at a /s = 500 GeV LC as functions of
the neutralino mass. We refer to a nominal 100 fb~! run
and sum over all SUSY production processes. In Fig. 9a
we report the number of events including two (displaced)
photons and missing energy coming from two long-lived
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Fig. 8. Scatter plot for the BR’s of neutralino NLSP decays
to several 3-body ffG channels as a function of the N; mass.
Dots in different grey scale refer to decays to quarks, electrons
muons and taus, from top to bottom. Contributions from all
Diags. 1-9 in Fig. 6 are included here

Inclusive GMSB Signals at the Linear Collider
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Fig. 9a,b. Scatter plot for some inclusive GMSB signals in
neutralino NLSP models of interest for a LC. We report the
number of events expected after a nominal 100 fb~! run at 500
GeV c.o.m. energy. a Events including two displaced photons
and missing energy. b Events including a displaced e*e™ pair
and missing energy. Here we assume that the delayed decays
of the ]\71 NLSP all occur within the detector
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Fig. 10a,b. Scatter plot for some inclusive GMSB signals in
neutralino NLSP models of interest for a LC, as in Fig. 9, but
for /s = v2m &, - Big black dots are for models where only
N1 N, pairs can be produced at such an energy, while little

grey dots refer to models where other processes are also below
threshold

neutralino decays. In Fig. 9b, we consider all events in-
cluding at least a displaced ete™ pair and missing energy.
In the models we are interested in, one gets at least 100
such events if myg < 200 GeV, and up to about 10,000
events for lighter neutralinos. Notice that the meaning of
“displaced” here is that the tagged particles are produced
at some distance from the interaction region, where the
distance depends on the neutralino lifetime and the spe-
cific processes considered. In some cases, the displacement
might be so large that the particles are actually produced
outside the detector, as we will see in the following.

In Sect. 7, we will see that it is sometimes useful to run
a LC at a c.o.m. energy not far from the Ny N; threshold to
isolate the signal from neutralino pair production. To give
a feeling about this problem, in Fig. 10 we show a scatter
plot similar to Fig. 9, but for /s = \@mNI. The big black

dots refer to models for which only NN, pairs can indeed
be produced at such an energy, while small grey dots are
for models where other processes (typically pair produc-
tion of R-sleptons) are also below threshold. Note that the
number of events including a displaced e*e™ pair is always
larger than about 100 for an integrated luminosity of 100
fb=1. The BR’s for all the main N; decay channels for the
three reference models introduced in Sect. 2 are shown in
Table 5 and will be referred to in the analyses of Sect. 7.

In Sect. 7, we will heavily use the characteristics of
the three-body decays of the neutralino, including their
kinematical distributions. Using Gravi-CompHEP, we cal-
culated such distributions for our reference models and
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Fig. 11a,b. Normalised ¢7¢~ invariant mass distributions for the leptonic three-body decays of the Ni in Model # 1 a and
Model # 2 b. Stars, circles, crosses refer to the electron, muon, and tau case, respectively

Table 5. BR’s for the main decay N; decay channels in our three reference GMSB
models. ® Entries include the on-shell Z° (h®) contribution only. (®) Entries include
all contributions. As a consequence, due to double counting of the on-shell Z° (h°)
contributions, the BR’s in each column do not sum up to 1

Decay Channel BR in Model # 1

BR in Model # 2 BR in Model # 3

Ny — G 0.9507
Ny — ZG® 0.0003
Ny s eteG® 0.0164
Ny = ptp=G® 0.0079
Ny s 777G ® 0.0034
Ni— 3 qaG ™ 0.0213
Ny = Y vinG ® 0.0002
Ny = hOG @) -

0.8395 0.8913
0.1115 0.0585
0.0191 0.0179
0.0117 0.0101
0.0076 0.0059
0.0999 0.0631
0.0223 0.0117
< 0.0001 < 0.0001

we show here our results. We then implemented numeri-
cally the corresponding differential widths into our event
generator to perform the Monte Carlo simulation.

In Fig. 11, the normalised invariant £T¢~ mass distri-
bution for all the leptonic channels is plotted. The stars,
circles, crosses are the central points of our results for
the electron, muon, tau cases respectively in Model # 1
(a) and Model # 2 (b). The horizontal bars show the
Mye/m &, binning we used, while the errors coming from
numerical phase space integration on the distributions are
too small to be visible in logarithmic scale in most cases.
Note that the distributions are sharply peaked for low in-
variant masses close to 2My, and this is more and more
true for lighter leptons. As a consequence, e.g. the ete”
pairs coming from N;N; production at the LC and sub-
sequent three-body decay of (one of) the neutralinos tend
to be generated with small separation angles, which in-
troduces some experimental challenges (cfr. Sect. 7). In

Fig. 11Db, the peak corresponding to the Z°-exchange con-
tribution is also evident. To allow a better inspection of
the scaling properties of the distributions with m g and
my, we used here the (very good) N, = B approximation
for both models, so to keep the N; physical composition
constant when going from Model # 1 to Model # 2. For
the case of Model # 1, we included Diag. 1 only of Fig. 6,
since the other contributions would hardly be visible in
the plot anyway.

Limited to the case of Model # 1, in Fig. 12, we show
some relevant angular distributions for the N3 — ete~G
decay, the three-body channel we will be most interested
in. The circles refer to the normalised cos 6(e*e™) distribu-
tion, where f(e*e™) is the angle between the electron and
the positron momenta in the decaying N rest frame. As
expected, the e™ and the e~ prefer to proceed along the
same direction, due to the dominance of the virtual pho-
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Fig. 12. Normalised angular distributions for the Ny — e*e”
decay in Model # 1. Circles, squares, crosses and stars refer to
different angles, as defined in the text

ton contrlbutlon The stars correspond to the normalised
cosf(e* @) distribution, where #(e*G) is the angle be-
tween the electron (or positron) and the gravitino mo-
menta in the N; rest frame. The ete™ pair is produced
in the direction opposite to the G in the great majority
of cases. The squares refer to the normalised cos 8*(eTe™)
distribution, where 8*(e*e™) is the angle between the elec-
tron (or positron) momentum and the direction of the
boost of the ete~ system with respect to the Nj rest
frame, calculated in the eTe™ rest frame. In our case, this
is basically the angle between the electron (or positron)
and the virtual photon momenta and the almost constant
behaviour is then expected. Finally, the crosses show the
cos 0* (et () normalised distribution, where 6* (e*Q) is de-
fined as above and refers to the e*G system instead of the
eTe™ one. The general behaviour of these angular distribu-
tions is better understood in the light of the fact that the
two-body N1 — G decay is isotropic. Some instability
of our results due to numerical phase space integration is
visible, but it is well within the shown vertical error bars.

In Fig. 13, we show the normalised energy distributions
for the N7 — eteG decay in Model # 1 (a) and Model
# 2 (b). The stars refer to the electron (or positron) en-
ergy, while the circles are for the gravitino energy, in the
decaying Nj rest frame. For the case of Model # 1, the G
tends to take half of the available energy, while the elec-
tron and positron share the rest with an almost uniform
distribution between m,. and about m g, /2. Model # 2 fea-
tures evident effects of the Z°-exchange contribution that
add to a behaviour similar to the one for Model # 1 com-
ing from the still dominant virtual photon contribution.
Again, in order to allow a cleaner comparison between the
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two models, we used here the bino approximation. Note
that both the scales on the x and y axes in Fig. 13 are
interrupted for display convenience.

After having inspected the various possible decay chan-
nels, we turn now to the discussion of the total width and
the lifetime of the neutralino. As anticipated above, this
determines the topology of the signatures of neutralino
GMSB models at colliders. A single neutralino produced
with energy Eg will decay before travelling a distance A
with a probability given by

P(A) =1—exp(—A/L) where (6)
L= CTJ\*/vl (ﬂ’y)Nl. (7)
L is the Ny “average” decay length and (B7) 5, is the

: - 2 /2 _ 1)1/2
kinematical factor (EI\71 /mN1 1) Note that for N

pairs directly produced at the LC with /s = 500 GeV,
(BY) 5, =229 (0.75) if mg, = 100 (200) GeV.

Using (1), (4), and (5), the neutralino lifetime can be
conveniently expressed in the suggestive form,

167 \/>4
TN, = B m5~
N
4
~ 1 \/F ( my, )_5 (8)
1008 \ 100 TeV 100 GeV ’

which stresses the scaling properties with the 5 inverse
power of the neutralino mass and the 4*" power of the
fundamental SSB scale. B is a number of order unity that
can be well approximated by B ~ A, = ki, when the

two-body Ny — 7@ channel widely dominates, as e.g.
in Model # 1, or by simple expressions in most cases.
In general, however, it is a complicated function of the
neutralino composition, the GMSB model spectrum etc.,
when the full contributions to the three-body channels are
taken into account.

Once the neutralino mass and lifetime are measured
(cfr. Sect. 7), one can get striking information on vF
from (8). The uncertainty is then only due to the fac-
tor B. If the BR’s for the various N; decay channels are
also measured with good precision, or the neutralino com-
position and the (light) GMSB spectrum is extracted by
measuring other observables (production cross sections,
distributions), the fundamental SUSY breaking scale can
be determined precisely. However, it is remarkable that
even without collecting additional information, the knowl-
edge of my, and ey, is sufficient to constrain the value

of v/F in a narrow range, based on the well defined char-
acteristics of GMSB models. In Fig. 14, we report scatter
plots of our neutralino NLSP model sample for the LC
showing B in (8) as a function of the neutralino mass (a)
and the right selectron mass (b). To stress the existence of
some correlation between B and the right selectron mass
for models with a fixed light neutralino mass, in Fig. 14a,
the big grey (small black) dots refer to models where 102
(150) < me, < 150 (430) GeV. This can be compared to
Fig. 14b, where big grey (small black) dots correspond to
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GMSB Models with Neutralino NLSP Neutralinos decaying within a volume
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Fig. 15a,b. Scatter plot of the neutralino NLSP lifetime as a
function of the messenger scale Mmess @ and m N b. For each
set of GMSB model input parameters (A, Mmess, etc.), the
lower limit of the NLSP lifetime is plotted, corresponding to
VF ~ \/Fmess = VAMpess. Only models that fulfil the limit
on the gravitino mass (mg < 1 keV = VF mess S VE < 2000
TeV) suggested by simple cosmology are used

models with mg < (>)150 GeV. From this, one can e.g.
infer that if myg =~ 120 GeV and the neutralino lifetime

is measured to be about 1 cm, then 360 < VF < 385
TeV. If, in addition, ms, is measured to be heavier than
about 150 GeV (for instance, from é€réx threshold scan-
ning, see Sect. 5, or using its impact on the NNy cross
section), then the allowed range is further reduced to 370—
385 TeV. For a 200 GeV neutralino, a 1 cm lifetime gives
725 S VF < 740 TeV.

To summarise, we note that in the absence of further
information, the theoretical error on determining V'F from
given values of N; mass and lifetime amounts to about 3%
in the worst case, helped by the 4" power dependence in
(8).

It is of primary importance for collider phenomenology
to assess the range of variation for c7y . As anticipated
in Sect. 2, it is possible to use a lower limit from theory
on V'F, while significant upper limits can only come from
weak cosmological arguments suggesting mgz < 1 keV.
The lower limit defines a minimum value CTjrvf‘lin for the

neutralino lifetime as well as m‘é‘i“ for the gravitino mass
on a GMSB model-by-model basis. In Fig. 15, we plot this
limit as a function of Miess (a) and mg, (b) for our model
sample of interest for the LC. In this plot, we also use the
cosmological upper limit on mg, in the sense that those
models where mgi“ > 1 keV are not plotted. As a result,
one can see that the neutralino lifetime can be anywhere

Fig. 16. Number of events in 100 fb~! featuring one or both
neutralinos decaying within two reference spheres of radius 1.6
and 3.0 m (different grey scale or colours) after N1 Ny produc-
tion at /s = 270 GeV as a function of L or V'F for Model #1

between about 5 microns and about 25 metres (or more
if no cosmological arguments are used). Models with a
high messenger scale produce longer neutralino lifetimes.
For instance, if Myess = 10* TeV, then Ty, 1s always
larger than about 1 cm. Also note that shorter lifetimes
are obtained for heavier neutralinos. A 100 GeV neutralino
will always live more than about 15 microns. On the other
hand, a 250 GeV neutralino will tend to decay well within
a typical detector size, with lifetimes always smaller than
about 20 cm, if cosmological arguments are used.

When SUSY pairs are produced in a neutralino NLSP
scenario, the resulting final states always include two neu-
tralinos, which in turn decay to a gravitino + X. The prob-
abilities of both, one or zero neutralinos decaying within
a given volume of the detector depend on the neutralino’s
decay length L of (7), which in turn depends on the spe-
cific SUSY process, model and collider c.o.m. energy one
is considering. If we define a spherical volume of radius R,
then the probabilities associated with these circumstances
are of course given by P(R)?, 2P(R)[1 — P(R)], and
[l — P(R)]?. In Fig. 16, we show how many events are
expected with two (solid line) or one (dashed line) neu-
tralino decays as a function of L (or v/F) for the case of
direct neutralino-pair production in Model # 1. We show
curves for two reference spheres with a radius of 160 and
300 cm (we will see in Sect. 6 that the outer cylinder of
a typical proposed TPC for a LC detector is included be-
tween such two spheres). Our numbers refer to a 100 fb=!
run at the LC with /s = 270 GeV, where only NN,
pairs can be produced with a cross section of 188 fb. This
choice of parameters will be of relevance for the studies
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to be presented in Sect. 7. Note that for neutralino decay
lengths as large as 1 km (and V'F larger than 5000 TeV),
there still are about 100 events where one neutralino de-
cays within the reference volume. We warn however that
this is only true if a sum over all possible final states com-
ing from neutralino decays is performed and no angular
or other detector acceptance cuts are taken into account.
Based on this, a refined statistical study based on a real-
istic cylindrical detector and experimental framework for
the LC is performed in Sect. 7.7.

4 The linear collider and the TESLA project

The LHC will explore the next high energy frontier and
can be expected to be among the prime sources of new
physics discoveries into the next decade and beyond. How-
ever, ongoing studies of the physics potential of a eTe™
LC operating at c.o.m. energies ranging up to 500 GeV,
or higher (1-2 TeV), are revealing many complementary
measurements that could be made at such a machine on a
similar timescale to that of the LHC. Additional options
available at a LC are a considerable electron (and possi-
bly also positron) polarisation, ey and ~+ options, as well
as the potential for e7e™ collisions, making a LC a very
flexible and relevant facility, with particular application
to detailed studies of new physics signals.

Several linear collider designs are presently under dis-
cussion [29] and much of the discussion in this paper is
applicable to any machine. However, in order to relate our
study to a specific case, we explore the machine param-
eters of the high-luminosity TESLA option. The TESLA
machine proposal is described in some detail in vol. 2 of the
ECFA/DESY “Conceptual Design Report” (CDR) [30].
The most recent proposals involve two phases of opera-
tion; an earlier phase operating at /s = 500 GeV or less
and a later phase operating at /s = 800 GeV or less, with
luminosities of 3.1 x 1034 cm™2s~! and 5.0 x 1034 cm 257!
respectively [31]. In this study, we mostly limit ourselves to
the first phase foreseen for such a collider, with /s varying
between approximately 200 and 500 GeV. In most cases,
we will consider results that can be obtained after collect-
ing an integrated luminosity of 200 fb~, corresponding to
approximately one year of running at TESLA and to a few
years of running if parameters proposed for other linear
collider options (such as JLC or NLC [29]) are used.

We should stress that one of the highly desirable fea-
tures of a LC is the ability to tune the c.o.m. energy to
explore thresholds with precision. In this way, specific sig-
nals, e.g. from SUSY, can be enhanced from among oth-
ers, unless the production thresholds are too closely de-
generate. For instance, we use this property below for our
GMSB models # 1-2 to isolate the neutralino pair produc-
tion process for individual study. In addition, the energy
can be tuned to alter appreciably the Lorentz (87) factors
of the produced neutralinos and hence extend the range
of NLSP lifetime measurements. Neither of these options
will be available at the LHC.

A further advantage to this study of a LC over the
LHC is the fact that the effective c.o.m. energy is known
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precisely, up to effects of initial state radiation (ISR) and
beamstrahlung. The values of 55]:“‘“‘ due to beamstrahl-

ung are estimated to be 2.8% and 4.7% for the first and
second phase of TESLA respectively [31]. For the pro-
cesses we study in this paper, it is of prime importance to
know the energy of the pair-produced neutralinos in order
to be able to reconstruct the neutralino decay length, as
described further in Sect. 7. We wish to stress here the
complementary nature of the LC with respect to the LHC
and we envision the pleasing scenario where the LHC pro-
vides a wealth of interesting data, which is subsequently
investigated at the LC with high precision. This may in-
deed be necessary in order to distinguish conclusively be-
tween GMSB and other possible SUSY realizations (e.g.,
no-scale SUGRA models) and to measure the fundamen-
tal parameters with the precision needed to extract strik-
ing conclusions concerning physics at the messenger and
higher scales. Because of this, the present LC detector de-
sign proposals should be flexible enough to benefit at a late
stage from LHC new physics data. Our study attempts to
address this issue and we will further comment on this in
Sect. 8. Moreover, as we already pointed out in Sect. 2,
GMSB models often feature very heavy strongly interact-
ing sparticles, which could not provide a large signal at
the LHC. In this case, the role of the LC in determining
the origin of the new physics signal would be even more
important.

5 Disentangling a signal from GMSB
at the linear collider

In this section, we provide an example of how it might be
possible to extract a good amount of information about
the parameter values of the underlying model from the
observation of an abundant GMSB signal at the LC and a
simple threshold scannning technique. Let’s assume that
Nature has chosen GMSB and that Model # 1 is realized.
Let’s also assume for simplicity that v/F is not too large,
so that (most of) the produced NLSP’s decay within the
detector. If this is the case, just a few weeks of LC run-
ning at some initial c.o.m. energy between 200 and 500
GeV would be enough to recognize the presence of an ev-
ident GMSB-like scenario. Indeed, a copious number of
events with two +’s and large missing energy would show
up, due to the inclusive characteristics of the GMSB sig-
nal. Further, we will see in Sect. 7 that in most cases it
will be possible to show that these photons do not point to
the interaction region, and hence are likely to come from
a delayed neutralino decay, since the SM background is
essentially zero. (Of course, at least in the case of Model
# 1, it is very reasonable that at the moment of start-
ing the LC operations clear indications for GMSB would
have already come from the LHC.) Among the two-photon
events, there will be many coming from N; Ny production
featuring no other particles and, if \/s 2 300 GeV, many
others including (soft) e*e~ pairs from selectron-pair pro-
duction as well. If the c.o.m. energy is even larger, then
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more complex events, many with hadronic activity, would
also appear from, e.g., C1C7 production.

A feeling of the situation can be obtained from in-
spection of Fig. 5. In Sect. 4, we stressed the importance
of the ability of a LC of tuning the c.o.m. energy to ex-
plore thresholds with precision. First, one could vary /s
in big steps and just inclusively count two-photon events
to get the rough location of the thresholds for the various
SUSY-production processes (cfr. thick line labeled “TOT”
in Fig. 5). Then, one could focus on the individual thresh-
olds, observe more exclusive characteristics of the signal
(for instance, gl production gives £~y events only,
with well-defined lepton energy spectra, since R-sleptons
will always decay to Nj, and so forth), and vary /s in
finer steps to get a precise value of the sparticle masses
involved in the corresponding production process. For the
case of a GMSB model like Model # 1 where about 10
thresholds are present below /s = 500 GeV, it seems rea-
sonable to assume that a 200 fb~! run (less than 1 year,
based on the TESLA expected performance) would allow
extraction of the light masses with errors at the level of
fractions of a GeV. Of course, the fine details depend on
the slope and the magnitude in the vicinity of the thresh-
olds of the curves for the various individual cross-sections
as functions of /s (cfr. Fig. 5). For instance, in absence
of important t-channel contributions, one would expect a
steeper ~ (3% behaviour for gaugino-pair (fermion) produc-
tion compared to ~ (3 for slepton-pair (scalar) production,
so that gaugino masses could generally be determined with
higher precision [32]. On the other hand, in our case the ¢-
channel contributions are important and, in addition, one
can always imagine to spend more machine time running
close to the “harder” thresholds and also use other observ-
ables (e.g. distributions) to get additional information on
the spectrum.

Our intent here is not to simulate fully such a complex
study, but to evaluate what could be the sensitivity in de-
termining the GMSB parameters from the knowledge of
the light spectrum that could come from a roughly uni-
form threshold-scanning. Based on Model # 1 and a total
of 200 fb~! collected between 200 and 500 GeV c.o.m. en-
ergies, we estimated the following approximate precisions
for the sparticle masses:

Myy) ~ 0.8 GeV;
msz,) ~ 2.0 GeV;
~ 0.1 GeV. 9)

The assumption on A(my,o) is based on the fact that many
ete” — hYZ° events would be observed at the LC if Model
# 1 is realized and many other Higgs events would have
already seen and studied at the LHC*

4 Here, we assume that the theoretical error on determining
the lightest Higgs mass from any SUSY-model input parame-
ters, currently at the level of at least a few GeV [33] will be re-
duced by that time by more detailed calculations. Similarly, we
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Also, in Sect. 7.2, we will see that a measurement of
the N1 mass with a precision at the level of a few tenths
GeV can be easily achieved by looking at the 7 energy
spectrum from Nj decays.

We used a home-made computer program called
MinuSUSY [19], interfaced to SUSYFIRE and Minuit [34],
to perform fits to SUSY-model basic parameters start-
ing from information on the sparticle spectrum®. The pro-
gram works both with (m)GMSB and (m)SUGRA mod-
els and in “global” or “local” mode. The “global” mode
is intended to determine which class of SUSY models and
which approximate values of the basic parameters best
recover the input spectrum. We used this run mode start-
ing from the light spectrum of Model # 1 (cfr. Table 1)
and found that indeed there is no mSUGRA model that
can reasonably fit it. Such a spectrum could be recov-
ered with good precision only by releasing one or more of
the unification assumptions at the GUT scale. In contrast
to mSUGRA, the minimal GMSB framework allowed us
to single out a successful region of the parameter space
including Model # 1. Once a rough knowledge of the
basic parameter values is obtained, it is possible to run
MinuSUSY in “local” mode around these values and get
optimised values and errors on them based on the input
errors on the sparticle masses. Basically, one simulates a
large number of possible sets of mass measurements using
a gaussian distribution for the masses around the cen-
tral values that one would get from the chosen underlying
SUSY model. Starting from the errors on the masses for
Model # 1 quoted in (9), we simulated 100 sets of measure-
ments of the light sparticle spectrum. Our results for the
100 subsequent reconstructions of the GMSB parameter
set performed with MinuSUSY are summarized in Figs. 17,
18, for Myyess and A, Npess and tan 3, respectively. Here
we did not require Nyess to be an integer and considered
it as a real variable to perform the fits. (Notice that non-
integer values of Ny, are possible in some non-minimal
classes of GMSB models, cfr. e.g. [23].) A gaussian (+
constant) fit to the distributions gives the results shown
in Table 6. As for the sign of u, we found that the best
fits are obtained for u > 0, as expected.

Table 6 indicates that it seems possible to determine
A and Npees with a precision of about 1 part in 10% and
tan 3 with 1 part in 102, by just using threshold scan-
ning and sparticle masses as observables and running for

less than 1 year at a LC with /s < 500 GeV. Of course,

imagine that the theoretical error on the sparticle masses will
also be brought at a level comparable to the numbers quoted
above

5 MinuSUSY does not take higher-order corrections to the
sparticle masses into account, but these can typically be re-
absorbed in a redefinition of the basic model parameters and
a shift of the starting values needed to generate a given spec-
trum. For our purpose here, however, the precise values of the
SUSY parameters are not the point, since we are only inter-
ested in evaluating the level of sensitivity one could reach by
using these techniques. We believe our indications in this re-
spect to be found below are still valid without taking fine effects
into account
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Table 6. Results of fits to the parameters of GMSB Model
# 1 starting from a possible set of light sparticle masses mea-
surements via threshold scanning technique, as described in
the text. A 200 fb™* run at the LC is assumed

Parameter Fitted value
Mmess (161 + 2) TGV

A (76.01 £ 0.08) TeV
Niess 0.9994 4+ 0.0009
tan 8 3.50 £0.03

to achieve such an impressive goal, it is crucial that one
can count on the high-luminosity, such as the option pro-
posed for TESLA. The only parameter that could not be
determined at a level of 1% or better is Myess, but this
is well understandable since the sparticle masses depend
only logarithmically on it. Better precision could well be
reached if other observables (total cross sections, distribu-
tions, branching ratios etc.) were added to the global fits.
On the other hand, it must be said that Model # 1 is a par-
ticularly “easy” model, in the sense that it yields a light
spectrum and the various thresholds are well separated.
It would be much more difficult if the scenario of Model
# 2 (for which LC energies well above 500 GeV would be
needed to extract the GMSB parameters) or Model # 3
(with many sparticles almost degenerate) were realized.

6 Event and detector simulation

To generate GMSB events we used a modified version of
SUSYGEN 2.20/03 [35], where the 3-body neutralino de-
cays were added and the corresponding kinematical dis-
tributions were input numerically, according to the dis-
cussion of Sect. 3 and the results obtained with Gravi-
CompHEP, for our reference Models # 1-3. For each GMSB
model, the relevant input cards to SUSYGEN were calcu-
lated with SUSYFIRE, keeping v/ F (and hence the N life-
time) as a free parameter, subject to the bounds discussed
in Sects. 1 and 3. The generated events were then passed
to our detector simulation software, BRAHMS [36]. This is a
GEANT 3.21 [37] code including material and tracking de-
tectors, as motivated by the ECFA/DESY CDR [30]. The
relevant detector components are simulated as follows.

The beampipe is taken as a tube of beryllium of ra-
dius 1.0 cm and thickness 0.14% X, where X is the radi-
ation length. Five layers of vertex detectors (VXD), each
of thickness 0.12% X, and point resolution of 3.5 um are
located at radial positions of 1.2, 2.4, 3.6, 4.8 and 6.0 cm,
with respective half z-lengths of 2.5, 5.0, 7.5, 10.0 and 12.5
cm.

We include an intermediate tracking chamber (ITC) as
material with a total of 0.23% Xy and dimensions 12 c¢cm
< r < 30 cm and |z| < 100 cm, but we do not consider
this detector for the track fit. In the forward and rear
directions, we include a forward tracking detector (FTD)
made of disks of silicon strip detectors each of thickness
300 pm at z-positions of 40, 50, 120, 140 and 160 cm, with
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Table 7. Calorimeter parameters used in Monte Carlo smear-
ing

Angular Coverage | cosf| < 0.95
172 <r <210
280 < || < 330
10.3/+/E [GeV] + 0.6
Spatial Resolution (cm) 4/+/E [GeV] + 2
50/1/E [GeV]
2/y/E [GeV] + 0.5

Barrel r- Dimensions (cm)
Endcap z-Dimensions (cm)

Energy Resolution (%)

Angular Pointing Resolution (mrad)

Time Resolution (ns)

outer radii of 10, 10, 30, 30, 30 cm respectively and inner
radii of 2.5, 2.5, 10.1, 11.7, 13.3 cm. All elements have r¢
resolution of 25 pm.

We use a time projection chamber (TPC) as central
tracker with inner active radius of 38.6 cm, outer active
radius of 162.6 cm and active longitudinal half-length of
250 cm. The active volume is filled with gas (which we take
to be argon) and provides a maximum of 118 hit points
along a track, each with point resolution of 160 ym in ¢
and 0.1 cm in z. The inner wall to the TPC consists of a
total of 3% X of aluminium. This is an important source
of conversions which we discuss further in our analysis
below.

For the calorimeter part of our simulator, we use an
electromagnetic calorimeter (ECAL) and assume simple
gaussian smearing with resolutions motivated by those in
the CDR and given in Table 7.

In addition to the detector resolutions, there is an ad-
ditional uncertainty in the position of the i.p. due to the
beam spot size. In the following, we take the beam spot
dimensions as given by the TESLA machine design pa-
rameters at 500 GeV c.o.m. energy [31] and thus apply
gaussian smearing to the production vertex of the neu-
tralinos with o, = 553 nm , o, = 5 nm and o, = 400
.

7 Measuring the NLSP properties and the
fundamental SUSY breaking scale at the LC

In this section, we focus on practical methods to mea-
sure the NLSP properties and, in particular, its mass and
lifetime. As discussed in Sect. 3, in GMSB (or in more gen-
eral LESB) models, the NLSP lifetime can be macroscopic
and this opens a very important window for inspecting
SUSY breaking physics, which is not available in HESB
models, like mSUGRA. Indeed, as (8) shows, measuring
mnLsp and crnpsp determines the fundamental scale of
SUSY breaking v/F up to the factor B (cfr. Fig. 14), that
can also be measured in principle. We refer to the specific
case of neutralino NLSP scenarios and, in particular, to
the typical Models # 1-3 discussed in Sect. 2.
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7.1 Overview of experimental techniques

In the following, we will first describe several techniques
that we propose for performing such measurements. De-
pending on the Nj lifetime, these methods involve (and
test) different parts of the detector, requiring high and
somewhat unusual performances. Hence, this study could
be an important benchmark in the process of designing
a LC detector and the related simulation software and
should not only be seen as limited to SUSY searches.

We assume here that at least one SUSY production
process (i.e. ete™ — NyNj) is accessible at the LC, so
that two neutralinos (plus possibly some cascade decay
products) appear for each SUSY pair produced. The neu-
tralinos must then decay to a G, based on the discussion
of Sect. 3. ~

The topology of the IN; decay is sketched in Fig. 19
where Fig. 19a shows the case for a purely photonic N; —
~G decay and Fig. 19b shows the cases where a “charged
decay” (e.g. Ny — puTp~G) has occurred (D = 0) or
where the v has converted subsequent to a photonic de-
cay (D # 0). In each event, another N is present. If the
process generating the neutralinos is simply NLSP-pair
production, then the other Ny moves approximately col-
inearly with the one shown, where the acolinearity angle
depends only on the ISR and beamstrahlung. This infor-
mation could be used to constrain the event reconstruc-
tion, but it requires detailed knowledge of the acolinearity
angle distribution. For simplicity, we treat each neutralino
decay as independent in the following analyses. ~

We have seen in Sect. 3 that in most cases the /Ny de-
cays to a G (which escapes the detector) and an observ-
able component. The latter can be a photon or a visible
ff pair coming from a “charged decay”. In the first case,
the photon can be observed via its shower in the ECAL.
However, in a real detector there is always material be-
tween the i.p. and the tracking volumes, so a fraction of
the photons coming from SUSY production will undergo
conversion in the material. Using the tracking detectors to
reconstruct the resulting ete™ pairs, it is possible to ob-
tain a very accurate determination of the original photon
energy and direction.

In the following, we list the observable final states (for
each decayed neutralino) and introduce the concepts and
methods that we will use later for N; lifetime measure-
ments.

a) Photon. We use this final state in the calorimeter
pointing technique (see Sect. 7.5) for laboratory decay
lengths L = (BycrnLsp between approximately 5 cm
and 200 cm. Calorimeter timing provides additional in-
formation for decay lengths from about 20 cm to about
120 cm (see Sect. 7.6). Also, the statistical method of
Sect. 7.7 will be based on counting events with pho-
tonic final states. Furthermore, photon conversions in
detector material can also be used to measure L in the
short range, however we will show below that greater
precision can generally be obtained by using “charged
decays” only, after eliminating conversions by using
appropriate experimental cuts.
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Fig. 19a,b. Topologies of neutralino (]\71) decays. a Pure pho-
tonic decay; b charged decay (where D = 0) or photonic decay
plus v conversion (D # 0)

b) eTe™ pairs. “Charged decays” to e*e™ occur relatively
abundantly with BR’s of order 1-2% percent (cfr.
Sect. 3) and we will use them to measure values of
L < 20 cm. In addition, this final state also occurs
at the level of a few percent when photons convert in
detector material. We will show in Sect. 7.4 how to dif-
ferentiate between conversions and “charged decays”.
For the latter case, the reconstructed e*e~ vertex cor-
responds to the decay vertex of the Ny. For the former
case, an extrapolation is required in order to obtain the
neutralino decay point, see Fig. 19b. This procedure is
discussed in detail in Sect. 7.4 below.

¢) ptu~ or hth™ pairs. (Here h* is a charged “stable”
hadron.) To improve statistics slightly, we will use
these final states together with b) in the tracking meth-
ods and consider an inclusive general “two-track”
topology. Note that in these cases, the events are al-
ways a result of V7 “charged decays” and the relevant
BR’s are typically at the level of several percent (cfr.
Sect. 3).

In order to reconstruct the decay parameters from ob-
servation of ete™ — N1 Ny events, we use the formula

2

o Mx,

cosp = — — ,
Dbo 2p0E’y

(10)

where Ej is the nominal beam energy corrected for av-
erage losses due to ISR and beamstrahlung, and py =
(E2 — m%{l)%. This formula allows the angle ¢ to be de-
termined directly from the measured photon energy. The
explicit occurrence of m g in this equation emphasises the
necessity of a good neutralino mass measurement.

For the cases where the photon converts to an eTe™
pair, or on the case of a “charged decay”, the line of the
photon flight is determined from the reconstructed vertex
and momentum of the pair. This line combined with the
value of ¢ obtained from the energy measurement gives
an unambiguous value for A (cfr. Fig. 19b).
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In the calorimeter pointing method (discussed in de-
tail in Sect. 7.5 below), the angle ¢ and the distance R
are determined directly from the calorimeter shower recon-
struction. In this way, the decay length A is determined
on an event by event basis.

In the calorimeter timing method (discussed further in
Sect. 7.6 below), the time measurement gives the quantity
D + X\ — R, the shower position reconstruction gives the
value of R and the energy measurement gives the value
of ¢. Closure of the triangle allows a solution for A to be
obtained in most cases (up to a quadratic ambiguity which
is resolved by the requirement that the decay should take
place within the dimensions of the ECAL).

7.2 mg, Measurement by E. spectrum end-point

As we have seen, a good neutralino mass measurement is
a central requirement to most of the lifetime measurement
techniques discussed below. Further, precise knowledge of
my, is essential to extract the parameter VF from TR,
(cfr. Sect. 3). Here we discuss how this measurement could
be made at a LC.

One way to measure my is by determining the end

points of the photon energy spectrum from the N, decay.
When many SUSY production channels are open in a neu-
tralino NLSP scenario, one gets photons from N; — Gy
decays with a complicated energy spectrum. If the process
ete” — NN is the only one allowed by kinematics, then
before radiative corrections the lower and upper ends of
the E, spectrum are always given by

. 1
min,max __ _ 2
EY —4<\/§:F,/s 4m1\71>'

In general, while the most energetic photons will always
come from those neutralinos that are directly pair-pro-
duced, the lower end of the spectrum will be degraded by
the presence of softer photons coming from other SUSY
processes, in addition to the SM background (cfr.
Sect. 7.8). For this reason, we concentrate here on the
upper end of the spectrum to extract the N; mass. The
spectrum which would be obtained after detector effects
for 200 GeV neutralino pair production at /s = 500 GeV
is shown in Fig. 20 for 200 fb~! integrated luminosity
(corresponding to a run of less than 1 “year” of 107 s).
Here we have simulated the SUSY signal that one would
detect if Model # 2 was realized. In this case, we have
seen in Sect. 2 that o(N;Ny) = 42.3 fb and all the other
SUSY-production processes would be below threshold at
Vs =500 GeV.

In order to extract the functional form of the high edge
of the spectrum after ISR, beamstrahlung and detector
effects, a much larger number of Monte Carlo events was
used to obtain a fit function using the known N; mass
as an input. The functional form includes two exponen-
tials to allow for ISR and beamstrahlung together with a
cumulative normal distribution, Freq, to account for the
calorimeter resolution integrated over the sharp edge of
the spectrum. The function thus obtained was

(11)
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Model 2 - Photon Energy Spectrum
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Fig. 20. Photon spectrum resulting from 200 GeV neutralino
pair production with 200 fb~! at /s = 500 GeV. ISR, beam-
strahlung and detector effects have been included. Also shown
is the result of the fit described in the text

E— Egla")

13.5
E — E’rynax)

6.06
E— E,’;“ax>

1.87 ’
where ng and EJ'** are now free parameters. This func-
tional form was then used to fit to the 200 fb~! worth
of simulated data as shown in Fig. 20 to give the re-
sult B = (200.21 £ 0.21) GeV. To extract the neu-
tralino mass from this measurement we use (11) to obtain
my, = (199.7 £ 0.3) GeV. In principle, the N} mass can
also be obtained to high precision at a LC by scanning
over the threshold region and previous studies [30] sug-
gest that a precision of order 100 MeV could be obtained
from such scans (cfr. also Sect. 5). However, our point here
is that even from an early run with a few months worth
of data collected at a nominal, fixed c.o.m. energy, a neu-

tralino mass measurement with precision at the level of
2% would be possible.

1 dn
—— =0. —0.71
10 dE 0.788 — 0.7 66Xp<

—0.0722 exp (

+0.212 Freq < (12)

7.3 Measuring the neutralino NLSP decay length
using 2D projective tracking

In this section, we concentrate on determining the N; av-
erage decay length L = fvycr from the distribution of re-
constructed two-track events. To this purpose, we require
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Fig. 21. 3D- and end-view of a representative two-track
(ete™ + v+ F) event, fully simulated in the proposed LC de-
tector

events with at least one photon in the ECAL (coming from
one of the two neutralinos produced) and in addition two
charged tracks which can be reconstructed to form a ver-
tex (coming from the other neutralino decaying through
“charged channels” or to a photon that converts).

In Fig. 21, we show a representative two-track event
among those we generated and fully simulated in the pro-
posed LC detector (3D-view on the left, end-view on the
right). This particular N; Ny event features one displaced
photon and a eTe~ pair coming from a N, “charged de-
cay”. The non-zero impact parameters of all particles are
clearly visible; ECAL showers and tracks are shown (the
invisible v path is also indicated). Only the vertex detec-
tors and central trackers are displayed.

The detector track hits are provided by the BRAHMS
output and these were then formed into tracks and vertices
using a home-made reconstruction algorithm. The photon
conversion algorithms and multiple scattering effects are
internal to BRAHMS and so we have thus implicitly taken
full account of the detector material present. However, no
special provision was made for multiple scattering or for
pattern recognition effects at the reconstruction stage.

We concentrate first on the case of very short NN; life-
times, less than a few mm, where all the Ny decays take
place within the beampipe. In this case, any reconstructed
ete” pairs will be due to “charged decays” only and so
there will be no confusion arising from conversions. For
this region, we must be aware of the beamspot size, which
has an rms spread in z typically of 400 pm, meaning that
a three-dimensional decay vertex is no longer useful for
lifetime measurements. Instead we must project the decay
vertex onto the xy plane and determine the decay length
A2+ AL

In the following we adopt a conservative approach of
using the full GEANT Monte Carlo to generate event sam-
ples for a range of true (input to SUSYGEN) N; decay
lengths and then fit the resulting projected lifetime distri-
butions to a simple exponential, plus a constant to allow
for long tails. The use of this simple fitting function is con-
servative in that, once a specific GMSB model is chosen,
the projected decay distribution could be chosen exactly
and hence fit the data more accurately. Only decay length
measurements greater than 10 ym are used in the fits, so

from the resulting distributions of r =
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as to eliminate any residual SM backgrounds with tracks
originating from the i.p.

For Model # 1, a set of points were generated using
37,600 (corresponding to 200 fb~!, with o(N;Ny) = 188
fb at /s = 270 GeV) fully simulated events for each
point. Note that only the “charged decays” are observed
here, because any conversions will take place outside the
beampipe, and so the distributions obtained from this
sample can be applied directly to any model which has
a very short-lived NLSP.

The results are shown in Fig. 22a where the outcome
of the fits to the projected lifetime is plotted against the
true value of L. The vertical error bars shown are the
parabolic errors obtained from the fit and so correspond
to what could be extracted from a run of 200 fb=!. The
lifetime is read-off from the fit straight line in order to give
the true decay length directly; note that any effects due to
ISR or vertexing systematics are included automatically
by such a procedure because all these effects are present
in the Monte Carlo. This of course also applies to the
relativistic factor (7). Reading from the plot, the error
bars at the 50 pum point correspond to a 10% error in the
decay length measurement whereas the error bars at 500
pm correspond to a 4% error. It can be seen from the
straight-line fit to the points that decay lengths down to
30 pm are also well-measured for Model # 1.

Performing the same fits to the projected distributions
according to Model # 2 with 8,460 events (correspond-
ing to 200 fb~!, with o(NyNy) = 42.3 fb at /s = 500
GeV), gives an error of 13% for a 50 pm decay length and
10% for a 500 pm decay length. The results are shown in
Fig. 22b. It should be noted that, although Model # 2 pro-
vides less statistics due to a lower neutralino production
cross-section, the possibility of N7 decay to an on-shell Z°
boson with subsequent decay to lepton pairs with signifi-
cant opening angle somewhat compensates for the loss in
statistics.

Figure 22 also shows that lifetimes shorter than 30 pm
could also be measured in principle using this technique.
However it should be remembered that, while the intrin-
sic beamspot size may be of order 5 nm in y and 500 nm
in x, the actual position of the interation point may have
to be determined on a pulse-by-pulse basis which could
lead to additional transverse uncertainties. It should also
be remembered that we are fitting to track pairs with es-
sentially zero opening angle, which means that simple as-
sumptions about vertex resolution must be avoided. So
in the following we remain conservative in our claim that
lifetimes as short as 30 pm could be measured.

Notice that for Model # 1, the minimum value of v F
allowed by theory is about 110 TeV (cfr. Sect. 3), corre-
sponding to a Nj lifetime of about 200 pm and to a decay
length L ~ 180 pum when running at /s = 270 GeV,
while for Model # 2, VFpin ~ 212 TeV = mmm ~ 70

pm = L 500 gev =~ 53 pm. So, our result is that at
least for these two particular cases, this method more than
covers the lower end of the range for the Ny lifetime. On
the other hand, we know that neutralino NLSP models
exist where c7y is as short as 5 to 10 pm (cfr. Fig. 15 in
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Fig. 22a,b. Results of a fit to the projected lifetime as described in the text a for Model # 1 and b for Model # 2. In both

cases the error bars correspond to 200 fb~?

Sect. 3). For these cases, an alternative approach would
be to increase the c.o.m. energy of the machine, hence in-
creasing the boost of the neutralinos, which so far have
been close to threshold. In this way, shorter decay lengths
factors are readily accessible and would realistically be the
preferred approach to measure lifetimes down to 10 pum
(notice that (87)y, can never exceed 2.3 for /s < 500
GeV). On the other hand, we checked that GMSB models
with a very short N; lifetime tend to feature a greater
degree of degeneracy among the lightest states, so that
running at higher energies would also often imply opening
other SUSY production channels (R-slepton pair produc-
tion). As a consequence, it is important to address the
problem of being able to extract a precise lifetime mea-
surement in the presence of a complex SUSY signal, using
appropriate selections.

As an example, we study Model # 3 at /s = 470
GeV with 50,400 total generated events before cuts, corre-
sponding to 200 fb~!, since (N1 N7) = 124.6 fb, 0(€x€x)
=64.3 b, o(7171) = 31.7 tb and o(firfir) = 31.4 tb. The
events were then selected at the generator level by the
following cuts. The events had to contain either exactly
two photons with |cosf| < 0.95 or exactly one photon
with |cosf| < 0.95 and one charged pair of tracks each
with [cosf| < 0.99. In addition to these cuts, an event
which contained any additional particle with |cos 6] < 0.99
was rejected. Afer these cuts the sample contained 21,108
N1 N; events together with a SUSY “background” of 1,066
selectron pairs, 463 smuon pairs and 336 stau pairs. These
events were then passed to the BRAHMS detector simulation
followed by the 2D projective fit procedure.

Fig. 23a shows the distribution of reconstructed vertex
projected radii. The remaining SUSY background consists
of only 3 stau events, so its effects are negligible in this
case. The error bars for L = 10 um correspond to 9.8 pm.

We conclude that for a 200 fb~! run at /s = 470 GeV,
an upper limit on L of approximately 20 pum could be
set at the 20 level. The measurement could of course be
improved with higher luminosity together with running at
higher energy to utilize a larger () factor. If we could
run with 102 fb~! at 800 GeV, then we could expect a gain
of v/5 from the statistics together with a gain of 2.2 from
an improved (7). These would allow a ¢7 measurement
to a precision of approximately 20%.

7.4 Measuring the neutralino NLSP decay length
using 3D vertexing

For decay lengths greater than about 500 pym, the three-
dimensional vertex information is useful because the
beamspot size in z is relatively less important. For this
region, photons converting in detector material must be
taken into account because these events will appear very
similar to the “charged decays”. The vertex position of
reconstructed tracks from these two processes are shown
in Fig. 24 for Model # 1 with L = 10 cm.

For both the “charged decays” and the conversions, a
line of flight can be defined by the lepton-pair vertex and
the direction of the reconstructed pair momentum. In the
case of conversions, this line of flight reconstructs that of
the photon from the neutralino decay. The “charged de-
cays” are also included in this approach effectively as pho-
tons which have converted instantly. Referring to Fig. 19b,
cos ¢ is now determined by the energy of the reconstructed
pair and we have

\— Rsmw

sin ¢
In this way a A measurement can be obtained for conver-
sions as well as for “charged decays”. However, because we

(13)
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Fig. 23. a Reconstructed vertex projective radial distances, r, for Model # 3 with L = 10 um together with a fit to an
exponential plus constant. b Shows the results of the corresponding fits for a range of L values
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Fig. 24a,b. Reconstructed vertex positions for Model # 1 with L = 10 cm for a “charged decays” and b conversions of photons
from “neutral decays”. The radial coordinate of the vertex r is plotted against the longitudinal coordinate z. For case b the
excess of conversions in the TPC inner wall and in the inner masks can be seen clearly

do not wish to make assumptions on the two-track resolu-
tion of the central tracker (and hence the reconstruction
efficiency for conversions in the outer detector), we prefer
here to use only “charged decays” for lifetime determi-
nation. However, as shown in Fig. 25a, we can use the
variable p = A\/R as a discriminant. In the following we
require p > 0.5 to improve the “charged decay” purity.
The lepton-pair invariant mass distributions for
“charged decays” and conversions are shown in Fig. 25b
for Model # 1 with L = 10 cm. Both peak at very low

values, of order 10 MeV, for the detector resolutions em-
ployed here. However, the conversions are more sharply
peaked than the “charged decays”, so cutting on 20 MeV
< Mpair < 10 GeV improves the purity of the “charged
decay” sample. In addition this cut is desirable because
it selects events with a larger opening angle between the
daughter tracks, which results in an intrinsically more ac-
curate vertex position measurement. The higher mass cut
is to eliminate any residual SM background from leptonic
W-pair events.
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Fig. 25a,b. These figures are for Model # 1 with L = 10 cm with statistics corresponding to 200 fb~'. The unshaded histograms
are the conversions and the shaded histograms are the “charged” decays. a Shows the p parameter distribution and b shows
the invariant mass of the reconstructed track pair. Note the logarithmic scales

In addition to these cuts we make an additional simple
geometrical cut of 7 < 30 cm to remove the large number
of conversions in the inner TPC wall. After performing
these three cuts, the A distribution is primarily from the
“charged decays” and this is illustrated in Fig. 26, where
the fit to Model # 1 with L = 10 cm is shown. It is clear
from this figure that conversions have been reduced to a
negligible level.

This procedure was repeated for a range of L values
from 500 pm up to 15 cm. The results are shown in Fig. 27
where each point represents the result of the exponen-
tial fit, with corresponding errors for samples consisting
of 37,600 generated events (200 fb~!) before cuts. The
Monte Carlo includes the effects of ISR.

Also shown in Fig. 27 is a straight line fit to the data
in (a) which is extrapolated to (b). Using this fit we obtain
a relative measurement statistical error of 5% for L = 1
mm and a relative error of 4% for L = 10 cm. Our cuts
are not optimised for L greater than about 10 cm. In this
region geometrical detector effects and variations in track
reconstruction efficiency become important, as evidenced
by the deviation from a straight line in (b). Rather than
correct for these effects in detail here, we note that this
region of L is very well covered by the calorimeter pointing
method discussed below.

We conclude that it is possible to make a good mea-
surement (to 10% or better) of nominal decay lengths
ranging from 30 pm up to 10 cm under very conservative
assumptions, using the tracking detectors.

Decay Length Distribution
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Fig. 26. Distribution of decay length, A, for Model # 1 with
L = 10 cm after 200 fb~!. The 3D vertex reconstruction is
used and the distribution is fit to an exponential plus constant.
The contributions from conversions remaining after cuts are
included in the unhatched histogram, but are also superposed
separately as a hatched histogram
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Fig. 27a,b. Results of fits to the 3D decay lengths as a function of the true value of L using the tracking method for Model
# 1. Part a for 500 pm < L < 1 cm and b is for the results for 1 cm < L < 15 cm. The error bars correspond to 200 fb~!. The

fit lines are described in the text

7.5 Measuring the NLSP decay length
using calorimeter pointing

A finely segmented ECAL allows for the possibility of de-
tecting photon impact parameters with respect to the i.p.
The direction of the photon is reconstructed by fitting to
the distribution of energy deposits among the individual
ECAL cells which make up the electromagnetic shower.
The direction finding is improved significantly by the use
of presamplers to provide a precise point along the pho-
ton direction. A typical presampler detector consists of
lead /scintillating fiber structures which both initiate the
shower and measure the point at which the shower begins
to a precision of a few tens of ym. The use of more than
one presampler can provide two points along the photon
direction and further improve the direction finding.

In the following, we assume that the angular resolution
of the ECAL is that given in Table 7. We also need to
take account of the spatial and energy resolutions as listed
there. Referring to Fig. 19a, the angle ¢ and the distance
R are determined directly from the calorimeter shower
reconstruction. The angle ¢ is calculated from the energy
of the shower, together with the measured value of the
neutralino mass, as described above.

The effect of the mass measurement error was esti-
mated as follows. Each Monte Carlo event was recon-
structed using the nominal 100 GeV mass and also using
assumed measured masses of 100.1 GeV and 99.9 GeV.
We showed in Sect. 7.2 that a mass measurement error
of 0.3 GeV could be obtained in a first run of the detec-
tor using the upper end of the photon energy spectrum.
It would be natural to assume, given any such discovery
of neutralino production, that sufficient luminosity would
be made available to perform detailed threshold scans and

reduce the mass uncertainty to the level of 0.1 GeV (cfr.
Sect. 5).

The results are shown in Fig. 28. The Monte Carlo in-
cludes effects of ISR and each point was obtained using
37,600 generated events before cuts for Model # 1 and
8,460 events for Model # 2, corresponding to 200 fb~! for
each model running at /s = 270 and 500 GeV, respec-
tively. At each point, the reconstructed decay lengths A
were fit to an exponential for 5 < A < 200 cm and the
points show the fit decay length with corresponding er-
ror. The A > 5 cm cut, corresponding to about 20 for
the resolution of this method, serves to reduce any SM
background to a negligible level.

The resulting calibration curve is well approximated by
a quadratic polynomial and the corresponding fit curves
obtained assuming an error on the neutralino mass of
+100 MeV are shown together with the points obtained
using the correct input masses of 100 GeV for Model # 1
and 200 GeV for Model # 2. In this way the systematic er-
ror due to the mass uncertainty is shown to be very small
for L less than 200 cm for both models. If we examine the
lower statistics Model # 2 in the region of L = 200 cm,
we find a statistical error of 6% and in the region of 10 cm
we find a statistical error of 1%. Our conclusion is that
the calorimeter pointing method works very well for 5 cm
<L <2m.

7.6 Measuring the NLSP decay length
using calorimeter timing

Calorimeter timing information is highly desirable in any
detector at a LC in order to reject cosmic rays and many
beam-related backgrounds as well as for its use in a trig-
ger. In this section, we investigate a further use of sub-
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Fig. 28a,b. Results of fits to decay lengths derived from pointing information. The data points and error bars correspond a to
a nominal 37,600 neutralino pairs for Model # 1 and b 8,460 events for Model # 2 (corresponding to 200 fb~! for each model).
The curves correspond to quadratic polynomial fits to the data for input neutralino masses of 100 MeV from the true mass

nanosecond timing for neutralino decay length measure-
ment.

For the purposes of this study, we use the energy-
dependent timing resolution given in Table 7. Referring to
Fig. 19, a calorimeter timing measurement gives the quan-
tity D + XA — R. This timing information is then combined
with the position and energy measurements, all smeared
according to the resolutions given in Table 7.

The timing resolution that we use is motivated by what
could realistically be achieved for a large calorimeter. This
is of the order of 0.5 ns, which naively implies an intrinsic
photon impact parameter resolution of order 15 cm. Data
sets for a series of decay lengths were simulated using the
full Monte Carlo and the reconstructed decay length dis-
tributions were fit to a simple exponential between the
lengths of 30 cm and 120 cm. The lower limit is given by
the timing resolution and the upper limit by the geomet-
rical acceptance of the detector. The results of the fits are
shown in Fig. 29. The data points correspond to 200 fb—!
(37,600 and 8,460 generated neutralino pairs at the usual
c.o.m. energies for Models # 1 and # 2 respectively, before
any cuts are applied). The decay lengths are determined
on an event by event basis assuming the exact neutralino
mass. The effect of a £100 MeV shift in the input myg,
is indicated by the curves, which were obtained by fitting
the resulting data points (not shown) to a quadratic poly-
nomial. The results confirm that the effect of neutralino
mass uncertainty on a lifetime measurement is small. Val-
ues of L below 10 cm are poorly determined due to the
intrinsic timing resolution and large values of L are lim-
ited by statistics; the worst case is for Model # 2, where
statistics get poor for L > 120 cm, so we take this as the
upper limit for this method.

This study shows that timing information alone can
not improve on what could be achieved using calorimeter
pointing and tracking methods. The timing information
could of course be combined with the tracking and point-
ing methods to achieve an improved accuracy, but we do
not consider this further here. We stress, however, that
timing should not be neglected in the overall detector de-
sign because it may be needed to reduce cosmic ray back-
grounds and beam related backgrounds as well as being of
use in the trigger for GMSB events. We will further com-
ment on this in the next sections. It is possible that the
NLSP is so long-lived that the photon decay would appear
in the ECAL several bunch crossings later than expected
and indeed not in time with any bunch crossing. To de-
tect such events good timing information would clearly be
required.

7.7 Measuring the NLSP decay length using statistics

A measurement of the NLSP lifetime can also be made us-
ing a simple counting technique, because the probability
that, e.g., a photon from the N; — yG decay is observed
in the ECAL is a function of the N; lifetime. As a con-
sequence, the ratio of two-photon to one-photon events
observed after SUSY production is a function of the c7y, .

As anticipated in Sect. 3 for the spherical detector
case, this function is in principle a simple combination
of exponentials convoluted with the effects of detector ge-
ometry, cuts designed to eliminate SM backgrounds and
calorimeter performance. We determine the functional de-
pendence of the ratio using Monte Carlo techniques. Neu-
tralinos were generated from pair production using our
modified version of SUSYGEN interfaced to a modified ver-
sion of CIRCE [38] to include full effects of ISR and beam-
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nominal 37,600 neutralino pairs for Model # 1 and b 8,460 events for Model # 2 (corresponding to 200 fb~! for each model) .
The curves correspond to quadratic polynomial fits to the data for input neutralino masses of £ 100 MeV from the true mass

strahlung. Any photons coming from N; — ’yé decays
with energy loosely included in the range given by (11)
and which originated within the detector tracking volume
were extrapolated and required to hit within the accep-
tance of the ECAL. Any event with more than two pho-
tons or less than one photon was rejected at this stage.
We also imposed cuts on the missing energy, where ap-
propriate, based on the expectations for the signal.

The position of the photons and their energies and an-
gles of pointing were smeared according to the parameters
in Table 7. The resulting photon impact parameters at the
i.p. were then calculated and at least one photon in the
event was required to have an impact parameter greater
than 30 cm. If one could believe in gaussian statistics to
this level, this would correspond to a 100 cut and is hence
designed to reduce any SM background to a negligible level
(we will further comment on this later in this section).

We define a one-neutralino event as containing one
large impact parameter photon and nothing else, and the
total number of these events is n,y . We define a two-
neutralino event as one where there is at least one large
impact parameter photon together with anything else vis-
ible in the detector, and the number of these events is
Ny, - Note that n, g does not include two-photon events
only, but also events where both neutralinos decay visibly
inside the detector; one of them through N; — vG and
the other through any channel. Our choice is designed to
maximise statistics, but we note that simple experimental
cuts based on the event topology could easily remove any
event which is not purely photonic, should that yield a
cleaner analysis. We checked that this would not result in
an important loss of statistics (up to about 15% on Ny,

in the worst cases with a heavy Nl), so that the essen-
tial conclusions of our analysis would remain unchanged.

As for n, &, instead, we only include photonic decays be-
cause we rely on the presence of a non-pointing photon
to eliminate the irreducible radiative SM background, as
discussed below. .
The ratio Ry, = ;=
2N,
tion of the neutralino decay length for Models # 1 and # 2
by generating a nominal 107 events running at /s = 270
and 500 GeV, respectively, to start with. The resulting
functions are shown in Fig. 30a.
In order to extract the precision AL on the measured
decay length, we take the error AR%[1 on the measured

was then determined as a func-

ratio for the 107 events to be:

(NI

ARY 1 1
ot = + (14)
s "N Tan
and then we obtain
1
AL 1 /107\% . (ORg\ !
rotlo) om ()

where no¢ is the total number of expected events. Note
that nyt = [Lo(N1Ny)dt is not equal to the sum of ni5,
and n, g, because some events will not be counted, due to
both neutralinos decaying outside the detector acceptance
and/or to non-selected final states.

The resulting curves giving the decay length reach are
shown in Fig. 30b. Assuming an integrated luminosity of
200 fb~1, the plots show that laboratory decay lengths are
well measured by this technique down to approximately
50 cm for both models and that the upper limit ranges
from approximately 20 m for Model # 2 up to 40 m for
Model # 1, corresponding to cr values of 27 m and 44
m, respectively. It should be noted that the sensitivity of
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Fig. 30a,b. Plot a shows the statistical ratio functions for Models # 1 and # 2, at /s = 270 and 500 GeV respectively, as
discussed in the text. Plot b shows the decay length reach for the same models as a function of integrated luminosity; the decay
lengths which can be measured to an accuracy of 10% are bounded by the curves

the statistical technique is dependent on the c.0.m energy.
The statistics are determined by the quantity L = B~cr,
whereas the parameter of physical interest is ¢cr. We have
seen that if we take Model # 2 with c.0.m. energy 500 GeV
and allow a maximum measurement error (%)max =0.1
then, as indicated above, we find that we can measure L
up to 20 m, corresponding to ¢Tiax = 27 m. If we now
decrease the c.o.m energy, then we lose in cross section,
but gain in intrinsic sensitivity. In this way, an optimal
c.o.m energy can be found for each value of ¢ and this
optimal energy is plotted against cr for Model # 2 in
Fig. 31a. The corresponding optimised precision # is
shown in Fig. 31b. Unfortunately, it turns out that, at
least for Model # 2, any overall gain after optimisation is
small. The larger value of ¢ that can be measured with
a precision of 10% or better is again about 27 m, and
the corresponding “optimised” c.o.m. energy is about 463
GeV. While this shows that optimisation gains tend to
be small, it also tells us that the method is not critically
sensitive to the c.o.m. energy, even though we are running
in a threshold region.

To evaluate the level of background reduction we need
for a meaningful analysis, let us consider Model # 2 with
cr = 27 m and optimise the c.o.m. energy to 463 GeV.
At this energy, the corresponding laboratory decay length
is L = 14.6 m and the N;N; production cross section is
25.5 fb. Using 200 fb~!, we obtain the expected values
of nyy, = 825 and n,g = 178. The irreducible back-
grounds would need to be subracted from the raw counts
involving numbers of this order of magnitude, so we need
to check that after a suitable set of cuts the number of
background events left is small compared to the statistical
errors of about /825 ~ 29 for one neutralino events and
v/178 ~ 13 for two neutralino events. Experience at LEP

(see for example [39]), has shown that backgrounds from
cosmic rays and detector noise (sparks and radioactive de-
cays) can be reduced to negligible levels compared to the
physics backgrounds by requiring the event timing to be
consistent with a beam-crossing. Leaving aside the minor
case of events counted in nyg not including 2 photons
(they are easily treatable anyway), the SM physics back-
grounds are expected to be dominated mainly by vy (y)
events and, to a lesser extent, by radiative bhabha’s. It
thus remains to check that the cuts applied in the counting
procedure reduce the expected number of viy(7y) events
to a “few” events. For this purpose, we performed a quick
evaluation of the cross sections for these processes using
CompHEP® and requiring the following for each photon: a)
|cos 6| < 0.95; b) E., included in the range (11). We then
found that:

ZUCUT(eJre’ — v;;y) ~ 810 fb at /s = 270 GeV;

570 fb at /s = 500 GeV;
ZUCUT(€+€7 — viyy) ~ 31 b at /s =270 GeV;

K2

7 fb at v/s = 500 GeV.

On top of this, one has to take the 30 cm cut on the
non-pointing photon impact parameter into account. Of
course, it is not reasonable to trust the tails of gaussian
statistics so much as to consider this as a real 100 cut.
Nevertheless, we note that if we were to “conservatively”
evaluate its reduction effect and assume it to be equivalent

6 At this stage, we did not take into account ISR, beam-
strahlung effects or any other effects coming from undetected
radiation
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Fig. 31. a shows the optimal c.o.m energy at which to run the LC as a function of ¢r for Model # 2. b shows the relative
precision of ¢7 obtained after a run of 200 fb~! at the corresponding optimised c.o.m energy

to an effective 40 cut, the one photon background in 200
fb~1 would still amount to 10 (7) events only for Model
# 1 (2), while the two photon background would basically
disappear. Hence, we are confident that our set of cuts is
strict enough to reduce any background to the level needed
for our study to be valid.

While we are aware that detailed studies on non-
gaussian tails for calorimeter angular pointing would be
highly desirable in order to solve more precisely the back-
ground subtraction problem in such a statistical study,
we also note that further background reduction is pos-
sible before appealing to photon non-pointingness. First,
with reference to the most dangerous vy background, we
checked that, after our upper cut on the photon energy
n (11), the remaining contribution from ete™ — y(Z* —
vp) is small and more than 70% of the cross section at
Vs =270 GeV comes from pure W-exchange (even more
than that at /s = 500 GeV). On the other hand, W-
exchange graphs tend to produce relatively soft photons
predominantly along the beam direction, while the N7 Ny
signal gives a flat I, spectrum between the end points
(11) and does not show an important angular structure,
due to the isotropy of the N, decay. Based on this, we
found that, e.g. for the case of interest for Model # 1
with /s = 270 GeV, imposing stricter cuts E, > 40 GeV
and [cos 6| < 0.9 would result in a factor 2 to 3 gain on
the signal to background ratio, while the corresponding
loss of statistics would be limited to less than 30%.

Second, and most important, there is here a good
chance of exploiting the beam polarisation option at the
LC. If, on top of the kinematical cuts mentioned above,
one could benefit from, say, an 80% polarisation for the
electron and a 60% one for the positron, one would get
an additional 0.3 or so reduction factor on the dominant
W -exchange contributions to the one photon background,

while the Ny Ny signal would get an enhancement factor,
since an important part of it comes from R-selectron ex-
change in the ¢-channel (we remind that our neutralinos
are mostly bino’s). If even stronger beam polarisation was
available, then one would probably be able to reduce the
one photon SM background to an acceptable level by using
optimised kinematical cuts and a looser cut on the photon
impact parameter such that gaussian statistics could still
be trusted.

On the other hand, we checked that the results we
obtained for the upper end of our statistical method reach
on Ty, is not very sensitive to the cut we impose on the
photon impact parameter in the 10’s of cm range. The
lower end of the ¢r reach does, but we know from the
previous section that the L = 10 cm—1 m range is well
covered by the direct calorimeter pointing technique. All
these considerations make us confident that our statistical
study is meaningful and our claim that a measure of cr
with a precision at the level of 10% is possible for typical
GMSB models up to several tens of metres by using such
a method is safe and possibly even slightly conservative.

Finally, we would like to comment on the fact that
larger values of ¢7 might be accessible by considering a
statistical analysis based on the ratio R;Vl = "5, /Mox,

of one (non-pointing) photon events to events where both
neutralinos decay outside the detector. Of course, in or-
der to count the latter events, it is necessary that other
SUSY processes are within kinematical reach in addition
to N1 N7 production, so that events including the visible
products of the decays to the NLSP are present. Taking
Model # 1 as an example, one could think of running
the LC at /s = 350 GeV or so, allowing R-slepton pair
production followed by {r — (G ({ = e, u, 7) decays
with 100% BR. The resulting SUSY signal would then

be made up mainly of (yy)E, ete” (v E, ptu~ (v7)E,
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and 7Y77(yy)F events, where one or both of the non-
pointing photons in parentheses coming from Ny, — 'yé
may or may not originate within the detector, depending
on ¢y, and the Ny boost for the specific process. For very
large neutralino lifetimes, events including two photons
are very rare and can be neglected. Note that running at
higher c.o.m. energies would increase the () factor for
Ny’s coming directly from pair production, resulting in
a reduction of n, g from this source, whereas the other
processes would produce softer neutralinos with a rela-
tively larger probability of decaying within the detector
and contributing to n; 5 . In addition, the latter processes
would provide all the visible SUSY events to be counted
as ngy, - Hence, the dependence of R%[ on ¢ would now

be affected by the sparticle spectrum ;md model details,
which renders this option less general and more involved
than the statistical method based on Ry = ny5, /75, -
In addition, while the SM background to events counted
in n,y, can still be reduced by requiring large impact pa-
rameters for the single photon, such a drastic procedure
is not available to reduce the SM contribution to ngy, .
In the absence of a detailed mSUGRA-like analysis, this
would lead to a reduction in the R’]\71 sensitivity to ¢r. By

quick inspection of Fig. 16 for Model # 1 at /s = 270
GeV, one can get a feeling of the n, 5 dependence on L.
Although one should take into account the precise defini-
tion of n, 5 and the differences arising from going to e.g.

/s = 350 GeV from 270 GeV, one can still estimate that
neutralino lifetimes of the order of 1 km or possibly more
might be measurable with some precision by using the R%h

statistical method. To further increase statistics and the
reach in c7, one could even consider going to the highest
available c.o.m. energies and include all possible processes
and cascade decays in the counts. However, this would in-
volve very complex analyses which might be desirable only
at a later stage, once it was clear that either the value of
V'F to be measured is much larger than the bound sug-
gested by the simple cosmology condition mgs < 1 keV or
that only an upper limit on c7g can be set. A statistical
analysis along these lines, as well as other studies concern-
ing measurements of GMSB parameters at the LHC will
also appear soon [40].

7.8 Backgrounds

In this section, we address again the issue of background
subtraction and summarize our strategy in this respect for
the various techniques described above.

Starting with the very short IV; lifetime and 2D-track-
ing method case, we note that there are no backgrounds
from conversions, because we include only those vertices
that occur well within the beampipe with » < 1 c¢cm (r
being the radial coordinate of the vertex) in the exponen-
tial fit. Also, any tracks originating from the i.p. should
not contaminate the signal, since we impose a cut r > 10
pm when fitting. We also require the invariant mass of
the pair of tracks be either less than 10 GeV or in the
(91 £ 5) GeV range (to retain the Z° peak in the case of
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Model # 2) to remove any chance of trace backgrounds
from leptonic W-pair decays with a vertex reconstructed
at a distance greater than 10 pm from the i.p., due to
resolution effects. We also require both leptons to be of
the same flavour, which further reduces this background.
As for the Z°(— vi)Z°(— €¢) background, we note that
in this case the large £¢ invariant mass requires a signifi-
cant opening angle between the tracks, which makes our
10 pm cut on r very severe. Any remaining background
must then originate from particles with lifetime, such as
7’s. However, 7’s can only mimic our signal if they decay
into 3- (or 5-) prong channels (with 15% BR), which are
also mistakenly reconstructed as 2-track events. The ef-
fect should be small, but any final detector design should
be checked to have sufficient 2-track resolution to ensure
that it is negligible. We did not address this and the above
problems in detail, because in our study we can safely re-
quire the additional presence of a hard [E,, > 20 (45) GeV
for Model # 1 (2)] photon coming from the decay of the
other neutralino and more than 40 (90) GeV of missing
energy, together with selecting only those events where
there is nothing else apart from the photon and the re-
constructed track pair.

As for the short decay length and 3D-tracking method,
the only additional feature compared with the previous
case, is the presence of y conversions that may or may not
be used for the lifetime measurement. We conservatively
decided to remove them and we describe our procedure for
this in detail in Sect. 7.4. Note also that our cuts here are
on the full 3D decay length A rather than on the projection
T.

For intermediate decay lengths (calorimeter pointing/
timing methods), the main background arises from the
~yyvw process. All the photons arising from this channel
will point to the i.p. and so can be reduced by cutting on
the reconstructed decay length A. In Sect. 7.5, we achieved
this by starting our exponential fits at A = 5 c¢m, which
corresponds to roughly a 20 cut for the pointing accu-
racy assumed in our study. In Sect. 7.7, we found that
Yo o(yyvim;) at /s = 270 GeV (for Model # 1) is roughly
31 fb after appropriate cuts, which means that about 1.5
fb are left after the 20 cut. This implies that the remain-
ing background is less than 1% of the signal and so we are
safe in our claim that a measurement to 10% or better in
the lifetime measurement is possible using these methods.
It should be noted that we have assumed gaussian an-
gular resolution for photon pointing and any effects due
non-gaussian tails have been neglected. Such residual ef-
fects in angular pointing should be included in any future
detailed calorimeter studies for the LC detector.

For large decay lengths using the statistical method,
we have to address the problem of both yyvv and the
more severe yvv backgrounds. Any backgrounds due to
SM processes will be independent of the neutralino decay
length and so the SM contribution can be estimated from
Monte Carlo and be subtracted from the measured values
of ny g, (and nyg ) in our curves in Fig. 30, provided the
subtractions are relatively small. To this purpose, in addi-
tion to cuts on the photon and missing energies designed
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Fig. 32. Summary of the various techniques we have proposed
to use at a LC for a V7 lifetime measurement with a precision
at the level of 10% or better

to fit the spectrum of the signal, we require a very strict 30
cm cut on the non-pointing v impact parameter to reduce
the yvv background to a negligible level. This is again
somewhat dependent on neglecting non-gaussian tails in
the calorimeter resolution. However, in Sect. 7.7, we also
discussed in detail possible alternative strategies involving
kinematical cut optimisation and beam polarisation.
There remains the question of backgrounds from cos-
mic rays and beam-related background. As we have men-
tioned in Sect. 7.7, experience from LEP has shown that
cosmics can be rejected provided one can apply good tim-
ing information and require no hadronic energy in the
event. In addition, the background from cosmics (and
beam-related backgrounds or calorimeter noise) can be es-
timated using random dedicated triggers and subtracted
if necessary. Additional veto walls could be constructed
around the detector to kill any remaining muonic back-
ground, if the above measures proved insufficient.

7.9 Summary

We have shown in this section that a general purpose de-
tector operating at a LC with c.o.m. energies in the 200
500 GeV range could provide a good N; lifetime measure-
ment, to 10% or better, over 6 orders of magnitude, from
tens of pum to tens of m for a few representative scenarios.
We have based this on a 200 fb~! run, corresponding, e.g.,
to approximately 1 year at the high luminosity proposed
for TESLA and a few years at JLC/NLC.

The techniques we have used in the study are sum-
marised in Fig. 32, as a function of the N; average decay
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length. It can be seen that while a wide L range (e.g. 30
pm—40 m for Model # 1) can well be covered by using
individual techniques, there is also significant overlap for
many of the intermediate regions. This implies important
redundancy in the lifetime measurement and the oppor-
tunity to combine results to achieve an even greater pre-
cision.

For many cases (e.g. Model # 1), this is more than
enough to cover the lower end of the theoretically allowed
range for ¢y and the upper end as well, if naive cos-
mological constraints are imposed. On the other hand, we
recognise that scenarios with very short lifetimes at the
level of a few pum are possible in the context of GMSB
and in this case one can either set an upper limit or push
for higher LC energies to maximise the relativistic fac-
tor (B7) N (facing however more complex analyses in the
presence of competing SUSY signals).

We have also considered scenarios where the gravitino
mass is heavier than ~ 1 keV and consequently the neu-
tralino has a very long lifetime =2 10’s of metres. For
these cases, we have proposed a way to slightly extend
the ¢r reach by running the LC at a c.0.m. energy opti-
mised with respect to the relativistic boost factor and a
simple statistical analysis, but we have seen that a solid
improvement can only come from increasing the available
integrated luminosity. Interesting prospects for a measure-
ment of very large values of ¢7g, up to ~ 1 km also exist,
based on a more complex statistical analysis in a SUGRA-
like scenario where most produced NLSP’s appear stable
and are invisible, but there is still a non-negligible number
of neutralinos undergoing a decay within the detector.

Referring to (8), we note that a 10% error in ¢r cor-

responds to a 3% error in v/F. This is of the same order
of magnitude as the theoretical uncertainty on the factor
B introduced in Sect. 3. In comparison, the contributing
error from the neutralino mass measurement using the
threshold-scanning technique or the method of Sect. 7.2 is
negligible.

Hence we conclude that, for the models considered and
under conservative assumptions, it is possible to determine
VF with a precision of approximately 5% by only perform-
ing N lifetime and mass measurements in the context of
GMSB with neutralino NLSP. Less model dependent re-
sults can be obtained by adding information on the N;
physical composition from other observables, such as Ny
decay BR’s, cross sections etc.

8 Conclusions

After introducing the GMSB framework and discussing
the region of the parameter space of interest for LC
searches, we focused on the case of a neutralino NLSP and
demonstrated how measurements made at the LC can pro-
vide information on the detailed structure of the theory
at both the electroweak and the very high energy scales.

We have shown how a study of the SUSY particle
mass spectrum, measured e.g. via threshold-scanning tech-
niques, can allow the determination of the fundamental



320

GMSB parameters with high precision. In an explicit ex-
ample where many SUSY thresholds can be explored run-
ning at /s < 500 GeV, we found that accuracies at the
level of 0.1% for A and Nyess, 1% for tan 8 and 1-2% for
M ess are achievable.

In particular, we stressed the possibility of perform-
ing a measurement of the Ny lifetime at the LC with the
aim of extracting information also on the SUSY breaking
sector of the theory and its fundamental scale VF. To
this purpose, we studied main and rare N; decay chan-
nels in detail and set up specific simulation tools based on
the TESLA /CDR proposals. Using representative GMSB
models, we then found that Ty, can be measured to 10%
or better over a large range, from tens of yum to tens of m,
which in many cases covers the scenarios allowed from the
theory and suggested by simple cosmological arguments.
(We also sketched a possible way to treat the case where
10sm < CTR, < 1 km.) We showed that this, together

with a N; mass measurement to ~ 0.1% (whose feasibility
at the LC we also demonstrated), yields a 5% determina-
tion of v/F under conservative assumptions, if minimal
GMSB-model constraints are used. Better and less model
dependent results can also come from analyses of other
observables such as N7 decay BR’s, cross sections etc.

Our results in this respect and the reach in c7y, de-
pend on details of the detector design, which we assumed
to be general-purpose oriented. For instance, for interme-
diate Nj lifetimes, we obtained a very high accuracy us-
ing calorimeter pointing/timing techniques. It should be
noted, however, that our calorimeter pointing precision
has assumed the presence of pre-shower detectors, while
simple calorimetry alone might not be sufficient for our
purpose.

On the other hand, extreme cases allowed by the
GMSB framework with very short (few pm) or very long
( 2 1 km) N lifetime require special detector design.
For the very short case, one should consider the feasibil-
ity of upgrading the interaction region to include smaller
beampipe radii combined with ultimate vertexing technol-
ogy. Better performances for the very long case can only be
achieved by having electromagnetic calorimetry at larger
distances from the i.p.. This points to either a larger de-
tector or dedicated additional devices, e.g. lead scintillator
arrays or similar, possibly well separated from the main
detector (a proposal in this direction for the DO experi-
ment at the Tevatron has already been discussed in [41]).
If clear SUSY signals are detected at the LHC and/or
during the first phase of LC operations, then it should
be possible to distinguish scenarios with a stable N7 (e.g.
mSUGRA) from GMSB scenarios with a very long-lived
N; NLSP and large vF by measuring and studying the
sparticle spectrum or other observables. If the indications
favour a GMSB pattern, then the addition of dedicated
devices at large distances would be highly desirable for
later LC runs. In this case, the position of the detector
in the experimental hall as well as the dimensions of the
hall itself should be cleverly designed to allow for such
improvements.
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Our study clearly shows that high luminosity at the
LC, such as that proposed for TESLA is very desirable
in order to allow both a better accuracy in extracting the
GMSB parameters from detailed knowledge of the spar-
ticle spectrum and a good precision measurement of the
NLSP lifetime in (most of) the range suggested by theory.
Indeed, we checked that any reduction in luminosity would
significantly eat away at both ends of the c¢7y, reach, while
the situation would improve perceivably if even higher lu-
minosities could be available.

We have pointed out that the clean environment and
the flexibility of an e*e~ collider are ideal to achieve pre-
cise measurements in this respect in a variety of GMSB
scenarios. In particular, we made strong use of the LC abil-
ity of running at a variable c.o.m. energy to benefit from
SUSY thresholds for both measuring the GMSB spectrum
and for facilitating the N; lifetime measurement. Also,
for the latter measurement, the precise knowledge of the
N; production energy was essential and we note that this
technique is not available at a hadron collider.

Finally, we would like to stress that the present study
turned out to be an ideal benchmark for developing soft-
ware intended for the TESLA/CDR detector simulation
that is expected to be broadly used for future analyses of
general interest. We have indeed seen that all parts of the
detector are potentially involved in the measurement of
the NLSP lifetime and unusual and extreme performance
and precision have been often required, as e.g. in the anal-
ysis based on tracking for the very short c¢r case. Again,
we note that the usefulness of the software and algorithms
we developed for our purposes in GMSB is in many cases
extendable to other new physics scenarios, such as gen-
eral LESB models or R-parity violation. Also, our anal-
ysis could hopefully trigger new, non-standard ideas dur-
ing the detector design process, in order to improve the
performance for the measurements we described without
reducing the effectiveness of the apparatus for other tasks.
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