Lawrence Berkeley National Laboratory
Recent Work

Title
SEARCHING FOR SUPERSYMMETRY AT THE SSC

Permalink
https://escholarship.org/uc/item/0h15r923

Author
Dawson, S.

Publication Date
1984-10-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0h15r923
https://escholarship.org
http://www.cdlib.org/

JC-2 84340

LBL-18479

<

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA _ESElveD

BERNELEY LA,

|

Physics Division T0eC 19 1984

LIBRARY AND-
DOCUMENTS SecTion

To be published in the Proceedings of the 1984 DPF
Summer Study on the Design and Utilization of the
Superconducting Super Collider, Snowmass, CO,

June 23 - July 13, 1984

SEARCHING FOR SUPERSYMMETRY AT THE SSC

S. Dawson, A. Savoy-Navarro, G. Alverson,
R.M. Barnett, E. Fernandez, J. Freeman,
L. Gladney, H. Haber, S. Lynn, F Palge,
and R. Wagner T

October 1984

A .

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.

=Y



October 1984 LBL-18479

SEARCHING FOR SUPERSYMMETRY AT THE SSC

A contribution to the
Proceedings of the 1984 DPF Summer Study
on the Design and Utilization of the
Superconducting Super Collider
June 23 - July 13, 1984
Snowmass, Colorado 81611

Sally Dawson

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

and

Aurore Savoy-Navarro-

CEA - Saclay
Gif-sur-Yvette, France

G. Alverson, Northeastern Univ. H. Haber, Univ. of California, Santa Cruz
R.M. Barnett, LBL S. Lynn, SUNY, Stony Brook

E. Fernandez, Univ. of Colorado F. Paige, BNL

J. Freeman, Fermilab R. Wagner, ANL

L. Gladney, SLAC

This work was supported by the Director, Office ofEnergj/ Research,
Office of High Energy and Nuclear Physics, Division of High Energy Physics
of the U.S. Department of Energy under Contract DE-AC03-76SF00098.



Summary

A detailed study of the prospects for finding the new
particles predicted by supersymmetric theories at the SSC
1s made. A study of the signatures, background, and
detector requirements necessary to find these particles is
presented. :

I. Introduction

Supersymmetric (SUSY) models have generated
increasing amounts of attention in recent years as a
means of under standing the roles of scalar particles in a
field theory. Since supersymmetry connects fermions and
bosons in a natural framework, theorists are hopeful that
it will reduce the freedom surrounding fermions and
scalars in the Weinberg-Salam model. No satisfactory
model exists at this time, but the structure of the
supersymmetric algebra is sufficiently attractive to
warrant a serious study of its consequences.!2345 1t is

ssible to make a great many predictions which,are
independent of the choice of a specific model. In this report
we make a detailed attempt to study the experimental
problems posed by super symmetric theories and to
analyze the capabilities of an SSC to find the many new
particles predicted by these theories. :

The plan of this report is as follows. In Section II, we
discuss tge present theoretical situation of super-
symmetric phenomenology and briefly review the results
contained in the literature. The experimental signatures
for the production of various SUSY particles are examined
in Section II with varying assumptions about the SUSY
masses and decay scenarios. In Section IV, we discuss the
background from known physics to events containing the
new SUSY particles. We pay particular attention to the
two jet background. Section V contains a discussion of the
characteristics of events containing SUSY particles,
including the E missing spectra and the average number
of jets per event. We also consider here the trig'Fer
requirements necessary to identify SUSY particles. The
results of two detector simulations are presented in

Section VI. One is a classical 4n detector for which we .

have used the CDF simulation package and the other is a
simple 4 calorimeter. Finally, in Section VII, we briefly
discuss a Monte Carlo written by R. M. Barnett and H.
Haber and compare their results with those obtained from
ISAJET. We end with some conclusions in Sections VIII.

I1. Theoretical Background

In this report, we consider an effective low energy

N =1 supersymmetric version of the standard SU(3) x .

SU(2) x U(1) model of the strong and electroweak
interactions. We stress that our conclusions do not depend
upon the details of any specific supersymmetric model. To

every known particle, there is associated a
supersymmetric partner differing from the ordinary
particle by 1/2 unit of spin and with all other quantum
numbers identical. Among the observed particles there
are no candidates for pairs related by supersymmetry.
hence the s;iectrum 1s effectively doubled in SUSY
theories. If the supersymmetry were exact. each particle
would be degenerate in mass with its superpartner. Since

this is not the case, the sppersymmetry must be broken
and the superpartners must acquire masses. The masses
of these particles, however, depend on the details of the
model and we will treat them as free parameters. The
theory we analyze has two scalars associated with each of
the l.cnown fermions, (one couples to the left-handed
fermion and the other to the right-handed fermion), a
Majorana fermion corresponding to each gauge boson and
a Majorana fermion for each iggs boson.
(Su ersymmetric models require at least two SU(2) Higgs
doublets in order to T’ve masses to both the charge 2/3 and
the charge-1/3 quarks). The SUSY particles and their
quantum numbers are listed in Table 1.

Table 1. Supersymmetric Partpers of SU(3)xSU(2)xU(l) Particles

particles spin color charge R-nuaber
g gluon 1 8 0 [
; gluino 1/2 s [ 1
vy photon 1 [} [/} 0
Y photino 12 0 0 1
V'.Z intermediste boscns 1 0 21,0 0
.2 vino,z1mo 12 ° 21,0 !
q quark 1/2 3 2/3,-1/3 0
¥ equark ] 3 2/3,-1/3 -xw2l
e electron 1/2 0 -1 ]
¢ selectron 1] ] -1 -x=21
v peutrino 1/2 (] ] o
¥ sneutrino 0 0 ° 1
£*.8° miggs 0 ° 1,0 0
l'o.ﬂ'- Biggs 0 OA 0,-1 [}
8*.2° niggetno 1/2 ° 1.0 1
E’O.E'-ngglim 1/2 [} 0,-1 1



At this point it is useful to introduce some
terminology. All of the SUSY particles are denoted by a
tilde over the symbol for the known particle with which
they are associated. The scalar partner of a fermion is
called a sfermion and the fermionic partner of a gauge
boson or a Higgs boson is a gaugino or Higgsino,
respectively. For example, the scalar partner of a quark is
written as G and called a squark, while the fermionic
partner of the photon is the photino, ¥.

In many SUSY theorys, there is a conserved
uantum number associated with the supersymme try -
ghe "R number”. This quantum number is 0 for the
conventional particles and * 1 for the SUSY particles(see
Table 1). Experimentally, a conserved R invariance
means that SUSY particles are always produced in pairs.
The R symmetry is, however, broken by the Majorana
mass terms which give the gauginos mass. In the class of
models which we examine there remains a residual of the
R symmetry which ensures that SUSY particles are
always pair produced. Models without this symmetry
have been considered by many authors.®

SUSY particles have been searched for in e*e-
annihilations, in hadronic beam dump experiments and by
examining cosmological constraints and some limits have
been placed on their masses. The current limits on SUSY
particles are summarized in Refs. 4 and 5. By the time of
the SSC quite stringent limits will exist on Lﬁe masses of
SUSY particles, (or else SUSY will have been discovered!).
The Fermilab Tevatron will see il,uinos or squarks if they
are lighter lighter than 130 GeV, photinos lighter than
160 GeV, and winos and zinos with masses less than 100
GeV. In addition SLC and LEP will be able to see
selectrons up to masses near 50 GeV. We will thus
concentrate on finding SUSY particles with masses in the
100 GeV to 1 TeV range. '

, One of the beauties of supersymmetric theories is

that the interactions of SUSY particles with matter are
completely specified, leaving only the masses and some
mixing angles as free parameters. This means that all
cross sections can be calculated unambiguously in terms of
these quantities. The complete expressions for the pair
production of all SUSY particles are given in Refs. [4] and
[7]. The cross sections for producing all possible combi-
nations of two SUSY particles have been calculated by
Eichten et al.,3(EHLQ), for SSC energies with cuts on the
rapidities of the produced particles. In all of their plots
they have assumed that the produced SUSY particles have
equal masses. In Figs. 1-3, we show o(pp + &Y), o(pp + £d).
and o(pp - gW* +gW-) for unequal SUSY masses
corresponding to those which we wﬂl analyze in detail
later. The structure functions we use are those of EHLQ

with Ao = .29 GeV. In Fig. 2, we have summed over all
flavors oPsquar‘ks {which we assumed to have degenerate
masses).

It is also useful to have angular distributions for the
production of SUSY particles. In Figs. 4-7, we plot E
do/dp® versus p, for the inclusive production of gluinos,
photinos, winos, and squarks, respectively, at 90°s in the
center of mass. We have chosen representative masses for
the SUSY particles in order to illustrate various scenarios
which are possible. In Figs. 4-6, we have kept separate the
contributions to the differential cross section from the case
where both of the final state particles are gauginos and the
case where one Earticle is a gaugino and the other is a
squark. For light gluino masses, (m, € 1 T eV), the
dominant contribution to the gluiné production cross
section is from pp + gg, while for heavier gluinos (and m,
= mi)I the major contribution is from pp + 4. For the se
of SUSY masses we have considered, the dominant

10 T T

e
~ 10
®
-8
10 .
- J
10 -
xo.s 1 L i 1 11 S B
o 0.1 0.2 0.3 0.4 0.6 0.6 0.7 0.8 0.8 1
ue (TeV)
Fig. 1
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M uino’ :
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We have summed over

1000 GeV, respectively.
squark flavors.



contribution to inclusive W (or §) production is from pp » 2

W4 (or pp » ¥§). Similarly, in Fig. 7 the contributions 10
from pp + q + gaugino and pp » Q4* are shown separately.
In Figs. 4-7, we have summed over squark flavors. 10
~  EHLQ calculate the production of wino, W, and zino, 1
Z, gauge eigenstates by neglecting any %ssible mixing of -
the ﬁauginos with the Higgsinos. The W* can mix with —~10
the B+, the W- can mix with H'-, and the Z can mix with - _3
the ¥, H°and HC to form the mass eigenstates. The details S0
of this mixing depend upon the model and are discussed in S -s
Ref. (4], [5] and [8). The model dependence due to such CRL
mixing effects affects the two-body cross sections for all N
SUSY particles with the excePtion of gluino pair “a 10
production. (In any specific model, of course, the masses I .
and mixing angles are completely specified.) S
An exam;le of such mixing occurs in the production ® o, °
of two charged gauginos, (these are the mass eigenstate -7
mixture of a wino and a Higgsino). The complete 10
expression for this cross section is given in Appendix B of - e
Ref. (4] and in Ref. [8] and depends upon two model 10
dependent mixing angles, ¢, and ¢_, and the eigenvalues -0
of the mass matrix, (which may be either positive or 10
negative). The mass eigenstates are: -10
: -~ ~ 10
W,*= ~icos¢ W* +sin¢ H*
@W,- = —icos¢ W~ +sing_H- .
- @,* = isin ¢+W* + cos 0,,?1* Fig.4.
G,”= isine_W- +cos¢ H-
10 T Y T T Y T 3 —
3 E 10
i pp+ W'E + Vg ]
b} = = -9
3 E 1o
F ] %
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F - 3 E
a [\ ~ 1 o -9
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Fig. 3 €

Fig 3. opp— W*E +W- £ at Vs = 40 TeV. The solid, dashed,
dot-dashed, and dotted curves have mo=m,..and
m,. = 500, 100, and 200 GeV, respectively. All curves

have mglumo = msquurk.' ’
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E do/dp? for pp — gX at Vs = 40 TeV. The solid and dashed
curves have m .= 100 GeV and 1 TeV, respectively.
and include onfv%ﬁe contributions frompp— g + (Y,Z, W
or g). The dot-dashed and dotted curves have m luino = 100
GeV and 1 TeV, respectively, and include only the
contribution from pp =g + squark. All gauginos and
squarks have equal masses.
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E do/dp® for pp — ¥X at Vs = 40 TeV. The solid and
dashed curves have M poting = © « Mgluino = 100 GeV and
500 GeV,and m_ uark = 000 and 600 GeV'. respectively_and
include only the contributions from pp = ¥ + (Y, Z, W, or
g'. The dot-dashed and dotted curves have m hoting = O
m_. =100 and 500 GeV, and m_ ., = 560 GeV and
i) be\', respectively, and include only the contribution of
pp— ¥ + squark. -All curves have m; = o5 = mé'



Figure 8 illustrates the effects of varying the mixing
angles and the signs of the mass eigenstates on the values
of the cross section. For light gauginos these effects are
small at SSC energies, but as the gaugino mass nears 1
TeV they become significant.

In general, there are a variety of decay channels open
to each of the SUSY particles. In many models, one (or
more) of the SUSY particles will be stable or there will be
stable bound states of two or more SUSY particles. We
will not comment on this possibility except to emphasize
the importance of stable particle searches in finding the
new physics associated with supersymmetry. The
spectrum of stable bound states has been discussed in Ref.
[Sl]. We consider the following decay scenarios for the
gluino;

1. Stable g,
2. §+qqywitht =48 ma‘/(uaseqzmgs)

wheére e is the quark charge and m. and m~ are the
squark dnd gluino masses. The sign‘ﬁl for the gluino

decays will be 1 or 2 jets and missing energy from the ¥
which escapes the detector unseen. Tiis will be discussed
in detail in Sectjon I, The possible existence of a
light Goldstino G, (the Goldstone boson of spontaneously
broken super symmetry), has been ignored by us. In
%dels with a Goldstino it is possible to have the decay ¥
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Fig.6. Edo/dp®for pp— Wt + X. The solid and dashed lines have

m; .= 1TeV and 200 Gevg’r*espectjv‘e;ly%agd include only
the contributions for pp > W= + (Y, Z, W=, g). The dot-
dashed and dotted lines have m; -~ = 1 TeV and 200 GeV,
respectively, and include only the contribution of pp - W
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k ™ k
200GeV,andm , . = O , respectively, and include
the contributions of pp = § +(¥, Z. W ®and pp— 4* +
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alpp + w' wy) at /§ = 40 TeV, where w,is the
mass eigenstate mixture of the wino and
Higgsinos. The solid line has cos ¢, = 1 and the
dashed line hascos ¢, = —1. We have taken mg
= my.
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The squarks can decay in several ways,
1. Stableq,
2. G+ qE with 1 = 3m;2a, m? — m*)?)

3. §+qY with 1 = 2mgae Ame® — my*)?].

" The squark decays 2 and 3 both lead to hadronic jets plus

missing energy. We consider only the case where the

hotino is staﬁe and the lightest SUSY particle, although
1%many models it is possible to have Y + YV or ¥ =+
Yuo. .

Wino and zino decays are potentially a rich source of
information about the theory and have received much
attention in the literature.” We consider in detail only the
decay,

1. W+ eVwith v = 4sin28, mg¥a(mg’ — my?)?).
We do not consider at all the effects of
supersymmetry on the decays of the W and Z bosons as the

SppS and the Tevatron will have studied this question in
detail long before the SSC.

We turn now to a detailed discussion of the
signatures and decay sequences of the SUSY particles.

II1. Experimental Signatures of SUSY Events

Our main goal during this summer study has been to go one step
further compared to previous workshops'?. Namely, not to remain at

* the phase of writing a catalogue of all the different possibilities that

SUSY offers but to bring this theory to the experimental level; this means
to study realistically how the apparatus can detect some specific SUSY
processes, trigger on them, and overcome both the different backgrounds
and the pile-up events which are becoming a serious problem as the beam
energy of pp colliders is going up.

Illa. SUSY Processes Considered in this Work

An attractive feature of SUSY theories is that they
offer a set of reactions which taken together give a
complete and self-consistent scenario. Among the possible
alternatives which can be of interest for hadron-hadron
colliders, we have chosen to look in detail at the following
reactions:

(1.) pp+ &g Itshould give the highest cross section
for a SUSY process.

(2.) pp+EE It also has a high cross section and a
rather complicated, but characteristic
jet structure.

(3.) pp+8Y It has a lower cross section than
processes (1) and (2), but a rather clean
signature.

(4.)&;} - Wg It has a striking leptonic signal.
+ VY

The reactions (1.) and (2.) have high cross sections, a
multijet structure and a large amount of missing energy.
Reactions (3.} and (4.) have lower cross sections, but more
specific signatures.

-5-

A ““free parameter” in SUSY is the mass of sparticles. So we have
considered different scenarios varying the masses of the sparticles from
100 GeV to 1 TeV. Of course, if the mass spectra is more towards
100 GeV, SUSY should be already proved by the time of the SSC (unless
physicists or apparatus or both are too bad!). As has already been
explained in Section I, depending on the mass of the sparticles, we will
have also different types of decays. Taking into account these two differ-
ent “‘degrees of freedom’ we have imagined for our study the set of
scenarios described in Table 2. '

We now describe the tools we have used to do this job.

Table 2

Set of SUSY scenarios considered in our study

SUSY process Decay mode for Mass range
involved SUSY particle
pp — 88 g - qdy m; = 100 GeV
. my = 100 GeV
pp — &8 £~ qdy m; = 1TeV
my = [ TeV
pp— &4 g~ qdy m; = 200 GeV
d-qg m; = 500 GeV
pp — &3 g - aqdy m; = 500 GeV
4~-qy my = 200 GeV
PP~ &Y g~ qay m; = 100 GeV
% stable m;, =
PP~ £ . g~ qd¥ m; = 500 GeV
7 stable : m, =0
pp — Wg W mw = 200 GeV
Loy m; = 200 GeV
g~ qdy m; = 0GeV
pp — Wg N ] mw = 1 TeV
: ¥y m; = 1 TeV
g~ qd¥ m; = 0GeV

!

|

!
HIb. Description of the Tools Used in this Work
|
. We need a Monte Carlo to generate events, a
simulation package to study the effects of different

detectors, and a jet finder to describe the jet structure of
each event.

Among the different generators available on the
market, we have chosen t use ISAJET.? This choice has
been motivated by the following considerations:

1.1t is a multipurpose Monte Carlo in the sense that
it has been written to generate most of the usual pp
or pp reactions such as the production of light
constituents and heavy quarks. the Drell-Yan
process, W and Z production (with both leptonic
and hadronic decays), heavy lepton production,
and some SUSY processes such as § pair



production and ’g“q production. , We have
implemented the gY process and Wg process
including the corresponding matrix elements as
calculated in Ref. 4.

2.1t has been adapted to the simulation of different
apparatus such as the UA experiments at CERN,
the CDF detector at the Fermilab Tevatron, and it
is easily adaptable to other simulations. (This will
. be described in more detail in Section V.)
So, within its own biases and limitations, ISAJET allows
us to study certain processes and their corresponding
backgrounds. *)

A simple simulation has been used for the studies
reported in Sections III, IV, and V. Namely, we use a
caforimeter of £5 in pseudorapidity (n) with a granularity
in (n, ¢), (¢ = azimuthal angle), defined by cells of 0.1 in
pseudorapidity and 5%s in azimuth which produces a
rather rough granularity. The particle is put into one cell

and the energy is smeared in only one cell according to a
Gaussian distribution parameterized by .15//E + 0.01 in
the electromagnetic part and 0.35/ + 0.01 in the

hadronic part. This sample calorimeter thus has typical
uranium calorimeter characteristics.

A simple minded. but very efficient jet finder has
been used for all of the jet studies reported in this paper,
(apart from some of the results of Section V wich use the
CDF jet finder package). This jet finder picks the highest
E, cell and then sums all cells which are within 1 unit of

seudorapidity, and have Ar = / [AyF +[Anf= 1 and also

ave an E ! greater than 2 GeV; the other cells are
thrown away. The jets reconstructed in this way but
which have an E_less than or equal to 30 GeV are also
discarded.

We now have all the tools which we need to define
the experimental signatures of SUSY events.

Illc. Typical Pictures of SUSY Events

By experimental signatures we want to emphasize how well, already
at the first-level trigger, SUSY-type events can be selected. The most po-
pular way to trigger highly segmented calorimeter information is by us-
ing, at the level of a hardware processor, the ‘‘Lego plot”* technique
(see the pioneering work of the CDF experiment)'®; so our goal in this
section is to give the main characteristics of the Lego plot of the different
processes we are concerned with and to picture them in this way. The re-
sults are shown in Figs. 9-12. In the two first classes of events
fcorresponding to reactions (1) Fig. 9 and (2) Fig. 10} and which are mul-

~ tiple jet events we see that we do not always get, as we could naively sup-
pose, the number of q jets which corresponds to the way sparticles decay;
but in fact it can vary and be 2, 3, 4 or 5 reconstructed jets. Also, we al-
ready notice that in the decay process § — qg¥, one of the two q jets will,
in general, be a much lower pr jet than the other one (this will be con-
firmed using another generator, see Section VII). The signature of g% ap-
pears as a very clean signature in terms of 1 or 2 jets and a large imbal-
ance in energy (Fig. 11). The events corresponding to a W§ process, where

* Qur concern in this work is not only to be as much as possible free from any theoretical
prejudices, but also from the limitations of a special Monte Carlo. So we have also
looked at the difference in the results obtained when using another generator (this is re-

,. Ported in Section VIi).

’ By Lego plot we mean the (Ey, n, ¢) three-dimensional plot of an event.

-6-

Fig. 9a

»°]

ey

Fig. %a

£, 080

£, Gey

the W decaysintolv (v — »%),showsaveryhighErlepton,alargeimbalance
in energy, and clear jet structure (Fig. 12).

By studying the different backgrounds which can bother us in this
search (Section IV), we are going to show that this first level of selection
is not enough to trigger in a unique way the SUSY events. Then in
Section V, we wil! define some more peculiar characteristics which will
help To trigger on these processes.
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Fig. 9 Signatures of § pair production in pp collisions: a) m; =
100 GeV; bym; = 1 TeV.
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Fig. 10 Signatures of §§ production in pp collisions: a) m; = 200 GeV,
mg = 500 GeV; b)m; = 500 GeV, mgz = 200 GeV.
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Fig. 11 Signatures of gy broduced in pp collisions: a) m; = 100 GeV,
m; = 0GeV; b) m; = 500 GeV, o, = 0 GeV.
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Fig. 12b

Fig. 12 Signatures of W§ produced in pp collisions: a) mw = my =
200GeV,b)mw = m; = 1 TeV.

1V. Backgrounds and Pile Up Problems

We consider in this section the various backgrounds one has to take
into account when searching for SUSY events in a pp collider; also, we
pay special attention to the pile-up problem, which matters more and
more as we go higher and higher in luminosity.

IVa. Standard Model Background

We have emphasized in Section III, how different SUSY processes

are characterized by their jet structure, their amount of missing energy,

and sometimes the presence of charged lepton(s). It has already been

pointed out'-? that even in the case of a SUSY process which has a relati-
vely high cross-section, such as the § pair production, there is quite an
important background due to light constituents which are abundantly

" produced in pp collisions. We are now going to refine the analysis of this
‘so-called standard background. In this section we consider only gluino

pair production with m; = 1 TeV",

To achieve this work, a sample of 48,000 events generated by
ISAJET Monte Carlo according to the reaction pp = qq (where q = g,
u,d, s, ¢, b, t) with jet pr’s in the range of 100 to 4000 GeV has been pro-
duced. A first selection of the interesting background is made by extract-
ing, from these events, those which have a lepton (including charged and
neutral leptons in the event) with pr at least equal to or greater than 5%;
6,000 such events remain after applying this cut. The apparatus simula-
tion used in this section is the same as that described in Section I11.

By first looking at a Lego plot of some of these events (Fig. 13), we
see how such background events can fake our search, for instance for §
pair events, if no additional cut is applied on the data other than this
preliminary missing pr cut. An estimate of the signal-to-background ra-
tio gives, at this selection level, a value of the order of 1 to 10; the com-
parison between the missing energy spectra corresponding to SUSY
events and the background of light constituents shows (Fig. 14) that a
simple missing energy cut is not enough to handle this serious back-
ground problem. So, what we have tried to do is to use more sophisticat-
ed and appropriate cuts, namely using the xg and Xou: variables.

The idea in setting such variables is to measure the missing pr rela-
tive to the highest Ey jet. It can be defined in two different ways: relative
to the sphericity axis or to the axis of the highest Er jet (the jets being
defined according to our naive jet finder already described in Section
HI).

i) For the sphericity analysis, we first calculate the elements of the Er
tensor as follows:

Erxx = Zi Efr cos? ¢;
Erxy = Zi Efr cos® ¢isin ¢;
Ervy = LiEhsin’¢; ,

Fig. 13 QCD background: EI*' = 1 TeV; Ef*** = 465 GeV.

*) We have studied the case of a high-mass gluino because the search for such a heavy ob-
ject requires high luminosity.
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Then we find the eigenvectors of this tensor:
which is the sphericity tensor in the transverse plane. The components
of the missing pr are measured relative to the eigenvectors. The pro-
jection normalized to the total Er on the major axis gives Xg, and on

the minor axis gives Xou; in other words:

Erxx Erxy

Erxy Ervy

xe = PF/EF & Xou = PRVER &

For the jet basis, we take the direction of the largest jet and use it as
the primary axis é,. The minor axis &; is just (~y, x) of the major

© axis. . .

- In addition in this analy'si’s“-z’_ﬂf_ plots but the total Er plot, are made,

applying a cut of 1'TeV <. Ef" < 3 TeV to kill the low-Er back-

ground while retaining most of the signal for mz = 1 TeV.

The two methods give similar results. A reasonable optimization of
the Xg, Xou: cuts has been found, if we take xg > 0.25 and xou: > 0.08;
the consequence is that very few background events pass this cut and
we find in both cases that, after applying this selection, the gluino sig-

- palis 5.4 x 10~ ° mb and the background is less than or equal to 2 x

107 '° mb. So, let us take, for instance, the sphericity version. By

» comparing the X distributions from events with gluino pairs (assum-

“ing my

1 TeV) with the one corresponding to the background con-
taining jets with pr (lepton)/pr (jet) = 5%, we find (Fig. 15) that the
sigrial dominates at Xoui*by about 0.2. It looks as if e~ *u®16 while
the background is more like to be e ~*ou’®-%2 and to cross at Xou
0.14. If we take the signal as all SUSY events above 0.2, we get 25%
2cceptance. The background should be down at least by an order of
magnitude. :

So in this case, the situation is pretty comfortable. Now let us take
into consideration the effect of pile-up. Let us first explain how we
have tried to simulate the pile-up in our analysis.

‘ Fig. l4a
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Fig. 14 Missing energy spectra a) for pp — g8 + X, m3 = 1 TeV;
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b) for QCD-background.
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1Vb. Pile Up Problem

It has been emphasized by the QCD group'” that the jet cross-

section can be calculated using QCD perturbation theory even at very low
p1, for which p1/Vs is much less than one. Thus a large fraction of the to-
tal cross-section contains jets with pr ~ 10 GeV. To incorporate this fact
we have used ISAJET to generate as our minimum bias sample a set of
QCD jet events with pr 2 3 GeV; the integrated cross-section for this
sample is 220 mb, in reasonable agreement with the existing fits'? of to-
tal cross-section; at the low end of this pr range the jets are barely visible,
the events are dominated by the beam jets and so are described by an ex-
trapolation of low-pr physics. At higher pr, the jets start to matter; the
jet cross-section in this region is given at least approximately by the lo-
west order QCD formula built in ISAJET, and so our sample should
contain about the right mixture of low-py and soft jet events.

For technical reasons, we have divided the minimum bias sample in-
to two parts, generating 2000 events with 3 GeV < pr < 20 GeV and 500
events with 20 GeV < pr < 100 GeV. We have superimposed on each
gluino event and each background QCD jet event, a Poisson distributed
number of these minimum bias events corresponding to the luminosity
per bunch crossing (Leuncy). This implictly assumes that all elements of
the detector have good time resolution, so that interactions from dif-
ferent bunch crossings can be separated. When the minimum bias sample
is exhausted, we start again at the beginning. We believe that the pile-up
of a single missing pr event with several minimum bias events is in fact
the dominant pile-up effect. However, we have not studied in any detail,
other possibilities, such as the pile-up of two QCD events each containing
a missing pr ».

Four different cases of pile-up luminosity have been considered, na-
mely: Lpunes = 0, 0.01, 0.025, and 0.05 mb ~!, corresponding respective-
ly to no pile-up, 2, 5, and 10 pile-up events. Our conclusion is that obvi-
ously, with pile-up added things get considerably worse, in the following
way (Fig. 15); at Lpunch of 0.1 mb ™! (which means 2 extra pile-up events)
it is still all right; at a pile-up luminosity of 0.025 mb ~! the background
slope is still within error bars of that with no pile-up. But at Lpyncn = 0.5
mb ' (which means 10 extra pile-up events), the signal is significantly
degraded. At that point we are faced, in our study, with the problem of
having not enough background statistics to decide if the signal could be
extracted. It probably could be, but it might not be very convincing and
anvhow we already can conclude at this level that with up to § extra
pile-up events per signal event, we can survive, with our Xou cut tech-
nique; whereas 10 pile-up events make life really hard, if not impossible.
Of course apart from the xou scheme, one can think of applying a pr
threshold on each calorimeter cell already at the first level trigger; this re-
duces the pile-up a lot but how much does it also bias our physics output
at a very preliminary stage? (In particular how much does it bias a first-
level trigger?)

IVe. SUSY vs. Background

We summarize in Table 3 all the different
backgrounds other than that from light constituent jets
which can affect our search for SUSY particles. It includes
not only the standard model background (SU(2) X U(1)),
but also possible signals coming from new physics which
can mimic SUSY. For each case, we have given, for
different mass ranges, the corresponding cross section as
well as the ratio of signal over background (S/B). Most of
the cross sections quoted in the table are from EHLQ. We
see that for §8 and g§ the backgrounds other than light
constituent jets are not severe. For Y production the
background from p + Z + jet,Z + vV swamps the signal.
However, the situation will be improved by applying an E,
missing cut and an x_, cut. Similarly, the background to
gw production from pp + W + jet; W + eV is severe but will
be reduced by E, missing cuts.
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In conclusion, the background due to light quark constituents, in
particular, is important, especially in the case of the g pair production or
£G production. The Xou technique seems to be better than a simple Ef***
cut to handle this problem as well as the pile-up effect, at least up to §
extra events superimposed on top of the signal events. At a level of 10
pile-up events the situation becomes much more critical, and more so-
phisticated studies (including higher statistics) need to be pursued to be
sure whether or not we can survive in such conditions. The other back-
grounds, in general, are less critical; but anyhow a more refined defini-
tion of the characteristics of the SUSY events is needed to ensure their
signature.

V. Recommendations for a SUSY Trigger

At this stage of our work, we want to extract some characteristics of
the SUSY events we are looking at, in terms of certain calorimetric in-
formation. Our ambition is to use them to buiid a *“SUSY trigger’’. By
trigger we mean in fact all the different levels of selection, from the
first-level hardware trigger to higher levels such as the ones including on-
line processors. The data selected in this way, already on-line, would be
registered on special records (for ‘‘express-line’’ analysis).

To perform this analysis, we use the same tools (jet finder, simula-
tion program, etc.) as defined in Section 1II. For the different SUSY
reactions we are concerned with, we have studied the total transverse
energy (Er) spectra of the event, the inclusive jet distribution, the missing
energy as well as the total number of jets reconstructed in each event us-
ing our simple jet algorithm, the transverse energy of the highest Et jet
and of the lowest Er jet. We have summarized the results obtained in
Table 4 giving for all these quantities, the corresponding average value.

From what is listed in this table as well as the results already ob-
tained in Sections 11l and 1V, we can give the following list of ‘‘recom-
mandations®’ for defining a SUSY trigger.

Recommendation No 1:

A “SUSY trigger’’ must be a multipurpose SUSY tester; this means
that, in order to be sure to overcome both pile-up and all the kinds of
backgrounds we already mentioned, we must take advantage of the fact
that SUSY proposes a list of reactions, some with rather high cross-
section, but more difficult to identify freactions (1) and (2)] others with
lower cross-section but cleaner signal [such as reactions (3) and (4)].

Recommendation No. 2:
An Xou cut must be applied: it will certainly help in beating the light
constituent background as well as the pile-up.

Recommendation No. 3:

The requirement on the jet topology must be included very soon in
the trigger; using the Lego plot technique, and a simple jet finder it is
possible to get the number of jets of the events.

Recommendation No. 4:
The jet topology requirement must be combined with a cut on the

E Fi" 3

Recommendation No. 5:

Some specific trigger bits can be defined such as for instance:

i) A ‘g% trigger bit"’ including a simple jet topology (one or two nearby
jets) and a pr imbalance in the event just back to back with the
‘‘monojet’’.

i) A “Wg 1rigger bit" including a simple jet structure (two or three jets)
and an isolated high Ey electron and a very large missing energy at
ieast @ O (70%) the highest E7 jet.
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Table 3. SUSY vs. Background at vs=40 TeV.
Process Standard Model Confusion with Minimal Extention Confusion with Techni-
Background color Models -
.- & - - ':
PPER PpW W PP+QQ pp¥IX pPPgPo
s, gﬁzﬁ%)_ R = a( g8) R' = o(pp~gg) w o 9 gg)
B o(p ) o(pp~QQ) o(pp¥'X) o(pp~PgPy)
m = = = Y = . -
g('I‘eV) a(nb) mQ .5 TeV mQ 1 TeVv L .5 TeV o, 1 TeV mps 24. TeV mps 5
} TeV
.1 50 S/B~1000 R~1000 R~25000 R'~60 R"360_ R"~16 R"~500
.25 6 S/B~120 R~120 R~3000 R'~8 R'~40 R"~2 R"~60
1 .02 S/B~.2 R~.2 R~5 R'~.01 R'~.1 R"~.003 R"~.1
. + - o+
P83 PP W PR PP X PP*PgPg
S . o(ppEy) o(pp>E3) v - 9(pprEd) " o 9(ppgd)
L2 - = = R" =
e AR R T = B = Slopwx) o (pp-PgP8)
py 0 = = ™ =, 24 . = .
m m o mQ .5 TeV mQ 1 TeV L9 .5 TeV o, 1 TeV mpa 24 TeV mpe
(TeV) | (TeV)| (mb) . TeV
1 .1 15 S/B~300 R~300 R~7000 R'~20 R'~100 R~ 5 R"~150
25 .25 |2 S/B~40 R~40 R~1000 R'~3 R'~15 R"-.7 - R™20
) 1 .01 | s/B~.2 R~.2 R-5 R™.01 R'~.1 R"~.003 R"-.1
pPrEY PP2ZX; 2oy PPl iLqv, *
: We have specifically excluded the back-
S _ o(pp2y) R = of ) ground from light constituents from this
B (.2) o(pp*ZX) (.7)0(pp—>LvL) table as this background is treated else-
I z p ] =1 Tev where. All cross sections are from EHLQ3
g ¥ b T o, with cuts on the rapidities of the produced
{TeV) | (TeV)! (nb) particles of 'yi|<l.5. W' is a heavy W
with identical coupling as the standard W,
1 .1 7x10-3 S/B-~10"3 4 R~40 R~300 - Pg is an octet techniboson (which decays
25 .25 |10-3 S/B~3x10" R~5 R~40 to tb), Q is a heavy quark, L is a heavy
1 1 10-5 S/B~3x10-6 R~.05 R .4 lepton and vy 1s its associated neutrino
(presumed massless). For the purposes of
illustration, we have assumed B.R. (Z+IvV)=
o Taesy . - . -2, B.R.(Lqgvy)=.7, B.R.(L+eVv )=.1,
PPgW , Wrevy PP X;Wrey ppoLl L jlwqavy B.R.(W+ev)=.1, B.R.(W+e%y)=1, and B.R.(g
Ledv_ ~q3y)=1.
S . 9lpp> gW) R = OpED)
B (. 1)(ppWx) (.07) (pp~L7L7)
- o = L 3
hg oy LY .5 TeV mL 1 Tev
(TeV) |(TeV)| (nb)
B .1 |2x107%] s/B~5x10-3 R~9000 R~6x104
.25 }.25 {4x1073| s/B~10-3 R~1500 R~10+
! 1 7x10-5| S/B~2x10"> R~30 R~230




Table 4 Parameters of SUSY events at Vs = 40 TeV

Process Masses <EMissing, | < Wlcpofjets> | <Efstlets | < slowlel)y
(GeV) (GeV) (@ev) leev) | | lgev)
ppRe m_=100 4 208 2 8.5 50.4
2+qa¥ my = 1000 4 1467 ‘ 688 181
pp*EY | |m =100
grady me= 3.4 9 1 69 66.5
PP—~Eq =500
Fqa§ .= 187 857 3 267 109
5= 200
4= 500 14 800 ‘ 248 81
pP*WE w =200
[E~aa¥ = 18 303 2 169 871.2
Weed & = 1000
A 834 1373 3 739 265
Vovy 4= 1000

* In all cases, we have considered the photino to be

massless and stable.

These special triggers have, in addition, the advantage of giving a signa/
even in the case where the sparticles are of relatively low mass (too low to
be identified in other processes such as g§ or gg at SSC energies but too
high to be identified in the previous set of machines).

In the next section we study the effect of varying the detector defini-
tion in our simulation.

VI . Detector Simulation

‘We now want to go a step further. We are pushing the sparticles we
have generated with ISAJET through *‘real’’ detectors. We have consid-
ered for this two cases; in one case we simulate a ‘“‘classical’’ 4x detector
a la CDF; in the other case a 4x detector which is purely a calorimeter *‘a
la DI’" [see Calorimeter and 4x Detector Group Studies at this
meeting'®}.

Vla. Simulation of SUSY Events Through a "CDF
Type” 4% Detector

We say that this detector is classical, in the sense that it includes a
central part which is a tracking device, surrounded by e.m. and hadronic
calorimetry and then muon chambers. A solenoidal field of 15 kG is
applied. The events generated with ISAJET are submitted to the CDF de-
tector simulation program. The CDF apparatus has been ‘‘adapted” to a
40 TeV machine; the calorimetry geometry is that of CDF but with the

density of the hadronic calorimeter doubled. We, therefore, have 1 inter-
action length of e.m. calorimeter and 10 interaction lengths of hadronic
calorimeter. The e.m. part is lead-scintillator and the hadronic part
resembles a uranium scintillator detector. The pseudorapidity range
covered by the apparatus is + 5. The interaction point is centred within a
value of ¢ = 5 cm along the beam axis. A 15 kG solenoidal field is pre-

. sent. Resolution and detector tracks are included, giving in particular a

more realistic picture of the missing energy spectrum. Infortunately, the
CDF tracking routine was not yet available at the time we did this work,
so this part of the information is still missing.

The jets are located using a fairly simple cluster finder. A cluster se-
ed threshold is used to define a minimum energy for a cluster to be in-
itiated in a given tower. This seed threshold was set at 2 GeV for all runs
except two for which it was § GeV. The finder then searches the nearest
neighbours picking up anything above 100 MeV. It does some searching
for valleys to determine if two or more clusters are touching. The clusters
are then checked to see if they can be merged. Clusters whose centres
have Ar = V(An)? + (A¢)® less than 1.0 are merged, the merged clusters
being the jets.

For each type of SUSY process studied, we give the following dis-
tributions: tota! Er of the event, missing E1, total number of jets in the
event, invariant mass of jet pairs, inclusive jet Ey spectrum, Ey of the lar-
gest Eq jet, Ey of the lowest Er jet (Figs. 16-18), and some Lego plots of
SUSY events as seen from the CDF experiment (Figs. 19-21). By looking
at the corresponding pictures we see that the main conclusions we have
drawn in Section I'V are still valid and confirmed when we use another jet
finder and another apparatus simulation.
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We can give more specific comments; in the case of g pair produc- Figure 23 shows a Lego plot of the energy distribution for a typical

tion, for mz = 100 GeV, the number of jets is 2 to 4 (Figs. 8a, 11a), asex-  8luino pair event where the gluino mass is taken to be 1 TeV.

pected g,gjets tend to merge and thus many events are with 2 or 3 rather The same distributions as the ones discussed in Section V. have
than 4 jets. If m; = 1 TeV, it gives 3 to 5 jets per event (Figs. 16a, 19b)  been looked at and very similar results obtained (see, for instance,
and less merging of qg jets (at least as far as the jet algorithm is concern- Fig. 24). In addition, the background of light constituents has been simu-

ed); the total Er distribution tends to peak near the mass of single §  lated through this DI apparatus prototype and some distributions
(Fig. 16a). Missing Er is not so spectacular (Fig. 16a). In the case of g7 (Fig. 25) of the general characteristics of these events show that this
production, we studied two values for the gluino mass: 100 GeV and 1 background looks different from the g pair signal at least if the § mass is
TeV. The effect of merging appears quite clearly as one goes to lower  large enough [ O(500 GeV)].

mass (Figs. 17a, 20). When 2q-jet coming from the § decay dissociates in-

to 2 distinct jets, we also note that one is much higher in transverse ener-

gy than the other one (Figs. 17¢, 20). The scatter plot of the missing Of course, we have not studied all the possible alternatives that can
transverse energy as a function of the transverse energy of the jets is es- be figured out for the definition of (for instance) a detector for SSC; but,
sentially populated along the diagonal (Fig. 17d); so a rather good prim- we have set up, f(?r the first time, a tool_, namely the simulation of SUSY
balance characterized this type of reaction. For the gW production, the =~ SVents through different apparatus. This can be of great use for the fu-
number of jets is 2104 depending on the mass range of the sparticles ture. Even if SUSY would be a relatively low mass scale physics (already
(Figs. 18a, 21). Additional information about the e~ is given in Fig. 18b:  accessible with present generation machines), it can be used as a pro-

even thin shower counters typically see 90% of the electron energy. ff"ype ?f ew physics; its spec'iﬁc Sequir‘emems concerning jet recogni-
tion, missing energy, or lepton identification are typically the ones of any

other kind of physics we can imagine (at Jeast at the moment!) beyond
the standard model.
By examining the results we obtained in the case both of a ‘‘clas-

VIb. Simulation of SUSY Events through a 43 D1

type Detector. sical”” or a “‘calorimetric”’ 4x detector, we can already point out the main
following requirements:

The idea in this section is to use a simulation package built by the - HERMITICITY = 4x detector with as few CRACKS as possible.
Detector Study Group and flexible enough to incorporate different hypo- - FINE SEGMENTATION to identify between (qg), (Qqg) and q or g jet
theses on geometry, granularity, and material. So SUSY events can be structure and be as sensitive as possible to the “‘merging effect (pre-
plugged in such an apparatus simulation as a typical example of new sent at relatively low masses). g
physics and allows us to get a better feeling about the performances re- - LEPTON IDENTIFICATION for vetoing certain backgrounds to re-
quired for the calorimeters we need for the next generation machine. cognize e’s (needs also a magnetic field) or u’s in the case of certain

To do so, we have modelled the response of a purely calorimetric de- SUSY signatures.
tector similar in design to the D1 detector described in these Proceedings - TRACKING: this is not yet proved in our present report because the
(see report of the Detector Study Group). A schematic view of the detec- tracking package was not available in our simulation a la CDF; so it is
tor is shown in Fig. 22. It consists of five cylindrical sections, one central more a personal bias, but a very strong one, of some of us based on
(CCQ), two end caps (EC), and two end plugs (EP), all with projective to- personal experience at the present pp Collider.
wer geometry. Each tower is segmented into two layers in depth and has Even if it is very hard at 40 TeV, tracking is certainly a vcry unponam
an angular coverage of 50 mrad in azimuth (2.8°) and 0.05 units in ra- tool as far as SUSY is concerned. ORI
pidity n. The material has a 1 cm radiation length and a hadronic ab- To study, in more detail, what physics requires as the besl granu-
sorption length, X of 20 cm. The CC covers the angular region 24.5° < 8 larity for a calorimeter, the exact performances of a tracking device, the

< 155.5° (or —1.525 < n < 1.525), where 0 is the angle with respect to trigger pattern, the on-line pfOCCSSing, etc. goes much beyond the pur-
the beam axis. It has a total thickness of 10\ (1 X and 9 \ segments). The pose of our study group (see its title!); but the tool has been built and we
ECs extend the coverage down to 5.56° (p = 3.025) on each side and have started to use it with these goals in mind.
have a total thickness of 11 A (1 X\ and 10 A segments). Finally the EPs go

down to 0.277° from the beam (y = 6.025) and have a total thickness of

12 X (1 X and 11 X segments). The total length of the detector is about :

15m, VII. Refined Monte Carlo

The following processes were studied for this case:

How much are the conclusions we have obtained so far affected by

ﬁg : g’ g : :g:: ! ';' : :o-?cgev, the change of the generator package. How much do other reactions fake
- 5n ' i — q3’ * m-‘ = 200 Ge'V the detection of some SUSY processes which have even a rather clean sig-

PP~ 84, - a9y, ' 500G v, nature (such as for instance & or W3 production).
D~ §4 g - gg;y :_a ; 500 G:V ’ These are the two questions we ask ourselves in this Section. To an-
’ a-qy, ’ m; = 200 Gth swer them, we need a more refined Monte Carlo generator. In particular,

it should be able to point out in a more reliable way than a simpler gene-

. B . . . rator package peculiar properties of some kinematical or physical dis-
These processes give multijet type events which are of interest in this tributions.

work. They allow analysis of the required structure of calorimeters.

These detectors have to be able to recognize even tricky multijet structure

where jets can sometimes be close to one another. Electromagnetic sho- For these reasons, two of us (R. M B.and H. H.) have
wers and hadronic cascades were simulated with the programs developed ~ built an event generator for the reactions,

for the Fermilab Collider D® detector!®. This gives as outpur the energy

deposited in each calorimeter cell. A simple jet-finding algorithm (similar (a)pp~ “7
to the one described in Section [Il) was developed to reconstruct the L'—" eq
events. ‘__’ W

() pp~ EY
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This generator is discussed in detail by Barnett and Haber
in these voceedings.“ For reaction (a) we take ms = my,
= 1 TeV and m: = 950 GeV and consider®the p
distribution of the Jowest E jet, of the highest ELjet, and
of the electron, Fig. ( 26). e note that the qq system
coming from the decay of the gluino gives one jet much
higher in E than the other one, consistent with the results
of Sections IV and V. The distributions of the E, of each jet
are rather similar to the ones obtained with ISAJET at
the same mass range. The difference in spacial angle
between the two jets coming from the gluino decay and
between the highest E jet and the e~ are shown in Fig.
(27). Such quantities could be used to ensure a Wg
signature.

In Figs. (28 ) and ( 29), we show the p distributions of

the highest E_jet, of the lowest E_ jet, and of the electron
for m- = mg& = 200 GeV and m~ = 100 GeV. Figure (28)
has & massless photino and Fig. ( 29 has a 50 GeV
photino. The effect of the non-zero photino mass is to shift
the peaks of the p distributions by about 20 GeV.

For the reaction (1) we show the effect of varying the
masses of the sparticles on the distribution of the spacial
angle between the two jets coming from the gluino decay.
This quantity is quite sensitive to the mass parameter
and could be used in a refined analysis. Note that all

these results are obtained without any detector
simulation.

Certainly such a refined generator will be needed

in a careful analysis of some properties of SUSY
' processes.

VII1. Conclusion

SUSY is the theory for the time when the SSC will be working;
NONE of us joined this study group (at least we hope so) with such an
idea in mind! What has been our real goal is to use SUSY as a probe to
determine the implications that any kind of new physics will have in the
design of an apparatus for the SSC machine. To perform this job, we
have built new tools or adapted already existing tools such as: Monte
Carlo generators, detector simulators, jet finders, etc. This has been
made possible also because among all the theories available at the mo-
ment on the market, SUSY presents the advantage of being rather well
defined; o's and other parameters are calculated or calculable. At the
same time some degrees of freedom are still remaining, such as the mass
range and possible different decay scenarios for the sparticles.

It is quite clear that the type of physics we (or the next generation.of
physicists) will have to study in ten years from now will require highly
performing detectors. This statement implies: hermiticity, to measure ac-
curately the py imbalance of the events; fine-grained calorimetry includ-
ing the segmentation in (n, @) to recognize jet topology and internal jet
structure and segmentation in depth, to distinguish ¢~ ’s from hadrons;
tracking and magnetic field, to specify the jet characteristics, study the
amount of neutral over charged component and help in recognizing lep-
tons; p-identification; trigger and refined on-line processing. allowing the
insertion of SUSY signatures at the different levels of selection to prepare
already on-line sets of data which could be of interest for this type of
physics; High luminosity [ O(10%2)] will help as high statistics are need-
ed and beam energy of the order of 20 TeV will allow the scanning of
high mass ranges, around | TeV range or higher, and also 1o go down (at
least in the case of some reactions) to a few hundred GeV, that is to say
to the upper limit that present or next decade machines will reach.

Certainly these studies have to be pursued; we have 10 years to do
so!
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Fig. 30 pp — £y + X as given by a refined generator: Difference in
spatial angle between the two-q jets produced in § decay, for
different mass of sparticles (assuming % is massive).
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