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Abstract

I review some recent work on physics simulations for SSC/LHC.

In this talk, I review some of the recent developments in physics sim-
ulations for the SSC/LHC and comment upon the requirements that are
placed upon detectors by the need to extract specific physics signatures.
I shall draw upon the material in the various EOI/LOI documents!—6
submitted to the SSC Laboratory and upon the work done at the Aachen
LHC workshop.” In the following discussion 1 SSC (LHC) year corre-
sponds to an integrated luminosity of 10 (100) fb~1. :

Invited talk given at the “Rencontres de Physiques de la Vallee d’Aosta”,
La Thuile, Italy March 4-9 1991.
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The standard Model Higgs boson.

This has become a benchmark process and any multipurpose SSC/LHC
detector must be able to find it. It is convenient to divide the possible Higgs
mass into three ranges:- (a) 80GeVSMy<S2Mz, (b) 2Mz<SMy<750GeV and
(c) MgR750GeV . I will assume that a Higgs of mass less than 80 GeV will have
been found at LEP before the hadron colliders are available.

The region (b) is the simplest. One looks in the channels H — ZZ —
ete—ete™, ete~utu™ and utu~pu*tu~. Each pair of dileptons is required to
have an invariant mass consistent (within experimental resolution) with the Z
mass. A detector with modest resolution such as SDC“* which has an iron
toroid muon system, is capable of extracting the signal. The background arises
from the processes g¢g — ZZ 8 and q@ — ZZ °. There is a very small additional
background arising from the final states tf, Z + tt and Z + bb where the leptons
arise from the semi-leptonic decay of heavy quarks; this is negligible once we
require that there be two pairs of leptons with mass Mz + 10GeV. Even for a
Higgs mass of 800 GeV the resolution afforded by an iron toroid system is good
enough to ensure that such a cut can be made with good efficiency. Figure 1
shows the reconstruction in this channel with My = 400 GeV.
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Figure 1 The ZZ invariant mass distribution showing a peak due
to a Higgs of mass 400 GeV in the final states ete~ete™, utu~ete™,
ptu~ptu~. Two of the leptons (the trigger) are required to have



pe > 20 GeV and the other two are required to have p, > 10 GeV.
All leptons have |y| < 2.5 and an efficiency factor of 0.65 has been
applied. The two lepton pairs were both required to have My =
Mz+10 GeV. The backgrounds curves are cumulative, and are (from
lowest to highest): ¢g — ZZ, multiplied by 1.65 to account for
g9 — ZZ, Z + bb, Z + 1, and tf. But the ZZ background Fives the

only visible contribution. Figure from References 4 and 10.

Branching ratios for Standard Model Higgs
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Figure 2 The branching ratio for a Higgs boson into various

channels as a function of its mass.

In region (a) the situation is more complicated. Figure 2 shows the branching
ratio of a Higgs boson into various channels as a function of its mass. The only
channels that have acceptable signal to background are ZZ* with its subsequent
decay to four charged leptons (Z* indicates an off mass shell Z boson) or 77.-
The decay to 7 ! has been investigated in some detail and found not to be
viable!?. There is a minimum mass or order 125 GeV below which the ZZ*
mode is not useful. The branching ratio falls very rapidly below this value, so
that an increase of the integrated luminosity of an experiment is not effective.
In addition, the mean transverse momentum of the decay leptons falls leading
to a loss of efficiency®. There is now only one Z in the final state and the loss



of the Z mass constraint on the second pair of leptons causes an increase in the
background over that shown in Figure 1. In particular the background from ¢¢ is
quite large unless we require that the leptons be isolated: i.e. that there be less
than 5 GeV of additional energy in a cone of radius AR = 0.3 around the lepton
direction. This isolation criterion reduces the rate of leptons arising from b and
¢ decay. In figure 3, the rate for such leptons has been reduced by a factor of

10 to account for isolation. This factor is conservative, a larger factor is readily
obtainable!. Higgs — ZZ* — 4 leptons
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Figure 3 The reconstructed Higgs mass for ZZ* decaying to 4e,
4p, and 2e2u with My = 125, 140,160 GeV, including the expected
backgrounds. The backgrounds curves are cumulative, and are (from
lowest to highest): ¢g — ZZ*, multiplied by 1.65 to account for
g9 — ZZ*, Z 4+ bb, Z + tt, and t. Figure from ref. 4.
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The decay H — ~+ is to be observed over the background from qg — ~~+ and
g9 — 77 (the latter is dominant). There is an additional background that
arises from jet — jet or jet — v final states where the jet fragments in such a
way that it produces an isolated 7° that is indistinguishable from a photon. A
rejection factor of 10~ for each jet is needed to reduce these backgrounds below
the continuum 4+ rate. Rejection factors of less than 10~ have already been
achieved at UA2!3 and CDF!*. A resolution in the v+ mass of 1% or better is
needed in order to ensure that a signal can be extracted above_the ~+ background



for Higgs masses above 80 GeV. In order to achieve such resolution, the position
of the event vertex along the beam direction must be known to Smm. Since the
average number of events per crossing is (much) greater than one at SSC (LHC),
a method of assigning the event to a primary vertex is needed. Choosing the
event with the highest multiplicity will be the correct choice on average. Figure
4 taken from the L* LOI® shows the resulting v spectrum-after subtracting the
smooth background. The background from jet —+ and jet — jet is not included.
An electromagnetic resolution of 1.3%/VE + 0.5% is assumed. (Here E is in
GeV.) For masses between 100 and 160 GeV a peak can clearly be seen. At
lower mass the statistical significance of the signal is less. The signal is only
slightly degraded if the resolution is relaxed to 7.5%/VE + 0.5% °.
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Figure 4 The v spectrum after background subtraction. The peaks
correspond to Higgs masses of 80, 100,120 and 150 GeV. The photons
are required to have || < 2.8 and Er > 20 GeV. In addition the vy
system is required to have || < 3 and the angle (6*) between either
photon and the direction of the pair measured in the center of mass
frame of the pair is required to satisfy |cos8*| < 0.8. Figure from
ref. 6, for SSC.



If the Higgs boson is produced in association with a W from the processes
qg — H+W or gg — ttH then the signal to background ratio is somewhat larger
and so a less stringent requirement is imposed on the calorimeter resolution.
Furthermore the presence of the W(— ¢v) enables the vertex to be located
unambigucusly. The signal and background have been analysed in detail in the
case of g5 — WH — ~yyfv #315. Backgrounds were included from final states
of 3-jets, 2 — jet + =, jet + v, b+ v, b+ v + jet, bb+ v, W + v + jet and
W + . Isolation cuts on the leptons arising from b-quark decay were assumed
to reduce the rate of such leptons by a factor of 10 (see above). In addition
the probability that a light quark jet could fake an electron or photon was
assumed to be 5 x 10™*. The dominant background is then from the W+~ final
state. Figure 5 shows the resulting v~ invariant mass distribution with peaks
corresponding to Higgs masses of 80, 100, 120 and 140 GeV. The SDC photon

resolution of 15%/vE + 1% is assurned.
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Figure 5 The «v invariant mass distribution for the process

qg — WH — fv~y~y. The background curves are cumulative and are
(from lowest to highest) from 3—jet, 2—jet++, jet ++v (combined),
b+ vy, b+~ + jet, bb+ v, W + jets, W + v + jets, and W~~. The
photons and lepton are all required to have p, > 20 GeV and |n| < 2.5
and to be separated from each other by AR > 0.4. Figure from ref.
15 for SSC. Including the ttH final state will increase the signal in
the peaks by approximately a factor of 6.



The rate of £+ arising from the ttH is about 6 (2) times larger than that from
qg — WH at SSC (LHC)'®. This factor is roughly independent of the top quark
mass for top masses between 100 and 200 GeV. The signal events are busier
than those from the W H final state since they have 2 additional b—quarks and
a W. This extra complexity may result in a slight loss of efficiency but will help
in reducing the background shown in Figure 5 still further. It is now clear that
the SSC operating at 103 cm™2 sec™! or an LHC operating at 10** cm~2 sec™!
design luminosity should be able to find a Higgs boson if its mass lies in region
(2) and that a detector with extraordinary electromagnetic energy resolution is

not required.

In region (c) there are two problems: lack of rate and a signal with no clear
peak. In order for a Higgs boson to have a mass of more than 800 GeV in the
standard model, the self coupling and consequently the coupling to W and Z
bosons must become large. Hence the width of the Higgs boson becomes very

big (Iy ~ 500GeV(%’.’f‘7)3) and the well defined peak in the ZZ invariant mass
as lower values of the Higgs mass disappears. More serious is that we loose the

only tool (perturbation theory) that we have for reliably calculating rates.

Scalar field theories, such as the Higgs sector of the standard model, that
have non-zero couplings can only be effective theories valid over a limited range-
of energies!”, up to some energy scale A . If we require that A ~ Mpanex, the
scale where gravitational interactions of elementary particles become important
then the Higgs mass must be less than 125 GeV or so. Requiring that A > Mgy
so that the theory is sensible on scales up the Higgs mass itself implies that
M <800 GeV. These constraints are not valid if new physics is added to the
standard model. For example, in supersymmetric theories the Higgs self coupling
is determined by gauge interactions and does not increase with the mass of the
Higgs'®. In technicolor theories!®, there are no elementary scalars, the role of
the Higgs bosons is played by fermion-antifermion bound states, and the above

considerations are inapplicable.

In general, one should search for some structure in final states of pairs of
gauge bosons and I will now give some examples. A standard model Higgs boson
of mass 800 GeV is probably close to the limit of what is allowed. Figure 6 shows
the signal in the case of the ZZ final state where the Z’s decay toete~ or utu~.
The statistical significance of the signal is poor and the “peak” is very broad. It



may be possible to include the final states where one Z decays to 77~ 5. The
direction of the tau’s is given by the direction of their decay products; using the
7 mass as a constraint then enables the ZZ invariant mass to be reconstructed.
Taus are recognised via their decays into low multiplicity jets (r — mv, 7 — pv,

T — ayv etc.); there is no significant background.
! 1 i 1 L i ! 1

i L 11
1 l T 1 ¥ T l 1 1 i T I T 1§ i T

[9,}

IIIIIIIIIIIIII|

My = 800 GeV
pAZ) > 200 GeVic

NN

Q]

IllllTIll]lll]

Events / SSC year / 50 GeV:
[$V]

—

+
llJlllllllllllllll.l‘lllllllll

L l Il il 1 ! l ! ! | l L

600 800 1000 1200

M,, (GeV)
Figure 6 As Figure 1 except.that the reconstructed Z’s are required
to satisfy p; > 200 GeV and My = 800 GeV. Figure from ref. 10 for

SSC.
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The issue of simulation of a signal corresponding to a “heavy Higgs boson”
is complicated by the absence of unambiguous models with which to predict.
One issue in the case of the standard model Higgs concerns the form of the
Higgs propagator in the expression for the production rate of Z pairs. This has
the form m)—};w where /s is the invariant mass of the ZZ system. The
width Ty o« M3 should be replaced by the imaginary part of the self energy
I(s) (= I"H(i,%)a) in this formula. This replacement is not important at low
values of the Higgs mass. At large values it changes the shape of the peak
considerably.?°

In the ZZ final state the ability to establish a signal will depend critically
upon the confidence that one has in the expected event rates in the standard

model without a heavy Higgs. Since the model with no Higgs boson is not

renormalizable and therefore predicts an infinite rate for ZZ production this



background is best estimated from the expected rate using a light (My ~ 100
GeV) Higgs boson. The ZZ final state receives contributions from ¢qg — ZZ,
g9 — ZZ which proceeds via intermediate states involving quarks and Higgs
bosons, and qq¢ — qqZ Z. The rates are calculated according to the usual parton

model expression.

o= / dzydzs f(z1, Q%) (X2, Q)&

where f(z,Q?) are the quark and gluon distribution functions and & is the
partonic cross section. In order to make a reliable estimate of the rates, the
partonic cross section must be known to next to leading order in «,. Without
such knowledge there will be an uncertainty of order 50% in the estimated rates
arising from the (arbritrary) choice of Q2. If the non-leading corrections are
known and QCD perturbation theory is reliable, the Q2 dependence in f(z,Q?)
is partially cancelled by that in &. At present these non-leading corrections are
only known for the qG — ZZ process®. They are not known for the gg — ZZ
process which contributes approximately 40% to the total ZZ rate®. The ZZ
rate will be measured at low invariant masses, and these measurements will help
to remove some of the uncertainties in the rate expected at high masses. Our
present knowledge coupled with these measurements will probably enable this

rate to be estimated to 20%.

The statistical significance of the signal can be further improved by using
the ZZ — €fvv final states. Here the invariant mass of the ZZ system cannot be
measured but one must look at the event rate as a function of missing transverse
energy (ET). In addition to the backgrounds present in the 4¢ final states, there
are additional backgrounds from tf — ¢*vé~v + X where the £7¢~ mass is
consistent with a Z and from Z + jets where the jet energies are mismeasured
to give rise to an apparent missing Et. The former background is not serious.
In order to control the latter the detector must be hematic with calorimeter
coverage extending to |n| < 5 at SSC and |p| < 4.5 at LHC. Figure 7 shows
the distribution in missing Er. Events are rejected if they contain a jet with
E; > 300 GeV. This cut has no effect on the signal but is used to reject the
Z +jets background that arises when a jet’s energy is substantially mismeasured.
If the jet energy resolution is gaussian, this background is irrelevant and the cut
can be dropped. However, in the simulation used to produce this figure, the jet

1’21

energy resolution has a very substantial non-Gaussian tail®® modeled on that



observed in CDF which is due principally to ¢-cracks??.

Z(— e*e; wty?) + missing-E;
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Figure 7 The distribution (solid histogram) in missing Er for the
final state Z(— u*p~,ete” )+ missing Er including the effect of a
Higgs boson of mass 800 GeV and the various backgrounds. The
reconstructed Z is required to have pr > 250 GeV and the events

are rejected if they contain a jet with Er > 300 GeV. For clarity,
the figure shows the separate components of the background. The
background shown as a dashed curve arises from ¢g — ZZ (multi-
plied by 1.65 to account for the gg — ZZ process). The dot-dashed
background arises from the final state Z + jets where the missing
E: is generated by calorimeter resolution or by losing energy out of
the end of the detector. The dotted background arises from the final
state ¢t where there is an ete™ (or p*u~) pair of mass Mz 420 GeV

and the missing ET is due to neutrinos.

In order to make further improvement, the Higgs must be observed in the
WW channel via the final state v + jets where there are a larger number
of events. There are two sources of background, real W pairs arising from
q7 — WW and the decay of ¢f pairs, and W + jets from qg of gg initial states
where the jet system has an invariant mass equal (within resolution) to the W
mass. For large Higgs masses the most important source of Higgs bosons is the

qq — qqH process (provided that the top quark is lighter than 175 GeV) and



hence the events have two quark jets in addition to the decay products of the
Higgs. These jets are forward (see Figure 8) and have transverse momentum of
order Mw. By contrast, the presence of such additional jets in the background is
a higher order QCD effect and hence an additional suppression can be obtained
by requiring their presence®®. The requirement is more effective at eliminating
the W + jets rate (which occurs dominantly from gg initial states), than that the
rate from ¢t decays (mainly from gg initial states) since gluons have a larger color
charge and are more likely to radiate an extra jet. It is not yet clear that this
final state can be observed, even with the forward jet requirement (tagging)?s.

However it is clear that the signal cannot be extracted without it.
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Figure 8 The rapidity distribution of the quark jets from the process
qq — qqW at /s = 17 TeV. Figure from Ref. 24.

I will now make a few remarks about alternative models of weak interaction
symmetry breaking. In models with supersymmetry?!, there are three neutral
physical Higgs bosons and one charged one®. In these models the branching
ratio of the neutral Higgs to WW or ZZ is reduced (recall that the Higgs
self coupling, which controls the coupling of a Higgs to longitudinal W and Z
bosons, does not increase with the Higgs mass) and hence the decay to tt can
dominate. The signal in this channel is very difficult to extract due to the
enormous background from gg — tf. If light enough the neutral Higgs may be

observable via its vy or 77 decay modes: the latter signal is enhanced over that

10



from a standard model Higgs.

The charged Higgs bosons in a supersymmetric model are easy to detect
provided they are light enough to be produced in the decay of a top quark t —
bH™* which is comparable in rate to t — Wb. The H+ will decay dominantly into
Tv or ¢3 and hence will give rise to an apparent violation of e/u/r universality
in top decays. Taus can be identified by their characteristic decay to a single
pion and the H — ¢35 mode can be detected by looking at the invariant mass of
dijet systems?’. If the charged Higgs is too heavy to be produced in the decay
of top, it must be produced from ¢g — H*H~ via an intermediate Z or v. This
is a rather small rate and detection of a charged higgs is now very difficult®®.
However, if low energy supersymmetry occurs in nature, its detection will occur
in a hadron machine via the production of squarks and gluinos that occurs with
a much larger rate and cleaner signature (see below).

In technicolor models!®, the Higgs is replaced by a scalar bound state of
a new fermion-anti-fermion system. The dynamics is assumed to be similar to
QCD and the Higgs boson is analogous to the pion of QCD. Such models predict
new states analogous to the p and w (p: and w;)of QCD. These states have mass
of order 1 TeV (the value is model dependent ~ it varies as 1/v/N if the techni-
gauge theory is SU(N)) and decay into final states of W and Z bosons. The p?
can be searched for in the ZZ final state using the same methods as a standard
model Higgs. The p;” can be detected via its decay to W Z and thence to £v¢*¢~.
Here the limiting factor is rate; for a p; mass of 1.8 TeV (N = 4), the rate of
excess WZ production 40 (10) fo at SSC (LHC) . The p; is a rather broad
resonance (I' ~ 400 GeV) and hence the signal is an excess of events rather than
a sharp peak. The w, may be e:sier to observe: it appears as a sharp peak in
the vZ final states®®. This is shown in figure 9.

11
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Figure 9 Detection of a w; of mass 1.46 TeV (/N = 6) via its decay
toyZ(— ete™,utu~) at SSC. The electron peak is shown as a solid
line, the muon peak as a dashed line. The sharper peak in the
electron channel is due to the better resolution of SDC for electrons.

Figure from Ref. 1.

The most difficult signal to detect is that in the so-called minimal strongly

coupléd standard model®! where there are no degrees of freedom beyond those

of the standard model and the coupling between longitudinally polarized gauge
bosons (V1) is large at high energy. In order to make predictions, one needs
a model for this strongly coupled sector. There are several choices. One can
take the low energy values of the V.V, — VLV, scattering amplitude and cut off
the growth so that it saturates partial wave unitarity. For example the s-wave
scattering amplitude for WW scattering at WW center of mass energy /s is
modeled as

G
oW W — Wi Wi = 31—659(167r0p —5) +6(s — 167Gr).
T
Alternatively, the low energy form of this amplitude can be unitarized using a
K-matrix approach. A more dynamical model is to use the measured amplitude

for w7 scattering which at low energy has the form
s

32r F2

a(rtr” s rtr”) =

12



and rescale it by replacing Fr by 1/v2GF. Here one is assuming that the
dynamics of weak symmetry breaking is the same as that of chiral symmetry
breaking in QCD. Whichever model is used, the signals are the same: an excess
of VLV, events at large invariant mass over that predicted in the standard model
with a light Higgs boson. The events have no sharp structure such as a peak at
some value of the V'V invariant mass. The best channel is W*W* or W-W~
since the standard model rates are small. Event rates for observing the W’s
in either the ev or uv with py(e or u) > 150 GeV are 30 in 1 SSC yr for the
unitarized model above®?. The background is 6 events for the same cuts. Sig-
nals and backgrounds are uncertain since higher order QCD corrections are not
known and hence rates are sensitive to the choice of Q2. Since the event rates
are small conclusions about the observability of the signal can depend on this
choice.3?33 This case is one where the extra energy of the SSC is a considerable
advantage both in rate and signal/background. Signal (background) rates are
approximately factor of 10 (3) greater at SSC.

The top quark.

It is quite possible that the top quark will be discovered at the Tevatron if
its mass is below 180 GeV. Nevertheless the SSC or LHC must be able to detect
it and measure as many of its properties as possible with the huge number of
tt pairs that will be produced. Statistical errors on the the top mass measure-
ment will be small compared to the systematic errors. There are three possible
signatures for the detection of a top quark. First, the production of isolated ey
pairs (one each from the t and ¢ in a tf event) has no background. However it
one can only determine the mass of the top quark by assuming the standard
decay modes and then using dependence of the production cross-section on the
mass as predicted by QCD. Given the expected uncertainties of order 30% **
on the cross-section expected from a fixed top quark mass, this method, while
providing a very easy way to detect the top quark, is unlikely to be able to
determine the mass within 20 GeV.

A second method involving only leptons is to look at the invariant mass
of the two leptons of opposite charge arising from the semi-leptonic decays of
the top and its daughter bottom quark. One selects events with an isolated
electron and non-isolated muon of opposite charge that are close in phase space.

Background arises from wrong combinations e.g.tt — e*bvb(— &(— p~v))udud.

13



The correlation between the ey mass and the top r.nass is used to extract the
latter®. See figure 10. Here the main uncertainties on the extraction of the top
mass are the b quark fragmentation function (the form used here was extracted
from ALEPH®® data) and the top p; distribution. Since the top quark decays
before it hadronizes into a top meson there is no top fragmentation function
uncertainty. A determination of the top mass to better than 5 GeV seems

possible using this mode.
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Figure 10 The invariant mass of an ey pair of opposite charge for
two different top quark masses. The electron must have pr > 40 GeV
and have less than 4 GeV of additional transverse energy in a cone
of AR = 0.2 around its direction. The muon must have p, > 20 GeV
and have more than 20 GeV of additional transverse energy in a cone
of AR = 0.4 around its direction. The transverse momentum of the

ep system must more than 120 GeV. Figure from ref 4 at SSC.

Finally one can attempt to fully reconstruct the decay ¢t — bW (— ud).
Here events are triggered by requiring that the ¢ decay semileptonically so as
to produce an isolated e or p. There is now a background from the final state
W (— €v) + jets. This background must be removed by requiring that there be
at least one b quark in the event. This can be done by using a vertex detector
to tag the decay? or by selecting events with a muon inside a jet® (from the

semileptonic decay of ). The efficiency of the vertex tagging is expected to be

14



of order 10% in SDC 3. One then searches for events where there are two jets
with an invariant mass consistent with a W and then computes the invariant
mass of the three jet system made up of these two jets and a third. The signal
can be cleaned up further by requiring that this third jet be tagged as a b — jet
via the vertex system. The tag from the semileptonic b decay is less useful since
then there is undetected energy carried off by the neutrino. Figure 11 shows
the dijet invariant mass distribution. The requirement of two b-quarks in the
event removes the background from W + jet events. One now selects events
around the W peak and combines this dijet system with one of the jets tagged
as a b-quark (see figure 12). A peak is visible displaced somewhat below the
mass of the top quark (250 GeV) used in the simulation®®. The tail at large
invariant masses is due to the wrong combination viz. b with W~ instead of b
with W* since the sign of the b quarks cannot be determined from the vertex
system. (The sign of the W is known by inference since the other W in the event
decayed leptonically). The tail can be removed by requiring that the the b jet is
close in phase space to the W5 or that the charge is tagged by the semileptonic
decay of the b quark®.
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Figure 11 The dijet invariant mass distribution from tf events. The
events have at least 4 jets with p, > 30 GeV, and isolated e or p with
pe > 40 GeV and at least two jets tagged as b-jets via the vertex
system. Neither of the two jets in the dijet system can be one of the
b-jets and the dijet system must have p, > 180GeV. Figure from
Ref. 4 at SSC.
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Figure 12 The three jet invariant mass distribution made of the
dijets from Figure 11 having invariant rnass between 50 and 95 GeV
and a third jet tagged as having a b quark in it. Figure from Ref 4

at SSC.

The accuracy of the top mass determination is controlled by the ability to cal-
ibrate the jet energy scale accurately. The scale is affected by the intrinsic
calibration and resolution of -the calorimeter, but more important by the algo-
rithm used to define a jet. Jets are usually defiiied using a fixed cone algorithm.
Energy is collected in a cone of radius R (in n — ¢ space) around a jet core found
by searching for the calorimeter cells with the most energy. Since jets have a
finite size, some of their energy will fall outside the cone and not be measured.
In addition some energy from the remainder of the event will fall into the cone.
Since all of the three jets are in the same kinematic region and two.of them
reconstruct to the W one can use the W mass to calibrate the jet energy scale
accurately. (There is some uncertainty since a b-jet may not look exactly like a
light quark jet.) Using this technique the top mass could be measured to 5 GeV
38

By comparing the event rates in the final states with £+ jets, and 2 isolated
leptons, one will be able to check universality in top decays and hence test for

unusual decay modes. For example, if, as discussed above the top decays to
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a charged Higgs which then decays dominantly to tau, the ratio of branching
ratios BR(t — eX)/BR(t — hadrons) will larger than expected in the standard
model. As discussed above the tau decay mode can be searched for directly.

Gluino signals.

If low energy supersymmetry is the correct then one of the particles with
the most copious production rate is the gluino. It is produced in pairs via
g9 — §G§. The signal depends upon the details of the supersymmetric model
and in particular on the mass spectrum of other supersymmetric particles. If the
squark is heavier than the gluino then the dominant decay modes of the gluino
are expected to be § — qg£° or g — qﬁVV‘*. Here W is the supersymmetric
partner of the W and ¢ is a weakly interacting “neutralino”. £° may be stable
or could decay £° — £%qg. I shall give examples based on the decay chains
3§ — qg€(~ q3¢')q7¢’ and g — qqW (— ev€')qqW (— evt’).

The former decay chain gives rise to as many as 6 jets and missing Fr car-
ried off by ¢’. We assume a combined branching ratio of 10% for these decays®°.
There are three relevant sources of background in this channel: the final state
Z(— vD) + jets, tt followed by semileptonic decays resulting in neutrinos that
carry off energy, and a multi jet final state where the the missing F, arises due to
resolution or holes in the calorimeter. The last is the most difficult to simulate
since it dépends upon the tails of the jet resolution function. The resolution as-
sumed by SDC is very non-gaussian and hence there are a large number of events
where a jet is substantially mismeasured. Events of this type have the missing
E, closely aligned in azimuth with the mismeasured jet and can be eliminated
by a cut on the azimuthal missing F, direction. The ¢t and bb backgrounds are
also substantial. They could be reduced somewhat by vetoing events where a
lepton is detected. (This is not done here.) A cut on the circularity of the event
defined by C = 0.5min(TE,-#)*{XE?} 7 is a unit vector in the transverse plane
and the minimization is with respect to its direction) is effective at reducing this
background. It can be seen from Figure 13 that the signal stands clearly above
all of these backgrounds for a gluino mass of 300 GeV. For larger masses, the
rate becomes less but the missing E; and the jet energies become larger and the

signal to background\ratio improves.
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Figure 13 The distribution in missing E; arising from the produc-
tion of a pair of gluinos of mass 300 GeV (solid histogram, see text).
Events are required to have at least 3 jets with EFr > 70 GeV and
to be separated from each other by AR > 0.7. Events are rejected
if they contain a jet within 20° in azimuth of the missing E; direc-
tion and if they have circularity of more than 0.2. The dashed curve
arises from multijet final states where energy is lost out of the end of
the detector (assumed to cover |n < 5|) or appears due to mismea-
surement of jet energies. The SDC resolution is used. The dashed
background is from the ¢t and bb final states. The dot-dashed is from
Z(— vv) + jets. Figure from Ref. 40.

It will be difficult to determine the gluino mass from the jets+ missing £,
final state. The mass cannot be inferred from the event rate since the branching
ratios are not known a priori. The alternate decay mode leads to a final state
of two leptons and some jets. Background is least if the leptons are required to
have the same sign. This is shown in Figure 14. The peak in the invariant mass
distribution shown is sensitive to the gluino mass and can be used to determine

that mass to within 10%.
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Figure 14 Events at SSC are selected that have at least 4 jets with
pe > 50 GeV and two isolated leptons (e or ) of the same sign and
either both having p, > 20GeV or one having p, > 40GeV and the
other having p; > 15 GeV. The event rate is shown as a function
of the invariant mass of the lepton with lower p, and the two jets
that are closest to it in n — ¢ space. The solid histogram shows
the distribution from gluino pair events where a combined branching
ratio of 1% and a gluino mass of 300 GeV were assumed. The dashed
histogram is from t¢ (m, = 150 GeV) events where the leptons are
not required to be isolated. An isolation requirement eliminates this
background since at least one of the leptons must arise from charm
or bottom decay. Figure from ref 40.

Conclusions.

In terms of the physics capabilities and SSC operating at 103cm™2sec

and /s = 40 TeV is broadly equivalent to an LHC operating at 10**cm~2sec™!
and /s = 16 TeV. But there are some important differences. For the production
of particles of mass less than 100 GeV or so, the LHC has a larger rate since
for this range of masses the production cross-sections do not grow very rapidly
with energy. By contrast, for heavy particles such as the production of gauge

boson pairs of invariant mass greater than 1 TeV, the SSC has an advantage due
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to more rapid growth of the cross-section with energy. For processes involving
leptons at low transverse momentum (520 GeV), where the leptons have to be
isolated in order to reject background from bottom and charm decays, pile up

of minimum bias events at the higher luminosity can lead to a loss of efficiency.

The requirements placed on a 47 optimised for the search for new physics
at large p; detector are by now clear. Good acceptance (at least |p| < 2.5) for
electrons (calorimeter and tracking combined) and muons with a momentum
resolution better than 10% for p; < 500 GeV is adequate. Some method of
determining the sign of electrons is very useful in reducing some backgrounds
as in the gluino example discussed above. There will be rather few leptons with
p¢ larger than this unless, there is new gauge boson of large mass in this case
the electromagnetic calorimeter can be used to accurately measure the mass of
such a particle in the decay to electrons. If one wants to measure the mass in

the muon decay mode a very sophisticated muon system will be needed®.

The calorimeter must cover |n| < 5(4.5) at SSC (LHC) in order to provide
good enough missing E; resolution to be able to search for gluinos and H — ¢lvv.
In the central region (|n| < 3), segmentation of 0.05 x 0.05 in n — ¢ space and
a jet resolution of 50%/\/E(GeV) + 3% are adequate. Provided that these are
achieved the dominant uncertainty on the jet energy measurements (and on the
ability to reconstruct objects decaying to jets) will arise from clustering effects
such as those discussed above?!.

The resolution of the electromagnetic calorimeter is driven by the need to
extract the H — ~~ signal. As discussed above, by selecting events that also
contain a W (tagged by its leptonic decay), extraordinary resolution may not
be needed.

I have concentrated in this talk on high p, physics. There will be much
physics at SSC/LHC that is not of this type. In particular the production cross-
section for b quarks is enormous (~ 0.1mb). It is not yet clear whether the 47
detectors can exploit this huge sample of ¥'s or whether a dedicated collider or

fixed target b experiment will be needed.
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