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Abstract
We study, from an experimental point of view, the main
ways to detect standard high mass Higgs bosons (from 300 Gev
up to about 1 TeV) when they decay into W- and Z-pairs at
the SSC. We also consider the corresponding W- and Z%-pair
continuum which may itself provide interesting physics, and we

pay some attention to the case of an intermediate mass charged

Higgs decaying into rv, (mgs =300 GeV). We first explain why
and how high energy pp colliders may search for Higgs' and
we compare their possible performances to those of the e*e™
and ep colliders at all possible mass scale (from few tens of
GeV's up to 1 TeV). We then estimate the rates of the signals
and the main backgrounds. We define the main characteristics
of these events as reproduced by M.C. generators (especially
implemented with these processes) and simulated through an
idealized 47 fine-grained calorimeter. A trigger strategy for W-
and Z-pairs is derived from this study. Finally, we propose a :

way to reconstruct W- and Z-pairs events in a realistic detector i

and we discuss the main detection problems which will have to
be face. Among them are: recognition of hadronic decays of
W'’s, accurate tagging and measurement of leptons, efficiency
of multileptonic signatures, and the effect of pile-up. '

1.Introduction

Since the first run of the CERN pp collider in June 1981,
experimentalists have been able to explore the W-mass range
extending from a few tens of Gev to of the order of 100 Gev.
The first goal achieved was the discovery? of the Intermediate
Vector Bosons (IVB's): the W and the Z°. The UAl and
UA2 experiments have studied the properties of the [VB's and

verified the main predictions of the Glashow-Weinberg-Salam
model. In addition, a wide variety of unexplained events have

been observed which include jet(s) and/or lepton(s) and/or
missing energy. Even if these events are well described, at
the present time,? by the standard model, they show that
the present experiments will be able to look for new signals
if provided with upgraded detectors and higher beam energy
and/or higher luminosity. Therefore, the results obtained by
the first generation of detectors at the CERN pp collider have
generated a lot of hope and enthusiasm for hadron hadron
colliders. A new set of machines at or above the Z° mass
threshold will start to run within the next year: Tevatron,

* Coordinator of the Working Group on “W/Z Pairs and
Higgs at the SSC” with J. Gunion.

SLC, and ACOL. ACOL at CERN will increase the integrated
lumincsity obtained so far by about a factor of ten. The
Tevatron at FNAL will provide pp interactions at /3 = 2 TeV.
SLC should give ete~ interactions at /3 = 90 GeV in 1987,

LEP phase I should start to work by 1989. Both the Tevatron .

and LEP have foreseen improvements somewhere around 1992.
The scheduled upgrades are increased luminosity of the order
iof 5 x 103'em~3s~! at FNAL and incréased energy at LEP IT
'to /3 = 130 GeV. These new machines and their associated
detectors will allow study of the details of physics above the
100 GeV scale. Since the W-pair production threshold will be

crossed, the investigation of the “Higgs sector” can begin.
So far we know very little about the Higgs particle.

- Consistency of the standard model requires the existence of* -
a scalar boson, the minimal Higgs, which is the inseparable’

comrade of the W and Z°. So at first glance nothing about
it seems strange; it is just “standard”. Despite this friendly
appearance, the Higgs has some disturbing theoretical and
experimental aspects. Its mass is loosely constrained to be
between a few GeV and ss1 TeV. Therefore, it is not easy for
experimentalists to search for it. The existence of the Higgs is
the cause of the so-called hierarchy problem, which is unsolved

* by the standard model. Only Supersymmetry (SQSY) has
succeeded in resolving it in an elegant, but expensive, way.
In any case, the Higgs is inevitably related to the existence of
a threshold for new physics. This threshold should naturally
be at around 1 TeV if there is no “Desert”.

The existence of W’s and Z%'s has been proven by the
experimentaliats, and the standard model has been shown,so
far, to be accurate at the 5 percent level. The next clear goal
is to learn more about the Higgs sector. Searching for IVB
pairs and Higgs bosons is one of the main tasks, if not the
main task, of the next generation(s) of machines, detectors,
and experimentalists.

This report will concentrate on how to detect such objects,
especially when they are massive (mg > 2mw). We start,
in Section 2, by trying to answer the question: *“why and
how does one look for Higgs at a pp collider?” We compare
the possibilities of this machine with those of ete~ and ep
colliders. Two cases are discussed: First, one considers the
hypothesis of a low mass Higgs (mg < 2mw). We examine
the capabilities of the Tevatron with luminosity 103%cm=35-1
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and 5 x 10%'ern—3s~!. Also a 10-18 TeV pp machine is
investigated. A comparison with LEP I, SLC, LEP II and
LEP200 is done. Second, one then consideres the case of
a massive Higgs (mg > 2mw). This subsection contains
a description of the processes and their main features that
are relevant for the SSC. It also includes a discussion of the
intermediate mass case ( i.e. mgo = 2mw) where it is shown

that super ep-colliders could have a relevant contribution.
Section 3 summarizes a study of the rates of the signals and
their corresponding backgrounds which may be expected for
the various scenarios considered at the SSC. In Section 4, we
describe the main characteristics of the events and define a
trigger strategy. The last section (5), focuses on the main
detection issues which have to be faced when searching for
IVB pairs and Higgs’ at the SSC. This includes the problems
of identifying W's and Z9's decaying into leptonic or hadronic
modes, of searching for purely leptonic signatures of the Higgs
and the continuum, and also an estimate of the confusion
due to the pile-up of events. We have tried, for each of
these topics, to examine from an experimental point of view
various aspects of detectors and their respective sensitivities

The reaction studied was:
ete” = B+ 2° (2-1),
and the main corrsponding backgrounds are

ete™ —W*W= or 2°2°

and

¢+¢- - qa’ qqg| eeoe

' The rates for this case, as well as the calculated detector

to physically relevant observables. In the conclusion we define

main features of a detector able to “realistically” perform such
a search, estimate the overall efficiency for each case and,
finally, compare the various scenarios we have eavisioned and
confront their feasibilities.

- -

3. The Search for Higgs Bosons at PP Colliders: Why

and How

Before discussing the search for Higgs bosons at very
high energy pp machines, it is worthwhile to summarize the
capabilities of present and future hadron hadron colliders and
to compare them to other machines (e*e™ and ep colliders).
The mass range where different machines are able to search for
the Higgs is naturally divided into three regions by the scale
factor mw. The “low mass” Higgs lies in the range from a
few GeV < mye < mw. An “intermediate mess” Higgs would
have mass is between mw and 2mw. Finally, we suppose that
the Higgs mass is greater than 2mw and can extend up to ~1
TeV; this is a “high mass® Higgs. These three scenarios are
quite different in many respects; however, we will show that in
each case pp colliders can make significant contributions.

21 Low Mass Higgs

If the minimal Higgs exists and has a mass less than the
W it is certainly the e*e™ colliders which will have the best
chance to discover it. However, despite the strong competition,
the Tevatron and higher energy colliders may also contribute
very actively to this search.

2.1.1 Low Mass Higgs and ¢*e~ Colliders

In 1987, Tristan and SLC will begin working. The SLC will
operate at around /s = 90 GeV. At the beginning of 1089,
LEP will turn-on and, from 1990 till 1992, the c.m. energy
of this machine will be slowly increased up to about 130 GeV
at LEP phase [I. Due to these machines, very low maass Higgs
bosons up to 30 GeV or at most 40 GeV could be discovered.
The extension of LEP up to 200 GeV® would have a good
hance of discovering a Higgs up to masses of 80 GeV. A recent
study* considered a peaked luminosity of 1032 em—35=1 (1 pb—!
per day) at /s = 200 GeV. The computed rates correspond to
an integrated luminosity of 500 pb=! (2 or 3 years of running).

efficiencies, are summarized in Table 2.1. It essentially shows
that above 80 GeV the cross-section of process 2.1 becomes
too low and the backgrounds become quite severe. The case
where mgo = 90 GeV is difficult due to the Z° background. If
Mge = 100 GeV, the rate is quite low (100 events for 500 pb=!)
but should be feasible with a sophisticated analysis. Although
these results are certainly preliminary, they show that if the
Higgs is in the mass range from 40 to 80 GeV an e*e™ collider
should not miss it.

TABLE 2.1

Estimated rates for H° production at LEP200 with ¢ being
the reconstruction efficiency and S/B being the signal to
dackground ratio (see reference 4).

Decay modes mge Rate ¢ B S/B
(GeV) (500pb—?t)
_ 0 107 47 17
H®Z° — (bb)(vD) 60 83 41 4
80 58 22 4
ste” — HOZ° 40 36 .67 Large
. HO = b 60 28 .60 28
20 s ete~, utu=,rtr— 80 18 .61 4
HO — b jets 40 430 18 3
29 — g7 jets 60 340 a8 2

- 3.1.2 Low Mass Higgs and pp Colliders

In early 1087, the Tevatron at FNAL utilizing the CDF
detector will begin to operate at /s = 1.8 TeV and a peak
luminosity of 102%cm=2s~! (10%6em~2 per year). The nominal
value of the luminosity is forseen to increase to 1020 in the
second or third year of operation with a proposed upgrade
giving 5 x 103! in about 1992. Despite the common statement
that e*e™ colliders are the best place to look for Higgs bosons
in this mass range, we have initiated a study® to investigate
how pp colliders can participate in this search.

For Higgs masses below the t-quark mass, decaysintortr—,
cZ and bb are the most important as r+r=' gives the clemmt
signature and b} is the dominant® decay mode. Above twice
the t-quark mass the tf decay mode dominates. For low mass
Higgs’ produced at pp colliders, we will mainly consider its
decay mode into r+r—, where r — xv,x%s. This is so far
the best way to identify H%’s. The two jet case (produced
by H? —s 83), which is the preferred process in e¢*e~, has
to overcome a huge and very dificult QCD background. The
only way to deal with such relatively low E, jets would be to
identify b’s ( as of now, no microvertex detector has worked in
a pp collider enviroment). Moreover, the beam jets would a.dd
to the confusion in the eveat.



We have studied how the Tevatron pp collider with /3 =
2 TeV or a pp collider with 10-18 TeV would search for
such low mass H%s. The main way to produce such objects
at these energies is through the ¢¢ or gg fusion mechanism;
WW and Z92° fusion are much smaller ic this case by a
factor greater than ten. Another production mechanism is via
hadroproduction process: ‘

ud—W - WH®

and
G — 2° — 29H°.

These processes are also lower than the dominant process by
a factor of ten; but it produces an interesting signature if
one looks at the decay of W into ¢ or Z° into vI. Various
scenarios of low mass Higgs’ at pp colliders using the Pythia
Monte Carlo” have been generated . The generated events have
then been submitted to the full simulation package of the CDF
experiment.® We have estimated the rates for each studied case
and scanned in detail the CDF displays of the simulated events
and have started to estimate the backgrounds. The largest is
due to the production, by Drell-Yan, of r lepton pairs having
an invariant mass equivalent to myge. In Table 2.2 we report
the cross-sections and rates for different Higgs masses (20, 50,
and 70 GeV) at /s = 2 TeV. Two cases a-e considered: 1
pb=1 per year and 0.05 pb—! per year. These cases correspond
to the luminosities expected after the first year and after the
1992 upgrade. We note immediately that there is no hope to
find the HO in the first year(s) even if the mass is quite low.
Provided with high luminosity (5 x 1032 em~=3s~1), the search
for a low mass Higgs is feasible. The events as presented in Fig
2-1 are quite encouraging, with clear jet topologies. The ratio
of signal to background is estimated to be roughly 1/20, which
is not that large when compared with what is usually obtained
at pp colliders. A sophisticated analysis taking advantage of
the peculiar properties of the angular distribution of the r’s
produced by the H? should provide a good way to overcome
the background. Also it is important to note that such an
upgraded Tevatron would, for the firat time before LEP 200,
be able to scan the mass range above 40 GeV up to 70-80 GeV;
therefore it could have a good chance to discover the H? if its
mass is in this region.

¥ TABLE 2.2
Production of low-mass Higgs’ at the pg Tevatron Collider
{/3=2 TeV); estimates of cross-sections and rates (correspond-
‘ng to an integrated luminosity L for 1 year of running of 1037 .
or § x 103% em=2),

Process mpge o* Rates (events/year)
(GeV)  (pb) L=10%7 L=5x 10%*

- HO —r*+r— - 20 5.5 1 600

p— HO—r+r= 50 0.3 - 35

P~ HO = r+e= 70 0.16 - 20

* The cross-sections quoted in this Table are computed using
she Pythia M.C. and include the branching ratios of H® —
t*r=. The rates include, in addition, the branching ratio of
:ach r into w*(m.r°)v.-.
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Now let us go ahead and consider a pp collider of Vs =
10 TeV and 10%%cm~? integrated luminosity per year or an
9 18 TeV pp machine with 10°° and 10° em-2 ‘integrated

luminosity. These would correspond to the LHC project.? In
this case, we obtained for Higgs bosons with 50 or 100 GeV
masses, the expected rates quoted in Table 2.3'(which includes

'S o branching ratios for H% — r+r~ and each r decaying into

N ~:.$§:<' s‘\:\\t\_\ tv,x%s).  Again, a crude estimate of the corresponding
- \ssi;‘s}\"\- > ° background gives a signal over background of 1/20 to 1/30

— .§§:$ P which we should be able to deal with. The rates we obtained
Tt e “ are quite reasonable for the two quoted masses. Pictures of
s events generated with the Pythia Monte Carlo and simulated

in the CDF detector are presented in Fig 2.2. The pictures as
well as the performance of CDF on these events ia encouraging.

TABLE 2.3

Rates, cross-sections and backgrounds for the production of low
mass Higgs’ at 10 TeV and 18 TeV pp collisions for the process:
pp— HO — r*r= (calculated using the Pythia M.C.).’

75 H® Mass _ o° Rate™* S/B
(TeV) (GeV) (pb) (year=?)

10 50 3.0(4.3)  75(100)  .1(.1)

10 100 15(.95)  4(25) .005(.033)
18 100 .36(2.4)  80(550)

° The numbers outside of brackets were calculated using a

T et e 2y a C) and Wu-Ki—Tung structure functions.

‘ ** The rates correspond to an integrated luminosity of
16°® em~? per year and include the r¥ — wf(mr")u,
Sranching ratio. '
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Figure 2.1: Pictures of events: pf — W — W + HO or
PP — Z° — Z° + HO, generated by Pythia at Va= 2 TeV
and passed through the CDF simulation; Higgs masses of a)
20 GeV, b) 50 GeV, and c) 70 GeV. In each cese, H® — r+r—,
W —qfand 2° - up.
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10 Gev top mass and EHLQ structure functions;the numbers
inside of brackets were calculated using a 100 GeV top mass
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Figure 2.2: Pictures of events: pp — W — W + H? or
pp = Z° = Z° + HO, generated by Pythia at /s= 10 TeV
and passed through the CDF simulation; Higgs masses of a)
50 GeV, and b) 100 GeV. In each case, H® — r*r~, W — ¢3
and Z° — vp.

In conclusion, it is quite clear that very low mass Higgs
{mge < 30 GeV) will certainly be observed by preseatly
designed e*e~ colliders; LEP 200 would be a very good
machine to scan the zone below the W mass (40 to 80 GeV).
However, the Tevatron at high luminosity will certainly be
able to look for Higgs in this mass range, maybe even before
LEP200 (provided the upgrade in luminosity is achieved within
the foreseen schedule).

2.2 Search for Intermediate Mass Higgs

If the Higgs mass is around 2mw then the way to proceed
becomes touchy. It seems, according to the present studies,
that it would be too high a mass region for an e*e~ collider
such as LEP200. On the contrary, it is too low a mass range
for an SSC machine (see Table 2.4). So let’s try to compare the
capabilities of the three types of colliders, e*e™, ep and pp, to
search for a Higgs with a mass arouiid 300 or 400 GeV. To do so,
we have plotted the cross-section to produce Higgs’ with masses
of 300 GeV (solid line) and 400 GeV (dashed line) as a function

of /3 in TeV for the three colliders, Fig 2.3. They each assume

TABLE 2.4

Higgs-Mass Discovery Limit as a function of \/3 inpp — H° —
VW (see reference 19). -

[ Ldt NO mpye discovery limit
‘em=3) (TeV) (GeV)
20 -
1039
40 200
20 250
1039
40 400
20 700
1040 :

40 1000

an integrated luminosity of 10%2cm=2s~! (i.e. 10% pb=!/year).
We may try to compare these results. The ideal would be to
obtain for each of them an estimate of the number of events
that would finally remain (real “H® candidate sample”) once
all the filters needed to extract the signal from the background
have been applied. Such a detailed study has so far not been
done for all three cases, What we may derive out of these three
curves, as first information, is the /s necessary to produce a
certain number of Higgs bosons (say 100 per year) with a given
mass and a given integrated luminosity. We see that at /s e+ e~
=1 TeV, we get 100 H's per year at a mass of 300 GeV. To get
the same number of H%’s produced at an ep collider with the
same mass and the same luminosity, we would need \/.;,P =2.2
TeV. To obtain the same results in the case of a pp collider it
would require /a,, = 6.2 TeV. As we will see when discussing
the backgrounds in the various machines, while e*e~ and ep
colliders may be compared to a certain extent (at least in this
type of scenario as the backgrounds are more or less of the
same type and same order), it is quite clear that this is not
the case with pp colliders where the type of backgrounds is
drastically different and their amount relative to the signal is
much greater. This implies that in the case of a pp collider it
will be good to work with an higher c.m. energy (compared to
8.2 TeV) in order to get one or two more orders of magnitude
higher rate of events. Then, harder cuts can be applied to
reduce the background and still obtain a comparable number
of H%'s in the final sample of candidate events. Therefore we .
will compare here a 1 TeV ete~ machine with a 2 or 2.5 TeV

ep machine and a 10 or 18 TeV pp collider (with the same .- .

luminosity or 10 times more).

We know that the technique to build a 1 TeV ete~ coilider
is not yet available. Two solutions for a super ep collider are
foreseen; an ep collider in the LEP tunnel would have /3 of
the order of 1.4 to 1.85 TeV and a luminoesity of 1033em=25-1;
an ep-SSC collider would have /s = 1 to 4 TeV c.m. energy
and the same luminosity as the ep-LEP project.Therefore we
are going to study the performances of such super-ep machines
for the search of intermediate mass Higgs bosons and compare
them with a pp collider of 10 or 18 TeV c.m. energy.
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Figure 2.3: The cross section to produce a H° with a mass of
300 GeV (solid line) or 400 GeV (dashed line) as a function
of /3 for: a) an e*e™ collider, b) an ep collider and, ¢) a pp
collider. ’

2.2.1 Intermediate Mass Higgs and Very High Energy

ep Colliders

A study has been pursued to emphasize the possibilities of
ep machines to search for Higgs. The case of HERA and low
mass Higgs is as pessimistic as the case of the Tevatron with low
luminosity. If we consider an ep machine with electron beam
energy between 75-100 GeV (which is at the limit imposed by
synchrotron radiation) and a proton beam of 20 TeV, we will
have /3 = 2.4 — 2.8 TeV. At these energies, 8 H° with 2mp
is mainly produced by WW or Z2°29 fusion. The corresponding
cross-sections for Higgs bosons with masses of 100, 200, and

300 GeV are listed in Table 2.5. As in the case for pp collisions,
we may consider the effective mass approximztion calculation
and the exact calculation. Both numbers are quoted in this
table. In the case of WW fusion, the ratio of Cappros/Tesact is
of order 1 to 2, in the case of 292° fusion, it is closer to 2-3.

The main differences between ep and pp colliders are coming
from the backgrounds. If mye is larger than 2mw, the main
Higgs production mechanism in ep collisions goes through the
WW fusion and then the produced H® decays into 2 W's,
Moreover, the question of backgrounds is much more favorable
for ep machine than pp machines for the following reasons.

TABLE 25

Cross-Sections in pb for the processes: e °

:ep— HY(WW) X
p— .H°(Z.Z)ex for different values of \/5 and H° m)ass. ';"}11:
irst line gives the exact calculation with the second being the
approximate.

ep - WWy X ep — ZZeX
mge 100 200 300 100 200 3
V3 (TeV) %
100 023 004 001 006 001 002
009 002 001 002 001 .01
243 7 096 034 015 029 000 004
049 021 010 010 005 002
283 115 043 021 035 012 008
060 027 015 012 006 003

First, in ep machines, there is not a QCD type background;
i.e. pp — gq or gg with a radiated W by one of the partons.
The only W radiation effect that one may have is through
electroweak interactions such as :

eg—=1,2°+v4+q+W

eg>7,2° s e+q+W
and .

eq—W—osvig+W

QW —set+tq+W

where the W is radiated by the final leptons (neutrino or e)
or the final parton (q or g). This type of background is very
very small and can hardly simulate s W-pair. Similarily, in
ep collisions there is the (W-jet(s)) background of the pp

- collisions but once again, as they are electroweak interactions,

they are indeed very small (which is not the case as we have
seen for pp collisions). Also, in ep interactions there are no
backgrounds of the type WW continuum as we have in pp or
ete-:

ete" -~ WtW= or pp - Wtw—

The only serious background is due to the processes:

that we call respectively WW-background and yy-background;
they both give a W-pair signal which will mimic the H°.

In the case of an ep collider, the Higgs signal will be
a "bump” in the invariant msss distribution of the process
ep — WW over the continuum background. This is similar to
the case of an e*e~ machine; but, as we will see in Section 5,
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quite different from the HO signal in pp machines where one
has to “dig very hard” in order to extract the real signal from
the “standard mess”.

We have plotted in Figure 2.4 and 2.5 the invariant mass
listributions, do/dMww, for Higgs masses of 200, 300 and 400
GeV at /s of the 1 TeV and 3 TeV. We have separated the
contributions coming from the process (a):e~¢ — e~ WWX
produced via WW fusion (solid line) from the ones due to
the process (b):e~¢ — e~"WWX produced through v+ fusion
(dashed line). In the neigborhood of the resonance, almost
all the contribution of process (a) comes from the s-Higgs-
channel, and a clear bump appears in each mass case above
the contribution of the 44 background. These results are
slightly overestimated, as they have been obtained using the
WW effective approximation; but, in particular at the Higgs
resonance, this approximation works well and gives a realistic
size of the peak. *
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Figure 2.4: WW invariant mass distribution for the process
ep — H° — WW for mgo= 200, 300 and 400 GeV at /2
= 1 TeV. The contribution due to WW fusion (solid line) is
separated from the 4+ fusion (dashed line).
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Figure 2.5: WW invariant mass distribution for the process
ep — HO — WW for mge= 200, 300 and 400 GeV at /3
= 3 TeV. The contribution due to WW fusion (solid line) is
separated from the 4y fusion (dashed line).

This study shows, as an interesting result, that an optimal
window for the search for Higgs bosons with an intermediate
mass, say between 200 to 400 GeV, is obtained with this kind
of super ep-collider.

2.2.2 Intermediate Mass Higgs and Intermediate
Energy pp Colliders '

A further study of a 10-18 TeV pp collider was made to get
a better idea of the problems of detecting a Higgs at around
200 GeV. .

The cross-sections and rates have been computed using the
Pythia Monte Carlo assuming 2 cases. In one case the ¢-quark
has the cannonical mass of 40 GeV and EHLQ!? structure
functions are used. In the second case, we assume a t-quark
mass of 100 GeV and structure functions as calculated by Wu-
Ki-Tung.!! Both sets of numbers are quoted in Table 2.8.
In this table we list separately each elementary process to

" show what fusion mechanism is predominant in each case. In

particular, gg fusion is larger than ¢ fusion by a factor of
sbout five. It is larger than Z2Z and WW mechanisms by
a factor of about two. The events at V3 = 10 TeV have
also been generated by Pythia for mgz = 200 GeV and have
been fully simulated in the CDF detector in its present size
and configuration. Such events are fully contained in such an
apparatus even with 10 TeV collisions. Typical events can
be seen in Figure 2.6. Despite the huge QCD background,
it may be possible to detect these events as we will show in
section 5. The rates are quite significant. Therefore, looking
for intermediate mass Higgs with such pp colliders should be
equivalent to looking for higher mass Higgs at the SSC.

It seems improbable that a very high energy ete= collider
{V/8 = 300 — 400 GeV) will be built by 1995. There is room
both for a high energy ep (/3 between 2 and 3 TeV) and &
op collider with /s = 10 — 18 TeV with 103333, -25~1}

' ‘uminosity to scan the intermediate mass region near 200 GeV.

[n addition, this is a very interesting region as the WW fusion
mechanism starts to take effect. '
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TABLE 2.6

Rates, cross-sections and backgrounds for the production of intermediate (200 GeV) mass Higgs' in 10 TeV
ind 18 TeV pp collisions for the process pp — H? — W+W = where W — ev and W* — ¢g (calculated using

the Pythia M.C.).

NZ) Process o* Rate** Background Background ¢
(TeV) (pb) (year=?) Processes (pb)
@—HE - WW | 17(18) W+ jet 3100
(PL* > 100GeV /c)
18 g8 — H° - WW 7.2(18) | 12000(24000) W+ jet 420
(PY > 100GeV/c)
WW + 22 — H> - WW | 3.0(4.2) WW continuum 7
WZ continuum 43
(PF** > 100GeV /¢)
@~ H - WW .57(.48) Q€ — q€ + Wi 1000
(P$* > 100GeV/c)
10 gg = H° —- WW 2.4(4.9) 400(770) W + jet : © 160
T (PY > 100GeV/c)
WW +22 - B° - Www | 1.1(1.3) WW continuum 3.3
- WZ continuum 0.2
(PY'* > 100GeV /c)

*The numbers outside the brackets were calculated using a 40 GeV top mass and EHLQ structure functions; the
wumbers inside the brackets were calculated using a 100 GeV top mass and Wu-Ki-Tung structure functions.
**The rates correspond to an integrated luminosity of 1034(103%) em =2 per year and are the sum of all channels.
(n this case no branching ratios have been included in the rates. If one W decays leptonically and the other
Jadronically, then the quoted numbers should be divided by 10. . '

{ oo [T LX)
s € roret
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Figure 2.8: Pictures of events: pp — H® — WW at /o=
10 TeV with mge= 200 GeV generated by Pythia and passes
through the CDF simulation. In each case, one W — ¢7 and
the other goes by W — ev,.

2.3 High Mass Higgs and Very High Energy pp
Colliders (SSC)

If the Higgs has a mass from 300 GeV to 1 TeV, by
taking into account our present knowlege of the techniques of
acceleration, a very high energy pp collider such as the SSC is
the only accelerator that will be able to scan this mass range.

Therefore, we define the main scenarios that will be
considered and discussed in the following sections. At the
UCLA!? meeting, it was decided to concentrate effort on the
two main processes:

pp— H -~ WW : (22)

where one W decays leptonically and the second hadronically
and

pp — H® — 2°2° (2.3)

where one Z° decays into v& and the other Z9 decays into a
pair of leptons (e or u). The case where both Z9’s decay into
leptons (4 leptons) is also taken into account and considered
as a set of rare “gold plated” events.

We also will briefly discuss the case of a charged Higgs
because the standard model does not prohibit processes like:

th — HE — %y,

This process is considered for a non-minimal Higgs with a mass
of 300 GeV'!3,
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For the “standard Higgs”, two masses are considered (300
and 800 GeV). The main backgrounds which compete with
process 2.2 and 2.3 are by increasing order of importance:

pp — W2°
pp—WtW=-0r2°2°
pp — W jet or 2° jet
pé = 0.9 +Woadiated

where the W in the last equation is radiated by one of the final
partons.
In conclusion, it is quite clear that a low mass Higgs (mg <
40 GeV) will be accessible by the present generation of e*e~
colliders. LEP 200 and the Tevatron (with high luminosity)
will be able to scan the mass range from 40 to 70 GeV. If
present schedules are adhered to, the Tevatron should see the
first events followed by LEP 200 which will be operating mainly
within this favored mass range. An intermediate Higgs with
mpyg = 200 GeV would favor an ep collider with /3 5 2=3 TeV
or & 10-18 TeV pp collider such as LHC, unless it becomes
‘easible to build a >400 GeV e*e™ collider. To access the
" puzzling 1 TeV range, it is quite clear that a pp collider such
18 the SSC is the best gadget in a reasonable time scale. We
jummarize the different alternatives in Figure 2.7,

) e m faad hed " eve™

il super ep

LKL (hofevd
Yagh-enarqy o9 colinter

Figure 2.7: Higgs mass range accessible to all the machines
either built or going to be built by the end of this century.

‘3. Rates for Signals and Backgrounds

In this section, we summarize the expected rates for each of
the high mass Higgs scenarios defined in Section 2. A nominal
luminosity of 1033em~—3s=1 (10°cm™~3per year) is assumed.
These rates and cross sections have been computed using the
Pythia Monte Carlo. They have been cross-checked with the
theoretical expectations after taking into account the imposed
cuts. The quoted numbers already include the branching ratios
of the decays, as well as the cuts on the mass of the Higgs
or on the p; range of the decay products. No cut on the
rapidity range has been applied. These imposed conditions
are explicitely mentioned in the corresponding Tables (3.1, 3.2
and 3.3). . .

In Table 3.1, we list the cross-sections and rates corrsspond-
ing to the signal: pp — H° — WW, where one W decays lep-

* tonically and the other one hadronically; the H? is assumed
to have a mass of 300 GeV or 800 GeV. Also in this table are
quoted backgrounds due to:

- the W-pair continuum, where the W’s decay like W’s from

HO decay and have transverse momentum: pyw > 150 GeV

(to be equivalent to & H° mass around 300 GeV) or pw >

350 GeV (to be equivalent to a H° mass around 800 GeV).

. p‘('"') > 100

- the W29 continuum, with the same constraints on pe of the
W and Z° as above and where the W decays leptonically
and the Z° hadronically. '

- the W + jet signal, where both the W and the recoil jet are
required to have a transverse momentum compatible with
the masses of the H?, and where the W decays leptonically.

- the QCD background, where one of the partons radiates a
W, with the same cut on the transverse momentum of the
partons as for the previous case. The radiated W is forced
to decay leptonically to ev.

We note that the case where the H? decays into W-pairs
provides a relatively large number of events, compared to the
ZO-pair decay, by about a factor of 25. Continuum WW or W2
production provides a signal to background (S/B) of order 1,
in both cases; whereas, the dominant backgrounds are from
W + jet and QCD jets with a radiated W. The ratio §/B
is about 3 x 10~3 for the W + jet background and even a
factor of 10 higher for the QCD background; these values of
5/B for the standard background correspond to the case of a
relatively low mass Higgs (mgo = 300 GeV'). The high mass
Higgs (mg = 1 Te¢V) has much smaller backgrounds. The
value S/B for W + jet becomes about 10-2 whereas for the
(QCD+radiated W) background it is of order 5 x 10~3, about
a factor of 10 lower than for a 300 GeV H?. This gives an
indication, which will be confirmed later, that the 800 GeV
case is easier than the 300 GeV case at the SSC.

TABLE 3.1
Signal/Background rates for pp — H® — WW for an
integrated luminosity of 10*°em~3s=! (calculated using the
Pythia M.C.).

Process Sigma Rate/year
(mb) (number of events)
HO - WW with W — ev or yv and W — ¢3
mpyo = 300 4.3 x 10~° 43000
myo = 800 3.6 x 10~10 3600
pp— WW with W — ev or uv and W — q§
pw > 100 4.1x10°° 41000
puw > 350 1.1 x 10~10 1100

pp— WZ with W — ev or uv and Z — q§

Pew or 2) > 100 084 x107° 8400
Pyw or 2) > 350 2.3 x 10—11 230
pp— W +jet with W — ev or pv

pw > 100 1.44 x 10-¢ " 1.4 x 107
pew > 350 2.8 x 10~8 0.28 x 10°

PP — 4,49, gg with one parton radiating a W; factor 10~3

1.3x10"% x 10-% 1.3 x 108

Pt(q or g) > 350 8.6 x 10~% x 103 8.6 x 10°

In Table 3.2, we list the cross-sections and rates which
correspond to the signal: pp — H® — 2Z92Z° where one
Z° decays into 2 charged leptons (e or u) and the other Z°
decays into vU (where v = v, v,, or i) for the two cases
(mg = 300 GeV and 800 GeV'). The background due to 292°
or Z°W continuum which may mimic the H® signal is also
listed. The Z°W continuum where the W decays into ev and
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2Z° into v¥ takes into account the.case where one lepton is
lost. Another possibility to mimic the Higgs signal is given by
the Z°W continuum when the Z decays into a pair of charged
leptons and the W decays hadronically. This background
signature is very similar to that provided by the sample of (2°
+ jet) events; again the missing energy will be generated by the
mismeasurement and/or the semileptonic decay of the hadrons

produced by the decay of the W. The continuum background

gives a S/B of order 1. The background from (29 + jet) gives
a S/B ratio which varies from 10~3 for the 300 GeV case to

.5 x 10™2 for the 800 GeV case. If we consider the case of

HO — Z°Z° where both Z9°s decay leptonically (e or u), we
obtain from the Pythia Monte Carlo an estimated cross-section
of 3 x 10~11 mb for a 300 GeV H? and 2 x 10~!3 mb for an
800 GeV HO. To have a correct estimate of the rate of expected
events, we must fold in the multi-lepton recognition efficiency.
This will be done in section 5.

TABLE 3.2
Signal/Background rates for pp — H° — ZZ for an integrated
- luminosity of 10‘°cm"a“ (calculated with the Pythia M.C.).

Process Sigma

{mb) (number of events)

H® — ZZ with Z —eeor ypand Z — vl

myge = 300 1.7 x 10-19 1700
mye = 800 1.7 x 10—41 171
pp— Z2Z with Z — ee or pyp and Z — vU
prz > 100 8.3 x 10-11 830
prz > 350 2.6 x 10-12 26

pp—~WZ withW —evand Z — v

Pyw or 2) > 100 1.1 x 1010 1100
Pyw or 2) > 350  3.2x 107132 32

pp— Z + jet with Z —s ee or up

pez > 100 1.9 x 107 1.9 x 10°%
Pz > 350 3.6 x10°° 36000
pp — bb+ 1t

Pe(d or 1) > 100 1.2x 10" 1.2 x 10°
Pepore) > 350 7.5x1077 7.5 x 105

In Table 3.3, we emphasize the case of a 300 GeV charged
Higgs and its background: W — vr. As mentioned in Section
2, most work has concentrated on the minimal neutral Higgs
and its decays into IVB-pairs. However, the charged Higgs is
poesible in the standard model and is favored in some scenarios
beyond the standard model. Moreover, the signature we
emphasize is quite attractive for the experimentalist because
the r-signal is one of the major tools of pp physics, as evidenced
at low energy.!* From Table 3.3 the S/B ratio is 5 x 10~3; we
will see in section 5 how to overcome it.

The main conclusions from these estimates is that the
signals give decent rates at the SSC; however, very high
standard backgrounds must be overcome. Most of what follows
will show how to we try to achieve this goal; in particular, we
will compare the W-pair versus the Z-pair cases and the purely
leptonic signatures versus the mixed leptonic and hadronic
signatures.

(W= — rv,)

Rate/year !

TABLE 3.3

Signal/baci:ground for tb = H* — ru, (calculated with the
Pythia M.C.).

o(H* = rv,) = 1.8 x 10~!! mbarn (if top=40GeV |

and EELQ’s structure function)
= 3.1 x 10~!! mbarn (if top=40 GeV
and Wu Ki Tungs structure function)

= 4.8 x 10~® mbarn for p;w > 300 Gev
= 7.7 x 10~° mbarn for pyw > 250 GeV

Remark: Both numbers.m not very different if one varies the
top mass to 120 Gev or 200 Gev.

4. Main Characteristics of the Events; Trigger
Strategy

To analyze the characteristics of the events of interest: W-
and Z-pairs, H° events, and their associated backgrounds, we
had to first construct a Monte Carlo generator. At the time we

_ started this work, January 1986, we had at our disposal two

general purpose programs designed to study pp interactions:
Isajet!® and Pythia’. Neither of thern had been implemented
with all the necessary processes. Therefore, an important first
step has been to build and test the appropriate generator
routines. It was necessary to insert Higgs production, via
all possible mechanisms: ¢3, gg, WW or Z2Z fusion, and
hadroproduction as well as the QCD background represented
by the 2 to 3 process:

99 — 99 + Weadiated

(this is mimicked in the Monte Carlo using pp = W +qor g
where the final parton emits a gluon by gluon bremstrhalung

and applying an appropriate set of cuts). Also a fair amount.

of work has been done to correctly reproduce the soft gluon
contribution.!® Once the reactions were introduced, the results
obtained by each Monte Carlo were compared to each other
and to the theoretical predictions. Most of this work was done
before the Snowmass '86 meeting and the results are contained
in reports from the UCLA?3 and Madison!” workshops. As of
now, only Pythia has the Higgs production fully implemented.

4.1 Generation of Higgs by Pythia

For a complete and detailed explanation of Pythia, we refer
the reader to the contribution of Bengsston and Sjostrand in
these Proceedings.!® Here we describe how the Higgs and W-
pair events have been generated for the studies teported in this
paper.

The signals and backgrounds for Higgs production in this
work have been generated using the Lund Monte Carlo for
Hadronic Processes, Pythia!®, The program includes the
four standard channels for Higgs production, ws. ¢§ — HO,
‘g9 — H°,2°2° — H°, and W+W~ — H®. Thecross-sections
for these processes are all taken from ref. 10, but the zero width
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approximation for the Higgs is replaced by the normal Breit-
Wigner shape; the width of the Higgs is calculated to first order
in the coupling constant. For the last two channels, i.e. vector
boson fusion to Higgs, the absolute cross-section is calculated
in the effective W-(2-)approximation, but p, etc. are generated
according to the correct matrix element, as given e.g. in ref.
19. The normalization of vector boson fusion could thus be off
by a factor two or so; also, as has been pointed out by Gunion
et al.,2% the cross-section for ¢ — H?° is an overestimate

when m; is not much smaller than myg. Decay of the Higgs is -

performed taking the proper matrix element into account, so
that correct angular distributions are obtained for the decay
chain HO — 2°Z° W+W~ — 4 fermions. In addition to the
standard model neutral Higgs, Pythia also includes the option
of generating a charged Higgs, H*.30

The backgrounds to the different Higgs signals come from
processes like g — 2929, ¢ — W*W-—, qf — 2Z°WZ,
qf — W= 4+ 2 jets, etc. All processes of the type 2 — 2
have been included in Pythia (see ref. 18); for processes like
gy’ — W= 4+ 2 jets, which are properly of the type 2 — 3,
generation is accomplished by using a 2 — 2 subprocess like
gy — W= + g and selecting those events where initial state
- radiation creates a second jet of sufficient energy and transverse
momentum to pass the cuts. For most of phase space, this
should be rather a good approximation to the exact result.

Absolute cross-sections will depend on the structure func-
tions used; Pythia includes the revised EHLQ sets,!?, as well
as the parametrizations of Duke and Owens,?! and Glick,

Hoffman and Reya.?? In additition to these parametrizations, -

Pythia can also be run together with the structure function
evolution program of Wu-Ki Tung;!! the differences in abso-
lute cross-sections are especially noticeable for" processes’ m-
Volving heavy quarks, where the scheme of Wu-Ki Tung gives
substantially Higher values.

4.2 Malin Properties of Generated Higgs Events

The next step in this study was to look at the main -

properties of the Higgs events generated by Pythia. This
is done both to verify that the Monte Carlo agrees with
theoretical expectations and also as a guide for the event
analysis.

For the process H° — WW, we have looked at two
properties. The first one is the angle between the two W',
Ad¢ww. We show in Figure 4.1 the distribution of this
parameter as well as its change as the Higgs mass is varied
from 300 to 800 GeV; this distribution is much sharper for
higher mass Higgs’. If we require A¢ to be less than 150°, we
note that 57.7% of 300 GeV Higgs’ pass this cut as opposed to
17% of the 800 GeV sample. If we now require that A¢ < 120°,
33% (4.5%) of the 300 (800) GeV events pass this condition.

Another important characteristic is the angle between the two
jets coming from the decay of one of the W's. We see that, as
expected, the angle decreases as the Higgs mass increases (Fig.
4.2). For example, the average value of this quantity is 36.5°
when the Higgs mass is 300 GeV and is only 10.4° for 800 GeV
masses.

a)
) 45 90 135 180
ANGLE (DEGREES)
b)
0 45 20 7135 180

_ ANGLE (DEGREES)

Figure 4.1: The angle between the 2 W's (decay products of
the Higgs) as generated by the Pythia M.C. for a nggs mass
of a) 300 GeV and b) 800 GeV.
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0 45 90 135 180

ANGLE (DEGREES)

b)

0 45 90 135 180

ANGLE (DEGREES)

Figure 4.2: The azimuthal angle between the two jets produced
by the hadronic decay of one of the W’s (from a Higgs decay)
‘or a Higgs mass of a) 300 GeV and b) 800 GeV.

A display program, interfaced directly to the generator
package, has been written which allows visualization of the
generated events. Displays of the original parton momenta,
reconstructed jet momenta, final particle momenta, and tracks
in a detector with and without magnetic fleld were generated.
These pictorial views of events provide a great deal of physical
intuition about the topology of large multiplicity, high energy
events and show the limitations of naive jet reconstruction.

b)

]

This insight is very suggestive about what constitutes a sensible

detector.

The following type of events are displayed here: low p, QCD
events (minimum bias events) with p; < 10 GeV (Fig 4.3), high
Pe QCD events with p¢ = 1 TeV (Fig 4.4), H° — WW signal
with mye=300 GeV (Fig 4.5) or mge=800 GeV (Fig 4.6),
where one of the W’s decays leptonically and the other one
hadronically and finally H® — 2929 with m e =300 GeV (Fig
4.7) or mge =800 GeV (Fig 4.8) and where one Z° decays into
2 charged leptons and the other decays into vD.
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Figure 4.3: Displays of a minimum bias event as generated by
the pythia M.C. showing: a) the momenta of the 2 produced
gluons in a 3D view; b) reconstructed jets in the event in a 3d
view; ¢) LEGO plot of the event; d} transverse view showing
all charged tracks, no B-field (leptons are dashed lines); e) 3D
view of all charged tracks with a solenoidal B-field (1.5 tesla).
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Figure 4.4: Displays of a 1 TeV QCD event as generated by
the pythia M.C. showing: a) the momenta of the 2 gluons in
a 3D view; b) 3D view of all charged tracks with a solenocidal
B-field (1.5 tesla). It shows a clear 2 high-p, jet structure.
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Figure 4.5: Displays of H® — WW event with Higgs mass of
300 GeV and W —» ev and W —s ¢7 as generated by the pythia
M.C. showing: a) the momenta of the 2 W’s in a 3D view; b)
reconstructed jets in the event in a 3d view; ¢) leptons in the
event; d) transverse view showing all charged tracks, no B-fleid
(leptons are dashed lines); &) 3D view of all charged tracks with
a solenoidal B-fleld (1.5 tesia).
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Figure 4.6: Displays of H% — ZZ event with Higgs mass of 300
GeV and Z — (%!~ and Z — vU as generated by the pythia
M.C. showing: a) the momenta of the 2 Z's in a 3D view; b)
reconstructed jets in the event in a 3d view; c) leptons in the d)

event in a 3D view; d) transverse view showing all charged ’

tracks, no B-field (leptons are dashed lines); ) 3D view of all 7,
charged tracks with a solenoidal B-fleld (1.5 tesia). : 00
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Figure 4.7: Displays of H° — WW event with Higgs mass
of 800 GeV and W — uv and W — ¢§ as generated by the
pythia M.C. showing: a) the momenta of the 2 W’s in a 3D
view; b) reconstructed jets in the event in a 3d view (16 jets
with Er > 10 GeV); c) leptons in the event (2 high-p; leptons
in addition to the muon from the W-decay); d) transverse
view showing all charged tracks, no B-field (leptons are dashed

lines); e) 3D view of all charged tracks with a solenoidal B-ﬁeld_

(1.5 tesla).
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Figure 4.8: Displays of H% — 2 Z event with Higgs mass of 800
GeV and Z — {1~ and Z — uT as generated by the pythia
M.C. showing: a) the momenta of the 2 Z’s in a 3D view; b)

. reconstructed jets in the event in a 3d view; ¢) leptons in the

event in a 3D view (the 2 leptons from the Z are quite central
and collimated); d) transverse view showing all charged tracks,
no B-field (leptons are dashed lines); ¢) 3D view of all charged
tracks with a solenoidal B-field (1.5 tesla). Note that there are
extra high-p leptons in addition to those from the Z.
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In conelusion, analysis of the generated events tells us that
the signal H° — WW with my. ~ 300 GeV will be more
difficult to identify than at higher masses. This is due primarily
to the fact that the W's are less “back-to-back” at the lower
masses. Also, the two jet decay products of the W have

larger separations for low-mass Higgs’ which will complicate
the recognition due to the presence of “spectator-jets”. For
high mass events the two-jet system is much more collimated.
Finally, the W’'s from a relatively low mass Higgs are much
more likely to lie in the very forward direction as they are
produced with lower p;..

4.3 ldeal Detector Analysis:Main Properties of the
Events

We begin our event analysis using a simple program which
simulates an idealized 4x fine-grained calorimeter containing
both an e.m. and hadronic sections but no cracks or
dead regions. The energy of each particle is completely
confined to single towers but shared between e.m. and
hadronic layers. Energy “smearing” is introduced to simulate
calorimeter resolution. This simulation package was developed
at Snowmass ‘8434, It also contains a simple jet algorithm used
to analyze the clusters in the event.

The analysis of WW events begins by first trying to
reconstruct the W which decays leptonically. It takes the
highest p, electron with the requirement that the transverse
momentum be greater than 20 GeV (electrons are 100%
“identified” using the Monte Carlo particle information. It
then requires that the total transverse missing energy, E™*°,
measured by the calorimeter be larger than 20 GeV. It

compares E™*** to the p; of the highest v in the event and to

the sum over all v’s (E¥'*) (both given by the Monte Carlo).
We have verified that £**** and E}’* are quite similar and not
too different from the p; of the highest v. Next, the electron
and E™** are combined to calculate the transverse mass of

the system. Quite a good agreement was obtained between
this quantity and that of the initial W — ev system generated
by the Monte Carlo. The only bias comes from not being able
to measure the v from the W decay but instead measuring the
sum of all v's in the event. We note that at least at this level
of simulation both values are not dramatically different.

Ounce the first W (W,) is reconstructed, the program at-
tempts to reconstruct the second W which decays hadronically
(W — q3). To do this, we work in the transverse plane com- .
pared to the beam axis and do the vectorial sum of the elec-
tron's and missing p,'s directions in this plane to obtain the W;
observed direction. Then we define the “away” hemisphere by
looking at the hemisphere which is defined by +90° compared
to the reconstructed W, direction. In the away hemisphere,
the two highest E, jets are used to reconstruct the second W.
The results of this analysis for all the WW processes as given
by Pythia and Isajet are summarized in Table 4.1.

. The analysis of the Z°Z9 case follows almost the same
lines. The first and second highest p, electrons (e; and e;)
are each required to have p’s greater than 20 GeV and are
again identified as electrons with 100% efficiency. In addition,
the highest e* and ¢~ (with the charge from the M.C.) are
chosen. These are then compared to the electrons from the
Z° decay and it was verified that looking for the two highest
p¢ electrons is a very efficient way to identify Z9s. An away
hemisphere is then defined with respect to the two electrons in
the same way as for the WW case. The analysis then attempts
to reconstruct the second Z° which decays into v5. Using the
calorimetry, E{**® in the away hemisphere is calculated and
compared with the p; of the two highest +-’s (coming from the Z
as given by the Monte Carlo). We find a very good agreement
between E*** and EY'* which demonstrates the utility of this
technique. Moreover, the program looks at the isolation of the
electrons reconstructed in the event. Isolation is defined as the
E; in a cone of AR < .5 (with AR = /Ay? + A¢3) minus
the E of the electron candidate. We list in Table 4.2 the main
characteristics of the Z°Z° processes.

TABLE 4.1a

Main characteristics of H% — WW events for a Higgs mass of 300 (800) GeV and its corresponding backgrounds.

Process <E}$> | <EP™> | <lsole> | <m(e+miss)r> | <EF" > | <EFY>
(GeV) | (GeV) (GeV) (GeV/c?) (GeV) | (GeV)
H® — W+w- | 75(189) | 83(101) | 4.7(4.8) | 61(62) 130(340) | 51(100)
WW continuum | 75(206) | 82(197) | 4.7(6.7) 62(71) 136(405) | 79(147)
WZ2° continuum | 85(2068) | 73(101) | 4.5(5.1) 88(77) 137(413) | 77(143)
(- qQ
W+jet | 700188) | 73(213) | 4.8(7.4) 64(65) 139(398) | 50(140)
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TABLE 4.1b

Main characteristics of the WW continuum for a Higgs mass of 300 and 800 GeV and a comparison between
Pythia and Isajet and between the observed values as reconstructed from the analysis program and the true
value as directly given by the Monte Carlo (numbers in parentheses).

Process <E$> | <EY > | <Ef > [<Ef™>|<El>|<El>|<mlev)r>| <ml,is)>
(GeV) | (GeV) | (GeV) | (GeV) | (GeV) | (GeV) | (GeV/e?) (Gev/c?)
ISAJET 715(14) | o7(89) | 79(79) | 82(85) | 138(~) | s0(~) | e2(75) 194(-)
(100 < P¥ < 200)
PYTHIA 60(63) | eo(es) | 58(e0) | 88(36) 131(—) 79(-) 60(75) 119(~) .
(100 < PY < 200)
ISAJET 206(208) | 196(208) | 101(206) | 107(205) | 408(=) | 147(~) [  71(75) a11(-) .
(350 < PY < 450) T
PYTHIA 205(220) | 223(238) | 174(198) |- 180(204) | 309(—) | 126(-) | 89(75.0) 237(-)
(350 < PY < 450)

By looking at the results in Tables 4.1 and 4.2, we note
that: -ar
- A very good agreement is found between the observed and
true quantities. This insures the efficacy of these analysis
procedures.
- A very good agreement is found between the two Monte
Carlo generators (Pythia and Isajet) for the same processes
and conditions.
- The values in these table define trigger threshoids and allow,
in some cases, to distinguish the signal from its major
backgrounds.
These three points are now developed in & more detailed way.

For HO decays into W-pairs, the event characteristics are
very similar to those of the backgrounds. Therefore, subtler
procedures will be needed to enhance the real signal in this’
chanael; this will be studied in detail in sections 5.2 and 5.3.
Concerning the mean values of the most important quantities,
the average E; for either the electron or the missing energy is

around 25% of the Higgs mass (e.g. 75 GeV for a 300 GeV !

Higgs). The average higheat E; jet is around 130 GeV and
the second highest jet is between 50 and 75 GeV for low mass
Higgn decays. For Higgs’ of 800 GeV, the average value of these
parameters become about 350 to 400 GeV for the highest E;
jet and 100 to 150 GeV for the second. These values will be of
use when setting trigger thresholds (see section 4.4).

For Z-pair events, the situation is quite different. While
the 292° continuum and H? -+ Z9Z9 events have very

. similar characteristics, those from the W Z° continuum (where -

29 — vU and W — ev) will be easily suppressed by requiring
two electrons above a given threshold. The only disturbing
background in this case is the one due to pp — 2Z° 4+ jet.
The important criteria here is the rate passing a given missing
energy cut. We show in figure 4.9 the E***? distribution for
the ZZ continuum where the iransverse momentum of the Z is
required to be above 150, 300 and 500 GeV (corresponding to
Higgs masses of about 300, 600 and 1000 GeV). These events
are characterized by a fair amount of missing energy. An

-analysis'? has shown that, for Z + jet events with P/* >

TABLE 4.2a

Main characteristics of H® — Z9Z° events for a Higgs mass of 300 (800) GeV and its corre-pondmg :
oackgrounds. The A¢ refers to the azimuthal angle between the two electrons from the Z.

Process <EY> |<EMS> <> | <ES > <loll > [<hal2> <s;-'->‘<z!;'-> <Ef" > |<mlel,e2)>| A ¢
(GeV) | (Gev) | (GaV) | (Gev) | (Gev) | (Gev) | (Gev) | (Gev) | (Gev) (Ge¥ /) | (deg)
H® — 2%2% | 93(229) | 42(00) | 63(189) | 72(152) | 3.5(7.4) | 4.2(2.5) | 117(278) | 133(171) | 102(80) 88(08) 15(35)
2'2Z%ontinuum | 116(308) | §7(108) | 70(223) | 08(204) | 1.4(3.2) | 1.7(4.7) | 140(383) 13;(193) -(93) 90(00) 50(30)
W(?;'contin:\;m 80(177) | 0.0(-) | 78(167) | 89(210) | 2.4(3.9) | ~-(~) | 108(217) | 111(196) | 70(102) -}, |-~
-
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TABLE 4.2b

Main characteristics of the ZZ continuum for a Higgs mass of 300 and 800 GeV i

' : and a comparison bet
Pythia a.nd Isajet ?.nd between the observed values as reconstructed from the analysis progr:m and t}:et;e;:
value as directly given by the Monte Carlo (numbers in parentheses). The A¢ refers to the azimuthal angle

between the two electrons from the Z.

MONTE CARLO | vy | Toan | omnr | Tomy | @ | ey | v ey |4 7| < B
(Joolz*"fsgzm) mi(any) | so(44) | 83(77) | 82(78) | 4.0(4.0) | 5.0(3.4) 90(0) 136(135) | es(12) | 92(-) | e3(-)
(mor;-l{;";zoo) 1e(t1e) | s7(s1) | 79(73) | 98(03) | 1.4(2.4) | L7(2.7) 90(90) 140(142) | s6(67) | 138(-) | —(-)
(350';"['?:;450) 200(206) | 113(107) | 173(105) | 245(2%8) | 7.8(5.2) | 7.5(4.3) 90(00) 302(202) | 2¢(20) | 138(-) éo(-—)
(350?;;‘?450) 305(305) | 105(105) | 226(203) | 204(192) | 3.2(3.2) | 4.7(4.4) 90(00) 388(300) | 21(30) | 193(-) | e3(-)

500 GeV, a cut on EM** of 100 GeV gives a signal to

‘background ratio (S/B) of 1 with a 200 GeV cut giving S/B of

about 10. From this we conclude that a sufficiently high E{™*
cut should suficiently reduce the single (Z + jet) background
while keeping a good fraction of the signal. Thus, though
the Z-pair signals provide less rate then the W-pair signals
{1/25), it will be much easier to extract this signal from its
background by simple filter requirements at an early stage;
namely requirements on 2 leptons and on E™*** at the first
and second level triggers.

4.4 Trigger Strategy for W- and Z-pairs

The trigger is a main concern for the experimentalist at pp
colliders (as opposed to e* ¢~ machines). We can use what we
summarized in Section 4.3 to set up & trigger strategy for W-
and Z-pairs.

Preliminary studies?® on W-pair triggering have already -
been done. The trigger scheme is sketched in Figure 4.10 and
proceeds by defining a first level trigger based on selecting
an electron candidate and requiring a minimum amount of
Epee, Thia is done to try and reconstruct the W which decays
lepton‘xcdly. The electron is defined as & minimum amount of
transverse energy, E*Y, in a calorimeter cell (E{*# > 25GeV);
in addition 80% of this energy must be electromagnetic. The
missing transverse energy as measured by the calorimeter must
be larger than 40 GeV. The second level trigger imposes an
isolation cut on the electron; this means that the region around
the electron candidate defined by a sone of +5 calorimeter
cells (both in pseudorapidity and azimuth) contains less than
20% of the transverse energy of the electron candidate cell. It
also requires that in the hemisphere opposite the electron and
misaing energy there is either one jet with E¢ > 80 GeV or

" two jets each with E¢ > 40 GeV. Finally, a third level trigger

requires the matching of a track with tranverse momentum
greater than 10 GeV with the candidate electromagnetic cell.
Such requirements lead to a trigger rate of about 1 Hs. Note
that after the first cut, we still have a 30 kHz rate. Also, this !
trigger defines quite low thresholds and, in fact, will trigger on
relatively low maas Higgs’ (mge > 200 GeV'). Such a strategv

EMROGY

| |H| s *H{“mlh
- *21" é,%:"'“ s *l{:’?" 42
ot } —
| “| }ll
L i H*HH - H** '}im* H ft i

1 (GaV)

Figure 4.9: Missing energy distributions for ZZ continuum
events with: a) 100 < pyz < 200 GeV; b) 300 < prz < 400
GeV; c) 500 < prz < 600 GeV.
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Isajet with pt{W)=100Gev -->m(H*)=200Gev

. om cait
E T > 25 Gev + —%,> 80%
. L
Wesao-.
1501¢20%
Pg-—)-i.o (l':v

Figars £10: Schimia of the trigger strategies for W-pairs.

will have to be used, at least during early SSC runs, as myo
will be axpected to be between 200 GeV and 1 TeV.

. A trigger strategy for Z° pairs is defined along the same
lines. A first level trigger requires a missing transverse energy
greater than 100 GeV and two electrons; with the electron
candidates being defined in the same way as in the W case
" above except that the E? cut is raised to 40 GeV. Next, the
" second level trigger refines the estimation on EPé** and on

the applied cut and also requires that each electron candidate
_mateh's track with py > 20 GeV. This trigger reducu the rate
- tosbout 1 Hs or less. ~
- The aim of these triggers is to preserve as much as possible
the expected H® signal over as wide a mass range as possible
and meanwhile to keep a certain amount of the WW, W2
and ZZ continuum. The continuum sample is an interesting
sample both to study the properties of Higgs background and
also to look for possible interesting physica?®.
These trigger strategies, based on an idealized 4x detector,

‘show the feasibility of these searches and give some ideas on-

' how to analyse the possible signals. The work is then refined
' the next section using a more “realistic” simulation.

" At this stage of our work, we have understood why it
is worthwhile t0- pursue the sesrch for the WW and 2°2°
continuum as well as conventional Higgs’ in a high energy
pp collider environment. We have setup various scenarios
to identify such events. We have estimated their rates as
well as their main backgrounds and have shown the main
characteristics of these signals as well as a strategy to extract
them from the standard backgrounds in an ideal case (i.e. a 4x
fine-grained calo- rimeter without any dead area). We know
from this “simplified” point of view that it is possible to search
for these signatures. Therefore it is justified to pursue this

(s

work along the lines we have defined but implementing now a
more realistic reproduction of the enviroment which will have
to be dealt with at the SSC. This is what we finally tried to
achieve in this working group. For that, we refer the patient
reader to the second report of our work located elsewhere in
this Proceedings under the following title: “Detecting W/2
Pairs and Higgs’ at High Energy Colliders:Main Experimental
Issues.” This contains the “Section 5” material referred to
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