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Abstract

Detection of a heavy Higgs boson (2M; < Mg < 1 TeV) is considered. The
production mechanisms and backgrounds are discussed. Their implementation
in the PYTHIA and ISAJET Monte Carlo programs are checked. The decay
modes H — ZZ — llll and H — ZZ — llvv are discussed in detail. The sig-
nal/background is evaluated and some relevant detector parameters are specified.
Some remarks are also made concerning the requirements imposed on detectors
by the decay mode H — WW - lv + jets. Experimental signatures for models
in which there is no Higgs boson of mass less than 1 TeV are outlined.
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1. Theoretical Introduction

A central motivation for the SSC is to study the mechanism of electroweak
symmetry breaking which gives the W and Z their masses. Though the general
framework is believed to be the Higgs mechanism, essentially nothing is known
about the details. There may be a single Higgs boson as in the minimal standard
model;! there may be several Higgs bosons as in supersymmetric theories;? or
there may be pseudoscalar bound states as in some technicolor models.? The
mass scale is equally uncertain and could be anywhere from a few GeV to the
TeV range. Two points are assured by the general framework. First, there are
new particles carrying a new force which induces the spontaneous breaking of
the electroweak SU(2)r x U(1) gauge invariance. Second, the new force causes
strong scattering of longitudinally polarized W’s and Z’s if the mass scale of the
associated new particles is of order 1 TeV or higher.

If the mass scale of symmetry breaking physics is above the WW and ZZ
thresholds, then it can be studied at the SSC in events containing W*W =, ZZ,
and in some cases W*Z W+tW*, or W™W ™ pairs. In the standard model with
a Higgs boson mass mg S 600 GeV, the Higgs boson appears as a resonance in
the W+W = or ZZ channels with a width of less than 100 GeV. Since the width
grows like m¥, for larger values of myg, the Higgs signal is an excess of W+W~
and ZZ pairs over the WW or ZZ continuum. There is no easily recognizable
peak in the mass spectrum. More generally, arguments based on unitarity show
that symmetry breaking physics will be manifested in 1-2 TeV gauge boson pairs
if it does not occur at a lower mass scale. Detection of gauge boson pairs is
therefore a critical requirement for SSC physics.

In this paper we briefly discuss the significance of the 1 TeV mass scale
(Section 2), production mechanisms and decay properties of the standard heavy
Higgs (Section 3), comparison of existing Monte Carlo programs with theory
(Section 4), and results on the experimental detection of the heavy Higgs signal
in a variety of modes (Sections 5, 6 and 7). In Section 8 we attempt to summarize
the relevant desirable detector properties that are indicated by our study.

It should be noted that the studies of experimental requirements are not
complete in the sense that definitive studies of signal-to-background ratios have
not yet been made for all decay modes of the heavy Higgs. Nevertheless, we
believe that it is possible to indicate with some confidence the necessary detector
parameters required to observe the relevant signals and to reject backgrounds.

2. Significance of the TeV Scale

The 1-2 TeV scale plays a special role in the physics of electroweak symmetry
breaking. First it defines the onset of strong interactions: if the typical mass scale



Mgp of the quanta of the symmetry breaking sector is 1 TeV or heavier, then
the symmetry breaking interaction is strong. Second, as explained more precisely
below, 1-2 TeV is the maximal energy scale at which the effects of the symmetry
breaking must begin to emerge. In this sense it is like the 300 GeV limit of the
Fermi theory of weak interactions. Unitarity requires that, at this energy scale or
below, the Fermi theory would be supplanted by new physics as indeed occurred
with the discovery of the W and Z.

The first of these points is easily illustrated in the minimal standard model
with a single Higgs boson.! The lowest order relationship between the coupling
constant ), the Higgs boson mass mpyg, and the vacuum expectation value v, is

m
A=A,
2v? (1)
Quantum corrections are typically of order A/47 and are O(1) for strong coupling,
i.e., if myg = /87mv = 1 TeV. More precisely, unitarity fails in leading order for
myg = 1 TeV, indicating the onset of strong interactions since large quantum
corrections must then arise to restore unitarity.5

A model-independent approach is based on symmetry principles first used in
hadron physics. Just as the pion is a Goldstone boson associated with the sponta-
neous breaking of chiral symmetries in QCD, so the longitudinal modes W and
Z are essentially (at energies large compared to M ) Goldstone bosons arising
from the breaking of gauge symmetries. The same techniques that establish pion
low energy theorems,® such as '

L

167 F2 (2) '

ag(ntr™ — 7%2%) =

for the J = 0 partial wave amplitude can also be used to show that *

-~

S

167v? (3)

ao(WZWE —7212Z1) =

Eq. (2) is valid for s € m,; .. while Eq. (3) applies for M¥, < 5 < M2z and
can therefore only be relevant if Msg > Mw. In that case it shows that new
physics must intervene below V167v2 = 1.8 TeV to preserve unitarity, ap < 1.
Eq. (3) also shows that if Msg >1 TeV, then for V3 = 1 TeV, aq will be 0(1)
which is the precise indication of strong scattering (for instance, putting § > 1
TeV? in Eq. (3) we find ap > 1/3). :

The search for the mechanism of symmetry breaking is therefore not open-
ended. Unlike new gauge bosons, W’ or Z', which might exist at arbitrarily heavy



masses or might not exist at all, the symmetry breaking sector must exist and
will manifest its presence at least indirectly in strong W;, Z; scattering at $>1

TeV? unless the mass scale Msp is below 1 TeV.

3. Calculation of Higgs Production Cross Sections

Higgs production may result from gluon-gluon fusion via a heavy quark loop’
(Fig. 3.l1a) by quark-antiquark annihilation (Fig. 3.1b) and by gauge boson
fusion® (Fig 3.1c). The first two of these depend strongly on the ¢ quark mass —
see Fig. 3.2 taken from Ref. 9 for an indication of this dependence. Note that
a larger ¢t mass generally implies a larger Higgs production cross section. For
Higgs masses below about 600 GeV and above 2 Mz, discovery of the Higgs is
straightforward in the channel H — ZZ, both Z decaying to e*e™ or u*tu~ as
we will show in Section 5. One is therefore less sensitive to uncertainties in the
theoretical calculations of the cross section, mostly due to the unknown ¢-quark
mass which affects the gluon-gluon fusion process. Since most of our calculations
have been done for a t quark mass of 40 GeV, we are somewhat conservative
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3.1 Higgs production via (a) gluon-gluon fusion; (b) quark-antiquark annihila-
tion; (¢) WW or ZZ fusion; and (d) production of gauge boson pairs in a
theory with a strongly coupled gauge boson sector.
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3.2 The Higgs production cross sections from the various processes discussed

in the text as a function of the Higgs mass for two different ¢ quark
masses (taken from Ref. 9).

given present limits on the ¢ quark mass. The situation for Higgs heavier than
about 600 GeV is less clear and therefore we discuss in more detail below the
theoretical calculations relevant to this region.

In the published literature a variety of different approximations have been
used to compute Higgs production by WW and ZZ fusion. The effective W
approximation*!0 is analogous to the effective photon or Weizsacker-Williams
approximation used for photon-photon scattering. It is a small scattering angle
approximation which neglects the Pr of the scattered quarks and therefore also
of the produced Higgs boson, both characteristically of order My . It provides a

sufficiently accurate approximation to the total cross section for Higgs mass from
500 GeV and up, with errors of about 10%.!?

A second common approximation is to include only the s-channel Higgs pole
diagram calculated in a particular gauge (U-gauge);®?®
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This approximation neglects ¢ and u channel Higgs exchanges, if present, and
also neglects gauge sector exchange diagrams. This approximation is pathological
since in U-gauge good high energy behavior is obtained by cancellation of badly
behaved contributions from the Higgs and gauge sectors. This is not a serious
problem for Higgs masses my S 600 GeV for which the width is reasonably
narrow, since the signal in the peak is not seriously affected by the bad high
energy behavior. For the 1 TeV Higgs boson with I'y ~ % TeV there is no
recognizable peak and it is necessary to integrate over a broad range of WW and
Z Z invariant masses. The s-channel U-gauge pole approximation then seriously
overestimates the high mass tail and the production cross section, as discussed
in detail in Section 4 below. :

Two approaches can be used to overcome this problem. One is to do a
complete calculation, including the gauge sector contributions.?? The other is
to calculate the Higgs sector contributions in a renormalizable gauge (justified
by the equivalence theorem*!3) which automatically has the correct high energy
behavior. This is computationally simple since the difficult gauge sector con-
tributions are not included. In the central region (away from the singularity of
the Coulomb exchange pole) they may be safely neglected.!* Numerically the
approximation is very good 1% for mg= 1 TeV and mww >0.8 TeV, which is
the region in which the signal emerges from the g background. Because of its
simplicity, the R-gauge approach can be a useful check of the “exact” U-gauge
computations. :

Higgs production is sometimes also computed in the zero-width approxima-
tion, as if the Higgs were a stable particle.®11:2® This is probably reliable for the
range of Higgs masses below ~ 600 GeV corresponding to “narrow” peaks but
fails around myg = 1 TeV. In the latter case, the signal can only be seen over
the gJq background on the high side of the “peak” where it suffers from falling
luminosity that is not reflected in the zero-width computation.

Finally, we should remember that for mg = 1 TeV the Higgs sector is
strongly interacting and therefore cannot really be described by perturbation
theory. Therefore even the “exact” U-gauge calculation should be regarded as
heuristic in this case. There is however evidence that perturbation theory is not
a completely misleading guide to Higgs production at myg = 1 TeV: the Higgs
sector one loop contributions only correct 'y by 10% at mg = 1 TeV.16

3.1 Strongly Interacting W and Z Bosons

The WW fusion process of Fig. 3.1d is the source of the signal for strong
Wi, Z scattering. This is a generalization of one of the Higgs production mech-



anisms discussed above. The strong interé.ctions, represented by the blob in Fig.
3.1d, generate an excess of gauge boson pairs over those produced by ¢g and gg
annihilation. The presence of gauge boson pairs with invariant mass greater than
about 1 TeV is the signal for a strongly coupled symmetry breaking sector. The
yield of these pairs can be estimated by modeling the gauge boson scattering
amplitude as discussed in Section 2 and Ref. 4.

In addition to the neutral pairs, W¥W~ and ZZ, which are also produced
by decay of a (Mg < 1 TeV) Higgs boson, a strongly coupled theory will produce
charge 1 (ZW) and 2 (W*W#%) final states.*!” T} latter is particularly impor-
tant since it has a much smaller background; W*W= cannot be produced by
¢q annihilation. Many of the background issues relevant to Higgs detection are
applicable to this case. Some backgrounds (e.g., the background from Z + jets to
the ZZ — eevv mode) may be relatively less important since the invariant mass
of the boson pair is larger. Since models for a strongly coupled weak sector are
not included in the ISAJET!® and PYTHIA!® Monte Carlo programs, we have
not yet performed a detailed analysis of these signals.

3.2 Jq Annihilation Background

The processes 2021 gg — WW, ZZ are a serious background to H — WW,
ZZ detection in all WW, ZZ decay channels.?! The gauge bosons produced by
gdq annihilation are predominantly transversely polarized while those from the
Higgs decay are predominantly longitudinal.

For Higgs boson masses less than 0.6 TeV, for which there is a recognizable
invariant mass peak, it is less critical to know the backgrounds precisely. At
the SSC the Higgs boson in this mass range emerges as a peak in the ZZ —
ete™/utu~ +ete™/utu~ channel over the smooth gg background. However for
the 1 TeV Higgs boson and for the 1-2 TeV strong interaction signal discussed
above, there is no peak and it is important to understand the magnitude of the
gq background.

There are two ingredients in a calculation * of the background; perturbative
QCD calculations of the relevant partonic process; and a set of structure func-
tions. The first is the easier to deal with. There is Q?-dependence in both a,(Q?)
and f(z,Q@?). For the production of W or Z pairs of invariant mass M, Q ~ M.
The relevant processes are ¢+ — Z + Z2! and g + g — Z + Z.22 Until recently
only the former was calculated. The QCD corrections to this process which occur

! Recently, the process gg. — ZZ has been computed.?? Although this process was not in-
cluded in our simulations, we shall comment on its effect when it is appropriate.

¥ Previous studies of this process were carried out by Eichten, Hinchliffe, Lane and Quigg,2®
by Owens,?* by Tung?®, by Collins?® and by Collins and Soper.??



at order a, are not known, but the calculation is not difficult. It is very likely
that they will be known by the time SSC data are available. In the absence of
this calculation, there is an uncertainty of order 30% in the background from
this source. The second process, gluon-gluon production, which is of order ag is
also important. This process is approximately 50% of ¢g annihilation provided
ly;| < 1.5. Again it is expected that the order a3 corrections will be small,
although the calculation is formidable.

The uncertainties in structure functions present a more serious problem.
Structure functions are measured in low Q2 experiments and then extrapolated
in Q2 up to the appropriate scale. There are three main problems:

1) the appropriate value of A must be determined.
2) There is little data for £ < 0.1 and no data at all for z < 0.01.

3) The gluon distribution which produces most of the antiquarks at high Q2
is not measured directly but is inferred from the growth of the antiquarks
with Q2 and is therefore correlated with A.

In the case of the W or Z pair background, one is interested in M between 200
GeV and 2 TeV. For central production this corresponds to values of z between
0.005 and 0.05. To a first approximation?’ the structure functions depend only
on @%/A2%. Consequently the uncertainty due to errors in A can be estimated by
shifting Q2. A look at the Q? dependence of the structure functions will show
that the Q2? dependence is small over the range of z that we are interested in
(see EHLQ? Figs. 10-15). A sample is reproduced here as Fig. 3.3. Effect (3)
was discussed in EHLQ where two different sets of gluon distributions at Q2 = 5
GeV? were used (compare EHLQ Figs. 5 and 6). These different sets produced
changes of less than 20% for all the SSC rates in EHLQ.

Problem (2) was also addressed by EHLQ who modified the structure func-
tions below z = 0.01 (see EHLQ Eqs. 2.62 and 2.63 and Figs. 18-20). The
effects wash out rapidly at Q? rises, and are, of course irrelevant for z > 0.01.

To verify experimentally these background calculations, a process that is
sensitive to the same quark distributions as the background over the same range
of z and Q? is needed. The only process available are dilepton production and
the production of two large Pr photons. W or Z production is less useful since
the total cross section is dominated by values of £ that are much smaller than
the relevant ones and Q? is also smaller. By looking at W’s at large rapidity
one becomes sensitive to the product of two distribution functions; one in the
interesting z range and one at much smaller z. Jet cross sections are not useful
since for total transverse energies below 6 TeV, gluon-quark and gluon-gluon
scattering dominate.

! This is not quite true since there are quark mass effects, but these changes are very small
unless one is sensitive to heavy (top) quark distributions.

8
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3.3 The Q? dependence of the antiquark distribution at fixed z.

How well can dilepton production be measured? Figure 3.4 shows the event
rate which must be measured over the same range of invariant mass that will be
needed for W pairs. At dilepton pair masses of 1 TeV there are enough events
in a 50 GeV bin to make a 30% measurement in each bin. There will also be an
error on the measurement of the dilepton mass. A 5% error on this measurement
translates into a 15% error on the cross-section. This figure attempts to indicate
the effect of uncertainties in structure functions; changes in A from 150 to 450
MeV are too small to measure.

A new set of structure functions has been invented that attempts to increase
the dilepton rate (and also the W or Z pair background). The EHLQ structure
functions at Q% = 5 GeV? have been changed as follows. Take set 2 of EHLQ
and double the sea i.e., assume that the measurements of the antiquarks are a
factor of 2 too small at low Q2. Replace the gluon distribution (EHLQ 2.60) by

L]



Drell-Yan with modified structure functions
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3.4 The cross section d o/dmdy for the production of a muon pair at y =0
as a function of the muon pair invariant mass. Four curves are shown;
three of these use the EHLQ set 2 structure functions with different
choices for Agcp. The fourth curve corresponds to the modified set of
structure functions described in Section 3.2.

zg(z,5GeV?) =26(1-2z)* ; z>0.1
zg9(z,5GeV?) =0.54/vz ; z<0.1

This set of structure functions has a much more singular behaviour at small z
than EHLQ’s and is similar at larger z. These changes are unlikely to be in
agreement with current data. In particular, they are likely to generate too large
a value for F3(z,Q?) at Q% ~ 20 GeV? for z ~ 0.05 where data exist. They also
violate the constraint that the total momentum carried by partons must add up
to one. This modified set is compared with EHLQ set 2 structure functions in
Fig. 3.5. Figure 3.4 shows the effect of these structure functions on the dilepton

3
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Structure functions at Q2=5 GeV?
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3.5 The quark, antiquark and gluon distributions as a function of z at Q=
5 GeV2, Two sets are shown; those of EHLQ set 2 and those described in
Section 3.2.

rate. The effect is greatest at small values of the dilepton mass where z and Q?
are smallest. It is likely that this process can be measured well enough to see the
difference between this result and the EHLQ prediction.

Figure 3.6 shows the Z pair rate using the same structure functions as Fig.
3.5. The relative contributions of the charge 1/3 and charge 2/3 quarks to the
dilepton and Z pair processes are not quite the same. Hence it is conceivable
that one could be affected more than the other by changes in structure functions.
Nevertheless is very difficult to double the Z pair rate while keeping the dilepton
rate unchanged. In practice, a large number of processes will be measured, all of
which contribute to the knowledge of structure functions. This will surely allow
some of the remaining uncertainties to be eliminated. There will be enough
dilepton events to provide a calibration of the background at the 60% level over

11



Z pair p.roduction, yz<1.5

Z pair mass GeV
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3.6 The cross section do/dM for the production of a Z pair of mass M.
Both Z's are required to have |y, | < 1.5. The two lines show the
effect of different sets of structure functions; EHLQ set 2 and those
described in Section 3.2.

the range of Z pair masses less than 1 TeV or so. At larger Z pair masses the
situation is more difficult. There are only about 25 dilepton pairs with invariant
mass greater than 1.5 TeV, so it becomes difficult to measure the background over
the relevant range of z and Q2. Nevertheless, it is very unlikely to be uncertain

to more than a factor of two.

4. Higgs Production Processes: Comparison Between Theory and
Monte Carlo Programs

In this section we test the predictions of the ISAJET!® (v5.34) and PYTHIA®
(v4.8) Monte Carlo programs against simple partonic calculations.



4.1 Signal

The Higgs production processes that are included in ISAJET and PYTHIA
are (1) quark-antiquark annihilation; (2) gluon-gluon fusion via a heavy quark
loop; and (3) gauge boson fusion. The strength of processes 1 and 2 are highly
dependent on the top quark mass — see Section 3.

Process 1 is never a significant source of Higgs bosons compared to processes
2 and 3. It is, however, treated poorly by ISAJET and PYTHIA. The problem is
the following: since the coupling of a quark to the Higgs boson is proportional to
the quark mass, the only quark flavor that contributes appreciably is top. There
will be, therefore, a top-antitop pair in the proton fragments going down the beam
pipe. When the top quark is heavy, this contributes a suppression not included in
the naive computation using the EHLQ structure functions. Therefore, process
1 may be overestimated when the top quark is not substantially lighter than the
Higgs. A more correct computation valid for any reasonable top quark mass is
to include this process in the form of Fig. 3.1b. However, for the range of Higgs
masses considered (400 GeV < My < 800 GeV) and the top quark mass of 40
GeV, the approximations used by ISAJET and PYTHIA are acceptable.

Gluon-gluon fusion is appreciable for a light Higgs. If the top quark weighs
40 GeV, it is the dominant process for My below about 350 GeV. If the top
quark is as heavy as 150 GeV, gluon-gluon fusion will dominate up to a Higgs
mass of about 900 GeV. Above these values, the Higgs boson is produced largely
by the gauge boson fusion mechanism.?1? |

In order to check that ISAJET and PYTHIA treat gluon-gluon fusion prop-
erly, their rates for this process were compared with the results of a program that
computes the partonic cross section. This program was written by the authors of
Ref. 23. Table 4.1 shows the results. Here and below, one SSC year corresponds
to an integrated luminosity of 10%%cm?. The gg fusion cross section in ISAJET
v5.34 was wrong, but has since been corrected. The corrected results are given
in Table 4.1.

In considering the Higgs production via gauge boson fusion it is important
to note that the Higgs itself is not a final state particle, but rather a resonance
that immediately decays into W or Z pairs. Therefore what one must actually
calculate is the process gg — qqV'V, where V is W or Z. The complete gauge
invariant calculation of this process?? is quite difficult and the resulting matrix
element is too unwieldy to be used in a Monte Carlo program.

13



Table 4.1

A comparison of the event rates for the process g¢g — H — 77
from the corrected version of ISAJET, PYTHIA and a partonic
calculation ela EHLQ. No rapidity cuts are applied.
Events per SSC year are shown.

My ISAJET PYTHIA Partonic
400 6200 7800 7600
800 210 260 260

ISAJET and PYTHIA treat the g¢ — gqV'V process using the effective-W
approximation as described in Section 3. In this approximation, the incoming
gauge bosons are treated as though they were constituents of the incoming pro-
tons. One can then compute a luminosity distribution for V' pairs. This is then
multiplied by the on-shell matrix element for VV — V'V,

ISAJET and PYTHIA take two different approaches to the computation of
this matrix element. ISAJET computes the full set of VV — V'V diagrams. Only
longitudinally polarized incoming V'’s are included, though all polarizations are
included on the outgoing legs. PYTHIA computes only the s-channel Higgs
pole diagram and only longitudinal polarizations are included in the final state.
(PYTHIA is being revised to perform the same computation as ISAJET).3¢

Each of these approximations has its pathologies. The effective-W approxi-
mation treats the incoming V'’s as being on mass shell while in fact they are off
mass shell by approximately their mass. The net effect of this is to overestimate
the total rate somewhat, especially for a Higgs near the H — V'V threshold.

The approximation made by ISAJET suffers in the W+W~ channel from
having a fictitious t-channel photon exchange pole caused by putting the incoming
bosons on mass shell. This leads to an infinite total cross section. One must
therefore always impose some minimum Pr cut on the outgoing particles. If Pr
is at least of order the W mass, then the ISAJET"s result should approximate
the true answer. In any case, such a cut is required to reduce the background.

PYTHIA'’s approximation does not have a fictitious infinity at low Pr, be-
cause the photon exchange diagram is not included. However, the s-channel
Higgs exchange diagram by itself is not gauge invariant, and it violates unitarity
at high energy. Examples of this are shown in Figs. 4.1a-c. These figures show
the cross section for unpolarized ZZ — ZZ scattering at Higgs masses of 400,
800, and 1000 GeV. For ZZ — ZZ scattering there are three diagrams. The

14
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4.1 a) Higgs production via s, and u channel diagrams (solid line) and s
channel only for My = 400 GeV. b) Higgs production via s,t and u
channel diagrams (solid line) and s channel only for My = 800 GeV.
c) Higgs production via s,t and u channel diagrams (solid line) and s
channel only for My = 1000 GeV.
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Higgs may be exchanged in the s, t, and u channels. The solid line plots the cor-
rect answer, using all three diagrams. The dashed line shows the effect of leaving
out the ¢ and u channel diagrams. At large ZZ invariant mass, the dashed line
grows like s2. In the process gq — ¢¢gZZ — qqH — gqZ Z, these matrix elements
will get multiplied by appropriate structure functions, which are rapidly falling
functions of diboson mass. The bad high energy behavior of the non-unitary
matrix element manifests itself as a long flat tail of events at high diboson mass.
This approximation cannot be used for invariant masses above about 1200 GeV,
and it cannot be used at all for Higgs masses of 1 TeV or above.

PYTHIA’s approximation also neglects low energy scattering of the incoming
V’s (from the photon exchange, for example), and therefore may underestimate
the cross section at ZZ invariant mass below the Higgs peak. This is unimportant
in practice. :

Figures 4.2a-c show the cross section vs WW invariant mass for pp - WW +
X from WW scattering. The Higgs mass is 800 GeV, and there is a rapidity cut
on the outgoing W's |y, | < 1.5. Figure 4.2a is a partonic calculation using
the effective-W approximation, including all the diagrams for V;V; — WE’WE .
Figure 4.2b is the result from ISAJET, and Fig. 4.2c is from PYTHIA. Note
that Figs. 4.2a and 4.2b have virtually no events above about 1500 GeV, while
Fig. 4.2c has a long tail extending up to high energy. This tail is fictitious, and
must be removed by truncating the curve at 1200 GeV. The low energy shapes of
4.2a and 4.2b are also different from Fig. 4.2c. The agreement of Figs. 4.2a and
4.2b does not necessarily indicate that ISAJET’s calculation is more correct than
PYTHIA’s, but only that the approximation used in the parton level program
which computed Fig. 4.2a is the same as used by ISAJET.

The features of ISAJET and PYTHIA Higgs production cross-sections were
checked against two different parton level programs. The first?® computes the
diagram for qg — qqVV — qqH — ¢qZZ exactly, without using the effective-
W approximation.. The second uses the effective-W approximation, including
all diagrams for V;V; — WE’WL' Of course, these two approaches suffer from
the same diseases as PYTHIA and ISAJET, respectively. Therefore a cut at an
invariant ZZ mass of 1200 GeV is used with program 1, and some cut away from
the photon pole must always be used with program 2.

Program 1 can be used to calculate the transverse momentum of the Higgs.
Figures 4.3a-c show cross-section vs. Pr of the Higgs from program 1, ISAJET
and PYTHIA, respectively. The Higgs mass is 800 GeV, and a cut on the rapidity
of the Higgs of |yy| < 1 was imposed. (These curves are insensitive to both the
Higgs mass and the rapidity cut.) These curves show that ISAJET and PYTHIA
are in substantial agreement with the parton level calculation.
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Table 4.2 shows the comparison of the total rates from ISAJET, PYTHIA,
and the two parton level programs. Parton program 1 was used to calculate the
ZZ rates in the “Partonic” column, while program 2 was used to compute the

WW rates.

From this table it is not entirely clear that the normalizations of ISAJET
and PYTHIA agree with those in the parton computations. One would expect
that ISAJET’s WW rates would agree very closely with the parton WW column,
since the same approximation was used to compute these two values. One might
anticipate that ISAJET would predict a slightly higher rate for WW than the
parton calculation, since it includes the transversely polarized outgoing W’s.
However, this difference should vanish at large Higgs mass, as the signal becomes
virtually all longitudinal.

However, none of the numbers differ from the “Partonic” column by more
than about 25%, so both ISAJET and PYTHIA may be used for the purposes of
this workshop, especially since there is an ambiguity of approximately the same
size depending on the choice of structure functions.

4.2 Backgrounds

ISAJET and PYTHIA also compute backgrounds to Higgs production. The
QCD backgrounds are ¢§ — Z+jets and ¢g§ — W +jets. Thereis also a significant
background from continuum production of gauge boson pairs.

The QCD background processes ¢§ — Zg, gqg — Zq, etc., with Z — ete~
only, were checked by comparing ISAJET and PYTHIA to a partonic calculation.
Cutting on Pr(Z) > 350 GeV, ISAJET and PYTHIA give 18270 and 18700

events/year respectively. The parton calculation yields 16000.

Checking the continuum production of gauge boson pairs is made simpler by
the fact that the matrix elements can be evaluated in closed form.2%2! Compari-
son among ISAJET, PYTHIA and Ref. 23 (EHLQ) is complicated by their use of
different values for the constants, Q? scale and structure functions. The situation
is summarized in Table 4.3. The choice of agy = 1/137 is probably inferior to
1/128. The choice of 3 for the scale is probably not as good as the scales used
by ISAJET and PYTHIA, at least for Z pair production, because it does not
represent as closely the extent to which the quark in the ¢t-channel diagrams is off
mass shell. Note, however, that the only substantial difference between ISAJET
and PYTHIA is the Q2 scale.

To test the continuum production of gauge boson pairs by ISAJET and
PYTHIA, a program was written that calculates these processes at the par-
ton level. Table 4.4 shows that the results of the partonic calculations depend
strongly on which set of parameters is selected from Table 4.3.
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Table 4.2

Verification of the Higgs Signal from VV Fusion. Ei'ents per SSC y?a.r are shown.
The numbers shown have statistical errors of approximately 5%.

Case I: Py (V') > 50 GeV, no gy cut.

ISAJET PYTHIA PARTONIC
M” == 800 GeV
ww 13400 9000 12700
V44 5600 4900 5400

Case I: No Pp(V)ecut, |yv | < 1.5

M” = 400 GeV
ww 14000 15800 12400 Myy > 350 GeV
V44 6000 8000 7100

M H= 600 GeV
ww 9200 8600 7400 Myy > 400 GeV
V44 3700 4100 3400

M” == 800 GeV )
ww 5900 4400 4800 Myy > 400 GeV

2z 2300 2300 2300

NB : The “Partonic’’ column is from two different programs; WW : from the effective W calcula-
tion; ZZ : from the program of Cahn, Ellis, Kleiss, and Stirling.?

Table 4.3
Constants used in ¢§ — VV

ISAJET PYTHIA EHLQ
My 83.38 GeV 83.0 GeV 83.0 GeV
Mz 94.11 GeV 94.0 GeV 92.0 GeV
sin%0 0.215 0.215 0.220
ere 1/137 1/137 1/128
Struct fcns EHLQI EHLQ 1 EHLQ O
P 24l 1 9 2 R
Q PN YT —2'(P:2L+Pz]_+"'n’ +mg) é

P
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Table 4.4

Case I: 200 GeV < Py < 600 GeV, No yy cut

ISAJET Parameters PYTHIA Parameters EHLQ Parameters
ww 30800 / 30500 20600 / 30200 38800
2Z 6400 / 6700 4500 / 6600 8500

Case II: No Py cut, | yy | < 1.5 (both bosons)

ISAJET Parameters PYTHIA Parameters EHLQ Parameters
ww 391000 / 306000 304000 / 344000 519000
2z 70000 / 59000 56000 / 65000 100000

Case III: No Pr cut, | yv | < 1.5 (both bosons), Myy > 300 GeV

ISAJET Parameters PYTHIA Parameters EHLQ Parameters
2z 16000 / 15700 14000 / 16300 22500

Note: The number of events for WW and ZZ production per SSC year. In the ISA-
JET and PYTHIA columns, two numbers are given. The first number is the actual
value given by the programs using their default parameters. The second is the value
that the parton (EHLQ) program gives using the default parameters of ISAJET and
PYTHIA. The numbers shown have statistical errors of about 5%.

About half of the difference between the results with EHLQ parameters and
the other two partonic calculations is due to the different Q2. This indicates the
need for the higher order calculation of these processes, since only the next order
computation can resolve the differences.

Table 4.4 also shows how well ISAJET and PYTHIA agree with the parton
computation. ISAJET (v5.34) was exactly a factor of 2 too large for the ZZ rates,
due to a mistake in matrix element; this has been corrected in v5.35. This factor
of 2 was removed in Table 4.4. Aside from this, ISAJET’s numbers appear to be
somewhat too large near threshold, but a cut on the invariant mass of the gauge
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bosons (as is likely to be made in practice, if the Higgs is substantially heavier
than 2Mz) removes this excess of events. PYTHIA appears to be substantially
below the predictions of the parton program, especially when the cut forces the
gauge bosons out to large Pr. Therefore, the ¢§ — V'V rates from PYTHIA were
multiplied by a factor of 1.8 for the analyses described in subsequent sections.

The partonic cross section for the process g¢g — ZZ has not been given
explicitly.?2 Consequently, the process cannot be incorporated into PYTHIA or
ISAJET. Dicus et al.?? give figures showing the ratio of the ZZ production at
the SSC via gg and ¢7 annihilation for various kinematic cuts. We shall use these
results to estimate the effect of the g9 — ZZ background process.

4.3 Conclusions

Theoretical uncertainties in the Higgs production signal are at present quite
substantial, and the potential errors in ISAJET’s and PYTHIA’s calculations are
small compared to them. We conclude that

o ISAJET and PYTHIA agree on the background Z + jets.

e ISAJET’s g§ — V'V rates may be high near threshold, but this is irrelevant
for studies of a Higgs heavier than about 300 GeV.

e PYTHIA’s q§ — V'V rates are too low. Rates from PYTHIA are mul-
tiplied by a factor of 1.8 for the results described in subsequent
sections.

5. Heavy Higgs Decay into All Charged Leptons

The decay of the heavy Higgs into ZZ where both Z — ee or uu is the
cleanest signature for a heavy Higgs at the SSC. The total Higgs production
cross section depends on the t-quark mass, as previously noted in Section 3. For
all Mg > 300 GeV, the branching ratio®! for H — ZZ is approximately 30% but
depends slightly on the t-quark mass. In most of our studies we have assumed a
t-quark mass of 40 GeV.

Using PYTHIA and m; = 40 GeV, we have generated Higgs events at Higgs
‘masses of 400, 600 and 800 GeV and the continuum ZZ background (increased
by the factor of 1.8 as described in Section 4) for an integrated luminosity of 10
with |y,| < 1.5 and perfect e and u detection efficiency and energy resolution.
The results are shown in Figs. 5.1a-c. The curves are simple polynomial and
Breit-Wigner fits to the background and signal, respectively. With these assump-
tions, a Higgs of mass =~ 600 GeV could be detected in this mode; above this
mass the signal becomes too small and too broad to observe as a bump on top
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5.1 The ZZ invariant mass distribution arising from Higgs decay and from
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of a smooth background. For a top quark mass of x40 GeV, it may be possible
to discover the Higgs for masses somewhat above 600 GeV if both the shape
and magnitude of the ZZ background can be determined by calculations together
with other measurements which determine the structure functxons in the relevant
kinematic region.

If the top quark mass is larger, for example 200 GeV, the Higgs signal grows
appreciably—see Fig. 5.2a,b and c—in which case discovery of a Higgs in this
mode up to ~800 GeV may be possible. Obviously the mass reach may also
be extended by increasing the integrated luminosity. Since this signal at high
mass, even with electrons in the final state, appears to be robust (see Section
8.1.4), increasing the peak luminosity rather than the mtegratlon time would be
desirable.

The 2Z’s from Higgs decay for large My are essentially completely longitu-
dinally polarized whereas those from continuum production are not. The use of
this polarization information, the decay angular distribution of the leptons in the
Z rest frame, can slightly improve the signal to background ratio, by about one
standard deviation at 600 GeV. This has been studied in some detail in Ref. 31.

We have also explored the energy dependence of the Higgs production cross
section times branching ratio in this mode for a 400 GeV mass Higgs using
PYTHIA (for m; = 40 GeV) as described previously. The result of varying
the center-of-mass energy from about 11 TeV (= today’s magnets in the LEP
tunnel) to the SSC energy is shown in Fig. 5.3a~d. Studies3? for the LHC (design
energy =17 TeV) have shown that 300 GeV is the upper limit in this mode for
an integrated luminosity of 10%°, in agreement with the results presented in Fig.
5.3b. Both the signal rate and the signal to background improve as the center-
of-mass energy is increased—see Fig. 5.4. :

From our studies of Higgs — 22, both ZZ — ee or puu, we conclude that:

e At the SSC, the Higgs may be discovered in this mode for an integrated
luminosity of 10%% up to a Higgs mass of ~600 GeV for a top quark mass
of =40 GeV and up to ~800 GeV for a top quark mass of =200 GeV.
This assumes the ability to detect both electrons and muons from the Z
decays assuming |y,| < 1.5. Discovery at the upper Higgs mass range limit
will likely require quantitative knowledge of the ZZ continuum background
shape and magnitude rather than simple “bump hunting”.

e The use of polarization knowledge of the Z decays will help only slightly
to discover the Higgs in this mode although it would provide confirmation
of the nature of a resonance discovered in the ZZ channel.

¢ Both the Higgs cross section and ratio of Higgs production to continuum
Z Z production depend strongly on the available center of mass energy.
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5.4 Ratio of signal events (Higgs) to background events (gq production) vs
center-of-mass energy for m; = 40 GeV. The g¢g — ZZ background has
not been included and would reduce this ratio by 60%.

- 6. Heavy Higgs Decay into Z — ee or pp and Z — v¥

The advantage of this mode is that the branching ratio is a factor of six larger
than the all charged lepton mode. The disadvantage is that single Z + jet(s)
production becomes a serious background because its rate is much larger than
the Higgs production rate. To remove this background it is important to reject
events in which jet activity balances the transverse momentum of the observed
Z — ee or ppu.

It may be possible to tag the quarks recoiling against the gauge bosons that
interact to form the Higgs. As shownin Fig. 4.3, the Higgs typically carries about
100 GeV of transverse momentum. This is balanced by the two quark jets, which
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are typically at large rapidities. By identifying these jets, it may be possible to
reduce some of the backgrounds, especially g7 — ZZ, which has no such jets.
This procedure has been discussed by Cahn et al.,>® and Barger et al.>® Tagging
has more recently been studied, in the context of the H — W+W™ mode, by
Kleiss and Stirling (see Section 7).24 We have little to add on this subject, except
to point out that for Higgs masses in the range of interest for this mode, event
rates are low and tagging must be done with near perfect efficiency to be useful.
There are also likely to be formidable problems in finding jets in the rapidity
range 3 to 5 which is required for good tagging efficiency. For purposes of this
work, we have not made the assumption that the tagging can be used.

In our analysis, we have focused on Higgs masses above the range accessible
via the all charged lepton mode described in Section 5, i.e. for masses greater
than =600-700 GeV. To be specific we have analyzed the case for My = 800 GeV.
Using ISAJET, we generated Higgs events for My = 800 GeV and Z + jet(s)
events requiring |y,| < 1.5 and Pr(Z) > 350 GeV. In both cases the Z decays
to either ee or uu. Although other variables may be used,?? we choose to use
the simple transverse mass defined as in the original calculation of Cahn and

Chanowitz**
Mp=2 \/P%(Z) + M%

Assuming an integrated luminosity of 10%%, the transverse mass distribution for
the Higgs decay and for the background is shown in Fig. 6.1; without additional
cuts the background is more than 100 times larger than the signal. "
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6.1 The transverse mass distribution for Higgs events and for the Z+jet(s)
background without cuts on jet activity.
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There are a number-of ways to quantify and characterize the missing energy
signal—see the contribution of A. Savoy-Navarro to these Proceedings,?’5 Barger
et al.3® and previous work.!23 We have chosen a very simple method to explore
the consequences of the lack of detector hermeticity on the background level.
First, we assume a quasi-ideal detector with perfect energy resolution, no cracks
and a beam hole of |y| > 5.5 i.e., particles with rapidity greater than |5.5| are
not detected. In the transverse plane of the event (see Fig. 6.2), the total scalar
Pr in the half plane opposite to the direction of the Z

PPt = > |Prl
back—half plane

is computed. For Higgs events this should be small since the only jet activity
is from the recoil quarks and beam remnants. For the Z + jet(s) background
this should be larger since there will be at least one jet in the event, roughly
opposed to the Z. The distribution of PII’»“" for signal and background is shown
in Fig. 6.3a. Under these quasi-ideal assumptions, the Z + jet(s) background
can be completely eliminated by cutting on PT".“" , at least within the statistics
of our background simulation. The remaining background will then be true ZZ
continuum production which has a P}“" distribution similar to that of the Higgs.

Clearly as one degrades the hermeticity of the detector, this clean separation
is likely to be diminished. We have explored the consequences of

—>
back
P, = Z|P]
back half plane

8.2 Definition of %8¢k which is a simple characterization of jet activity.
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o inciuding calorimeter (Gé,ussia.n) energy resolution (EM: 15% / VE, HAD:
40%/VE) and granularity (A¢ = Ay = 0.05) (Fig. 6.3b) and

e simulating “cracks” by assuming a random 2% inactive cells in the calorime-
ter (Fig. 6.3c) in addition to energy resolution and granularity

Including energy resolution and granularity effects shifts the lower edge of the
distribution of P}"Ck for the background to lower values. In our simple model of
cracks, again some energy is lost in an occasional background event, worsening
the separation between signal and background. As the beam hole is enlarged, a
similar effect will also occur. Presumably a non-Gaussian calorimetry response
would also have such an effect although we have not yet studied this in quanti-
tative detail.

As noted above, assuming a hermetic detector, it is possible to obtain results
qualitatively similar to our analysis using different variables as measures of jet
activity. In short, independent analyses have shown that given excellent her-
meticity and a well understood calorimeter response, the Z + jet(s) background
(as presently simulated in Monte Carlo programs) may be reduced to a negligible
level. The remaining background, continuum production of ZZ pairs, cannot
be easily reduced by these methods. Using our cuts (not optimized) one would
therefore obtain a transverse mass distribution (for an integrated luminosity of
10%%) as shown in Fig. 6.4. Since an 800 GeV Higgs is very broad, it is essential
to know the shape and magnitude of the ZZ background to better than 30%, in
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6.4 The transverse mass distribution for My = 800 GeV after applying cuts
which eliminates all the Z +jet(s) background. The remaining background
shown arises only from ¢g — ZZ. If the process g9 — ZZ were
included, the background would increase by about 60%.
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order to exploit this decay mode.t A more realistic detector simulation must be
done in order before a definitive statement about the utility of this mode can be
made.

7. Heavy Higgs Decay into WW, W — ev or uv and W — ¢§

The advantage of this mode is that it has a much larger event rate (B(H —
) = 1.4 x 1073 and B(H — W*W~ — lvq7 = 0.16). There is a large
background from W + jet(s) production where the jet system has an invariant
mass close to the W mass. This rate is substantially larger than the Higgs
rate. To separate the Higgs signal from this background, one must be able to
distinguish W — ¢ — jets from QCD jets of similar invariant mass with rejection
factors of the order of 100:1 or more.*”

Our investigations concerning the observability of this mode are incomplete,
and we have very little to add to published si:udies36'3.8 and other contributions
to these Proceedings.?® Detailed studies!? have shown that, at the parton level,
it is possible to reduce the W 4+ jet(s) background to a level comparable to the
Higgs signal if the ¢ quark mass is less than the W mass. Savoy-Navarro®® in her
contribution to these Proceedings states that a 5¢ (signal to background of 1:12)
effect can be found via a series of cuts, but this analysis neglects the continuum
WW production and assumes that the W + jet(s) rate is precisely known.

In a recent LHC study, Kleiss and Stirling®* have examined the effectiveness
of tagging the outgoing quark jets in this mode. They consider the QCD process
qq — Wjjjj as a source of background to tagged gauge boson fusion Higgs
production. They impose cuts requiring two jets in the central region (|yjet| < 2).
which reconstruct to a W(|M;; — Mw| < 5 GeV), and two high energy jets in the
forward region (3 < yjet < 5, and E; > 1 TeV). They find about 43 events in the
signal, and about 260 in the background, at /s = 17 TeV. They then impose an
“asymmetry cut” requiring that the two central jets have energies which are not
too different. ‘

(Er - E3)/(Er+ E;3) <05

They find about 31 events in the signal, and 35 in the background. It must be
noted, however, that their calculation is purely partonic, and therefore it may
significantly overestimate the effectiveness of these cuts, especially the asymmetry
cut.35:3% Moreover, their calculation does not include backgrounds from processes
like gg = WWjj. Clearly, more work is needed before a definite conclusion can
be reached regarding the effectiveness of tagging.

t If the t quark mass is very large, the production rate is enhanced and a greater uncertainty
in the background could be tolerated.
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If the ¢ qua.rk mass is larger than the W mass, then ¢ quarks will decay into
real W’s and the WW background will be substantially increased, making it
impossible to exploit this mode.3?

8. Detector Requirements

Considerable work rémains to be done before the optimal set of criteria for
extracting a heavy Higgs signal can be determined. However, the detector param-
eters required both to observe the heavy Higgs signal in various decay modes and
to reduce or eliminate backgrounds can now be reliably estimated. Even though
the best set of experimental cuts is not well understood, detector parameters can
be specified reasonably well. In the sections below we describe the motivation
for the choice of detector parameters for the three decay modes of interest. We

also describe the requirements for the observation of gauge boson pair production
including the W¥W#= and WZ channels.

8.1 Heavy Higgs — ZZ, both Z — ee or uu

The parameters of interest include:
e the angular or rapidity acceptance for the leptons
e the transverse and total momentum distribution of the leptons

the opening angle distribution

‘the momentum or energy resolution required

lepton sign determination

lepton identification criteria, particularly the jet rejection needed to observe
electrons, and

e vertex criteria, both primary and secondary vertices.

In the sections below, each of these items is discussed. A summary is given in
Table 8.1.

8.1.1 Raptdity Acceptance

In order to reduce the background from continuum ZZ production, a cut of
ly,| < 1.5 is usually applied,?® restricting the rapidity range of the leptons from
the Z decay. With this cut, the four-lepton acceptance vs. the lepton rapidity
coverage is shown in Fig. 8.1 for 400 and 800 GeV Higgs masses. Electron and
muon coverage of |y| < 2.5 — 3 is adequate.

8.1.2 Transverse and Total Momentum Distribution of the Leptons

In Figs. 8.2 and 8.3 we plot the P; distributions of leptons in Higgs events
after requiring |y,| < 1.5, for My = 400 and 800 GeV. The hatched bins in these
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Table 8.1: Summary of experimental requirements for H —» ZZ —.

£+4-¢*£-. For details see the text.

z vertex ~ lcm.
resolution
Secondary vertex Not needed.

Charged hadron | y coverage Backup for calorimetry.
tracking
Resolution Not critical.
Electron y coverage ly| S 2.5-3. See Fig. 8.1.
identification
AE/E ~ .15/VE. Must reconstruct Mz
for all My.
Pr range S Mpy. See Figs. 8.2 and 8.3.
Jet rejection | Z mass constraint adequate for
My 2 500GeV.
Not known for smaller masses.
Charge Not needed for My 2 400GeV.
measurement
Muon y coverage ly| S 2.5-3. See Fig. 8.1.
identification
Ap/p S 15% if me S 100GeV.
Better if m, is larger.
-| Calorimetry y coverage Same as for e*.
AE/E See electrons. Not important
| for hadrons.
Segmentation.| Ay = A¢ = 0.03-0.03.
Hermeticity | Not important.
Luminosity - Need £ ~ 103c¢m=2s~1, Perhaps
can use £ ~ 1034cm~3%s"1,
Trigger Require leptons above Pr ~ 10GeV.

Higher level: make loose cuts on Z mass
and Pr.
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8.1 The four-lepton acceptance vs lepton rapidity coverage.

figures indicate the contributions from leptons in the same events which do not
come from the Higgs decay; for example, they are from #° Dalitz decay. This
contribution is small and limited to low Pr.

By examining the distribution of the lowest Pr lepton from the Higgs decay,
we also find that identification of leptons down to Pr ~ 20-50 GeV is required
for good efficiency.

Number/(20 GeV)

10'1 .r’ : l””llLlllllllll

0 200 400 600 800 1000
Pt (GeV)

8.2 The P; distribution of electrons in Higgs events for My = 400 GeV.

The hatched bins indicate the contribution from non-Z sources in Higgs
events. '
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8.3 Same as 8.2 but for My = 800 GeV.

‘ In Fig. 8.4 we show the four-lepton acceptance vs. total momentum of the
most energetic lepton. The acceptance is about 50% for a total momentum of
about one-half of the Higgs mass.

8.1.8 Opening Angle Distribution

The opening angle distribution between the two leptons from the Z decay
is of interest because good angular granularity in a calorimeter is required to
separate the two electrons and reconstruct the Z mass. It is also important to
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8.4 The four-lepton acceptance vs the total momentum of the most energetic
lepton.
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have adequate two-track resolution for the muon tracking system. The opening
angle distribution for My = 800 GeV is shown in Fig. 8.5. Note that for
such a large Higgs mass, there is a substantial spread of the ZZ invariant mass
since the Higgs width is large, so the opening angle distribution is different from
that expected for a narrow 800 GeV particle. In order to separate the two
electrons with good efficiency and measure their energies, an angular resolution
of An = A¢ = 0.03 — 0.05 is required.

8.1.4 Momentum and Energy Resolution and Charge Determination

The issues here are: (1) do we need to determine the charge of electrons in
order to properly reconstruct the Z mass (reduce background)?; and (2) how
well must muon or electron momenta be measured to find the Z mass and reduce
potential backgrounds? Some aspects of these issues have been studied by Paige*®
and by Chen et al.#! in contributions to these Proceedings. Definite resolution of
these issues is not simple since the results depend on the Higgs mass, the ¢t quark
mass and on modeling of jet rejection for identification of electrons or muons.

Paige®? has shown that, for a Higgs mass of 800 GeV, it is possible to eliminate
jet backgrounds which simulate electrons using simple calorimetric and isolation
cuts. Electrons from the Z’s in Higgs decay have high Pr, are isolated and can be
paired to form the Z mass; electron candidates from QCD jets do not have these
properties. Determination of the electron charge is not required in this analysis.
Although this analysis has been done for an 800 GeV Higgs mass, it would likely
apply down to Higgs masses in the 500-600 GeV range. For lower masses the jet
background, relative to the signal, becomes larger and Pr cuts are less effective.
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Q
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8.5 The opening angle distribution of electrons from Z —ce for 800 GeV
Higgs decays.
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Chen et al.*! have emphasized the need for good momentum resolution to
observe the Z mass peak in the presence of a dilepton background resulting from
heavy top quark (m¢ = 200 GeV) decay. If the ¢ quark is sufficiently massive,
there is a copious dilepton background from tt — WW + X production which
populates the invariant mass region in the neighborhood of the Z. In their
contribution, Chen et al. show that muon momentum resolution characteristic
of an iron spectrometer results in a dimuon muon invariant mass distribution in
which the Z is barely visible because of the tf background.

However, for the all charged lepton mode and for Higgs masses above about
400 GeV, this background can very likely be eliminated by simply cutting on the
transverse momenta of the dimuon pairs. To test this hypothesis we generated
tt events for m¢ = 200 GeV and required events with at least two ee or uu
(or the combination) pairs with |ye or 4| < 3. In order to increase the stastical
power of our estimates, we required W — ev or uv and b-hadron semileptonic
decay. Analysis of a smaller sample of events without this restriction indicates
that these decays are the dominant source of > 4 lepton events. We also require
the dilepton mass of both pairs, formed from different leptons, to be between 70
and 110 GeV. In Fig. 8.6 we show a scatter plot of the Pr of one lepton pair
vs. the Pr of the other, corresponding approximately to 1/100 of an SSC year.
The magnitude of this background is reasonably described by an exponential
distribution when plotted against a minimum Pr for both pairs. For example,
about 100(10) events/year would remain requiring a minimum Pr of 150(200)
GeV. Hence this background should be negligible for masses of the Higgs greater

1000

800 -
600 [

400 -

PT (GCV)

200

Pr (GeV)

8.8 A scatter plot of Pr of one dilepton pair from tt events vs. Py of the other
pair with cuts described in the text. '
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than about 400 GeV. We note that Chen et al. in their analysis also applied a cut
(of 300 GeV) on the Pr of the dimuon pair but some t background remained.
Requiring a second Z candidate eliminates the remaining background. Of course,
this method only works for the all charged lepton mode of Higgs decay. For the
mode with only one Z decay to ee or uyu, and Z — v¥7 good resolution may be
more important. A similar study for this mode has not yet been done.

8.1.5 Longitudinal Vertez Resolution

At the SSC, the rms longitudinal bunch length is expected to be about 7
cm and hence the protons interact in a region about 20 cm long. In a high
luminosity environment it may be difficult to determine the precise longitudinal
location of the event vertex. For events containing muons, previous studies have
shown that it is possible to trace stiff muon trajectories through absorber back to
the origin*? with reasonable accuracy. For electrons this requires central tracking
information, which may be unattainable at the highest luminosities.

To estimate the effect of the uncertainty in the longitudinal vertex position,
we generated 800 GeV Higgs events decaying into four electrons for different
rms beam spot length sizes. The electrons are assumed to be measured with
perfect energy and position resolution at a radius of 1 meter. The four highest
Pr electrons in the event are selected (these are almost always the electrons from
the Higgs). The pair, M2, forming an invariant mass closest to the Z is found
and the invariant mass of the other pair, M3y, calculated. This was done for
three different assumptions about the accuracy to which the longitudinal vertex
position is known—see Fig. 8.7. The M3, distribution is significantly broader
than the Z intrinsic width if an rms resolution of 7 ¢cm is assumed. Since one
will be dealing with small event samples, it would seem prudent to have some
means for crude (= 1 — 2 cm) measurements of the longitudinal vertex position
but millimeter measurements will not be required.

8.1.6 Summary of Dvctector Requirements for this Mode

In Table 8.1 we summarize the key detector related parameters determined

by Higgs — ZZ, both Z — ee or gu. In many cases only qualitative conclusions

can be reached at this time. Many of the parameters depend on the Higgs mass

and on the ¢t quark mass. More work is required to better quantify some of the
requirements.

8.2 Higgs Decay to ZZ,Z —ce or pp and Z — vv

The experimental requirements for the Z — ee or uu decay in this mode
are obviously very similar to those described above. Dilepton mass resolution
may be more important in this mode than in the all charged lepton mode. The
tf background to this mode for large m; is not known. Rejection of fake Z
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candidates requires better lepton identification since the event contains one Z
and is less constrained. We have not studied this issue in sufficient detail to
make a quantitative statement.

Measurement of missing energy is obviously crucial for this mode, We stated
in Section 6 that for a hermetic detector, the Z + jet(s) background to this
mode, may be completely eliminated with a simple cut on transverse energy
recoiling against the Z. As the hermeticity is degraded it will become more
difficult to eliminate this background. Hence maximum feasible rapidity coverage
(Jy] < 5 — 6) and minimization of cracks and dead spaces should be the goals for
calorimetric coverage. The calorimeter response must also be well understood.
In addition, the detection and measurement of muons over a comparable rapidity
range would be desirable, since the missing energy background from heavy quark
decays and W Z events will be increased if muons are not detected.

We have not explicitly studied the ability to use quark tagging to reduce the
Z + jet(s) background. In our simple analysis using transverse energy, explicit
jet detection is not required. If jet tagging is to be used, detection of jets in the
rapidity range of three to five will be required. Since in any scheme hermeticity
is essential, the detector requirements will be similar if transverse energy or jet
detection is used. It would be prudent in any case to attempt to detect jets, not
just measure energy, over the maximum feasible rapidity range.

The detector parameters required for this mode are summarized in Table
8.2. Additional progress on determining the observability of this mode and the
concomitant detector parameters requires a much more detailed simulation of a
realistic calorimeter. The observability of a Higgs signal in the mode Z — ee or
pp and Z — v¥ depends strongly upon the details of calorimeter performance.

8.3 Higgs Decay to WW, W — ev or uv and W — ¢7

Although it has not been convincingly established, that the Higgs may be
discovered via this mode the requisite detector parameters can be determined
with some confidence. The dominant background will be W + jet(s) provided
the t quark does not decay to Wb.. If ¢ = Wb is allowed this mode cannot be
utilized.

Rejection of the W +jet(s) background requires reconstruction of the W — ¢7
invariant mass with good resolution. This will require fine grained calorimetry
with good energy resolution. This has been studied in quantitative detail by Free-
man and Newman-Holmes in their contribution to these Proceedings.4? They find
that calorimetric tower sizes of = 0.03 are required; tower sizes of 0.1 significantly
degrade the W mass resolution. Relatively modest energy resolution of 0.15/VE
for electromagnetic calorimetry and 0.5/VE for hadronic is adequate but an
electron-to-hadron response near one (within +0.1) is very desirable. They also
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Table 8.2:- Summary of experimental requirements for H — Z2Z —
¢+¢-vi. For details see the text.

z vertex ~ lcm.
resolution
Secondary vertex Not needed.

Charged hadron | y coverage Backup for calorimetry. Important
tracking
Resolution Not critical.
Electron y coverage ly| S 2.5-3. See Fig. 8.1.
identification _
AE/E < .15/VE. Must reconstruct Mz
for all My;.
Pr range S Mpy. See Fig. 8.2, 8.3.
Jet rejection | Z mass constraint adequate
for My 2 500GeV.
Not known for smaller masses.
Charge Not needed for My < 400GeV.
measurement
Muon y coverage ly] S 2.5-3. See Fig. 8.1.
identification
Ap/p < 15% if m, < 100GeV.
Better if m;, is large.
Calorimetry y coverage ly] £ 5.5 or better.
AE/E 0.15/VE (electrons),
0.5/VE (hadrons).
e/r =1.0+£0.1.
Segmentation | Ay = A¢ = 0.03-0.05.
Hermeticity | Crucial
Luminosity Need £ ~ 1038cm=2s~2,
Limited by hermeticity requirement.
Trigger Require leptons above Pr ~ 10GeV.

Higher level: require loose Z mass and
missing Pr 2 200GeV.




show that the W mass resolution is very sensitive to pile-up of events within the -
detector resolving time. Low energy particles make a significant contribution to
the W mass even for high Pr W’s, so the addition of low Pr particles from out-
of-time events shifts the reconstructed W mass to higher values. To avoid this
problem, calorimetry for W mass reconstruction must be able to time-tag energy
deposition. A Monte Carlo study assuming the ability to tag energy deposition
but with long integration time should be done.

Calorimetry that is sufficient to permit reconstruction of the W mass should
'be adequate to allow kinematic cuts on the di-jet system such as those suggested
by Gunion.!? Detection of jets at large rapidity to tag the recoil quarks would
have the same requirements and difficulties as discussed in Section 8.2.

The other aspect of this mode is detection of the W — ev or uv signal. This
requires detection and measurement of single e or u over a rapidity and Pr range
comparable to that in the other Higgs decay modes. More stringent jet rejection
is required since the Z mass constraint is now absent. The required rejection
depends on the Pr of the lepton and has not been investigated in detail; we
expect a rejection of at least 10 will be required when applied in conjunction
with the missing energy signature. A larger rejection may be required at low
Pr and a smaller one at high Pr. Measurement of missing transverse energy is
also required to reconstruct the W — lv with a zero constraint fit so hermetic
calorimetry covering |y| < 5 — 6 will be required.

The detector parameters for this mode are summarized in Table 8.3.

8.4 Detection of Other Gauge Boson Pairs

In Sections 1 and 3.1 we discussed the motivation for the detection of all
gauge boson pairs, not just those arising from Higgs decay. Detection of W*W#*
and WZ events is of great importance, since these final states are characteristic
of a strongly interacting symmetry breaking sector. Many of the requirements
for the detection of same sign W pairs are the same as those for opposite sign
pairs, but the charge of the lepton from the W decay(s) must also be determined.
Since event rates in the interesting mass region are low, determination of both
electron and muon charges is essential.

As discussed in Section 3.2, models for WEW= or WZ production predict
an enhanced rate for these events if there is no Higgs boson of mass less than
about 1 TeV. The Pr distribution of the lepton with the largest Pr arising from
W+W+ — [Tulty is shown in Fig. 8.8. The model of Ref. 4 is used with the
requirement that Mww > 0.5 TeV and |y, | < 1.5. From this figure, it is clear
that one needs to determine the sign of leptons with Pr < 750 — 1000 GeV.
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Table 8.3: Summary of experimental requirements for H — W*W'
¢*vqg. For details see the text.

z vertex Probably not important.
resolution
Secondary vertex Not needed.

Charged hadron . | y coverage Backup for calorimetry. If used for
tracking W — ¢g identification, need tracking
inside jets.

Resolution Not critical.
Electron y coverage ly| S 2.5-3. See Fig. 8.1.
identification
AE/E Not critical.
Pr range S Mpy. See Fig. 8.2, 8.3.
Jet rejection | Required. e/jet ~ 10~4.
Charge Not needed.
Muon y coverage ly| S 2.5-3. See Fig. 8.1.
identification '
Ap/p < 15% for any m,.
Calorimetry y coverage ly| € 5.5 or better to measure P,
| AE/E ' 0.15VE (electrons),
0.5/VE (hadrons).
e/r=1.0x0.1.

Segmentation | Needed for background rejection.
Ay =A¢p=0.03 - 0.05.

Hermeticity | Needed to see v.

Luminosity " | Need £ ~ 10%3cm=32s71.
Limited by hermetxcxty requirement
and W — g reconstruction.

Trigger Not studied in sufficient detail.
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8.8 The Pr distribution of the lepton with the larger Pp from W*W+
events for |y | < 1.5 and myy > 0.5 TeV as predicted by the model
of Chanowitz and Gaillard (Ref. 4).

There are no other important sources of W+W+ in the standard model, so
that, although the event rates of Fig. 8.8 are small, detection may be possible.
Backgrounds in the W+W* and W~W ™~ channels are likely to be equal whereas
the W*W+ rate from stongly interacting gauge bosons is approximately three
times that from W~W~.17 Background from events with W= 4 jet(s) wherein
the jets yield an isolated lepton has not been evaluated.

9. Conclusions

In this paper we have explored the observa.blhty of a heavy Higgs boson at
the SSC. We conclude that:
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The heavy Higgs boson may be observed at the SSC up to masses of 600-
800 GeV in the mode H — ZZ,Z — ee or uu. The range results from
uncertainties in the ¢ quark mass and our inability to quantify the ZZ
continuum background.

The heavy Higgs boson may be observable for higher masses in the mode
H — 2Z2,Z — ee or pu and Z — v7 if detectors of sufficient hermeticity
can be constructed and operated. A detailed and more realistic study of
calorimeter hermeticity and response is required before definite conclusions

can be reached.

The feasibility of detecting the Higgs in the WW mode has not yet been
adequately demonstrated here or elsewhere. If the ¢t quark can decay into a
real W, the WW background will be overwhelming. Studies going beyond
partonic level calculations which include fragmentation effects and realistic
modeling of calorimeter response are required.

Detection of W*W ¥ pairs and W Z events is important and requires more
studies at the Monte Carlo level. : :

The general detector parameters for detection of heavy Higgs decays have been
described. Considerable effort will be needed to fine-tune these requirements and
to assess the feasibility of construction of actual experiments which meet them.
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