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%e study the feasibility of detecting a neutral Higgs boson H, with mass between 2m, =80 GeV
(by assumption) and 2m ~ at an e+e machine or the Superconducting Super Collider (SSC). Back-
grounds to the production at an e+e machine of 0 in association with a Z are calculated with
particular emphasis on the case when mH -m, , %'e present a detailed survey of the signals for and
backgrounds to the inclusive or associated production at the SSC of 8 followed by the decay of H
into one of the available channels. There is no signature which is established to be identifiable at the
SSC. Only a few signatures remain to be studied, and the further calculations of most immediate in-

terest are pointed out.

I. INTRODUCTION

The search for the standard-model Higgs boson is one
of the most important efforts of present and future ac-
celerators. The standard SU(2)L, XU(1)r model success-
fully describes the known weak interactions of weak gauge
bosons and fermions in terms of a relatively small number
of parameters. ' A critical component of the model is a
SU(2) scalar doublet which, through the Higgs mecha-
nism, is responsible for the breaking of the gauge symme-
try. A single neutral scalar, the Higgs boson remains in
the physical spectrum after electroweak symmetry break-
ing (EWSB). Experiment, however, has yet to uncover the
Higgs boson.

Though there are a variety of theoretical reasons to sup-
pose that this mechanism is an incomplete description of
the nature of EWSB, it remains the standard of compar-
ison for discussions of EWSB. It has the virtue of being
the most economical way to give mass to both gauge bo-
sons and fermions. Models, such as technicolor, in
which the 8'-+and Z bosons acquire mass through mix-
ing effects involving three scalar Goldstone bosons that
are not components of SU(2) doublets, typically have trou-
ble obtaining fermion masses without encountering prob-
lems with, for example, flavor-changing neutral currents.
In several extensions of the standard model which are
designed to explain some of its apparently arbitrary
features [e.g., supersymmetry (SUSY) models where
SUSY breaking occurs near the weak scale, and SO(18)
(Ref. 5)] it is necessary that there be more than one SU(2)
doublet involved in E%SB. In most such cases there is
one neutral scalar similar to the standard Higgs boson,
but with relatively enhanced or diminished couplings to

weak gauge bosons and fermions. A good guideline for
the phenomenology of such a particle is that of the stan-
dard Higgs itself.

Although the couplings of the Higgs bosons to gauge
bosons and fermions are prescribed in terms of their own
masses, the mass of the Higgs boson is basically undeter-
mined within the standard model. A lower limit of 7.3
GeV derives from the requirement that higher-order
corrections to the scalar effective potential do not destroy
the symmetry-breaking scheme, while an upper limit of
order 1 TeV applies if lowest-order partial-wave unitarity
is not to be violated at energies above mH.

Our purpose in this article is to study the production
and observation of a Higgs boson in the "intermediate"-
mass range between, roughly, 90% of the t-quarkonium
(8) mass (80 GeV?) up to twice the W mass. For masses
below the lower limit the Higgs boson can be found in the
modes

e+e
8—+H+y or Z —+H+

P P

since the backgrounds are controllable with the large
numbers of Z*s and 8's soon to be available at planned
e e colliders. A Higgs particle with mass above 2m~
can be produced and detected in its 8'+8' or Z Z de-
cay mode at high-energy hadron colliders as discussed, for
instance, in Ref. 9. Continuum &+8' and Z Z pair
production is sufficiently small so that as long as the
Higgs-boson width is not too large a modest pair mass
resolution will suppress this background adequately.
Some portion of the intermediate-mass domain, roughly
up to 100 GeV, will be accessible to planned e+e
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machines where the Higgs boson can be produced in asso-
ciation with an on-shell Z using"

e+e — Z' Z+H' (o)

e'

In this mode an accurate measurement of the momenta of
the lepton pair coming from the Z decay can be used to
determine the H mass, thereby avoiding the necessity of a
detailed reconstruction of the Higgs-boson decay. Only in
the case mH=mz could the continuum backgrounds
from ZZ' and Zy' become a significant impediment to
the detection of the standard Higgs boson using this pro-
cess. We shall consider carefully the case of near degen-
eracy in Sec. II of this paper. The continuum back-
grounds could become important even for mttgmz if
there are several Higgs doublets. For instance, in models
with two Higgs doublets" one of the ZZH; couplings
(i =1—3} can be much smaller than in the standard
model, while the backgrounds are essentially unmodified.
Therefore, we also present in Sec. II continuum back-
grounds over a range of of H masses.

The planned e+e machines probably will not be cap-
able of producing the Higgs boson if its mass is above ap-
proximately 100 GCV, and thus in Secs. III, IV, and V we
consider techniques for observing it in hadron-hadron col-
lisions. Below mtt ——2tti iv the dominant t t decay mode of
the Higgs boson makes detection difficult. The inclusive
production of the Higgs boson through gluon fusion
gg~Ho~t t (Ref. 12) is swamped by background from
continuum t t pair production. This is briefly reviewed in
Sec. III. Only associated production of the Higgs boson
with a t t pair, another Ho, a Z, or a W+- appears to offer
any possibility for detecting Ho in the t t decay mode. Of
these the last is most promising, as discussed also in Sec.
III, and is thoroughly studied in Sec. IV. We show there
that the H + W-+ production mode is practical provided
adequate mass resolution and b/t quark discrimination is
available. Current assessments of detector resolution and
jet reconstruction suggest that these criteria will not be
easily achievable. Therefore in Sec. V we consider possi-
bilities for detecting the H in any of several rare decay
modes: ~+v, L, +I. , where I. is a heavy lepton,
W+ W', Z+Z', O+ y, Z+y, and y+ y. We find that
rates appear to be adequate in raost cases and that calcula-
tions or rough estimates of background are not
overwhelmingly discouraging in some cases. The detailed
background calculations of most immediate interest are
pointed out.

II. PRODUCTION OF H IN e+e COLLISIONS

In this section we consider the backgrounds to the pro-
duction of the intermediate-mass Higgs boson through the
process ' e+e ~Z'~ZH [Fig. 1(a)], considered to be
the best reaction for detection of an intermediate-mass
Higgs boson at an e+e machine. The Higgs boson in
this nlass raIlgc decays almost cxcluslvely into f t. The
direct physics background then arises from the continuum
production of e+e ~Zt t, graphs for which are illustrat-
ed in Fig. 1(b). The background is largest for mtt=mz,
when it is dominated by

t

8
t

t
e

t
e ~~

Y

{{y)
t e'

{Zy)

Z

t e
{4Z)

e
t {yy) {4y)

FIG. 1. Feynman diagrams for (a} e+e ~Z*~ZH(~t t)
and (b) e+e ~Zt t continuum production.

We have obtained an analytic result for the contribution
of the two graphs of this type. Beyond the case of near
degeneracy, it is necessary to compute eight Feynman dia-
grams to arrive at an accurate estimate of the background.
We have performed the complete calculation of the ma-
trix element squared using REDUCE and have integrated
over phase space using Monte Carlo techniques for fixed
resolution MH in the t t invariant mass squared
sH ——(p, +p;)t. The same calculations can be used to esti-
mate possible backgrounds from e+e ~Zqq, q =u, d, c,
s, or b, which are of interest if t t pairs cannot be discrim-
inated completely from lighter-quark pairs.

Following the conventions of Ref. 13, we define Z cou-
plings to fermions as

g

gv aI.
=2"4ttiz&GF

b

with

1 1

ae = T+~w~ au =ac =a~ =7 —
3 &w ~

1 2
a~ ——a, =a~ ————, + Txw,

1

bc br = g--
(2.2)

sH =(pi+p2)

s=(k, +k, )',
t =(ki —q)

t4 =(k2 —q)
1

(2.3a)

(2.3b)

(2.3c)

(2.3d)

{2.3e)

' 1/2
4m,

P, (x)= 1—
x

(2.3f)

(2.3g}

~+=(gv+gP (2.3h)

and xa, —sin28i4 -0.22, mz ——93 GeV. We also define
ga ——(8m' Gp/v 2)'~ . The momenta of the e, e+, Z,
t, and t are k~, ki, q, pi, and p2, respectively. We also
define
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1
Dz{x)= 2 2 2(x —mz ) +mz l z

(2.3i)
spin, color,

helicity

I ~Fig. lia) I

so+5$0 j2
X(so,bsH ) = dSH

ao Hi dSH
(2 4)

We will limit our discussion of the cross sections to re-
sult of a complete phase-space integration with resolution
MH in SH. It is convenient to define

4

mi l{gv) +{g~) 1
cos 8)v (s —mz )

X (p 1
.p2 —m, ') . (2.6)

1 2q -k lq. k2
X kl-k2+{SH™H) +mH IH Plz

The following integral arises frequently in this context:

so+ As/2 1
I)(e,so —m2, &)= J ds

2 2'o ~~2 (s —m2) +e

1
arctan —so —~ +

2

na2 2I qI
24 vs

IqI +3mz
(s —mz )

2 2

Q I) ( I H mH, so —mH, Astt )

Using Eq. (2.4) and Eq. (2.6), one finds

&sio{so ~H )

1—arctan —so —m—
2

Let us first turn to the analytic result for the signal

e+e- Zao

tt.

(2.5)

4x)v+8x)v mH~0 )7 so P){so)2 '3

x)v2( I —x)v)' ~ mH' P, (mH')

(2.7)

where
I q I

=[—,'s ——,'(so+mz )+{so—mz ) /(4s)]' is
the center-of-mass Z momentum at sH ——so, and Ii was
defined in Eq. (2.5). The background arising from

e+e ~ZZ*

The standard expression for the average invariant matrix
element squared is

is obtained from the two diagrams in Fig. 2. In the nota-
tion of Eqs. (2.3a)—(2.3f),

spin, color,
helicity

I ~Fig. 2(a)+MFig. 2{b) I

2

=&z(sH)& —2{tx++tg-) sHbrv+)(Ii {sH)g~ l mz sH +e2 e2 t2 2 t2 2

u2 t2 u

2s(mz +sH)
tu

+{gv +go ) '2 ™z +t2 t2 1 1

u t2
(~2+ u2) 4 (~2 u2)

tu tu

1 1 2+4iuumz — —(4m) —sH )
u t

ut —mz sH
2

1 1+—
2 t 2

—8(cx+ —cK )gvggsH ' iu mz
e2 e2 t t 1 1 1 1 2 1 1 1 1 2s——+——— +U ~z2 —+t2 t u t u tu

(2.8)

If the t t phase-space integral is performed at fixed sH with no other restrictions, the terms of Eq. {2.8) linear in iu and u

vanish by symmetry. The result of the complete phase-space integration of Eq. (2.8) as specified by Eq. (2.4) is
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XBd "(sp,~H )=,«' '-+(2'+')[sp(gv'+gA'}+2m('(gv' —2gA')] Il(I zmz sp m—z', ~H )
2(2lr) S

1+(mz +sp)2/s2

1 —(mz +sp)/s

(1+Pz)'—[(mz' —s, )/s]'
ln

2
Pz—

(1—Pz) —[(mz —s() )/s]
(2.9)

'2 ' 112
4m~

{2.10)

ESH
- =0.02. (2.11)

This exceptional resolution is projected for the CERN

-kp
g+ &~ Z

e

FIG. 2. The diagrams for continuum production of Zt t
vrhich dominate ~hen (p, +p,-) =m~ .

One may check Eqs. {2.9}and (2.10) in the narrow-width
approximation, I zmz/hsH~O, by comparison to the
standard calculation of e+e ~ZPZP'I Provided I z is
set to I z,—, (since only the t t mode appears in the above
calculation).

Before Proceeding to comPare XBg" and Xsio, we
must consider the possible interference of background am-
plitudes with the signal amplitude. Consider the overlap
between the two diagrams of Fig. 2 and the signal dia-
gram of Fig. 1(a). This interference amounts to consider-
ing the cuts of t t loop insertions that mix the Higgs-
boson and Z propagation. The full t t phase-space in-

tegral of such an insertion must vanish by gauge invari-
ance which prohibits HZ mixing. In actual calculations
the interference term, MF(g. 2(a) aad Fig. 2(b)Msigna) is p«-
portional to u and Ip of Eqs. (2.3e) and (2.3fl, which
vanish when integrated over tt phase space. Certain
types of experimental cuts would, of course, allow non-
zero interference tenn s. However, aside from

MF;g 2(a) ~d F(g 2(b)M„~) being proportioilal to w and 0
this interference is also proportional to gv. This is to be
Conlpafed to i MFig. 2(a) ala( Fig 2(b) ~, WhIC11 IS proportloII-
al to gq', . since gv'/g~ —», such terms are small.

When comparing the signal to the background in the
case of near degeneracy it is important to take into ac-
count the relative sizes of hsH and the widths, I H and
Iz. The typical resolution hsH in the sH variable is
determined by the measurement error of the trigger Zp
momentum. Assuming 1% accuracy in measuring the e+
or e momenta from the trigger Zp decay, we would ob-
tain a 2% error in sH, i.e.,

I.EP 3 detector. (a

The Higgs-boson width in the
is dominated by the contribution
when mH is very close to 2m, or

2' '2

r &c Se
8 4m m

1—

intermediate mass range
from the t t mode except
2P7f gr.

3/2
m,

Ptf8
m~

(2.12)

For m, =40 GeV, I'H, —, takes the values

70 MeV, mH ——100 GeV,
I 0 „- 150 MeV, mH ——120 GeV,

350 MeV, mH ——160 GeV,

(2.13)

and mHI H is small compared to expected values of MH.
The narrowness of the signal is illustrated in Fig. 3(a)
where we Plot Xsio(sp, lksH } as a function of ~sp assum-
ing mH ——mz. In contrast, for ~sp-100 GeV, &H and
mzI'z are comparable, and the integral Ii of Eq. (2.9)
will exhibit nontrivial behavior depending upon the value
of sp.

To compare the signal and the approximate back-
ground, we choose a value of mH and compare
XSIG(sp mH ~H ) aIld XBZ {sp mH ~H } fol mH
near mz. The accuracy of neglecting the other contribu-
tions to the background in the case of near degeneracy
will become apparent later in this section when the com-
plete background is discussed for arbitrary mH. Figure
3(b) summarizes our results. It contains XBg "(sp,&H)
and Xsio(sp, &H )

~ ~s. In other words, the signal

curve of Fig. 3(b), at a particular value of ~s, is the
maximum possible Higgs-boson signal at that sp, and is
obtained by choosing mH ——~sp; e.g., the signal of Fig.
3(a) where mH ——mz is represented in the signal curve of
Fig. 3(b) by the point at ~sp ——mz. In a plot of an exper-
imentally determined X(sp, MH ) one should see a superpo-
sition of the appropriate background curve froln Fig. 3(b}
with a signal such as Fig. 3(a) centered about ~sp ——mH.

From Figs. 3(a) and 3(b) one can conclude the follow-
ing. If the t t jets can be distinguished from light-quark
pair jets, XBd

" is always well below the signal of a con-
ventional Higgs boson. In the other extreme where the t t
jets are indistinguishable experimentally from light-quark
jets, one must sum over qq modes in e+e ~zqq to ob-
tain the complete background. Figure 3(b) shows that if
mH ——mz the background and signal are then approxi-
mately equal. Even in this extreme the background falls
rapidly relative to the signal as

~
mH —mz

~
increases. It

is apparent that with high resolution in sH there exists a
motivation to discriminate between t and other quark jets
only when searching for a standard Higgs boson with
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mass within about 1 GeV of mz.
As mentioned previously we have also carried out a

complete calculation of the background cross section aris-
in from all the diagrams of Fig. 1(b). Away from
~

~

so=mz, XQ " is no longer a good approximation to
the background. While for cases when mH is not near
mz the total background would be negligible in the sim-
plest one-doublet Higgs model, it could become a signifi-
cant factor in searching for neutral scalars with ZZ cou-
plings smaller than the standard-model value. For exam-
ple, weakly coupled Higgs bosons are found in some two-
doublet models; see, for instance, the minimal SUSY
two-doublet results of Ref. 15.

The complete background calculation is tedious and
will not be discussed in detail. We confine ourselves to a
discussion of the accuracy of our calculation, and a pre-
setltatlorl of numerical results for Xao(so, &H ), the total
background cross section.

We wish to compute Xt)G(so, &H ). Away from
mH ——mz the only subtle integrations in calculating
Xao(so, Mtt) are of the form

~0™H~' (sH m—)f(sH )f dsH
(sH —m ) +e

Such an integration is not necessarily computed accurate-
ly by a Taylor expansion of f(sH) about so. When
so ——mH the leading term vanishes. Nonetheless, we have
approximated the full background contribution by taking
f(sH)~f(so) even at so mH——, and have estimated that
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~
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FIG. 3. (a} XsK;4', so, &H }for MH ——0.02so, mH ——93 GeV, and
~s =2OO Gev. (b) The dotted curve rs Xsro(so, &H)

I (mH =so)
The sohd, dashed, rind dashed dotted curv-es are Xfg "(so,&H)
when the final state qif pair is t t; t t or bE; t T, bE, cV; ss, uu, or
d2, respectively. dstt ——0.02so, V s =200 GeV.

FIG. 4. (a} The dashed-dotted, dashed —double-dotted, and
dotted curves are Xaz(so, lLvH }when the final state qq pair is t t;
t t or bE; t t, bb, ce, ss, uu, or dd, respectively For comparison.
the dashed —triple-dotted, solid, and dashed curves are
Xi'�"(so,bsH) when the final state qq pair is t t; t t or bE; t t,
bE, m, sy, uu, or d2, respectively. Wit=0 02so throughout, .
Vs =300 GeV. (h) Xsro(so, LEACH) evaluated at rntt' so for-—
&0=0.02so, ~s =300 GcV.



the sum of neglected terms is no larger than the sum of
the terms in the background which we have calculated ex-
plicitly.

In Fig. 4(a) we plot the sum of background terms ignor-
ing interference between background and signal (along
with a comparison to the contribution arising only from
the Z-pole terms) for t t, bb+t t, and all qq. We take
lbH according to Eq. (2.11). This full background should
be used by superim osing an appropriate Higgs-boson sig-
nal centered at so mtt——. For full-strength ZZH cou-
pling we plot in Fig. 4(b) the peak signal value

Xs&o(so ——mH, M& ——0.02mH ). Clearly for full-strength
coupling the background is negligible. If the coupling
strength were reduced then peak signal and background
could become comparable. For example, with a t t trigger
a reduction factor of —10 in

~ gzzH ~
would make

background and signal equal. Only in this latter situation
of weak ZZH coupling is the background likely to be a
problem if the resolution of Eq. (2.11) can be achieved.

As already stated, the above procedure ignores the in-
terference terms. These are never of importance. We
demonstrate this in Fig. 5, where we plot for mtt ——130
GeV the absolute value of the interference contribution to

the full cross section in comparison to the purely back-
ground contribution. This plot is for the pure t t trigger
case for which the interference is relatively largest. We
see that in the region ~so =mH, where the signal is large
compared to background, the interferenee term can be of
order 30% of the purely background terms; but neither
are of importance relative to the signal [see Fig. 4(b)].
Away from ~sp=mH where the signal is small, the in-

terference terms are negligible compared to the pure back-
ground contributions. This last statement also applies at
~so ——mH if the signal is reduced to the size of the back-
ground by a nonstandard coupling.

To summarize we can imagine four distinct situations:
(a) signal full-strength coupling, mH-mz, ' (b) signal full-

strength coupling, mHamz, (c) signal strength substan-
tially reduced, mH-mz, and (d) signal strength substan-
tially reduced, mH amz. In case (a), Fig. 3(b) shows that
a clean separation of signal from background may require
separation of Zt t from other Zqq channels. In case (b)
background should present no problem even if all Zqq
channels are included. In case (c) one may have difficulty
observing the Higgs boson even with Zt t separation. In
case (d) Zt t separation should, barring extreme signal
reduction, enable the

)O-6
iOG

"= 0.02
= 5006eV

„= l506eV

Only
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II

I
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/

II
}I
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I
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,/

I 20 I 40
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signal to be observed.

III. OVERVIEW OF Ho PRODUCTION
IN HADRONIC COLLISIONS WITH H ~t t

(3.1)

is swamped by the continuum background from [Fig.
6(b)]

(3.2)pp~t t .

In the paper by Eiehten, Hinchliffe, Lane, and Quigg
(EHLQ), for instance, we find at v s =40 TeV that the
Higgs-boson cross section is

+ ~ ~ I

We have already observed that planned e+e machines

may not probe Higgs-boson masses above -100 GeV,
whereas hadronic machines such as the Superconducting
Super Collider (SSC) have acceptable absolute rates for
Higgs-boson production, even in association with a 8' or
Z, throughout the intermediate-mass range (and well

beyond it). Below 2m~ it is well known that the process
[Fig. 6(a)]

FIG. 5. The solid curve is XBG(so,&H}, while the dashed
curve is X(so, hsH }calculated from the interference between sig-
nal and background. The final-state qq pai, r is t t only.
MH ——0.02so.

FIG. 6. Feynman diagrams for (a} gg~a ~t t via quark
loop and (b} gg ~t t continuum production.
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o'H'(mH ——130 GeV) =0.1 nb,

whereas the background from (3.2) is (trt, =45 GeV)

do'ac 2 nb(M=130 GeV)=

(3.3)

{3.4}

In both cross sections the rapidities of the t and t are con-
strained to

I A I, I yg I
& I.&. Assuming a 5% mass reso-

lution in the t t pair mass (an optimistic guess) one finds

ft
(M =130 GeV)=0.8X10

bM(do'a'oldM)

an unacceptably small signal-to-background ratio, even
with 10 signal events at integrated luminosity of
10 /cm .

Of course, it is also possible to consider rarer decay
modes of the H such as r+r, WW', Z y, . . . , and to
estimate corresponding backgrounds. This topic will be
discussed in Sec. V, where we demonstrate that such
modes generally, at least, have sufficient raw event rate.
It is then a question of backgrounds. For the moment,
however, we continue to focus on the t t decay mode of H.

Given the result Eq. (3.5} it is necessary to turn to asso-
ciated production of the Higgs boson, if it is to be ob-
served in its t t decay mode. In this section we shall focus
on the production of H with a W, Z, or t t pair. We
omit consideration of the production of two Higgs bosons.
This has been estimated in Ref. 9. Because of the absence
of a ZH H coupling, the H -pair event rate is too small
to yield a useful event rate; only in a two-doublet model
with tree-level ZH H~' couplings could such a signature
poss1bly bc usable.

We first focus on

and the background from [Fig. 8(b)]

pp~H +t t . (3.10}

As wc will show in Sec. IV, the signal-to-background ra-
tio, ignoring detector questions, is just sufficient for H
detection to be possible. However (3.10} receives no con-
tribution from gluon-gluon initiated processes due to the
presence of the charge of the 8'+H final state. It is well
known that gluon-gluon luminosities at the relevant sub-
process energies of

s ) ( rttH +ptz ) (3.11)

FIG. 7. Feynman diagram for (a) qq ~ZHo(~tt) and (b) qq
or gg ~Zt t continuum production.

Jtp~H+t t

:tt. (3.6)

are enormously larger than quark-antiquark luminosities.
For instance, EHI.Q (Ref. 9) obtain

This has been considered by Kunszt' with the conclusion
that the mode is not practical due to the large QCD back-
grounds combined with combinatorial problems in isolat-
ing the t 7 that happen to come from the H decay. We re-
mark here that Ht t production with H decay into a rarer
mode might prove more tractable. We will return to this
question in Scc. V.

Next we wish to discuss'

pp ~H+Z
- tt. (3.7)

u = ~~%+

pp~ IV+0

:tt {3.9)

In Fig. 7(a) we draw the diagram responsible for (3.7) and
in Fig. 7(b) we draw representative diagrams yielding the
background

(3.8)

The largest contribution to {3.8) derives from gluon-gluon
initiated processes. %e shall compute in Sec. IV the
analogous reaction of' [Fig. 8(a)]

P) b

k ~JIAJI ~q
+ ~ ~ ~ + w + ~ ~ ~

VII7"~ t

p~ t

FIG. 8. Feynman diagrams for (a) uj~p'+*
~~+H (~t t ), (b) u1~ W+t t continuum production, and (c)

gg ~8'+bt continuum production.
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80 nb, uu,
s «8000 nb, gg,

pp~ W+t T,

pp —+ 8'+bt,
(42)

(4.3)

IV. DETAILED CALCULATIONS
FOR pp-+8'+8 (~t t), pp~W+tt,

AND pp —+ 8'+bt

The Feynman graphs contributing to

pp —+ W'+H

t t, (4.1)

at s=(mH+mz) with mtt ——130 GeV. Thus„ the back-
ground (3.8) would be much larger than the signal {3.7}.
This coupled with difficulty in reconstructing the H in

the t t channel makes the mode (3.7) unpractical.
The potentially favorable signal-to-background ratio for

processes (3.9) and (3.10) is possible because there is no
direct gluon-gluon induced contribution to pp +W+—t t.
However, at some level one must also consider the process

(3.13)

which is gluon-gluon induced [Fig. 8(c)], as a background;
some fraction of the time the b jet will be misidentified as
a t jet. The next section focuses on a thorough calculation
of (3.9), (3.10), and (3.13).

are shown in Figs. 8(a), 8(b), and 8(c},respectively. There
is no interference between Feynman diagrams contribut-
ing to (4.1) and those contributing to (4.2) since such in-
terference terms would correspond to gluon —Higgs-boson
mixing proportional to Trk, '/2=0, where a =gluon color
index. Process (4.3) involves a different final state and
thus does not have interference terms with (4.1) or (4.2).

We have obtained analytic expressions for the invariant
matrix elements squared for the reactions (4.1) and (4.2).
Define the momenta [sm Figs. 8{a),8(b), and 8(c)]

8' —q,
u(g) —ki,
d(g) —kz,

t(b) —pi,
t —P2

(4.4)

and invariants as in Eqs. (2.4a)—(2.4f), with the modifica-
tion that all the invariants except sH will be written with
carets above them to indicate that they refer to the sub-
process. The subprocess matrix element squared (after
spin and color averaging) for the reaction (4.1) is'7

gti, m cosgc s+(mitr —u)(ma —t)/ma
(sH —4m, )

4+C spin, color, (s —mii )
helicity

1

(sH —mtt ) +I H mH
2 2 2 2

(4.5)

Here (I}c is the Cabibbo angle. The Higgs-boson width is given approximately by Eq. (2.12). For the physics background
(4.2) of Fig. 8(b) we obtain the averaged subprocesses matrix element squared:

(
~

~tttl ~ lv+ g ( ~ t t )
~

2 )

2'2
2 gags

2~2 $0 tu&
8 ~ 2 —my + (w +U )+ (iU —U )+4iU Umttt

u t tu t'

~t +sH t u 2—„+—„—mg'sH, + „, + „(2mtt'+4m, '+sH) . . {4.6)
u t u t tu

For (
~

M~ '
~

) there are eight Feynman dia-
grams [Fig. 8(c)] which, of course, generate many terms.
We have not attempted to obtain a simple analytic form
for this process. Instead we employed REDUCE to create a
subroutine (of considerable length) which evaluates the
above (

~

M
~

). We will mention in the Appendix, how-
ever, some tricks used to simplify the starting expressions

fed into the REDUCE program, and details of the computa-
tion. The invariant matrix elements squared were in-
tegrated over an appropriate final-state phase space and
folded together with an appropriate luminosity function
[I.~ for (4.1) and (4.2) or 1.~ for (4.3)]. We employed the
EHLQ set 2 distribution functions for computing lumino-
sities. %e in general imposed a minimum-pT cut on the
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FIG. 11. Differential distributions for the top-quark ener
for mH ——130 GeV, —2~y~, yH g2, pT ~40 GeU, and sL
=40 TeV.

outgoing 8'+, (pz );„. The integral of the I/t poles of
Eq. (4.6), while finite does become large unless such a pT
cut is imposed. In addition we generally imposed rapidity
cuts upon the W+ and "Higgs boson"/t 7 system. Addi-
tional cuts involving the relative orientation of the t t sys-
tem and the overall center-of-mass system are possible but
will not be examined here. We will, however, consider
distributions in the energy of the r T quarks.

Our results are presented in Figs. 9—14 (Ref. 18). Pro-
cess (4.1) is represented by solid curves in these figures,
process (4.2) by dashed curves, and process (4.3) divided
by a factor of 100 by dotted curves. The factor of 10
used in plotting process (4.3) can be thought of as a 1/100
b/t jet discrimination ability. In these plots the curves
correspond to

IIIH +h,mH /2

&8 =— ~H (4.7)
mH~ —hntH /2 SH

or various differential distributions of X, computed for
processes (4.1), (4.2), or (4.3). The resolution assumed is

b, mH =0.1 . (4.8)
~H

I.2

In view of the discussions of Ref. 19 this may be optimis-
tic. However, it will be apparent from the figure that if
such a resolution is achievable and if 1/100 Alt discrim-
ination is possible then a Higgs boson in the intermediate
mass range wi11 be detectable when produced in associa-
tion with a W+-. The basic cross section for (4.1), includ-
ing appropriate cuts, is of order 1 pb, equivalent to 10
events in a standard l. =10 /cm yr. Triggering on the
8' via its leptonic decay modes into e, p, or ~ yields over
1000 events, assuming leptonic detection efficiencies over
50%. If any of the t's or b's decays semileptonically,
there will be two undetected energetic v's in the final
state, the first arising from the 8'+-decay. We can have
at most one undetected energetic v and still reconstruct
accurately the invariant mass of the two-jet system using
transverse-momentum conservation. Thus, it is necessary
to identify the t's and b's only through their purely ha-
dronic modes. With the numbers given above an efficien-
cy of 40% for t jet identification when the t and, subse-
quently the b, decay nonleptonically leaves a signal of
about 50 events.

Figure 9 shows the cross sections X as a function of
mH for ~sL, ——40 TeV, —2&yz~, yH &2, pT y40 GeV.
Clearly background (4.2) is nicely below the signal process
(4.1), while 1% b/t jet discrimination reduces (4.3) to a
manageable problem.
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P
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~00 200 500 400
P~T (Gev)

FIG. 10. Cross sections as a function of V sL for mH ——130
GeV, —2~y~, ya «2, pT ~40GeV.

FIG. 12. Differential distributions in pT for mH ——130 GeV,
—2 &y~, yH & 2, and ~sq =40 TeV.
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FIG. 14. ya rapidity distribution for mH ——130 GeV,
—2~y~~2, py ~40 GeV.

Figure 10 shows the cross sections as a function of
~sL for mH ——130 GeV, —2&ya~, yH &2, pr &40 GeV.
Lower machine energies make the event rate marginal, but
do not significantly alter the signal-to-background ratio.
Higher energies increase the b /t discrimination problem.

Figure 11 gives the differential distributions for the
tog-quark energy for mtt ——130 GeV, —2&yii, yH &2,
pT &40 GeV, and ~st, ——40 TeV. Apparently, cuts in
this variable can be used to enhance the signal-to-
background ratio somewhat.

Figure 12 shows the differential distributions in pT for
mtt ——130 GeV, —2&yii, yH~ &2, and ~st ——40 TeV.
From Fig. 12 me see that increasing the mimmum allowed
value of pT does yield some signal-to-background
enhancement, but only at the sacrifice of event rate.

Figure 13 gives the differential distribution in cosa,
where cosg„,={p~~ Xp~ii ) ~ (p, „bXp~), for mtt ——130
GeV, —2&yii, yH &2, pf &40 GeV, and ~sz ——40 TeV.
A cut to keep 8«, away from 0' to 180' is desirable.

Figure 14 shows the yH rgaidity distribution for
mH=13o GeV, —2&ys &2, pr &40 GeV. Tightening
the rapidity cut enhances the signal-to-background ratio,
again at the sacrifice of rate

Thus the background process {4.2), of W+t t continu-

um pair produced through an intermediate gluon definite-
ly can be made smaller than the Higgs-boson signal for
good resolution to m~. Top-bottom jet discrimination
must be made at the level of —1%, with at least moderate
top detection efficiency; in this way the W+bt (or W bt)
misidentification background mould be adequately
suppressed without too great a loss of event rate

As mentioned earlier, satisfactory resolution and b/t
discrimination may be difficult to achieve. The study of
Ref. 19 which focus& on jet-pair mass resolution, with
specific yH, yii, and in particular, pz cuts, is pessimistic
in this respect. Given the importance of the
intermediate-mass Higgs-boson search we hope that addi-
tional cuts and discrimination techniques will be explored
in an effort to achieve the required background suppres-
sions. In the event that this does not prove possible it is
of paramount importance to search for still other means
of seeing the intermediate-mass Higgs boson. Thus, in the
next section we explore the signals for Higgs-boson pro-
duction followed by its decay to a suppressed or "rare"
channel, the hope being that the backgrounds could be
small.

V. RARE-DECAY-MODE SEARCHES

For mH y2m, but mH ~2m~ the t t mode greatly
dominates most other Higgs-boson decay modes.
Nonetheless, searches for the Higgs boson at the $$C in a
rare mode are, in many cases, possible in terms of the raw
number of events and could have acceptable background
levels. In this section we investigate a variety of possibili-
ties of this type.

H v+~ or L+L

8 ~bb or cc,
a' gg,
H 8'8",
0 ZZ

0 yy,
0 Zy,
H ey.

(5 1)

(5.2)

(5 3)

(5.4)

(5.5)

(5.6)

(5.7)

(5.8)

In the above L+L refer to some new, heavy lepton pair.
The channels are roughly ordered in terms of decreasing
branching ratio. We will continue to adopt a t mass of 40
GeV. AB cross sections will be calculated using the
EHLQ set 2 structure functions for a pp machine at
v s =40 TeV.

Most of the partial widths have been calculated analyti-
cally in the literature The famih. ar fermion pair width
formulas applicable to (5.1) and (5.2) are analogous to that

A. Rare-decay-mode branching ratios

We begin by summarizing the branching ratios for
Higgs-boson decay into various modes. The modes we
consider are



in Eq. (2.12). We use the 8'W' and ZZ' results of Ref.
20. The WS" and ZZ' partial widths quoted there are
obtained when the Z or 8'* "decay" channels are
summed over. The gg partial width derives from the fer-
mion triangle graphs and has been given in a convenient
form in Ref. 20. The yy partial width receives contribu-
tions from both fermion and 8' loops; it has been calcu-
lated analytically in Ref. 21. Here, it is a good approxi-
mation to ignore all fermions except the t, as long as no
new heavy fermions exist.

The Zy width is not directly available in the literature.
However, the amplitude for the decay Z~Hy has been
given in an approximate form. The width may be writ-
ten as

To give an idea of the narrowness of the Higgs boson
and the relative importance of some of the decay modes,
we give the partial widths into several channels for
mH ——130 GeV. At that mass r(H~t t)=0.19 GeV,
r(H~r+r )=2.5X10 ~ GeV, r(H~WII")=1.2
X1O ' GeV, r(H ZZ')=1. 1XIO-" GeV, r(H
=1.3X10 GeV, and r(H~zy)=0. 67 X 10 ' GeV.
The partial width r(H~ey) is at least a factor of 10
smaller than those of the yy and Zy modes at mH = 130
GeV.

All of the above branching ratios for the decay modes
(5.1)—(5.8) are plotted as a function of mH in Fig. 15.
These results will allow us to assess the feasibility of ob-
serving the Higgs boson in any of the rare decay modes.

2 2 3(mH —mz )
rH-zr=

3232%
(5.9) B. Inclusive Higgs-boson production

followed by rare decay

where M is the invariant amplitude defined in Ref. 22 as
the coefficient of the gauge-invariant tensor
(q&k„—k qg&„), where k and q are the y and Z momen-
ta, respectively. In Ref. 22 we find the form

e g~ 6
(AY+As ), (5.10)

(2ir) ma

where AF is negligible for light quarks and leptons and is
of order 0.1 for a heavy t quark. We neglect Az. The
dominant contribution is Aa which is well approximated
over the range 100 & mtt & 160 Gev by

(5.1 1)

We first focus on inclusive (i.e., nonassociative) produc-
tion of a single Higgs boson followed by its decay into one
of the rare channels. The cross sections for single Higgs
production are tabulated in the EHJ.Q supplement, for
pp~H +t t with —

I y, I I
& 1.5. We will compute our sig-

nal for the two-body decay channels, (5.1)—(5.3) and
(5.6)—(5.8), as follows. We write

Xsio(ab)=o(pp~H 'ttb)
I ~y ~

&t s

I {H-+ab)=«pp H tt)
I ~y ~(i5 -

Kgb' I (H~t t}
(5.16)

The final mode we consider is (5.8), H~ey. To esti-
mate this we have computed the two continuum graphs
for H ~t ty, and have approximated the invariant ampli-
tude squared, X, near threshold. We find

4v 2m, 2e,i'
(5.12)

(2n )'

where m, , is the t t in—variant mass.
We compute the width as

IOO
tt

BRANCHING RATIOS

dr(H t ty) n

2mtt

Pk—
X(m, —, ) . (5.13)

Pl8
We bound the width r(H~Qy) via the duality integral
which sums over all 8-like states present below continu-
um threshold:

4m ~+54m

t7
where 5=2mr —2m, and mr is the mass of the first T
meson; 5= 1 Gev is expected. We find

)O-4

r(H~oy)
r(H~t T)

4PBt 1 5
2 +EM 2mtt 27m' p, —,(mH ) m,

L

5/2

M,
J

6 4HIg
2

mtt p, —,(mH2)

3f2

I l

)20 )40
mH (GeV)

FIG. 15. Branching ratios for 0 into the modes indicated as
a function of mH;mr ——40 Ge



GUNIQN, KALYNIAK, 50LDATE, AND GALISON

In Eq. (5.16) a;& is a correction factor that takes into ac-
count effects of the masses of a and b relative to m, . Be-
cause of the different dependence on m, and mb in the
phase-space component of I (H~ab) compared to the in-
clusive integral on which we impose the rapidity cut

!y, s! & 1.5, a. wiH in general not be precisely 1. Howev-

er, in all cases it is quite near unity since the rapidity dis-
tributions of a, b are very similar to those of the t and t
at small y. The factorized form exhibited in Eq. (5.16)
only holds because the Higgs boson is a scalar, implying
that da/Ch" is independent of t and Q. For the two-bxfy
modes [(5.1)—(5.3) and (5.6)—(5.8)] the backgraund is
computed generally as

l0

l00

l0 —
I

l0 2
l00

l ) I

l 20 l40
mH (GqV)

l60

cf 0( pp~ D b)

dms jy & ~
g1.5 and m b=m&

(5.17)

FIG. 16. The dashed curve is XBG(v+v ), the solid curves is
Xslo(~+~ ) as a function of m~ . MH ——0. 1 mH .

where hm, b f,bm——rr and f,s depends on the particular
channel.

b, m + ——0.05mB . (5.18)

This is certainly optimistic due to the loss of neutrinos in
the r decay. We find that typically [see Eqs. (5.16) and
(5.17)]

Xsio( t w ) -0.2 . (5.19)
Xaa(r+r )

In addition, there are other, reducible backgrounds to con-
tend with in practice. The first which we will mention
arises from the process

pp -+Q +Q+x
! -.+ l —.+

where the additional particles in the fragmentation of Q, a
heavy quark, are lost due to detector cuts. %'e have not

I. Lepton-pair mocfes

For the lepton-pair channel (5.1) we will consider both
H~r+r and H~L+L where L is a heavy lepton
with mL p m, . Even though some aspects af the process
H~v+~ have been considered in Ref. 23, we find it use-

ful to review the situation here. Of course, only ml
values above current experimental limits but below m&
are of interest. The irreducible background cames from
lepton-pair production through an intermediate virtual y
or Z. We have computed the Drell-Yan backgraund aris-
ing from qq annihilation including the same rapidity cuts
as for the signal [see Eqs. (5.16) and (5.17)]. The irreduci-
ble background receives an additional contribution which
could be of roughly the same size arising from the process
of gluon-gluon fusion into a lepton pair through a quark
loop and virtual Z or y. The extra factor of a, z could be
compensated by the large gg luminosity. In fact, the cal-
culations of Ref. 24 indicate that in the absence of a new
heavy quark with mass greater than 0.2 TeV the normal
Drell- Yan background will dominate.

We present our results for H~r+r in Fig. 16. The
mass resolution used was

attempted to estimate this background. However, it could
be large because QQ production can proceed as a gluon-
gluon initiated process.

A second problem emerges when one considers that the
reconstruction in m +, the invariant mass of the r pair,
will be poor. Some of the time the reconstructed mass
will fall below mz. Such an event can be produced far
more readily through the production of an on-shell Z fol-
lowed by its decay into r+r . Effectively, then, only the
portion of the reconstructed m + —& mz can be used in

the signal identification.
Finally, the ~s must be identified in some way. The

manner in which this is done can result in the presence of
other backgrounds. As an example, one could try to iden-
tify a i in its decay modes of harv or pv [8(~~rrv or
pv) =0.32], channels which have the miniinal number of
charged tracks and lost neutrinos. Two isolated hadrons,
though, can arise through the fragmentation of two
quarks or gluons, each into a single fast ir or p and other
slaw particles which cannot be assigned to either jet reli-
ably. Crude estimates suggest that this would be a severe
problem. Such additional backgrounds could be signifi-
cantly reduced by employing a vertex detector to observe
the decay of the ~. Whether or not it is possible for a ver-
tex detector to function in this role at an instantaneous
luminosity of 10' /cmisec is an open question worthy of
study.

The signal cross section varies over the range con-
sidered from 0.04 to 0.4 pb, implying a few thousand
events for integrated luminosity of L =10 /cm . Ignor-
ing the reducible backgrounds the raw nuinber of events
in the signal appears to be sufficient for the enhancement
shown in Eq. (5.19) to be observable provided the shape of
the background is smooth relative to the signal. However,
the experimental mass resolution, expected to be substan-
tially worse than that of Eq. (5.18), would obscure any
peaking of the signal. Then, a prediction for the absolute
event rate of the background would be necessary in order
to detect a spread-out enhancement. Because of K fac-
tors, distribution function uncertainties, etc., the back-
ground is uncertain in normalization by -20%. We are
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FIG. 17. The solid, dashed —doubled-dotted, and
dashed —triple-dotted curves are XB~(r+~ ) for m~ ——100, 130,
and 160 GeV, respectively. The dashed, dashed-dotted, and dot-
ted curves are Xsxo(w+~-) for mH' ——100, 130, and 160 GeV,
respectively. A11 are shown as functions of the mass, mL, of the
new heavy lepton. &H =0.1mH', ~s =40 TeV.

rather pessimistic, therefore, concerning the prospects of
observing the Higgs boson in the r+r channel even
without consideration of the reducible backgrounds.

Many of the same considerations apply to the case of a
heavy-lepton pair. The advantage of a heavier lepton is,
of course, the increased branching ratio for H~L+L
(if mL, is not too close to mH/2). We present in Fig. 17
the curves for the signal and irreducible background, aris-
ing through the Drell-Yan mechanism, as a function of
mz for a selection of Higgs-boson masses. The contribu-
tion of fourth-generation quarks to the production of the
Higgs boson has not been included in the signal calcula-
tion. %e arbitrarily begin our plots at mr ——10 GeV. Re-
taining the mass resolution of Eq. (5.18), it is apparent
that

Xsio«+L
& I, mr ~15 GeV. (5.21)

Xao(L+L )

In fact, the ratio is substantially greater than 1 for the
higher values of mi, . Only if mH is near the Z mass does
the irreducible background begin to present a problem.

As for the r+r case, the process gg ~quark
loop~z' or y' —+I.+I. contributes negligibly to the
background unless there is a new heavy quark (with mass
greater than =0.2 TeV) contributing to the amplitude.
Thus, although the mass resolution assumed is probably
quite optimistic, the irreducible background does not ap-
pear to be large enough to allow us to dismiss the heavy-
lepton-pair signature as impractical.

The significance of the reducible background is less cer-
tain. Assuming that we look for L in a hadronic decay

L+

mode and that the hfetime of L is too short for vertex
detection, the most serious background is likely to be
from the two-jet processes in which each jet mimics the
heavy I. mode being utilized. Since leptons heavier than
the r will decay more frequently into modes which in-
volve several hadrons, this problem could be severe de-
pending upon how rapidly the I~I.+I. branching ra-
tio grows with increasing mL in comparison to how rap-
idly the importance of multiparticle decay modes in-
creases. Independent of vertex detection and the mode of
L identification, there are also the Z~L+L and
QQ~L+L + (lost or missing) backgrounds to be con-
sidered. Nonetheless, if a heavy lepton exists this possible
mode of Higgs-boson discovery deserves further study.

3. yy and yZ modes

We next focus on the yy and yZ modes (5.6) and (5.7).
The Z will almost certainly be found in its e+e or
}tt+p channel in which case the invariant-mass resolu-
tion will be considerably better than Eq. (5.18). We take

(urn)rr=(bm)z&=0 OlmH . (5.22)

We plot in Fig. 18 the background and signal cross sec-
tions Xa& and XsiG, defined in Eqs. (5.16) and (5.17). The
backgrounds were computed at tree-graph level using qq
collisions. (There is a possibly significant background
arising from gg~Zy or yy using a fermion loop mecha-
nism; the extra u, ~ can be compensated by the larger
gluon luminosity. ) We find

Xsio(Zy } 1

Xao(Zy) 20 '

while

Xsio(yy) 1

Xao(yy)

(5.23)

(5.24}

Though these are not absurdly small ratios, the associated
event rates are very marginal. Not including the Z
branching ratio to lepton pairs we have at rnH = 130 GeV,
for instance,

LXsio(yy) =LXsia(Zy }=60 events

compared to (also at mH ——130 GeV)

(5.25)

2. bb; cV,
' and gg modes

The bb and cc decay modes (5.2) are certainly unusable.
We have already seen in Sec. III that (assuming a 5%
mass resolution in a hadronic channel) H is unobservable
in its primary t t decay mode due to backgrounds from
QCD r t production. The background bb, cc cross sec-
tions will be the same order as for r t, whereas the signal
cross section is substantially reduced due to the small
branching ratio for H~bb, cc decay, see Fig. 15, which
are of order 0.07 to 0.02 for bb and 0.006 to 0.002 for cc.

These same remarks apply also to the gg decay mode
(5.3}. The gg branching ratio varies from 0.02 to 0.007
while the QCD background gg cross section is even larger
than the above qq cross sections.
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cross sections as functions of mH are plotted in Fig. 19,
where all light fermion modes are summed over. [Light
fermion modes for the W+' include (ud), (cs), e+v,
p, +v, r+v for mlr &135 GeV, with the addition of (tb}
for mH ~ 135 GeV; for the Z' only the t t and vv modes
are excluded. ] In addition W+ W and W W+' are
summed. We see that

pb
~ ~ 0 ~

~ ~ ~ ~ 1 t ~ 0 ~ ~ ~
~ ~ + ~ ~ I I

Xsio( WW* } 300, 1BH ——100 GCV

Xsio(ZZ ) 15' rnH 160 GCV (5.29)

and that

300 events, mH ——100 GeV,
LXsio( WW }=

4)& 10" events, m~ ——160 GeV . (5.30)

to-6
I OO

i i I

I20 i40
mH (6eV)

FIG. 18. The dashed-dotted and dashed —double-dotted
curves are Xq~(yy) and Xsqo(yy },respectively. The dotted and
solid curves are XBG(yZ) and XsIG(yZ), respectively.
LLsH D D2mH——', .v s =40 TeV.

LXao(yy ) = 1000 events,

LXiio(Zy) =8000 events
(5.26)

for L = 10 /cm . Since the yy channel has no additional
branching factor to be included and also yy has the larger
Xsio/Xzo values it is the preferred mode. However, a 60
event excess in 1000 events is only a 2cr effect.

4. Sy mode

The final two-body mode we have considered is
H~8y [Eq. (5.8)], where we imagine detecting the 8 in
its e+e or p+p decay modes for which the best mass
resolution is achievable without significant 8 branching-
ratio sacrifices. We have used the procedure described
earlier to compute the required H~8y branchin~ ratio.
At mH ——130 GeV the branching ratio is &3&10

The corresponding event rate at m~ ——130 GeV is

There are a variety of channels in which to search for a
WW or ZZ' signal. The best mass resolution is
achieved in the ZZ' mode in which both the Z and Z'
are detected in lepton pair modes. This latter restriction
reduces the event rate by a factor of about

[I (Z )M, +Is,e+e )/I '"] =3.6)(10 (5.31)

]0'

yielding at mH ——160 GeV only 10 events. In the other
extreme, we could require that both the W and W' of Z
and Z' decay to hadronic jets. The @CD four-jet back-
ground would, however, be overwhelming. Then, it is
most useful to consider the configuration in which the W
(Z} decays into two hadronic jets while the W' (Z') de-
cays leptonically. The backgrounds to the reverse situa-
tion in which W' (Z'} decays hadronically while W (Z)
decays leptonically will be larger since the W' (Z') ha-
dronic decay can be more easily mimicked by a virtual
gluon decay than the on-pole W (Z) hadronic decay. An
exception to this observation occurs when mH —ma is of
order I a. Then the peaking in m&, as m, approaches

mir can be used to approximately solve for the momen-
tum of the v (assuming the momenta of the charged lep-

LXsio(Oy) & 3 events . (5.27) ]0-l

Because of the useless event rate we have not estimated
backgrounds.

5. 8'8' and ZZ modes

-2

IQ 3

We now turn to the 8'8" and ZZ' decay modes Of
the Higgs boson, (5.4) and (5.5). The signal cross section
is computed approximately as (for example)

(WW, ) X ( )
I (H~WW*(~ff'))

SIG I'(H )

IQ ~
lOO ~20 iso

mH (GqV)

(5.28)

which neglects the a. correction factor of Eq. (5.16). The

FIG. 19. The dashed and solid curves are Xsio(Wjf') and
Xsio(Zjf), respectively, summed over W+, W, and light-
fermion final states. v s =40 TeV.
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ton and quark jets are measured), and thus reconstruct
mH. For convenience, in our discussion of backgrounds
we will restrict our attention to the 8'8" case since its
event rate is larger than the ZZ mode.

There are a variety of possible backgrounds to the pre-
ferred configuration:

pp~H~W(~q~qi)W'(~1 v, ) . (5.32)

FIG. 20. Typical Feynman graph for gg —+q ~q21 vI.
The irreducible background yielding an identical final
state arises from the continuum production process:

pp~ W(~qqz) W'(~ev, ) . (5.33)

i, ev,

at mH ——130 GeV, assuming a mass resolution of

(5.34)

km~~~ ——0.05mH . (5.35)

In order to compare Eq. (5.34) to the signal cross section
of Fig. 19, the signal should be divided by a factor of —,

'

corresponding to a single ff ' mode ( + charge conjugate).
This yields at mH ——130 GeV

Xsto( WW )=7)& 10 pb

(5.36)

Clearly, unless the effects of off-shell m~, dependence in

the matrix elements are dramatic, the irreducible back-
ground should not be significant under the assumption of
the resolution of Eq. (5.35).

However, Eq. (5.35) is too far optimistic since the v
four-momentum cannot be determined solely from
transverse-momentum conservation when the invariant
mass of the charged lepton and neutrino is variable. It is
even possible for the invariant mass of the neutrino and
charged lepton to be m~, yei the observed kinematics are
to be consistent with the interpretation of the event as
arising from the signal. Although the constraints on the
phase space of the on-shell W decay are severe in order
that the decay of the two W's mimic the signal, the
enhancement obtained by putting the intermediate W on
shell is quite significant. Therefore, it is necessary not
only to degrade the resolution of 6 m~~, in Eq. (35},but

also to include with the appropriate cuts the background

(5.37)

Finally, we briefiy consider the background

pp ~q & q2( W' or W) (5.38)

which occurs via the graph of Fig. 20 this process makes

We have evaluated the cross section for this process in a
very crude approximation in which the only m~, varia-

tion appears in the W' propagator. We find (before in-
cluding any W~q~qi branching ratio}

Xiio( WW' ) & 10 pb

full use of the gluon luminosity. It is a background due to
the fact that we imagine triggering on the W in a q, qz
mode so that reconstruction of the Higgs-boson mass
might be possible. This is closely analogous to the prob-
lem of reconstructing a single inclusively produced W in a
hadronic decay channel, despite the presence of the q~qz
continuum; without deterrnj. ning the jet charge the same
gluon luminosity appears in the latter background calcula-
tion.

There is a quite similar problem to be faced when
mH ~2m+. The signature of H~WW~two jets +Iv
faces a mixed QCD and electroweak background from
continuum two jet + 8' production. The background is
quite troublesome for mH ~ 2m it (Ref. 25), and it will be
worse for mH ~ 2m z .

In summary the only potentially viable modes in the
search for a rare decay of an inclusively produced Higgs
boson appear to be a possible heavy lepton I.+I. mode
and the W(~q&qz)W'(~ltd) or Z(~qq)Z'(~e+e )

modes. Both have backgrounds that require further inves-
tigation.

t T+H',
8'+-+H

Z+H',

(5.39)

(5.40)

(5.41)

followed by Ho~ WW', ZZ' or v+~
It is convenient to begin with the W+-+H and Z+H

modes with H ~8'8' or ZZ' decay. %e demand that
the final state contain at most one energetic neutrino; this
allows (partial) reconstruction of both the ( W-+ or Z) and
H mass, and a consequent reduction in background. Such
reconstruction is only likely to be possible if, in addition,
we require that no b or t jets be present. Finally, we
demand that 8" or Z' appear in an e or p leptonic
mode since this considerably reduces combinatoric jet
backgrounds and eliminates many gg collision back-
grounds. Of course as discussed earlier, this also implies,
in the case H~R'8", that the associated neutrino's
four-momentum cannot be fully reconstructed since its
source is an off-shell W' of variable mass. The resulting

C. Associated Higgs-boson production
fo11omed by rare decay

In a continuing effort to find a truly identifiable signa-
ture, we turn to associated production of the Higgs boson
followed by its decay into one of the rare modes. We shall
discuss the production of
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loss of mass resolution in the m~, variable is consider-

able. The alternative in which H +—WW' with W~lvt
and W'~q, qz allows for reconstruction of the neutrino
four-momentum. However„ the background would be far
larger than in the previous configuration because no mass
cut in the hadronic q&q2 channel is then possible. Let us
define the following sets of states:

Si ——
I uu, dd, cc,ss I,

Ss ——[ud&cs] &

S4 = I e v~&p v~1

(5.42)

(5.43)

(5.44)

(5.45)

We then sum over the following processes:

pp~Z(~St

+S2�)+H
[~Z (~St +S,)+Z'(~S, )],

(5.46)

Consider, for example, process (5.46). Examples of
backgrounds are illustrated in Fig. 21. In Fig. 21(a} we
find a process that is a background when both Z's decay
into Si type states; Figs. 21(b) and 21(c) are backgrounds
to events of type (5.46) when at least one Z decays into Si
type states. Finally, Fig. 21(d) is an irreducible back-
ground to all processes in (5.47) which, unlike mecha-
nisms (a)—(c) cannot be reduced by improving mass reso-
lution in the on-shell Z channels. Clearly, computation of

pp~Z(~Si+Si)+H[~W+ (~Ss -or S, )

+ W+'(~Sg or S4}],
pp~ W+-[~S3(or Ss)+S4(or S4)]

+H[~Z(~Si+Si)+Z'(~S2)],
pp~W+-(~Ss or Ss)+H[~W +(~Ss or -Ss)

(5.47)

(5.48) s( arse
+ ~ ~ 0

+ W+'(~S4 or S4)] . (5.49)

We use the approximate cross sections at v s =40 TeV
for pp Z+H and ~p W ++H as its-ted in Tab
The gg initiated process, gg~fermion loop~Z+H,
which would enhance the Z+H cross section has not
been included.

Folding in the branching ratio for Higgs-boson decay
into ZZ' or W+-8'+' as given in Fig. 15, along with the
branching ratios of the gauge bosons into the channels
specified in (5.46)—(5A9), we obtain

X(pp~( W+- or Z)H) X (effective branching ratio)

S( of S

+ 0 ' ~

3.5X10 "pb, mH ——110 GeV,

4.0&(10 pb, mH ——135 GeV,

2.5)& 10 pb, m~ ——160 GeV .

(5.50)

i i i i i

The effective cross sections of Eq. (5.51) correspond, at
L =10 lcm, to 3.5, 40, and 250 events, respectively.
Apparently, above m~ ——135 GeV the re event rate be-
comes significant, and it is worth considering back-
grounds to the decay modes. We confine ourselves here to
outlining possible backgrounds.

s) or s

TABLE I. Approximate cross sections (Ref. 9) at V s =40
TeV for pp~Z+H and pp~R' —++0.

mH {GeV)

o(pp —+Z+H) (pb)

o(pp~S' —+0) (pb)

135

5.5

FKJ. 21. Tropical Feynman graphs for (a) qq~S»S»S2, (b)
gg q»q»S2 and (S» «Sp), (c) qq~S»S2 and (S» or S2), and
(d) qq~S2, {S» or S2), and (S» or S2). The sets of S» and S2
are specified by Eqs. (5.42) and (5.43).
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these backgrounds will be an arduous task. The other
modes (5.47)—(5.49) have entirely similar types of back-
grounds.

Next, we briefly consider the r T+H production

(5.57}

pp~t t+H
, zz'o. ww'. (5.51)

Equation (5.57) yields two simultaneous equations to be
solved for xi and x2. Given xi and x2 we compute

The it channel, of course, is not resonance dominated,
and a wide spectrum of t Tmasses is relevant. In addition,
t t decay will be associated with a significant number of
unobserved neutrinos. If the H decays to WW' and ei-
ther the 8' or 8" decays leptonically then the additional
neutrino will make the H mass difficult to reconstruct.
If both W and W' decay hadronically there will be large
QCD t t+4 jet backgrounds.

Therefore, the H~zz' decay mode appears to be the
more feasible. However, the decay of H~zz' followed
by a reconstructable decay Z~Si+$2, Z'~Sz (the S2
restriction on the Z' dix:ay eliminates t t+ four jet back-
grounds) yields a net branching ratio of

effective branching ratio

8.3X10, mH ——110 GeV,
= ~ 3.8)&10, mH ——135 GeV „

2.5)& 10, mH ——160 GeV .

(5.52)

pp~ 8'+-,Z+H
I .,+,— (5.53)

In this reaction neutrinos inevitably inhibit a direct recon-
struction of the H mass using the decay products of the
r's However, if. the W+-or Z transverse momentum pz.
is known, then the H mass may be reconstructed provided
the v decay jets are not collinear in the transverse-
momentum plane. %rite

The cross section for t t+H is' & 20 pb without any cuts
on t, T, or 8 momenta. This cross section corresponds to
2g10' events at L =10~/cm~. Only at mH ——160 is a
significant number of events in the above ZZ' decay
modes ( =50) predicted. There are, however, many possi-
ble backgrounds; these backgrounds cannot be reduced by
improved mass resolution in the t t channel which was not
resonance dominated to begin with. Thus, we are not op-
timistic regarding this process as a possible Higgs-boson
search mode.

Next consider23

mH =(Pr, +Br, ) =&Pr, P~,
2 2

1 I
2Po Po(1 xi) (1 xi) i 2

(5.58)

become troublesome backgrounds. [See the discussion
given earlier for inclusive production of H~~+r in
the presence of the backgrounds Z ~a+ r and
QQ~r+~ + (lost or missing). ] We then choose not to
include the S4 (S4} modes in the following analysis. In-
cluding the branching ratios for Z ~Si or Sz or
W-+~S3 (or Si) and for H~~+~ as given in Fig. 15,
and using the cross sections of Table I, we obtain

o(pp~Z(~S, or S,)+H(~a+~ ))-
7.2X 10 pb, mH ——110 GeV,

1.2)& 10 pb, mH ——160 GeV,
(5.60)

a(pp~ W +(~S&)+H(-~~+~ ))

I )(10 pb, mH ——110 GeV,

1X10 pb, mH ——160 GeV .

As discussed previously, if the Higgs-boson PT can be
reconstructed it is not necessary to restrict the r decay
modes. However, the presence of v's must be an integrat-
ed part of the trigger in order to avoid backgrounds aris-
ing from pp~( W+-, Z)+ two jets, etc. , when the two jets
each are composed of low multiplicity fragments. Such
events could mimic the (W +,Z)+~+~ fina-l state. The
ideal solution is to have a vertex detector which ~ould
eliminate this background without significantly restricting
the ~ decay modes. At M=10 /cm sec (I. =10 /cm ),
Eq. (5.60} implies =200 events in the

It is highly desirable in (5.54) to use the decays Z~S, or
Si, or W+-~Si (Sq), since in the decay W+-~S4 (S4) it
is not possible to directly measure the pT of the W, and so
by the previous discussion fix m&. Without reconstruc-
tion of mH the processes

pp~(W+-, Z)+Z+X, pp~(W+-, Z)+QQ+X
+ (5.59)

P~~Po+P miss

corresponding to

(5.54)
( W+-, Z)H

I
(5.61)

r~(observed)+(missing) . (5.55)

I pmiss I I po I

ip. l

' II. I

=x, =(1—x),

and obtain (T = transverse)

(5.56)

By noting that to a gmxl approximation poI Ip;, we may
write

mode at mH ——160 GeV. If vertex detectors can only
operate at M = 10 /cm sec then these rates become more
marginal.

Finally, we consider

pp~t t+H
. ,+
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Note that the t and r decays often lead to the presence of
energetic neutrinos. It will be more difficult to determine

pz in (5.62) than in the previous process, and so mH will
be more poorly measured. As the cross sections for the
t~o reactions are nearly the same, there appalls to be no
advantage in pursuing (5.62) over (5.53).

This survey of associated Higgs-boson production sug-
gests that the modes (5.46)—(5.49) involving associated
production of H and 8'-+ or Z followed by appropriate
WW' or ZZ' decays of H could possibly allow for an
intermediate-mass Higgs-boson search in the range 135
GeV ~mH ~160 GeV. The process [8"(-+S3 or S3),

Z(~S& and Sz)]+H (~~+r ) could be of use
throughout the range 100(mH ~ 160 GeV. Assuming for
the moment that vertex detectors can operate at
1.= 10 /cm the H +r—r decay modes have a distinct ad-
vantage over the H~8'W' case of the first mode be-
cause mH can be reconstructed in full as described in Eqs.
(5.54)—(5.58). Arduous background calculations are re-
quired to further assess these possibilities.

VI. CONCLUSION

In conclusion we have examined various means for
detecting an intermediate-mass Higgs boson 2m, gmH

TABLE II. Summary of processes considered, backgrounds computed, and backgrounds worthy of
further study.

(Inclusive)
H —+tt
H~v+r

H yy
H~Zy
H ~8y
H~Wff'

(Associated)
t t+H(~t t)
Z+H(~t t)

W+H(~t t)

( 8',Z)+H{~w+v' )

t t+H( ~+~ )

( W, Z)+H[~( ~ff'), (Zgf )]

t t+H[~(Wjf'), (Zff)]

Backgrounds
computed

pp~t t+X
Drell- Yan
pp~r+~ +X
Drell- Yan

pp —+L+L +X

pp yy+X
pp ~Zy+X

pp~WW (~ff')
+X estimated

Sp-ZZ'(-i" f)
+X

pp~t tt t+X
pp~Zt t
+X estimated
pp~8't t+X
and 8'tb +X

Worthy of further study?
Calculations to be done

No
Perhaps; resolution in ~+v

invariant mass.
Yes; QQ~L+L + (lost)
background, mass resolution, and
signature studies.
No
No
No
Yes; signal calculation with
rapidity cuts included properly,
backgrounds of, e,g., 8'+ev„
two jets +e U, .
Effects of having only H
transverse mass reconstruction.
Analogous comments to
H~lVjf', except no
problem with reconstructing H mass.

No
No

Yes; further studies of resolution
in t t invariant mass and
t /b discrimination.
Yes; for reconstructable W, Z modes

(pT measurable ~mH
reconstructable). Signal calculation
with cuts, backgrounds of ( W, Z)+
~+~, two jets +~+v, four jets.
Vertex detector desirable to assist in
~ identification.
Perhaps [seetns less
attractive than ( W, Z)+H(~~+~ )].
Yes; but only of potential use for
135~ mH ~ 160 GeV (p~ measurable
~mH reconstructable in Zgf decay
channel); signal with cuts,
backgrounds, e.g., listed in
Figs. 21(a)—21{d).
Perhaps. (Seems less attractive
than ( W, Z)+H[~(Wff'),
(Zjf )].)
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~2rnii . It is clear from our discussions that e+e col-
lisions are far superior for such a search due to the lack of
significant backgrounds (except for Higgs bosons with
weaker couplings than in the standard model) in modes
such as e+e ~ZH. In our survey of pp collisions only a
very few search modes proved even marginally feasible.
These include the following.

(a) pp~WH(~t t). Physics backgrounds are manage-
able and event rates significant, but required detector
mass resolution in tnH and t bje-t discrimination may be
difficult to achieve.

(b) pp~H(~L+L ) with L bemg a heavy-lepton

QCD, two-jet events with jet do:ay to states that mimic
the various L decay modes could be a problem even for
the otherwise favorable tnt ) 15-GeV range.

(c) pp~H(~ WW' or ZZ') with W', Z' decay to a
leptonic mode and W, Z detection in a fully reconstruct-
able mode. However, in the situation where 8—+8'8"
the resolution in the H mass is comparatively poor. A
variety of background calculations are required to further
evaluate this possibility.

(d) pp~(W+ ,Z)+H(-~WW' or ZZ') with W', Z'
decay to a leptonic mode and W, Z decay reconstructable.
Again, in the situation where H~ WW the resolution in
the H mass is comparatively poor, and nontrivial back-
ground calculations are required,

(e) pp~(W+ ,Z)+H(~-7.+~ ) with W and Z decays
fully reconstructable. This signature would benefit if it
were possible to use vertex detectors at full luminosity. It
has the advantage over (c) and (d) that the H mass may
always be fully determined. However, additional back-
ground calculations are required. Relative to this mode
the process pp~t t+H(~r+v ) is much less attractive
due to the inability to directly reconstruct the H trans-
verse momentum and hence mass.

We summarize in Table II the process considered, back-
grounds computed, and backgrounds worthy of further
study.

Of course, the best procedure would be to design
machines which overcome the problem referred to above.
Two obvious possibilities emerge. The first is to give in-
creased consideration to higher-energy e+e machines
based on emerging technology. The second is to design
the SSC so that a high luminosity interaction region with
&=10 /cm sec could be incorporated. Such a luminosi-

ty makes the comparatively background-free modes
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APPENDIX

The first trick for computing gg~W+bt involves the
two thro:-gluon vertex diagrams of Fig. 8(c). Typically
the gluon vertices are expressed in terms of the moments
k, and kz of the incoming gluons as well as the momen-
tum (kl+k2) of the s-channel gluon. At the amplitude
level this vertex structure is dotted into physical gluon po-
larizations ei(ki) and ef(kz). Terms proportional to ki
or k $ may be dropped by virtue of the relations,
ei(kz) k2 ——ei(ki) ki ——0, yielding a reduced amplitude

M ti. It is straightforward to show that

kiM, ti=k)M~ti=0 . (Al)

Calculationally this occurs as follows. Defining a and b
to be the respective color indices of gluons 1 and 2, the
three-gluon diagrams have a structure proportional tof', while the six cross-related quark-exchange diagrams

are proportional to T'T and T T'. In kiM tt or
kttM~tt the T'Ts and T T' terms combine to yield a
term proportional to f' which cancels that coming
directly from the three-gluon diagrams. Thus in comput-
ing the matrix element squared and summing over polari-
zations we may drop the term proportional to kl and ki

ei(ki)ei (ki)= —g +(ki . or ki ),
helicities

(A2)g g(k, )e,'t"(k, )=—gt't'+(kf or kf
helicities

I . Z Z +

~ .- e+e-orp+p-~ -. e+e-orI+p

and perhaps

N'~Z H
~:e+e- orp+I ~ -.+.—

viable on an event rate basis. For this interaction region
only a veto against accompanying hadrons needs to be in-
corporated in order to eliminate heavy-quark back-
grounds.

keeping only the g and g~~ tensor structure.
A second simplification makes use of the overall gauge

invariance of the full Feynman diagram sum. Structures
of the type

(ps tnb )g(1 ——y~)(p, —m, ),

where q =p, —ps and ps and p, are some (possibly inter-
nal) b and t momenta, emerge from the q&q„/ms part
of the W propagator when dotted into the y matrix struc-
ture on a fermion line. %e may use gauge-invariance
identities to make the replacement
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if( I —ys)-+tnt(1 —ys) —tn, (1+ys) . (A4)

Finally, various crossing symmetries may be employed to
express one subset of terms in ( ~M ~

) in terms of
another, thereby avoiding actually computing both.

To obtain rapid convergence of the integrations, espe-

cially for the background (4.3), an appropriate form of the
phase space and folding integrations must be used. We
have found that the following technique yields rapid con-
vergence while conveniently allowing cuts in yw, yIt, and
(Pz );„,the laboratory center-of-mass rapidities and trans-
verse momentum of the W and H (or t t system). We em-
ploy

UH Uw

1 —N UH 1 —NUw2 2 2 2

"& -~ - fi(x i )f2(x2) 1 —UHN
No —N Po —PH —2»

S m(m) i/2 1+UHN

X( (M ]2), (A5)

where

to = ( coth(yw —ya)(UH+uw)
1 L L

2UHUw

(A6)

where

' 1/2

e"',
" 1/2

—3'L,e

(A 10)

—[ [coth(sw —3'H )] (UH + Uw) —4&vow I
'

[All quantities in Eqs. (4.11) and (4.12) except yw~, yH~

refer to the parton-parton center of mass. ] The momen-
tum P and energies EH and Ew are given by

P=(s +rnw +SH —2nlw s 2s$H—

1+NUw
yL ——yw ——,ln

NUW

is the rapidity of the parton-parton system in the overall
laboratory center of mass. The t t phase-space factors
dQ, —

i and P,—, are defined in the t t center-of-mass frame
with

s =SL /2, (AS)

where sL is the total laboratory center-of-mass energy
squared. The relation between z and the standard ~ vari-
able is

—2trt s )' /[2(s )' ],
EB=(P +SH ) ~ Ew (P +mw )

and s is the parton-parton center-of-mass energy squared
given by

' 1/2
m

Finally, the limits of integration are specified by

[(Pla +~ 2)1/2+(dmin +s )l/2]2
SL

yo ——InV z,
( mill)2PT

No= 1—
P2

(A12)

(A14)

(A15)

In Eq. (A5) we compute x i and x2 as

(A9) with P defined in Eq. (A7). The functions f, and f2 are
the parton distribution functions with momentum nor-
malization in terms of J xf (x)dx.
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