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The complete matrix element for e+e ~ bbZZ has been computed at tree level and applied
to ZH production followed by Z ~ bb and H ~ ZZ, including all the irreducible background,
at the Next Linear Collider. We Gnd that, assuming Bavor identi6cation of the Z-decay products,
this channel, together with e+e ~ bbW+W in which ZH ~ (bb)(W+W ), can be important
for the study of the parameters of the standard model Higgs boson over the heavy mass range
2MZ & M~o & 2m'.

PACS number(s): 14.80.Bn, 13.38.Dg, 14.65.Fy, 14.70.Hp

INTRODUCTION

Despite the innumerable phenomenological successes
of the standard model (SM), an essential ingredient is
still missing: the discovery of the Higgs boson H . This
particle plays a crucial role in generating the spontaneous
symmetry breaking of the SU(2)L, xU(1)y gauge group of
the electroweak interactions, and in ensuring the renor-
malizability of the whole theory. We know that the H
is supposed to be a CP-even neutral scalar boson, we
know its couplings to the other elementary particles, but
no prediction on its mass (i.e. , M~o) can theoretically be
done.

However, an upper bound of approximately 1 TeV
(froin perturbative unitarity arguments [1]) is expected,
whereas a lower limit can be derived &om current ex-
periments at LEP I. In fact, from unsuccessful searches
for e+e —+ Z ~ Z*H events at the Z peak, one can
deduce the bound M~o & 60 GeV [2].

Assuming the above mass range, various studies on the
feasibility of its detection by the next generation of high
energy machines have been carried out, both at hadron
colliders [3—6] and at the e+e ones [3,7—11].

On the basis of the expected center-of-mass (c.m. ) en-
ergies, luminosities, detector performances of these accel-
erators, and of the predicted cross sections and branching
ratios, it has been definitely demonstrated that, if the H
is in the mass region M~o & Mz (i.e. , light Higgs boson),
it can be discovered at LEP II (with gs„= 160—200
GeV) in a large variety of channels [7]. For a larger mass
Higgs boson, a pp collider like the LHC (gs~z ——14 TeV)
and/or an e+e accelerator like the Next Linear Collider
(NLC, with gs„= 300—1000 GeV) is needed. Even
though at the LHC the mass range M & M~0 & 130
GeV is quite difficult to cover since in this case the Higgs
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boson mainly decays to bb pairs (signature which has a
huge QCD background if b quarks cannot be recognized),
nevertheless, it should be possible to detect it in the rare
pp-decay mode [12] via the associated production with
a W+ boson [13,14] or a tt pair [15,16]. At the LHC,
for M~o & 130 GeV, the "gold-plated" four-lepton mode
(i.e. , Ho ~ ZZ ~ t+I l+l ), via various production
channels, remains the clearest signature [4,5]. At NLC's,
with vt's„= 300—500 GeV, the Higgs boson detection
is possible over the whole intermediate mass range (i.e. ,
Mz & M~o & 2M'+�) [17],via the bremsstrahlung reac-
tion e+e +Z* ~ ZH-[18]and jor the fusion processes
e+e -+ v, v, W+*W+*(e+e Z*Z*) +v, v, (e+e-)H
[19]. If gs„& 500 GeV, a heavy Higgs boson (i.e. ,
M~o & 2M~+, and mainly produced via the fusion pro-
cesses), can be detected via the four jet modes H-+-
W+W+, ZZ ~ jjjj as well as via the 4l decay [20,21].
Finally, signatures that can be disentangled through 6
tagging [22] must also be added to the mentioned chan-
nels: such as, e.g. , at the LHC, ttH production, with
one t(t) decaying semileptonically and Ho ~ bb, with 80
GeV & M~o & 130 GeV [23].

In a recent study [24], we presented an analysis of the
Bjorken reaction e+e —+ ZH in the case of a heavy
Higgs boson decaying to W+W -pairs and with Z —+ bb,
and of all the bbW+W irreducible background, assum-
ing flavor identification of the Z-decay products. We em-
phasized in that work the importance of 6 tagging the
weak boson Z as this could be one of the most efficient
ways of detecting it, since this channel is &ee &om W+-
decay backgrounds, has a branching ratio approximately
five times larger than the Z ~ I+1 channel (with l = e,
p, or w), and is comparable to the fraction of invisible
decays Z —+ vv.

In Ref. [24] we found that, after carrying a missing
mass analysis [26] on e+e + bbW+W, there are values
of the Higgs boson mass for which a simple cut on the in-
variant mass M&& is sufficient in order to completely elim-
inate the irreducible background (which is dominated by
tt production and decay) when the double distributions
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do/dM&&/dM~+iv- of signal and background events do
not overlap in the plane (M&&, M~+~-). Otherwise, fur-
ther cuts based on the kinematics of the tt background
are needed, and these still maintain an acceptable num-
ber of events &om Higgs boson production.

The missing mass method has the attractive feature of
being independent of assumptions about the H -decay
modes and of tagging the decay products of the Z pro-
duced via the Bjorken reaction only. Applied to the two-
to-two body process e+e + ZH it provides a very ef-
ficient experimental technique to detect the Higgs boson
scalar or to rule out this particle with certainty. More-
over, it allows to measure the branching ratios of the
Higgs boson: in fact, once the total "inclusive" rates
obtained Rom the missing mass analysis are known, by
studying the Higgs boson decay channels exclusively it is
possible to deduce the corresponding branching &actions.
Finally, this technique is particularly important, e.g. , in
the minimal supersymmetric extension of the standard
model (MSSM), if Mx ( M~/2 (y represents a neu-
tralino and h the lightest MSSM neutral scalar boson).
In fact, in this case, the "invisible" decay h —+ yy is
the dominant decay channel in the intermediate range
of Mh. However, by missing mass analyses, the signal
e+e -+ Zh ~ (l+l )(yy)(l = e or p) should clearly
appear as a peak in the recoiling mass distribution [27].

In the SM, for M~o & 2M~+, as the bbW+W events
enter in the missing mass distribution so should the
bbZZ ones, and with a quite large component of signal
H ~ ZZ if compared to H -+ W+W, since the ZZ-
branching ratio is only a factor of two/three less than the
W+W one in the heavy Higgs boson mass region (with
MHO & 2m'). Because of this "inclusive" analysis on the
decay products of the Higgs boson, both signals and irre-
ducible backgrounds of both the above processes must be
then considered at the same time. Therefore, we believe
that a complete study, which includes e+e ~ bbZZ as
well as e+e ~ bbW+TV, is needed in order to definitely
establish the feasibility of all the foreseen measurements
of the Higgs boson parameters, if the missing mass anal-
ysis is adopted and the Z is assumed to decay to bb pairs,
with these tagged by vertex detectors.

As already done in Ref. [24] we do not include
in our computations the beam energy spread &om
bremsstrahlung and beamsstrahlung effects. As a result,
one has to expect the true number of events to be slightly
higher than the number we predict here.

In this paper, using the full matrix element for the pro-
cess e+e + bbZZ we study the production of a heavy
SM Higgs boson (i.e. , M~o ) 2Miv+) via the Bjorken
bremsstrahlung reaction e+e ~ ZH, followed by the
decays Z ~ bb and H ~ ZZ, and of all the irreducible
bbZZ background. Moreover, we present final results in
which both the rates for bbW+W and. bbZZ are added
together.

Following the track of Ref. [24], we give details of the
calculation in Sec. II, while in Sec. III we present and
discuss the results. Finally, Sec. IV is devoted to our
conclusions.

CALCULATION

All the Feynman diagrams describing the process
e+e ~ bbZZ at tree level are shown in Fig. 1, where
graphs in which Z's can be exchanged (i.e., when they do
not come from the same vertex) must be counted twice
(exchanging the corresponding four-momenta). The ma-
trix element has been computed using the method of
Ref. [28] and we have checked the FQRTRAN code for BRS
invariance [29] and compared it with a second one, pro-
duced by MadGraph [30] and using the package HELAS
[»] '

The following numerical values of the parameters were
adopted: Mz = 91.1 GeV, I'z = 2.5 GeV, sin (8~) =
0.23, mi, = 5.0 GeV, and a, = 1/128. For the Higgs
boson width (i.e., I'~0) we have adopted the tree-level
expression, and we have not included effects of the width
of the final state Z's.

A few thoughts will now be devoted to the procedure
adopted for the integration of the matrix element over
the phase space. In order to control the interplay be-
tween the various peaks which appear in the integration
domain when all tree-level contributions are kept into
account, we have split the Feynman amplitude squared
into a sum of diferent (non-gauge-invariant) terms, each
of which corresponds to the modulus squared of the res-
onant diagrams (for each possible resonance) and, even-

tually, their interference with other channels [24]. In a
similar way, the contribution of nonresonant diagrams
must also be considered.

Explicitly, in the case of the process e+e ~ bbZZ
with MHO ) 2M', we have H ~ bbZ, Z ~ bb, H
ZZ, ZII —+ (bb)(ZZ), and II ~ bb resonances, via the
five channels (see Fig. 1):s

My . H M bbZ diagrams 11,12, 18,

M2 . Z ~ bb diagrams 4, 5, 6(with Z propagators),

M3 H ~ ZZ diagrams 15, 16,

M4 . ZH -+ (bb)(ZZ) diagram 17,

M5 '. H ~ bb diagrams 13, 14 .

Diagrams 1—3, 7—10, and 4—6 (with p propagators) con-
stitute the sixth (nonresonant) channel (Ms). Obviously,

Moreover, in the range 2M~+ & MHO & 2m', 0
TV+A' and H ~ ZZ are the only relevant branching
fractions.

Running then only the first one for producing results.
Diagrams with exchanged Z's are here implied.



6318 STEFANO MORETTI 52

if M; indicates the sum of the diagrams entering in the
ith channel, one has

6

M, , = ) M;,

where Mt q is the total Feynman amplitude. In squaring
I

Eq. (I) we take the combinations4

~g = IMil', ~2 = IM2I'+ 2Re[M2M4],

Ms = JMsf + 2Re[MsM'],

=[M /, JH =/Ms/

(2)

(4)

~s ——~Ms
~

+ 2 Re[MqM2] + 2 Re[MqMs ] + 2 Re[MqM4] + 2 Re[MqM& ]

+2Re[MqMs] + 2 Re[M2Ms] + 2 Re[M2Ms] + 2 Re[M2Ms]

+2 Re[MsMs] + 2 Re[MsMs] + 2 Re[M4Ms] + 2 Re[M4Ms] + 2 Re[MsMs],

Z'
Z'

Z'

Z'

e+

Z'
ZO

(6)

FIG. 1. Feynrnan diagrams contributing in
the lowest order to e+e -+ bbZ Z (those
ones obtainable by exchanging the two Z
bosons are not shown). Internal wavy lines
represent a p or a Z, as appropriate. In-
ternal dashed lines represent a Higgs boson.

Z'

Z'

Z'

Z'

This in order to minimize the errors coming from the multidimensional integrations over the phase space, when we need to
integrate interferences between channels with and without (or difFerent) resonances.
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FIG. 1 (Continued).
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Z'
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(17)
Z'

where Re(2:) represents the real part of x, and with

6

/Mt t/ =) (6)

where ~Mt«~ is the total Feynman amplitude squared.
Then, to obtain an integrand function smoothly depen-

dent on the integration variables, for each contribution in
the matrix element (6) containing a resonance we make
the change

P —M = MI tan0,

this factorizes the Jacobian

dp' = [(p' —M')' + M'I']d8,2 — 1

which removes the dependence on the Breit-signer
peaks appearing in the M, terms. Here, p, M, and I
stand for the four-momentum, the mass, and the width
of the resonance, respectively. Then, we separately inte-
grated the various contributions (2)—(5) by VEGAS [32],
using an appropriate phase space for each.

Finally, throughout this paper we adopt an integrated
luminosity 8 = 10 pb and we assume that only one b

jet is tagged, with an efficiency eb = 1/3 (i.e., eb is the
probability for a b quark to satisfy a given set of tagging
requirements). Therefore, the probability of tagging at
least one b(b) out of a bb pair is Pq —1—(1 eb) = 5/9—=
0.56. In principle, we should consider here the fact that
there are also the other two Z's in the event, one or both
of which can decay to bb pairs. To this aim, we express
P„= 1 —(1 —eb)2 to be the probability of tagging at
least one b(b) out of n bb pairs, and we "roughly" split the
cross section o(e+e -+ bbZZ) into three contributions:

mrs
——cr(e+e + bbZZ) x [B(Z +bb)]2 x-

cr2 ——o(e+e +bbZZ) x [2B-(Z ~ bb)] x

and o q ——o (e+e ~ bbZZ) —cr2 —os, correspond-
ing to the case of three, two, and one Gnal bb pairs

We notice how this assumption implies rather loose identi-
fication requirements on b jets, since for a standard configu-
ration of a NLC detector with one jet having at least three
charged particle tracks with a significant impact parameter
(see, e.g. , Ref. [25] for full details), more than 3/4 of the b-

tagged events in Z ~ jj decays are genuine Z ~ bb events.



6320 STEFANO MORETTI 52

Rom Z decays, respectively. Here, B(Z ~ bb)
0.15 is the Z-branching ratio into b quarks, whereas
hzz (bI,I, &I,) [h&I, &I, &I,] = 1/2(l /4) [1/36] is the 1/k! factor
for each k-uple of identical particles (since we integrated
over the whole phase space) in bbA Y(bbbbX)[bbbbbb] fi-
nal states, with X and Y not representing b particles.
Then, we expect the efficiency of tagging at least one b(b)
out of all the possible Anal signatures of bbZZ events to
be Pt t P z P o /a(e+e + bbZZ) 0.59. Since
adopting one or the other of the two values P~ and Pt t
would not change the conclusions (see later on), as a ffrst
approximation we forget the complications due to possi-
ble bb decays of the on-shell Z's in bbZZ events, and we
continue to treat these latter "inclusively. "

RESULTS

Our results are presented throughout Figs. 2—7, and in
Tables I—IV.

In Figs. 2 and 3 we show the differential distribu-
tion do/dMzz for e+e + bbZZ events, obtained &om
the full matrix element (i.e. , summed over all the six
contributions M;), for two difFerent values of the c.m.
energy of a NLC, and for the same choice of Higgs
boson masses adopted in Ref. [24] (see Figs. 3 and 4

there). As in Ref. [24], in order to disentangle the sig-
nal ZH ~ (bb)(ZZ) from the irreducible background
we have imposed a cut around the Z mass, requiring
that IMz —MI, I, I

& 10 GeV. Also, since we are looking
for events that have to be tagged by microvertex detec-
tors, we selected only configurations with

I

cos 0I,I, I
& 0.8

[25,26].
Both in Fig. 2 and in Fig. 3 the H ~ ZZ peaks

appear clearly visible over the Hat structure of the ir-
reducible background, which [looking at the integrals of
the various components (2)—(5) of the matrix element]
appears to be dominated by the H + bbZ (i.e., Mz)
and the Z -+ bb (i.e. , M2) contributions, which, obvi-
ously, largely pass the cut in Mbb. Moreover, the cross
section corresponding to ~& is roughly equal to twice the
signal (i.e. , the integral of M4) since these two processes
can be approximated in terms of a production x decay
reaction e+e -+ ZH + Z(ZZ) x B(Z -+ bb), with the
Z ~ bb decay corresponding, in one case, to a Z directly
coming from the two-body Bjorken process (diagram 17)
and, in the other case, to a Z from the H ~ ZZ decay
(diagrams 18), and with difFerence (only a few fractions
of picobarns for the integrated "cross sections") coming
from the difFerent kinematics of the decaying Z's. The
factor of 2 comes from having two Z's in the Mz contri-
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FIG. 2. The differential dis-
tribution do./dMzczc for e+e

bbZ Z (full matrix ele-
ment with all Higgs contribu-
tions), at ~s = 350 GeV, for
M~o = 185 GeV (continuous
line), M~c = 210 GeV (dashed
line), and MHo = 240 GeV
(dotted line), with the following
cuts: IMzc —M~~I & 10 GeV
and

I
cos8&&I & 0.8.

O.o
160 180 200 220 240

Mxz (GeV)
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Also, throughout the analysis we implicitly assume that we are always considering the right "bb" pair [i.e., the tagged b(b)
with the untagged b(b) coming from the same Z], this is due to the underlying cut in M&&, which drastically suppresses (because
of the narrowness of the Z resonance) any contribution coming from wrong b(b)-jet combinations, with the jet eventually coming
from Z decays (as done in Ref. [24]).

Only the value M~o = 170 GeV, there considered at v s = 350 GeV, has been dropped here, since this case would correspond
to a below threshold decay H -+ Z*Z* ~ fff'f (where fI'I stands for a lepton l or vI, with I = e, IJ, 7., or a light quark
q = u, d, s, c, b), with s six particle signature (bb)(f f)(f' f ), which deserves s more complicated treatment than of the one we
are interested in performing here.

In the following we will speak of a "prompt Z" for the case M4 and of a "H -decay Z" for Mz. Also we will write
"bremsstrahlung Z" when we will intend to indicate a Z produced via the diagrams entering in M2.
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FIG. 3. The difFerential dis-
tribution do. /dMzozo for e+e
-+ bbZ Z (full matrix -ele-
ment with all Higgs contribu-
tions), at ~s = 500 GeV, for
M~o = 210 GeV (continuous
line), M~o = 250 GeV (dashed
line), and MHo = 300 GeV
(dotted line), with the following
cuts: ]Mzo —Mbb[ ( 10 GeV
and ]cos8bb~ ( 0.8.
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bution that can both decay to a bb pair. In the case of
~& we have three Z's produced via bremsstrahlung ofF
the e+e fermion line, with one of them decaying to the
bb pair.

In Table I we present the expected number of signal
(S) and background (B) events together with the statis-
tical significance S/~B, for 8 = 10 fb and eb = 1/3,
in a window of 10 GeV around the adopted values of the
Higgs boson mass MHo, at ~s = 350 and 500 GeV, after
the cuts in M&& and cos0bb discussed above. Here and
in the following tables the signal represents the resonant
contribution e+e ~ ZH ~ (bb)(VV) (V = Z and/or
W+), whereas by background we mean the cross section
obtained from all diagrams without the Higgs boson (see
also Ref. [24]). Looking at the ratio S/~B it would seem
that, even though with a small number of events in some
instances, the signal is detectable. However, we have
to remember that the final goal is to look at the spec-
trum in missing mass and at the total number of events
when the rates for both signal and background of both
the processes e+e —+ bbZZ and e+e —+ bbR'+R' are
added together in an inclusive analysis. For that, we
have plotted in Figs. 4 and 5 the differential distribu-
tion do/dMvv, which is the sum of the corresponding
histograms of the two above processes (when VV = ZZ
and W+W+), for the usual combination of Higgs boson
masses and c.m. energies [i.e., we sum the distributions

in Fig. 3(4) of [24] and in Fig. 2(3) of this study]. Then
we have again integrated these curves in a window of 10
GeV around M~o, obtaining the total number of signal
and background events (now picked out of the inclusive
missing mass spectrum) and the corresponding signifi-
cancies shown in Table II.

From Figs. 4 and 5 and Table II it is then clear

MHo (GeV)

185
210
240

Signal Background
~s = 350 GeV

7.45
9.00
4.44

0.18
3.64
1.13

S/~B

17.63
4.72
4.17

210
250
300

~s = 500 GeV
6.78 0.058
4.93 0.73
2.51 0.51

28.20
5.75
3.52

8=10fb 'eb=1/3

TABLE I. The expected number of e+e ~ bbZ Z signal
and background events in the window ~Mzzo —Mzozo

~

( 5
GeV and their statistical significance at ~s = 350 and
500 GeV for a selection of Higgs masses after the cuts:
~Mzo —

Mbb~ ( 10 GeV and
~
cos8bb] ( 0.8. We assume

that only one b jet is tagged with e%ciency eb = 1/3. The
luminosity is taken to be 2 = 10 fb

We wonder if the case Mz has to be really considered as
a background, since it includes a Higgs boson produced via
the Bjorken reaction, even though not peaking in the missing
mass spectrum: in fact not all the particles entering in the
missing mass come from the H . By the way, its spectrum in
this variable is quite Qat and completely useless in disentan-
gling H signals with respect to the other backgrounds.

Since in [24] only the significancies for the cases ~s = 500
GeV and M~o = 250 and 300 GeV were given for the value of
top mass here adopted, we list now the remaining ones: they
are 8.50(8.36)[6.20] for ~s = 350 GeV and M~o = 185(210)
[240] GeV, and 17.57 for ~s = 500 GeV and M~o = 210
GeV.
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FIG. 4. The differential dis-
tribution doidM~~, for e e
—+ bbZ Z and e+e
—+ bbW+ W processes (full
matrix elements with all Higgs
contributions), added together,
at ~s = 350 GeV, for
M11 o = 185 GeV (continuous
line), M11o = 210 GeV (dashed
line), and M~o = 240 GeV
(dotted line), with the follow-

ing cuts: ~Mzo —MI, I, ~

& 10 GeV
and

[
cos 8I,I, ~

& 0.8. Plots corre-
sponding to the contribution of
e+e ~ bbW+W events are
taken from Ref. [24] (assuming
mq ——175 GeV).
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that adding together the missing mass spectra for the
two processes increases the total significancies, to
18(14)[20]% for ~s = 350 GeV and M~c = 185(210)[240]
GeV and to = 35(36)[43]'Fo for ~s = 500 GeV and
M~o =210(250)[300] GeV, with respect to those ones ob-
tained for the process e+e —+ bbW+W only [24]. Now,
with the values of Table II the only signal that still ap-
pears quite diKcult to disentangle from the irreducible
background is M~e = 300 GeV at ~s = 500 GeV; this is
also due to the fact that for this value of MHD the Higgs
width is sizably large (I'~c —8.5 GeV) and compara-
ble to the one of the window in M~~ we integrate over
(whereas this does not happen for the other cases, since
for them we always have I'~0 ( 4.2 GeV, the value of

r~. for MII. ——250 Gev).
Of course, at this point we could decide to integrate

over a larger window, retaining then more signal, but
for ~s = 500 GeV and (let us say) [Mv.v. —300 GeV

~

10 GeV we would include also the region (around
Mvv. —310 GeV) where the background &om e+e
bbW+W is maximum (compare with Fig. 4 of [24]).
Therefore, this is not the best way to proceed, and in
fact in Ref. [24] it has instead been decided to apply cuts
based on the kinematics of tt production and decay: i.e. ,

we required that one of the W+'s (let us say W+) failed
in reproducing the kinematics of the tt-Anal state when
coupled with either of the two b's, namely that mq —10
GeV ) [M1v+s(1v+I) [

) m1+10 GeV and Ebee~ —10 GeV
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FIG. 5. The differential dis-
tribution der jdM~v, for e+e

bbZ Z and e+e
bbW+ W processes (full

matrix elements with all Higgs
contributions), added together,
at ~s = 500 GeV, for
M~a = 210 GeV (continuous
line), M~o = 250 GeV (dashed
line), and MHo = 300 GeV
(dotted line), with the follow-

ing cuts:
~

Mzo MI,I, ~

& 1—0 GeV
and [cos8&I, [

& 0.8. Plots corre-
sponding to the contribution of
e+e ~ bNV+W events are
taken from Ref. [24] (assuming
mq ——175 GeV).
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MHo (GeV)

185
210
240

Signal Backgrounds
vs = 350 GeV

47.85
32.47
15.06

22.79
11.53
4.06

10.02
9.56
7.47

TABLE II. The expected number of signal and background
events for e+e ~ bbZ Z and e+e ~ bbW+W processes,
added together, in the window ~MHo —Mvv] & 5 GeV and
their statistical significance at ~s = 350 and 500 GeV for a
selection of Higgs masses after the cuts: ~Mzo —

M&&~ & 10
GeV and

~
cos8I, ~~ & 0.8. We assume that only one b jet is

tagged with efficiency es = 1/3. The luminosity is taken to be
8 = 10 fb . Numbers corresponding to the contribution of

—1

e+e -+ bbW+W events are taken from Ref. [24] (assuming
mg ——175 GeV).

& ]Evv++ E,(,)]-& Eb. +10 GeV. But, even though
these selection criteria are quite convenient [24], they re-
quire the decay products of the W+ to be tagged: that
is, a further experimental detection effort is needed com-
pared to the missing mass analysis which only requires
tagging the bb system.

The effect of another additional cut can then be ex-
ploited. If we look at the spectrum in energy E&& of the
bb pair, this (due to the ZH two-body kinematics of
the Bjorken production) is "practically" monoenergetic,
with E&& --(s —M~~, + M&~)/2~s, for a pair coming
&om a prompt Z, whereas it appears quite broad if the
pair is produced by a H decay or a bremsstrahlung Z
(Figs. 6 and 7). Therefore, retaining only events in an

210
250
300

~s = 500 GeV
24.48 1.07
16.56 9.01
8.17 17.92

l: = 10 fb '
eI, = 1/3

23.65
5.52
1.93
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FIG. 7. The differential distribution der/dEb&/a for the sig-
nal e+e ~ Z 0 with the bb-pair coming from the prompt
Z (continuous line), from a H -decay Z (dashed line) and
fro~ a bremsstrahlung Z (dotted line), at ~s = 500 GeV,
for MHO ——210, 250, and 300 GeV, with the following cuts:
]Mzo —MbI, ~

& 10 GeV and
] cos8sI,

~

& 0.8.
0.0

80 90 100 110 120

E» (GeV)
130 140 150

FIG. 6. The differential distribution do /dE&&/o for the sig-
nal e+e ~ Z H with the bb pair coming from the prompt
Z (continuous line), from a H -decay Z (dashed line) and
from a bremsstrahlung Z (dotted line), at ~s = 350 GeV,
for M~o = 185, 210, and 240 GeV, with the following cuts:
]Mzo —M&s~ & 10 GeV and

~
cos8&s~ & 0.8.

Concerning the case of bremsstrahlung Z's it has to be
remembered [see Eq. (2)] that JH2 includes also the inter-
ference of Z -+ bb with the signal ZH ~ (bb)(ZZ), whose
effects appear clearly visible in the "half" small peak below
the signal one, and which, at the end, slightly enhance the
contribution of this background.
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appropriate window around the maximum in Ebb could
further reduce the two Z resonant backgrounds (and not
those only) with respect to the signal. Some care has to
be taken in exploiting this possibility. In fact, the above
spectrum is really monoenergetic only apart &om photon
bremsstrahlungs ofF e+e -lines. When such photons
[namely initial state radiation (ISR)] are included in the
computation, the energy Bowing in the first Z propagator
of diagram 17 is not a constant any longer. Therefore, the
prompt Z spectra would appear broader than those ones
plotted here. Nevertheless, since the mean e+e c.m. en-
ergy loss 8~ due to ISR, is, e.g. , = 5%%uo at ~s = 500 GeV
[33], one can choose a window wide enough ( b~ x ~s)
to prevent complications due to such efFects. The effec-
tiveness of this cut is clear 6.om Table III, which presents
the percentage of configurations that give an energy of
the bb pair in a window of 25 GeV around the peak E—

bb

for the above three bbZZ subprocesses.
So, finally, requiring for the e+e + bbVV events to

have energy of the bb pair in the above window around the
maxima (which are =138(124)[105] GeV for ~s = 350
GeV and M~o = 185(210)[240] GeV, and 214(196)[168]
GeV for ~s = 500 GeV and MHO = 210(250) [300] GeV
for both the casesi VV = ZZ, W+W ) and calculat-
ing the corresponding percentage of events passing this

cut (now for all the components of both the processes
e+e ~ bbW+W and e+e ~ bbZZ) leads to the final
number of signal and background events, and their sta-
tistical significancies, given in Table IV. Prom which we
deduce that an additional simple cut in Ebb increases the
ratios S/~B up to values such that Higgs boson detec-
tion should now be feasible everywhere just by adopting a
pure missing mass analysis (i.e., without resorting to any
identification of the decay products of the vector bosons).

Not even the inclusion of background contributions to
the missing mass spectra coming &om the "invisible" pro-
cess e+e ~ bbvxPx (with t = e, p, and 7) should change
our conclusions, as the corresponding distributions are
nearly Bat in the MHO ranges of interest, with rates that
we verified to be & 10 and & 10 fb/GeV [34], for
~s = 350 and 500 GeV, respectively, after the coxnplete
set of cuts in Mbb, cos&bb, and Ebb. In fact, assuming the
usual values of luminosity 8 and b-tagging eKciency eb,
such numbers would give at most & 10 and & 1 back-
ground events, which would reduce the signi6cancies in
Table IV, but not enough to prevent the feasibility of
Higgs boson detection.

CONCLUSIONS

Mxxo (GeV) Prompt Z H decay Z Br-emsstrahlung Z
vs = 350 GeV

98% 0.63%
99% 56%
98% 36%

27%
70%
61'Fo

185
210
240

210
250
300

98%
96%
91%

vs = 500 GeV
0.36%
23%
23%

18'70

23%
22%

Z ebb

TABLE III. Percentage of events with energy of the bb pair
Ezi, in the window ~EPz

" —Ezz[ & 12.5 GeV for the cases of
a proxnpt Z, a H decay Z, a-nd a bremsstrahlung Z (see
in the text) at vs = 350 and 500 GeV for a selection of
Higgs masses after the cuts: [M~o —MM,

~

& 10 GeV and
[cos8&&[ & 0.8.

In summary, in this paper we studied the production
of a heavy Higgs boson (with 2Mgr+ & M~o & 2m',
where mi ——175 GeV) and a Z through the Bjorken
bremsstrahlung reaction e+e ~ ZH at NLC ener-
gies, assuming H ~ ZZ and Z ~ bb and requiring
a single b tagging for the Z detection. We have also
studied all the irreducible background in e+e —+ bbZZ
events. We found that Higgs boson signals, which would
be clearly detectable for e+e ~ bbZZ on their own, still
remain once we add (as needed for the missing mass anal-

TABLE IV. The expected number of signal and back-
ground events for e+e + bbZ Z and e+e + bbW+W
processes, added together, in the window [MHO —Mvi

~

& 5
GeV and their statistical significance at ~s = 350
and 500 GeV for a selection of Higgs masses after the
cuts: [M~0 —

M&&
~

& 10 GeV,
~

cos 0&&
~

& 0.8, and
~E&z

—EPz "~ & 12.5 GeV. We assume that only one b jet
is tagged with e%ciency ez = 1/3. The luminosity is taken to
be 8 = 10 fb . Numbers corresponding to the contribution
of e+e —+ bbW+W events are computed from Ref. [24]
(assuming mt, ——175 GeV).

Even though photon emission can happen also off bb lines,
however, this latter can easily be included in the invariant
mass reconstructing the Z peak. So, we do not stress this
case further, here.

The inclusion of Linac energy spread and beamsstrahlung
should not drastically change this strategy, at least for the
"narrow" D Dand TESLA col-lider designs (see Ref. [33]).

We do not reproduce here the figures for e+ e
bbW+W, since they do not differ too much from Figs. 6
and 7: there the signal (various backgrounds) is (are) as nar-
row (broad with respect to the signal) as that (those) one(s)
of e+e ~ bbZZ.

Mxxo (GeV)

185
210
240

210
250
300

Signals Backgrounds
~s = 350 GeV

47.43
32.08
14.79

~s = 500 GeV
23.91 0.14
15.87 1.54
7.42 5.09

8 = 10 fb '
ei, = 1/3

S/~B

11.00
13.13
12.50

62.84
12.79
3.29
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ysis) this process to e+e ~ bbW+W, where ZHo -+
(bb)(W+W ) and which includes among the irreducible
background the huge tt ~ bbR'+TV production and de-
cay. This was done only by imposing the following cuts
on the bb system:

[
cos ebb[ ( 0.8, [M&&

—Mz[ ( 10 GeV,
and [E&&

—
EP& "[ ( 12.5 GeV, where Eg&" is the max-

imum in the energy spectrum of the bb pair, which is
practically monoenergetic for the bb pair coming from a
Z produced in the two-body Bjorken reaction. In partic-
ular, this latter cut turns out to be extremely useful in
rejecting the tt background in e+e ~ bblV+R' events,
thus avoiding further cuts based on the tt kinematics,

which, although useful to the above aim, imply tagging
the decay products of one of the two W+'s.
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