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We elaborate on the production of the standard model Higgs particle at high-energy e*e™ colliders

through the reaction e*

e~ — ZH. Particular emphasis is put on the intermediate mass range. In

addition to the signal we discuss in detail the background processes. Angular distributions which
are sensitive to the spin and parity of the Higgs particle are analyzed.

PACS number(s): 14.80.Bn, 13.10.4+q

I. THE PHYSICAL BASIS

The fundamental particles in the standard model
(SM), gauge bosons, leptons, and quarks, acquire their
masses by means of the Higgs mechanism [1]. The masses
are generated through the interaction with a nonzero
scalar field in the ground state, inducing the sponta-
neous breaking of the electroweak SU(2);xU(1)y sym-
metry down to the electromagnetic U(1)gm symmetry.
To accommodate the well established electromagnetic
and weak phenomena, this mechanism requires the ex-
istence of at least one weak isodoublet scalar field. The
three Goldstone bosons among the four degrees of free-
dom are absorbed to build up the longitudinal polariza-
tion states of the massive W¥*,Z bosons. One degree
of freedom is left over, corresponding to a real physi-
cal particle. The discovery of this Higgs particle is the
crucial experiment for the standard formulation of the
electroweak interactions.

The only unknown parameter in the SM Higgs-boson
sector is the mass of the Higgs particle. Even though
the value of the Higgs-boson mass cannot be predicted,
interesting constraints can nevertheless be derived from
bounds A on the energy range in which the model is
taken to be valid before perturbation theory breaks down
and new dynamical phenomena could emerge. If the
Higgs boson mass is less than about 180 to 200 GeV,
the standard model with weakly interacting particles can
be extended [2] up the grand unified theory (GUT) scale
Agut ~ 10'® GeV. This attractive idea is very likely to
play a key role in the renormalization of the electroweak
mixing angle sin? @y from the GUT symmetry value 3/8
down to the experimental value ~ 0.2 at low energies.
A lower bound on the Higgs boson mass follows in the
SM from the requirement of vacuum stability for large
top quark masses. If, for a given Higgs boson mass, the
top quark mass increases, radiative corrections drive the
scalar potential to negative values [3] so that, in turn, for
a top mass of ~ 150 GeV, the Higgs boson mass must ex-
ceed ~ 100 GeV. We therefore focus in this study on the
important Higgs boson mass range Mz < My < 2Mz,
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generically referred to as the intermediate Higgs boson
mass range.

Once the Higgs boson mass is fixed, the triple and
quartic self-couplings of the SM Higgs particle are
uniquely determined. The scale of the Higgs couplings
to massive gauge bosons and quarks and/or leptons is
set by the masses of these particles. As a result, the pro-
file of the Higgs boson can be predicted completely for a
given value of the Higgs mass: the decay properties are
fixed and the production mechanisms and rates can be
determined.

The width of the SM Higgs particle increases from
small values of a few MeV in the 100 GeV mass range
quickly to ~ 1 GeV at a mass of Mg ~ 200 GeV.
Throughout the intermediate mass range, the width re-
mains so small that it cannot be resolved experimentally.
The dominant decay mode for masses below ~ 140 GeV
is the bb decay channel [see Fig. 1]. For higher mass val-
ues, the WW and ZZ decays become dominant, one of
the vector bosons being virtual below the threshold for
two real bosons. Other decay modes [t177,c¢, and gg]
occur at a level of several percent in the lower part of the
intermediate mass range.

The most comprehensive search for Higgs particles has
been carried out in Z decays at the CERN e*e™ collider
LEP. A lower bound on the Higgs mass of about My >
62.5 GeV could be established so far [4]; this limit can be
raised to ~ 65 GeV by accumulating more statistics. In
the second phase of LEP with a total energy of about 180
GeV, Higgs particles can be searched for up to masses of
about 80 GeV.

Beyond the LEPII range, new accelerators are needed
to search for this particle and to explore its proper-
ties. The multi-TeV pp colliders, the CERN Large
Hadron Collider (LHC) and Superconducting Super Col-
lider (SSC), can sweep the entire Higgs mass range up
to the SM limit of about 800 GeV [5]. In the up-
per part of the intermediate range, the lepton channels
H — ZZ* — 4l* will be used, while in the lower part
the rare photon decay H — «+ is the sole decay channel,
established so far, which can be exploited to search for
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FIG. 1. Update of (a) the total decay width and (b) the
decay branching fractions of the Higgs boson in the SM. The
top quark mass is assumed to be m; = 150 GeV.

this particle. Because of the overwhelming QCD back-
ground, the main decay mode H — bb for My < 140
GeV, nor any mode other than the v channel, are ac-
cessible in hadron colliders. Future ete~ colliders, on
the other hand, are the ideal machines to investigate the
Higgs sector in the intermediate mass range since all ma-
jor decay modes can be explored, with the Higgs particle
produced through several mechanisms [6].

At ete” linear colliders operating in the 300-500 GeV
energy range, the main production processes are the
WW/ZZ fusion [7] and the bremsstrahlung [8] mecha-
nisms. The cross sections for the fusion mechanisms rise
logarithmically with the energy, making these channels
dominant at energies > 500 GeV for intermediate mass
Higgs bosons. These production channels have been in-
vestigated thoroughly in Refs. [9-11]. In the present pa-
per, we analyze in detail the bremsstrahlung process

ete” 5 Z2* > Z+H (1)

throughout the intermediate mass range [see Fig. 2]. The
bremsstrahlung process is dominant for moderate values
of the ratio Mg /+/s, but falls off at high energies ac-
cording to the scaling law ~ s~!. Since this process is
fully constrained, missing mass techniques can be applied
which allow to search for the Higgs particle without any
restrictions on the decay modes. [Higgs events in the ZZ

fusion processes ete™ — ete ™ (ZZ) — ete™ H can also

e+

e

FIG. 2. Feynman diagram for the bremsstrahlung produc-
tion process ete” — HZ.

be reconstructed completely, yet the production rate is
smaller by an order of magnitude.]

Once the Higgs boson is found, it will be very impor-
tant to explore its properties. This is possible by ex-
ploiting the bremsstrahlung process (1). The zero-spin is
reflected in the angular distribution [12]. This distribu-
tion must approach the sin? @ law asymptotically since,
according to the equivalence theorem [13], massive gauge
bosons act at high energies like the Goldstone bosons
which are absorbed to build up the longitudinal degrees
of freedom. The parity can also be studied by analyzing
angular correlations. Of tantamount importance is the
measurement of the Higgs couplings to gauge bosons and
matter particles. The strength of the couplings to Z and
W bosons is reflected in the magnitude of the production
cross section. The relative strength of the couplings to
fermions is accessible through the decay branching ratios.
The absolute magnitude is difficult to measure directly.
The direct measurement is possible in the small mass
window where the Higgs decays to bb and WW* compete
with each other; otherwise Higgs bremsstrahlungung off
top quarks [14, 15] provides an opportunity to measure
the ttH coupling in a limited range of the intermediate
mass range. All these couplings grow with the masses
of the source particles, a direct consequence of the very
nature of the mass generation through the Higgs mecha-
nism. The measurement of these couplings is therefore an
important experimental task in the electroweak sector.

The paper is organized as follows. In the next sec-
tion we shall discuss the production cross section for the
bremsstrahlung process including radiative corrections
[16]. Depending on the decay modes, various background
processes, leading to Zbb or ZWW*  ZZ Z* final states,
will be analyzed. We shall also take into account the
smearing of the initial state energy due to conventional
photon radiation and beamstrahlung [17]. In the third
section, we analyze in detail angular distributions and
correlations which allow us to verify the JP¢ quantum
numbers of the Higgs particle. Finally we summarize the
methods which will allow us to measure the couplings of
the Higgs particles to gauge bosons and fermions. No
method is known at this time that could be exploited in
practice to measure the self-couplings of the SM Higgs
field directly [18).

II. BREMSSTRAHLUNG PROCESS
OF HIGGS BOSONS

The cross section for the Higgs bremsstrahlung process
(1) can be written in a compact form [9],
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GiM} | , 2 B2 +12M%/s
=JF"z T2l (2
where a, = —1,v, = —1 + 4sin? Oy are the Z charges of

the electron, and 32 = [1 — (Mg + Mz)? /s][1 — (Mg —
M7z)?/s] is the usual two-particle phase space factor, pro-
portional to the momentum squared of the particles in
the final state. The cross section is shown in Fig. 3(a) for
three energy values 300, 400, and 500 GeV as a function
of the Higgs mass, and in Fig. 3(b) for three representa-
tive values of the Higgs mass as a function of the total
energy /s. With o ~ 200 fb, a rate of ~ 4000 Higgs
particles in the intermediate mass range is produced at
an energy /s = 300 GeV and for an integrated lumi-
nosity of [ Ldt = 20 fb~! within one year of running.
Asymptotically, the cross section scales as s~ 1.

The radiative corrections sui generis [without beam-
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FIG. 3. Total cross sections for the bremsstrahlung pro-

cess: (a) as a function of the Higgs boson mass and for three
energy values /s = 300, 400, and 500 GeV and (b) as a func-
tion of the center-of-mass energy for three values of the Higgs
mass My = 120,150, and 180 GeV. While the dashed curves
represent the cross sections in the Born approximation, the
solid curves include the one-loop electroweak corrections as-
suming m; = 150 GeV.

strahlung] are well under control [16]. The bulk of these
corrections is due to photon radiation from the incoming
electrons and positrons. The size of the radiative correc-
tions to the total cross section is shown in Figs. 3(a) and
3(b). The solid curves include the one-loop weak cor-
rections and the initial-state radiation up to O(a?) with
the infrared sensitive parts exponentiated. For small Mg
they are large and positive since photon radiation pulls
the ete™ system to smaller energies where the cross sec-
tion increases. Photon radiation reduces the cross sec-
tion, on the other hand, when My approaches the thresh-
old value. The genuine weak corrections have been shown
to be small, reducing the cross section by a few percent
[apart from resonating destructive interference spikes at
MH = 2MW and 2Mz].

For narrow-band beam designs such as the Desy-
Darmstadt Linear Collider (DLC) and the TeV En-
ergy Superconducting Linear Accelerator (TESLA) [19],
beamstrahlung [17] affects the cross section much less
than the standard initial-state photon radiation. The
change of the cross section, relative to the Born cross
section, is exemplified for these design studies in Fig. 4.

The cleanest channel for isolating the signal from the
background is provided by the ptu~/ete~ decay mode
of the Z boson. Depending on the mass of the Higgs
boson, either H — bb decays dominate for My < 140
GeV, or H - WW?* decays for Mg > 140 GeV. We
shall assume a perfect u-vertex detector with 100% B
detection efficiency, which is not far from experimental
reality [20]. Z — ptp~ can be tagged by allowing the
invariant g4t~ mass to vary within |M,+,- — Mz| <6
GeV. For the cases H — VV* (V. = W, Z), we tag the
hadronic decays of the on-shell vector boson by requiring
that |[M;;—My| < My /10. While the signal events prefer
the central region of the detector, as discussed later in de-
tail, the background reactions ete™ — Z + X are in gen-
eral strongly peaked in the forward direction due to the
t-channel exchange of electrons [12]. A cut |cosfz| < 0.6
therefore improves the signal-to-noise ratio significantly.
For the study of H — bb the dominant backgrounds
come from ete™ = ZZ*, Zy*, v*v* = (utp™)(bd), as
well as efe™ — tt — (butv)(bp~v). The other back-
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FIG. 4. Beamstrahlung corrections to the e"e™ — ZH

total cross sections as a function of the Higgs mass and for
three energy values /s = 300,400, and 500 GeV.
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The missing mass distributions for the ete™ — ™~ H signal as a function of the recoil mass in the three Higgs

decay channels (a) H — bb for Mg = 100,125, and 150 GeV, (b) H — WW®™) for My = 120,150, and 180 GeV and (c)
H — ZZ™ for My = 150,200, and 250 GeV. The c.m. energy is fixed to V/s = 500 GeV and an angular cut |cosf,,| < 0.6 of
the ™~ pair momentum with respect to the e* axis has been used; the effects of bremsstrahlung, beamstrahlung, and the

beam-energy spread are taken into account.

grounds like ete~ — bbZ, with the Z bosons radiated
off the bb final state, are very small and can safely be
neglected. On the other hand, for H - WW™ the dom-
inant background comes from the continuum production
ofete™ - ZWW* — (utu~)+X. The backgrounds for
the channel H — ZZ* are more complicated. In addition
to the continuum production of eTe™ — ZZZ*, there are
also combinatorial ambiguities in the signal process from
the chain ete™ — ZH — (j)(Z22*) = (i5)(u* n~ji),
which will not contribute to the Higgs peak in the miss-
ing mass spectrum but rather broaden the continuum
[see Figs. 5(c) and 6(c)]. Without loss of a large frac-
tion of the signal events, we can assume that all the jets
are very well separated, so that the QCD cross section
o(ete™ — qdggZ) is of O(ady,a?), i.e., suppressed by a
factor of awaf compared to the signal. The main back-
ground reactions are summarized in Table I.
The distributions with respect to the missing mass,
r2ecoil = [(Pe— +pet) — (P,r +p,‘+)]2, are shown in
Figs. 5(a)—(c) for the three channels defined in Table I as-
suming /s = 500 GeV. In each channel we consider three
representative values of My: My = 100,125,150 GeV
in the H — bb case, My = 120,150,180 GeV in the

H — WW?* case, and My 150,200,250 GeV in
the H — ZZ* case. In Figs. 6(a)—(c), we show the
corresponding results for /s = 300 GeV. Signals and
backgrounds have been added, the cuts specified above
have been applied, and initial-state bremsstrahlung and
beamstrahlung corrections have been taken into account
assuming the DLC narrow-band design. For this de-
sign, the smearing due to beamstrahlung is small at
v/s = 500 GeV and almost negligible at /s = 300 GeV.
Without the energy loss connected with these initial-
state radiative effects the signals would appear as a sharp
peak at Miecoii = Mpy. Throughout our study we have
identified jets with the partons in which they originate.
In the analysis of the tf background we have assumed
m; = 150 GeV.

In Figs. 5(a) and 6(a), the ZH — (uTp~)(bb) sig-
nal is shown with its background added. The M;ecoil
distribution starts slightly below Mp, rises steeply to
the peak at My, and tails off towards larger values of
Miecoit- For My < 100 GeV, the suppression of the
Z Z background by p vertexing is essential. For larger
My, the Higgs and Z peaks are clearly separated. Fig-
ures 5(b) and 6(b) show the Mccoiu spectrum for the
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FIG. 6.

Same as in Fig. 5 but for /s = 300 GeV. Note that there is no ete™ — t background.
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TABLE 1. Signal and main background processes to Higgs production via bremsstrahlung
ete™ — HZ, for various mass ranges.
Channel H — bb H->wWw* H-ZZ
My < 160 GeV Mg > 110 GeV My > 180 GeV
Signal ete™ — (utp~)(bb) ete” = (utp ) (WW?™) ete” = (ptp™)(Z22)
Bkgd ete™ = ZZ,Z~*,v*v* ete” o ZWW* ete" - 222
ete™ = tt — bbutpuvo lete™ = ZH — (53) (et r™59))
ZH — (utpu~)WW?* signal with the continuum back- S o0(ZH)B(Z — p*u~) B(H — bb)
ground added. For My = 120 GeV, the Higgs peak is "\/ﬁ = 2%(22)B(Z — ntn-) B(Z — bb b>
low due to the small branching fraction of H —» WW™*. V20(22) B( W) B( )
Once My > 140 GeV, B(H — WW™*) increases, how- (3)
ever, quite fast with My [see Fig. 1(b)] and the Higgs  yhere £ is the integrated luminosity and
peaks are very prominent in the curves for My = 150 and
180 GeV. All these curves will eventually merge together P 1—(1—€p)? @)
b

at the high end of the M;eco; spectrum because only the
continuum background of ete™ — ZWW™* contributes
there. Figures 5(c) and 6(c) exhibit essentially the same
features as Figs. 5(b) and 6(b), except that the curves in
these figures will not merge at high M;ecoi- This is due
to the presence of the combinatorial “background” from
ete™ = ZH — (jj)(ptp~3j), which will not contribute
to the Higgs peak but to the continuum; in particular,
the increase of the background at large Miecon for the
200 GeV case is due to combinatorics. In conclusion,
My can be easily determined from the Mco; spectrum.
At this point, we investigate the significance S/v/B of
the ZH signal (S) on the ZZ background (B), assuming
tagging of one b with probability ¢, and misidentifica-
tion of one ¢ as a b with probability €.. In the limit of
perfect b tagging, ¢, = 1 and €, = 0. We neglect the
small probability of misidentification of light quarks as
b’s. Furthermore, we make the following approximations
for the branching ratios: B(H — bb) > B(H — c¢) and
B(Z — bb) ~ B(Z — c¢). The probability that at least
one of the two b’s is detected is [1 -(1- eb)z] . Thus the
significance achieved with at least one b tagged is

TABLE IL.

T Vi-(-elti-(-e7

The cross sections in fb for the u*u~bb final states of
ZH and ZZ origin are given in Table II for several val-
ues of My at /s = 0.5 and 0.3 TeV, where the distri-
butions have been integrated over the recoil-mass range
Mg — 5 GeV < Miecoit < Mg + 10 GeV. Also given
is the significance for a luminosity of 10 fb~! assuming
perfect b tagging. The values for higher luminosity can
be obtained by scaling up these numbers with v/£. For a
realistic detector it is estimated that €, ~ 0.2¢; [10]. Us-
ing this relation, one has P, = 0.54, 0.72, 0.81, 0.86, 0.86
for e, = 0.2, 0.4, 0.6, 0.8, 0.9. The reduction in the signif-
icance is less than 25% as long as the single-b tagging ef-
ficiency is greater than 50%. Under such circumstances,
Higgs detection in the bb mode of the bremsstrahlung
process is feasible at least up to 125 GeV at a 0.5 TeV
collider with 10 fb~! luminosity. The situation is even
considerably better at /s = 0.3 TeV, due to the higher
cross section for the signal. Taking into account also
ete~bb final states, S/v/B is scaled up by a factor of v/2.
With double-b tagging, the factor Py in Eq. (3) is replaced

Cross sections of the e*e™ — ZH — p* pu~bbsignal and the ete™ — ZZ — ptpu~bb

background, integrated over the range My — 5 GeV < Mrecoit < My + 10 GeV, and statistical

significance, assuming perfect b tagging and, for the numbers in parentheses, €
P, = 0.77, for mg = 100, 125, 150 GeV and £ = 10 and 100 fb~1.

to 4/s = 0.5 TeV, the lower ones to /s = 0.3 TeV.

0.5 giving
The upper entries refer

My o(ZH — ptp~bb) 0(ZZ — p*p~bb) S/vB
1071 100~ b
100 0.56 0.18 41 (3.2) 13.0 (10.1)
2.53 0.65 9.9 (7.7) 31.4 (24.3)
125 0.42 0.05 5.8 (4.5) 18.4 (14.2)
1.62 0.15 13.4 (10.4) 42.3 (32.7)
150 0.13 0.03 2.4 (1.8) 7.5 (5.8)
0.37 0.10 3.7 (2.8) 11.6 (9.0)
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by Py, = €2/ (eg + 6’02)1/2. Again taking €. = 0.2¢, one
now has Py, = 0.20, 0.39, 0.59, 0.78, 0.88 for the same
€p values as above. The requirement of double-b tagging
is considerably more costly with low b-tagging efficiency
and probably unnecessary, except for confirmation.

III. THE J%¢ = 0t+ QUANTUM NUMBERS
OF THE HIGGS BOSON

The scalar character of the Higgs particle can be tested
at ete™ colliders in several ways. The angular distribu-
tion of the e¥e™ — ZH final state depends on the spin
and parity of the Higgs particle. The same is true of the
angular correlations in the Higgs decay to fermion and
gauge boson pairs. The observation of the decay or fu-
sion processes H = ~v would rule out spin =1 directly
by Yang’s theorem and fixes the charge conjugation to be
positive C = +. This follows also from the decay and fu-
sion processes H = ZZ, as well as from the observation
of the bremsstrahlung process ete™ — Z* — ZH.

A. Production process

Since the production of the final state ete™ — Z* —
Z H is mediated by a virtual Z boson [transversally polar-
ized along the e* beam axis|, the production amplitude

could be a monomial in cos/sinf. In the SM, however,
the ZZH coupling

L(ZZH) = (ﬁGF)1/2

~G}*HF*"F,, (5)

MZHZ*Z,

is an S-wave coupling ~ €; - €2 in the laboratory frame,
linear in sin § and even under parity and charge conjuga-
tion, corresponding to the 07F assignment of the Higgs
quantum numbers. The explicit form of the angular dis-
tribution is given by

do(ZH) 2 . 2 2

———= ~ (°sin“ 0+ 8M7;/s. 6

dcos 6 A + z/ (6)

For high energies, the Z boson is produced in a state of
longitudinal polarization,

gr, SM%

=1- 7
12M3 + 325’ (7)

or +or

so that, in accordance with the equivalence theorem [13],
the production amplitude becomes equal to the ampli-
tude M(ete™ — ®°H), with #° being the neutral Gold-
stone boson which is absorbed to build up the longitu-
dinal degrees of freedom of the electroweak bosons. The
angular distribution therefore approaches the spin-zero
distribution asymptotically:

1do(ZH) 3 . 5

— deosd — i 0. (8)

Even though the nature of the Higgs phenomenon re-

quires the Higgs field in the SM to be necessarily a scalar
JPC =ott field, it is nevertheless interesting to confront
the predictions in (4,5) with the production

ete™ = Z* - ZA (9)

of a pseudoscalar state A(0~") in order to underline the
uniqueness of the SM prediction. The pseudoscalar case
is realized in two-doublet Higgs models, in which the
ZZ A couplings are induced by higher-order loop effects
[21]. The effective pointlike coupling

1/2 ~
c(zz4) = (vaGr) " M3AZ*Z,,, (10)

with 7 being a dimensionless factor and Z#¥ = €*YP7 Z ooy
is a P-wave coupling, odd under parity and even under
charge conjugation. It reduces to (€; X €3) - (p1 — p2) in
the laboratory frame. Since the Z spins are coupled to
a vector, the angular distribution is again a binomial in
sin 0:

do(ZA) 1.,
Jeosd ~1 5 sin 0, (11)

independent of the energy. The Z boson in the final state
is purely transversally polarized so that the cross section
need not be ~ sin? @ in this case. The total cross section
is given by

» GEMG
487 M},

,33
(1—-Mz/s)?’

o(ZA)=n (a2 +v7) (12)
where the momentum dependence ~ (32 is characteristi-
cally different from the Z H production cross section near
threshold.

The angular correlations specific to the S-wave 0++
Higgs production in ete™ — ZH can directly be con-
fronted experimentally with the process ete™ — ZZ.
This process has an angular momentum structure that is
distinctly different from the Higgs process. Mediated by
electron exchange in the ¢-channel, the amplitude is built-
up by many partial waves, peaking in the forward and
backward direction. The two distributions are compared
with each other in Fig. 7. This figure demonstrates the
specific character of the Higgs production process, which

O.BT\:rﬁ.I...ﬁ—'...vTruv',.

- \ H

N1
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cosé
FIG. 7. Angular distributions for the processes ee™ —

ZH, ete” — ZA and ete” — ZZ for a Higgs mass of 120
GeV and a c.m. energy of /s = 500 GeV.
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is not lost if experimental acceptance cuts and smearing
effects are taken into account [10].

Since the longitudinal wave function of a vector bo-
son grows with the energy of the particle, in contrast
with the energy independent transverse wave function,
the Z boson in the S-wave Higgs production process (1)
must asymptotically be polarized longitudinally, Fig. 8.
By contrast, the Z bosons from ZA associated produc-
tion or ZZ pair production are transversally polarized

do(ZH) 2 2
T a4 " Se%.
dcgdcg, di. 2y

where sg = sinf, etc. As before, 0 is the polar Z angle in
the laboratory frame, 6, the polar fermion angle in the Z
rest frame and ¢, the corresponding azimuthal angle with
respect to the e ZH production plane. After integrating
out the polar angles 6 and 6,, we find the familiar cos ¢.
and cos 2¢, dependence associated with P-odd and even
amplitudes, respectively,

do(ZH
G(E_qb ) ~ 1+ a; cos ¢, + az cos 29, , (14)
with
9?2 Y 2vea. 2vygay a 1 1
ay = ——— -2 )
1T 82 y2 4202 +a2vi a2’ R
(15)

The azimuthal angular dependence disappears for high
energies ~ 1/ as a result of the dominating longitudinal
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FIG. 8. Cross sections for the production of longitudinal

vector bosons normalized to the total cross sections for the
processes ete~ — ZH as a function of the c.m. energy for
My = 150 GeV.

1 1
— 5-820820.C. + W[(l +cg)(1+c5,) + 5585, cap.] —

[at high energies in the second case]. This pattern can
be checked experimentally. While the distribution of the
light fermions in the Z — ff rest frame with respect
to the flight direction of the Z [see Fig. 9(a)] is given
by sin? 0, for longitudinally polarized Z bosons, it be-
haves as (1 & cos8,)? for transversally polarized states,
after averaging over the azimuthal angles. Including the
azimuthal angles, the final angular correlations may be
written for ete™ — ZH [Z — ff] as

2Vc0e
v2 + a2 v§ + az} ~

2vfaf z

8680, C¢,_ - ;Coc‘q_ ,

(13)

polarization of the Z boson.
Note again the characteristic difference to the pseu-
doscalar 0~ case ete™ = ZA [Z - ff],

dG’(ZA) 1 2 9 1 2 2
dcodce. dps 1+ cgeg, — 2%6%. — 556%0.C24.
2vea. 2vgag coc
v2 +a? v} +a} 0%0. -

(16)

This time the azimuthal dependence is P even and inde-
pendent of the energy in contrast to the 0% case; after
integrating out the polar 6,6, angles,

(a)

(b)

FIG. 9. Definition of the polar and azimuthal angles (a)
in the production process e*e™ — HZ [Z — ff], and (b) in
the decay processes H — VV ™) 5 (1 ) (fsfa).
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do(ZA 1
Ld((b*——)fvl—zcosmﬁ*. (17)

We can thus conclude that the angular analysis of the
Higgs production in ete™ — Z* — ZH [Z — ff] allows
stringent tests of the J7¢ = 0*+ quantum numbers of
the Higgs boson. This is a direct consequence of the
0** coupling €, - €5 of the ZZ H vertex in the production
amplitude.

B. Decay processes

The zero-spin of the Higgs particle can be checked di-
rectly through the lack of any angular correlation be-
tween the initial and final state particles [10]. In the
following discussion we shall concentrate on Higgs boson
decays to vector bosons V = W, Z, which will provide us
with signatures similar to those studied in the previous
section, including the discrimination between 01+ and
0~%* decays. The analysis applies in a straightforward
way to Higgs particles in the ete™ environment. Back-
ground problems require a more sophisticated discussion
for Higgs particles produced at the SSC and LHC. Since
some of the material on this method had been worked
out before [22], we focus on novel points which have not
been elaborated in detail so far.

Above the H - WW and ZZ decay thresholds, the
partial width into massive gauge boson pairs may be writ-
ten as [23]

V2GF
327
where z = MZ/M%, 8 = V/1—4z and &y = 2(1) for
V = W(Z). For large Higgs masses, the vector bosons

are longitudinally polarized [see Fig. 10],

T(H > VV) =6y M3 (1 - 4z + 122%)8, (18)

r 1— 4z + 4z
L - iy (19)
't +T'r 1—4z + 12z2
L0 prrrr e T
[ W ]
0.8 [~ T/ +Ty) ]
= -
0.4 4
02— -
ool bbb L b L
0.5 0.7 1.0 2.0 3.0 5.0
(Mg / 2My)
FIG. 10. The width of Higgs decays to longitudinally po-

larized vector bosons normalized to the total width for the de-
cays H — VV) as a function of the mass ratio My /(2Mv).

while the L, T polarization states are democratically pop-
ulated near the threshold, at « = 1/4. The HZZ cou-
pling €; - €2 is the same S-wave coupling which we have
discussed earlier. Since the longitudinal wave functions
are linear in the energy, the width grows as the third
power of the Higgs mass. The electroweak radiative cor-
rections [24] are positive and amount to a few percent
above the threshold.

Below the threshold for two real bosons, the Higgs par-
ticle can decay into real and virtual VV™* pairs, primarily
WW?* pairs above My ~ 110 GeV. The partial decay
width, W charges summed over, is given [25] by

o _ 3GHM}
with &4 = 1 and &, = 7/12 — 10sin®0Ow /9 +

40 sin® Ow /27 and

3(1 — 8z + 20z?) 3z —1
R(z) = W arccos | — 5

1—
2z

3

T (2 - 13z + 4722) — 51— 6z +42%)lne.
(21)
The invariant mass (M, ) spectrum of the off-shell vec-
tor boson peaks close to the kinematical maximum cor-
responding to zero momentum of the on- and off-shell

vector bosons in the final state [see Fig. 11]:

dU _ 3GEMy , B(MEB® + 12M7 M)

dM? ~ 16x3Mpy ¥ (M2 — MZ)2 + MZT2’

(22)

where (2 = [1 - (My + M*)Z/M?I] - (My
~M.,)?/M%]. Since both V and V* preferentially have
small momenta, the transverse and longitudinal polariza-
tion states are populated with almost equal probabilities:

dly/dM? _ 8M2 M?

- . 23
dr/dM? ME? + 12MZM? (23)
0.0005 [——r——— T
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FIG. 11. The distributions with respect to the invariant
mass of the off-shell vector bosons in the decay processes H —
ZZ* and A — ZZ" for My = M4 = 150 GeV.
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Neglecting the widths of the vector bosons, I'y, we find,
after summing over all M, values [see Fig. 10],

L _ R(M§/ME)
= 2 272 (24)
Ty +Tr  R(My/MF)
where R is given in Eq. (19) and
Ri(z) = 3—161:+20$2arccos 3z -1
L\r) = (4z — 1)1/2 223/2
- 12_: (2 — 13z + 152%)
—%(3— 10z + 4z%) Inz. (25)

dHSVVY 5o, 1
dcg, dco,dds 91765 2917v3(1 + B1P8s)
2’010.1 2vsag 2

v? +a? vZ +al v173(1 + B1Bs)

For V = W, the charges are v; = a; = 1; for V = Z,
v; = 2I3; — 4e;sin? 0w and a; = 2Is;. B;, v are the
velocities and v factors of the [on- and/or off-shell] vector
bosons. As expected, the dependence on the azimuthal
angle between the decay planes disappears for large Higgs
masses, a consequence of the asymptotic longitudinal V'
polarization. After integrating out the polar angles, we
are left with

w ~ 1+ ajcos¢s+azcos2¢3, (28)
dos
where
ay = _?7"_2 1173(1 + £153) 2via;  2vzas
1T 221+ BiBe)e +2 vl +a vE+ad’
1 1
“ (29)

T 231+ BBs)2 4+ 2

The coefficient a; measures the P-odd amplitude.

Both the azimuthal angular correlations as well as the
distributions of the polar angles are sensitive to the spin-
parity assignments of the Higgs particle, which affect
strongly the populations of the W, Z polarization states.
We will study this point by confronting again the scalar
H(0**) decay with the pseudoscalar A(0~+) decay dis-
tributions:

A=V V* 5 (fif2) (fafs)

For the AV,,,,V’"’ coupling defined before, the angular
distribution is given by

V=w,z]. (30)

e deayddy "~ 1t bk~ gk, — goh sk
2 2
-2 Y1 ’030.32 Cg, Co, - (31)

2 2 2
vy +ay vz + a3
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1
820, 5203C¢s +
26172070 27%7§(l+ﬂ1ﬂ3)2[

87

The angular distributions of the fermions in the 0++
decay process

H -5V V*> (fuf2) (f3f) [V=W,2Z] (26)

are quite similar to the rules found for the production
process. Denoting polar and azimuthal angles of the
fermions f;, f3 in the rest frames of the vector bosons
by (61,0) and (03, ¢s3), respectively, [see Fig. 9(b)] the
angular distributions for the scalar case are given by

(1 + Cgl)(l + cgs) + 53153302¢3]

$6,805Cps + Co, Cog (27)

1
Y173(1 + B183)

The normalization follows from the total and differential
widths,

oo 3GEMy o o, (MY
with
A(z) = (1 - 7z)(4z — 1)/2 3z -1
() = ( z)(4z — 1)*/* arccos 57372
—1_$(17—64z—z2)
+%(1 —9z +6z%)Inz,
and
dl(A - VV*) 3GLM{ ., , M?33
Mz 8nSMy V" (M2 — MZ)? + MZTZ,’
(33)

where M, denotes the mass of the off-shell vector bo-
son. The M, spectra for H - Z*Z and A — Z*Z are
shown in Fig. 11 assuming My = M4 = 150 GeV. The
mass and momentum dependence of the width are de-
termined by the P wave decay characteristics and the
transverse polarization of the vector bosons. In the same
way, the angular distributions [which are independent of
the masses] reflect the transverse W, Z polarizations.
For Higgs masses below 140 GeV, the dominant decay
mode are bb decays. A fraction of a few percent decay
into 77~ final states. For moderate to large tgQ values,
these are also the main decay modes for scalar and pseu-
doscalar Higgs particles in the minimal supersymmetric
extension of the standard model (MSSM). While the zero
spin can again be checked experimentally by the lack of
any correlations between the final and initial state par-
ticles, it is quite difficult to verify the + parity of the
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states in the decay distributions. This information must
be extracted from correlations between the b and b, 7~
and 7t spin components in the planes transverse to the
bb and 77 axes:

scalar/pseudoscalar : C =1 - slflsf’ + sisf .

The spin correlations are reflected in correlations between
the f and f decay products [26]. Depolarization effects
through b,b fragmentation into pseudoscalar B mesons
[27] introduce systematic uncertainties into this channel
which are very hard to control, so that the rare but clean
77 final states are the proper instrument to study this
problem.

At eTe™ colliders, the parity of the Higgs bosons in
the MSSM can be studied in the following way.

(i) Since the scalar MSSM Higgs particles h, H cou-
ple to vector bosons directly, the positive parity can be
checked by analyzing the Z final states in ete™ — Z* —
ZH [Z — ff] as discussed above in great detail. This
method is equivalent to the analysis of the h, H — VV
decays.

(ii) The fusion of Higgs particles by linearly polarized
photon beams depends on the angle between the polar-
ization vectors [28]. For scalar particles the production
amplitude ~ €; - €2 is nonzero only for parallel vectors
while pseudoscalar particles with amplitudes ~ €; X €5
require perpendicular polarization vectors. For typical
experimental setups for Compton backscattering of laser
light [29], the maximum degree of linear polarization of
the generated hard photon beams is less than about 30%
so that the efficiency for two polarized beams is reduced
to less than 10% [30]. This method therefore requires
high luminosities, and, moreover, a careful analysis of
background rejection due to the enormous number of bb
pairs produced in ¥+ collisions [31].

IV. SUMMARY

In this report we have described the production of
Higgs particles in the intermediate mass range and the
analysis of their JPC€ assignment. Even though we have
focused on e*e™ linear colliders, certain elements of our
study on Higgs decays are also relevant to Higgs parti-
cles eventually produced at the proton colliders SSC and
LHC.

It has been shown that the search for SM Higgs par-
ticles in the intermediate mass range is easy at ete~
colliders since the signal sticks out of the background
processes very clearly. u-vertexing of the b quarks will
be essential for Higgs bosons in the Z-mass range. The
significance of the ZH signal will only reduce by 25%
when at least one b is tagged with an efficiency of 50%
per b. With 50 fb~! luminosity and a b-tagging efficiency
of ¢, = 0.5, a Higgs boson of mass 100-150 GeV could
be detected with a significance S/v/B greater than 4.1
(6.3) at /s = 500 (300) GeV. Above 110 GeV, and in
particular beyond 140 GeV, the Higgs decay channels
into electroweak vector-boson pairs can be exploited. As
discussed previously [11], the potential for the discov-

ery of heavy Higgs bosons may be augmented by taking
the WW-fusion process into account. At /s = 0.5 TeV
and 50 fb~!, the voH — viWW(ZZ) — vijjjj sig-
nal and its total background have S/vB = 6.8 (2.4) for
My = 300 (350) GeV, without the use of b tagging to
identify the dominant ¢t background.

The spin and parity assignments can, on one hand,
be checked easily in Higgs decays to vector boson pairs.
Angular correlations among the lepton and/or quark de-
cay products reflect their polarization states, primarily
longitudinal or democratic for large or moderate Higgs
masses, respectively, if JP¢ = 0%*, and transverse if
JPC¢ = 0~*. This information can also be extracted,
on the other hand, from the angular behavior of the
ete™ — ZH production process. The parity analysis
of pseudoscalar Higgs particles, in supersymmetric exten-
sions of the standard model for instance, requires difficult
measurements of the fermionic decay states, or polariza-
tion analyses in the case of v fusion.

In addition to the spin-parity assignments, the essen-
tial nature of the SM Higgs particle must be established
by demonstrating that couplings to other fundamental
particles grow with their masses. Even though we did
not analyze these couplings in detail, a few remarks ought
to be added to round off the discussion [9]. The Higgs
couplings to massive gauge bosons can directly be de-
termined from the measurement of the production cross
sections: the HZZ coupling in the bremsstrahlung and
in the ZZ fusion processes; the HWW coupling in the
WW fusion process. For sufficiently large Higgs masses
above ~ 250 GeV, these couplings can also be determined
experimentally from the decay widths H — ZZ,WW.
Higgs couplings to fermions are not easy to measure di-
rectly. For Higgs bosons in the intermediate mass range
where the decays into bb, ¢ and 77~ are important, the
decay width is so narrow that it cannot be resolved ex-
perimentally. Nevertheless, the branching ratios into 7
leptons and charm quarks reveal the couplings of these
fermions relative to the coupling of the b quarks into
which the Higgs boson decays predominantly. In the
upper part of the intermediate mass range but below
the threshold for real WW decays, the branching ratio
B(H — WW?) is sizeable and can be determined ex-
perimentally [32]. In this case, the absolute values of
the b and eventually of the ¢, 7 couplings can be derived
once the HZZ/HWW couplings are fixed by the produc-
tion cross sections. The decays H — gg and v, Zv and
the fusion processes gg,vy — H are mediated by loop
diagrams and they are proportional to the couplings of
the Higgs boson to heavy particles. The number of heavy
particles can be counted in these processes if their masses
are generated by the Higgs mechanism and their cou-
plings to the Higgs particles grow with the mass. [This
is not the case for heavy supersymmetric particles which
decouple asymptotically from the HV'V vertices.] In the
standard model only the top quark contributes to the
Hgg vertex so that the Htt coupling can be measured
in the gluonic decays of the Higgs particle [and, in the
same way, through the cross section for the gluon fusion
gg — H at hadron colliders]. In the case of H — vv, Zv
additional contributions to the decay amplitudes come



49 HIGGS BOSONS: INTERMEDIATE MASS RANGE ATe%e™ ... 89

from W loops. A direct way to determine the Yukawa
coupling of the intermediate mass Higgs boson to the
top quark in the range my < 120 GeV are provided by
the bremsstrahlung process ete™ — ttH in high energy
ete™ colliders [14] and vy — t¢H in photon-photon col-
liders [15]. For large Higgs masses above the tf threshold,
the decay channel H — tf increases the cross section of
ete™ — ttZ through the reaction ete™ — ZH(— tt)
[33]; without the Higgs decay this final state is produced
mainly through virtual v and Z bosons.

We thus conclude that the essential elemients of the
profile of Higgs bosons in the intermediate mass range
can be scanned very accurately at ete™ colliders.
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