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ABSTRACT

We discuss some theoretical aspects of standard-model (SM) Higgs-boson (H) phenome-
nology at the next ete™ linear collider (NLC) with 300GeV < /s < 500GeV. The topics
include radiative corrections to H production and decay; the study of the major signals and
backgrounds including acceptance cuts, bremsstrahlung, and beamstrahlung; the determi-
nation of mass, spin, parity, and charge conjugation of H; and the H discovery limit at
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ABSTRACT

We discuss some theoretical aspects of standard-model (SM) Higgs-boson (H) phenomenology at
the next e*e~ linear collider (NLC) with 300 GeV < /s < 500 GeV. The topics include radiative
corrections to H production and decay; the study of the major signals and backgrounds including
acceptance cuts, bremsstrahlung, and beamstrahlung; the determination of mass, spin, parity, and
charge conjugation of H; and the H discovery limit at /s = 500 GeV.

1. Introduction

One of the great puzzles of contemporary elementary particle research is
whether nature indeed makes use of the Higgs mechanism of spontaneous symme-
try breaking to generate the observed particle masses. H is the missing link sought
for in order to verify this concept in the SM. Most of the H properties are fixed, e.g.,
its couplings to the gauge bosons, gyyr = 254Gy M2 (V = W, Z), and fermions, 95fm =
21/4Gy/*m; , and the vacuum expectation value, v = 2-1/4G;"? ~ 246 GeV. However, its
mass, My, and its self-couplings, which depend on My, are essentially unspecified.
Unitarity arguments in intermediate-boson scattering at high energies and consid-
erations concerning the practicability of perturbation theory establish an My upper
bound at! (87v2/3GF)'/2 = 1TeV. Lattice computations? suggest a somewhat lower

I £ T T T T
E (a} m,=150 Gev .
I eteT—W W vF——HV_F,—
- e*e = Z"H-=Hf el -
£
[oB) IE— g
iy E it
a r o
~ r £
L _=
b H
o
0.0 |~ &
r Ve
N Sere—~Z"Z"ere —He'e"
0.00% 1 AR S l
0.1 0.2 0.5 1 2
S5 (Tev)

Fig. 1 (a) Total cross sections vs /s of ZH production, WW and ZZ fusion for My = 150 GeV;
branching fractions vs My for the decays of H into (b) WYW =, ZZ, Z~, vv, (c) bb, c¢, 7*7~, and
gg. For the loop-induced decays m; = 130 GeV has been assumed.



value, at 630 GeV. On the other hand, the non-detection of Z — ffH signals at LEP 1
and SLC has ruled out the mass range below 62.5 GeV at the 95% confidence level3

The principal H production mechanisms at the NLC are ZH associated pro-
duction, ete~ — 2Z* — ZH, and WW fusion, ete™ — w0 (W+)* (W™)* -+ v.H. The
cross section of ZH production peaks near /s ~ Mz + v2My and falls off like 1/s at
high energies due to the s-channel Z-boson exchange. Contrariwise, the cross sec-
tion of WW fusion increases logarithmically with energy and eventually surpasses
that of ZH production. The ZZ fusion mechanism, ete~ — ete~2*2* — ete~H, has
weaker couplings and hence a much smaller cross section. The total cross sections
of these three processes are shown in Fig. la vs /s for my = 150GeV. In Figs. 1b,c,
the branching fractions of the major decay modes of H are shown in the window
50 GeV < My < 200GeV. For My < 135 GeV, H dominantly decays to bk pairs, while for
higher Mg the WW* mode wins out.

2. Radiative corrections

In ete™ collisions the bulk of the radiative corrections is due to initial-state
bremsstrahlung. In the case of ete~ annihilation, such as ete~ — ZH, these correc-
tions are known* to O(a?) and the infrared-sensitive parts may be exponentiated.
The pattern in which the leading logarithms arrange themselves is universal for all
ete” collisions, including WW and ZZ fusion, and the dominant effects may be con-
veniently incorporated in the inclusive cross section by convoluting the respective
Born result with energy spectral functions’ ¢. Similar functions, %, are available
also for beamstrahlung?® The master formula reads
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where y and pr are the rapidity and transverse momentum of # in the laboratory
frame, respectively, and My is the minimum invariant mass of the residual final-state
system. In contrast to bremsstrahlung, beamstrahlung can be greatly suppressed
by optimizing machine design and operation.

zH production will be the dominant source of H at the NLC with /s < 500 GeV
and also weak corrections must be included in order to reliably predict its cross
section. These are fully known to one loop” The significance of the combined
electroweak corrections is demonstrated in Fig. 2a. Figure 2b shows that, for the
favourable DESY Linear Collider (DLC) narrow-band design, the unwanted beam-
strahlung will be reduced to an almost unnoticeable level.

The electroweak corrections to the tree-level H decays are well known?® For
My < 400GeV, they vary around +5% in the case of the bosonic modes and around
—2% 1n the case of the bb and 7+~ modes, provided the Born coupling is expressed
in terms of Gr. Due to a strong cancellation between specific top-quark triangle
diagrams and the counterterm, the weak corrections to the # — bb decay width are
almost insensitive to m;. '
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Fig. 2 (a) Total cross section of ete™ — ZH w/o and w/ electroweak corrections. (b) Beam-

strahlung corrections relative to the Born cross section for the DLC wide- and narrow-band designs.

QCD corrections are substantial for the ¢g and gg decays of #. In the former
case? the main effect is to replace the pole mass of ¢ by its current mass, which
reduces the H —» bb rate by 50—-60% for My < 2Mw. On the other hand, QCD effectst?

enhance the H — gg rate by some 60%. For more details on quantum effects in H
physics, we refer to a very recent review article!

3. Intermediate-mass Higgs boson

The NLC is arguably the ideal laboratory to detect the intermediate-mass H,
with Mz £ Mg < 2Mz, and to determine its quantum numbers!? ZH production with

subsequent Z — ptu~ decay is fully constrained kinematically and the distribution
over the recoil mass, Mrecoit = [(Pe- + Pe+

172
— Pu+ _pp‘)z} /

, would exhibit a sharp peak

at My, if it were not for bremsstrahlung, beamstrahlung, and beam-energy spread.
In practice, the distribution is smeared out and exhibits a lower edge at My.
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Fig. 3 M,cc,il distribution for the ete™ — putu~ H signal with (a) H — bb, (b) H = WW*, and (c)
H — ZZ* decays plus the respective backgrounds after cuts for 4/s = 500 GeV. Bremsstrahlung,
beamstrahlung, and beam-energy spread are included and m; = 150 GeV'is assumed.



As for the H — b channel, which is significant for My < 150 GeV, the dominant
backgrounds come from ete™ — Z2*, Zy*,7*y* = pTpu~bb and eTe — tf — bbutu-v,p,.
They can be greatly suppressed by & tagging and a cut |cos X(e*, Z)| < 0.6. For
H — WW* — 4j, which is appreciable for Mg 2 120 GeV, ZWW* continuum production
1s the main background. The H — ZZ* - 4j channel, which plays a major réle for
Mg 2 150 GeV, receives a background from ZZ2* continuum production; in addition,
there is the a combinatorial background from ZH - (j7)(22*) — (75)){(utu~j7). The
final results for /s = 500 GeV are summarized in Fig. 3.

The SM H has quantum numbers JP¢ = §*++. The observation of the H — v+
decay or vy —» H fusion would rule out J = 1 by the Landau-Yang theorem and
fix ¢ = +1. The latter also follows from the observation of the H - ZZ decay and
ete” — ZH. P can be extracted from the analyses of the final states of ete~ — ZH
and H —+ VV (V = W,Z). The SM V#(p)V*(k)H coupling is 25/4GpMZg*. For a
hypothetical pseudoscalar Higgs, 4, the corresponding coupling would be of the
form in2%/4Gpe***p,k,, where 5 is some dimensionless factor. Such a ZZA cou-
pling is realized, for instance, at one loop in the minimal supersymmetric standard
model. For ete~ —+ ZH, the threshold behaviour of the cross section is « 8. where
B% = [1-(Mz+ Mg)?/s] {1 — (Mz — My)?/s], the Z-boson longitudinal degree of po-
larization is 1 - 8M2/ (B%s + 12M%), and the angular distribution is (1/e)(de/d cos8) —
(3/4) (B%ssin® 6 + 8MZ) / (B%s + 12M2), which is maximal in the central region of the
detector. By contrast, the threshold behaviour of ete~ — ZA is « 83, the Z boson
is bound to be transversely polarized, and (1/¢)(do/dcos8) = (3/8)(1 + cos® 8), which is
peaked in the beam directions. By the way, ete~ — ZZ is strongly peaked in the
beam directions, which provides another check for J. In a scenario of CP viola-
tion, where the VVH coupling has both scalar and pseudoscalar components, the
etem  Z"H* —» fff f amplitude squared reads
N " B 2 $8z (sH — 4m§,)
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where vy = 2I; — 4s2Qy, a5 = 2I;, Dx(s) = (s— M%) + MiT%, v = E¥Y/ /57, x =
nBy /337 /M2, 8 = ¥(e”,Z) in the laboratory frame, 8, and ¢. define the s flight

direction in the Z* rest frame, ¢y = cos®, etc. Similarly, the H - 2*2" 5 fff'f
amplitude squared is found to be
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where A = myy'(8 + #')Vss' /M2, ¢' is the angle between the ff and f'# planes, 6 is
the angle between f and the boost axis in the z* rest frame, and similarly for ¢'.
In the SM, » = A = 0. On the other hand, retaining only the x? and A? terms, one
recovers the case of 4. The angular dependences for H and A are very different. In
particular, there is no ¢4 term in the latter case.

4. High-mass Higgs boson

For a heavy H, with Mgz 2 2Mw, the simplest and cleanest signal appears in
the m(VV) distribution of ete- = Z*H* - utu VV, where V = W, Z and invariant
mass m{utp~) =~ My is selected. This is not threatened by large backgrounds and
requires no stringent cuts. Assuming an integrated luminosity of 50fb™! and 50%
instrumental efficiency, a ptp=jjji signal of about 5 (3) events above a relatively
small background may be expected'® for My = 250 (300) GeV at /s = 500GeV. To
extend the discovery potential, one has to abandon the ptp~ tag.
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Fig. 4 m(V'V) distributions after cuts of {a) the v&V'V signals and backgrounds separately, for My =
200 GeV, (b) the »PV'V signals and evW Z and ¢ backgrounds semmed, and {c) the p* 2~ VV signals
and the corresponding #f background summed, for My = 200, 250, 300, 350 GeV. Bremsstrahlung,
beamstrahlung, and beam-energy spread are included and m; = 150 GeV is assumed.

The most promising signals have been identified in the channels ete™ » viVV,
where V — jj decays are detected® The cross section for these signals is a factor
of 10-40 times larger than that for the ptu~VV signals. The viH signal receives
contributions both from ZH production and WW fusion. Various backgrounds from
other viVV, exVV, eeVV, and ¢ production mechanisms can be greatly suppressed
by a V-rapidity cut, a missing transverse-momentum [= pr(VV)] cut, and a central-
lepton veto. At /s = 500GeV a detectable vijjjj signal is predicted!® up to masses
of order My = 300-350 GeV. For the same luminosity and efficiency as above, a mass
value Mg = 300 (350) GeV would imply about 30 (10) signal events in a narrow m(j;j;j)
peak, with about 50 (15) background events under the peak. The final results are
summarized in Fig. 4 for the DLC narrow-band design. With 200fb™! at /s = 1 TeV
it is possible!* to cover the My range way up to 700 GeV.
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