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We perform an exact calculation of the processes pp — WYW " H, ZZH, ZvH, W*ZH, and
W*yH at hadronic supercolliders. They have sizable production cross sections of order 3-120 fb
at the SSC and about 1-40 fb at the LHC for an intermediate mass Higgs (IMH) boson. They are
higher order processes contributing to the IMH signals of W H, t{H — fvyyX and £vbbX. But they

turn out to be relatively unimportant.

PACS number(s): 13.85.Qk, 14.70.Fm, 14.80.Bn

I. INTRODUCTION

The search for an intermediate mass Higgs (IMH) bo-
son presents a challenge to the experimental development
on the capability of the detector at both the Supercon-
ducting Super Collider (SSC) and CERN Large Hadron
Collider (LHC). Namely, the studies [1] so far require a
detector of extremely high invariant mass resolution for
the ~~v pair, which serves as the spectacular signature
from the rare decay of an IMH boson. Recently, some
studies [2] were carried out using the H — bb mode un-
der the presence of huge hadronic backgrounds, which
relies very much on the B-tagging efliciencies of the ver-
tex detectors.

The signals for the IMH boson in all these studies come
from the production processes of pp — ZH, WH, ttH.
At the SSC, the ttH cross section is about 1-1.5 times
as much as the WH cross section, whereas at the LHC,
the WH is about 1-2 times as much as the tfH. The
higher-order QCD correction to the WH and ZH has
been shown to be small [3]. Because the signal is not large
it is desirable to investigate higher-order productions of
the Higgs boson that can contribute to the same final
state or have other spectacular signatures. In this paper,
we will investigate the associated production of a Higgs
boson with a vector boson pair at hadronic supercolliders
within the standard model (SM), via the subprocesses

@ WW™H, (1)
qq—~ ZZH, (2)
qq — Z~vH , (3)
q@ - W*ZH, (4)
q¢ - W*yH , (5)

where ¢ and ¢’ represent different initial quark flavors. A
naive estimation of these cross sections can be obtained
by comparing with the three-vector boson productions
at hadronic colliders [4] because the three-vector boson
productions and the processes in (1) to (5) are of the
same order in the weak coupling constant. It has been
shown that the WWH, ZZH, and ZvH preductions at
eTe™ collisions [5] are about 5 to 10 times smaller than
the three-vector boson productions at ete™ collisions for
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the case of an IMH boson. Therefore, with cross sections
of 0.1 — 1 pb for three-vector boson productions at the
SSC [4], the cross sections for the processes in (1) to (5)
are estimated to be tens to a hundred fb’s.

All the processes in (1) to (5) can contribute to the vy
or bb signal of an IMH boson via the leptonic decay of
either one of the vector bosons. These processes have an
additional vector boson or photon that can be tagged on
in order to eliminate certain types of backgrounds. In ad-
dition, through these processes the nonstandard HWW,
HZZ, Hyvy, HZ~ [6], and the anomalous quartic Higgs-
gauge couplings, could be searched for. Furthermore, the
ratio of the cross sections, e.g., s(WWH)/o(ZZH), has
the advantage that the uncertainties due to the struc-
ture functions, QCD corrections, and other systematic
errors are reduced. But we also have to argue that these
channels suffer severely from the QCD backgrounds at
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FIG. 1. The contributing Feynman diagrams for the sub-

process q(p1) d(p2) — W T (k1) W™ (k2) H(H) in the unitary
gauge, in which the unphysical Higgs bosons do not con-
tribute.
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hadronic supercolliders.
The organization is as follows: The calculation method will be illustrated in Sec. II, and the results will be presented
in Sec. III, and we will conclude in Sec. IV.

II. CALCULATIONS

The contributing Feynman diagrams for the subprocess g(p1)d(p2) — W™ (ki)W ~(k2)H(H), where the four-
momenta of the particles are given in the parentheses, are shown in Fig. 1. Diagrams for the other processes can be
written down similarly. We will use the helicity amplitude method of Ref. [7] to evaluate the Feynman amplitudes.
We introduce the notation:

g T3q .2 z g Taq .
- — 3 4] = — —_ 2l = 0 —
0=t (T - qunton ), o2 = -5 (52), sl =gsindw(@), @ =0,
g 1% v \% 5
=79, = => =9y + a )
gy =—-g7 WA (9) = 9, (9) + 9a (9)7
__ f gcosbw ifV=2
gyww = gsin fw ifV =4,
v 2 2 v kuky
(0 =1/(K = m?), PLO) = (g — "5 ),

p

v
T#(kq, ka; €1, €2) = (k1 — k2)" ey - €2 + (2k2 + k1) - 165 — (
T, =0(p2)v"9" (9)u(p1)

2k1 + kg) 6261 y

where g is the SU(2) gauge coupling, fw is the weak mixing angle, Q, is the electric charge of the quark g in unit of
proton charge, and T3, is the third component of weak isospin of quark flavor q. Dots between four-vectors denote
scalar products. For simplicity we present the helicity amplitude in the unitary gauge, in which the unphysical Higgs
bosons do not contribute. The amplitudes of the corresponding Feynman diagrams (Fig. 1) are given by

iIM® = —igmy DY (ky + H) P (ky + H) ¢ (k1) 0(p2)f (k2)g™ (,fj_ : 2579 ulpy), (©)

iM® = —igmy DV (ks + H) P (ky + H) € (k2) 9(p2)v" .qw(ﬁ1 4611) ¢(k1)g" u(pr), (7)

iM) = Z igywwgmw DV (p1 + p2) DY (ky + H) P}, (ky + H) €” (k1) T*( — k2, p1 + p2; €(k2), Jvq), (8)
V=2Z,y

iM@D = Z igyvwwgmwDV (p1 +p2) D% (ks + H) P:Z(kz + H) €(k2) T*(p1 + p2, —k1; Jvg, €(k1)), (9)
V=Z,y

iM©) = ’fo:;:; D?(py + p2)DZ (ky + k2) T4, Tpulka, ka; e(ka), e(k1)), (10)

where €(k;) and e(k2) are the polarization four-vector of
the W+ and W~ bosons, respectively. Amplitudes for
the other processes can be written down similarly. We
will use the following parameters for numerical results:
mz = 91.175 GeV and sin? w = 0.23, and mw is gener-
ated in lowest order by mwy = mz cosfw. For the pro-
ton structure function we will use the Harriman-Martin-
Roberts-Stirling (HMRS) (set B) [8] with Q% = §/4,
where § is the center-of-mass energy squared of the sub-
process, and sum over u, d, s, ¢ for the initial flavors. The
productions of WyH and ZvyH can be considered the
photon bremsstrahlung of the WH and Z H productions,
respectively. To visualize the final state photon we im-

pose the acceptance cuts of
Pry > 25 GeV and |ny] <3 (11)

on the transverse momentum pr. and pseudorapidity 7,
of the final state photon. Later we will also show the

[
difference when the CTEQ-1M [9] parton distributions
are employed.

III. RESULTS

The dependence of the total cross sections of the pro-
cesses in (1) to (5) on the center-of-mass energies of the
pp system are shown in Fig. 2, for a typical Higgs boson
mass of myg = 100 GeV in the intermediate mass range.
As expected, these cross sections increase with energy
very rapidly at the small center-of-mass energies /s and
only as log(s) at higher /s. The WW H has the largest
cross section of 47 and 14 fb for myg = 100 GeV at the
SSC and LHC, respectively. Considering the decay mode
of H — bb, and the £of'v, fvjj, and jjjj decay modes
of the WW, where ¢,¢ = e, and j denotes a jet, we
have about 18, 110, and 170 events for the correspond-
ing L8 vbb, Lvjjbb, and jjjjbb final states for one SSC
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FIG. 2. Total cross sections for the processes pp - VVH

versus the center-of-mass energies /s for myg = 100 GeV,
with the acceptance cuts of pry > 25 GeV and |n4| < 3 on
the final state photon. The WZH and W~H include both
the Wt and W~ charge states.

year (10 fb~1), and about three times as much for one
LHC year (100 fb=!). The WZH and ZZH have the
second and third largest cross sections except at the very
small /s, at which the phase space to produce the ZZH
is much smaller than the WyH. The W~yH and Z~vH
have the smallest cross sections due to the acceptance
cuts imposed on the final state photon, and also due to
the absence of the tree-level coupling of the Higgs bosons
and photons.

Another interesting feature is the ratio of the
oc(WWH).oc(WZH):0(ZZH), which is about 4:2:1 at
very large /s due to the SM values of HWW and HZZ
couplings. This ratio is more reliable at very high energy,
for the sea-quark partons are much more important than
the valence ones in the small z region. Assuming the fla-
vor symmetry in the sea-quark distributions, the factors
from the initial parton distributions are the same for the
WWH, WZH, and ZZH productions, e.g., ui ~ ud,
¢ =~ c5. So the ratio c(WWH):0c(WZH):0(ZZH)
would be different from the SM prediction if the HWW
and HZZ couplings deviate sufficiently from their SM
values. Or if the HWW and HZZ couplings are as-
sumed the SM values, this ratio will give some hints on
the flavor asymmetries in the sea-quark distributions.

The variation of the cross sections with the Higgs boson
mass myg in the intermediate mass range at the SSC and
LHC are shown in Figs. 3 and 4, respectively. We can
see that the productions at my = 60 GeV are about
2-3 times as much as those at myg = 100 GeV, and at
mpy = 160 GeV the productions are about 1/2 of those
at myg = 100 GeV.

We show in Table I the comparison between the HMRS
(set B) and the CTEQ-1M in the productions of VVH
for a few mpyg values at the SSC and LHC. Overall the
CTEQ-1M gives larger cross sections by about a few to
40 %, with the largest difference at the smaller Higgs
boson masses and at the higher energies. This implies
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FIG. 3. The dependence of the total cross sections for the

processes pp — VV H on the Higgs boson mass at the SSC
energy (40 TeV), with the acceptance cuts of pr, > 25 GeV
and |n,| < 3 on the final state photon. The WZH and W~vH
include both the W+ and W~ charge states.

larger uncertainties of the sea-quark parton distributions
at the smaller z.

IV. DISCUSSIONS

One of the reasons to investigate these VV H produc-
tions is to see how much they can contribute to the IMH
signals at the future SSC and LHC. The signals for the
IMH boson search at hadronic colliders are /H X followed
by H — v [1] or bb [2]. The total production cross sec-
tion of ZHX from the processes (1) to (5) is about 32
fb for myg = 100 GeV at the SSC with HMRS (set B).
Comparing to the o(pp - WH, ZH — (HX) (~ 1.6
pb), the increase to the £H X signal due to the processes
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FIG. 4. The dependence of the total cross sections for the

processes pp — VV H on the Higgs boson mass at the LHC
energy (14 TeV), with the acceptance cuts of pry > 25 GeV
and |ny| < 3 on the final state photon. The WZH and W~H
include both the W+ and W~ charge states.
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TABLE L.
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The comparison between the parton distributions HMRS (set B) and CTEQ-1M in the production cross sections

(fb) of pp - VV H for mg=60, 100, and 160 GeV at the SSC and LHC, with the acceptance cuts of pr, > 25 GeV and
|ny| < 3 on the final state photon. The first column gives the HMRS and the second gives the CTEQ-1M. The numbers in the

parentheses are for the LHC (14 TeV).

mu WWH WZH ZZH WvH ZyH
HMRS CTEQ HMRS CTEQ HMRS CTEQ HMRS CTEQ HMRS CTEQ

60 120 170 57 75 30 43 22 30 18 25
(39 47) (17 20) (9.3 12) (8.4 10) (7.6 9.3)
100 47 63 22 29 12 16 11 15 7.6 10
(14 17) (6.3 7.1) (35 4.1) (3.8 4.5) (2.9 3.5)
160 17 22 8.6 11 4.3 5.8 5.1 6.7 2.9 3.8
(4.7 5.2) (2.2 2.4) (1.2 1.3) 1.7 1.8) (1.0 1.2)

in (1) to (5) is only 2%. This is already smaller than
the QCD correction (S 10%) to the WH and ZH pro-
ductions [3]. Therefore, in terms of contributing to the
IMH boson signal, the processes under consideration are
relatively unimportant.

On the other hand, the processes in (1) to (5) have
their own spectacular signature. Because the produc-
tion rates are small, these rare processes will only be
searched for after the discovery of the Higgs boson. The
presence of anomalous HVV (V = v,Z,W) couplings
might change the production rates of certain channels,
especially, the WyH and ZvH channels could be en-
hanced significantly by the anomalous tree-level HZy
and H~vy couplings. However, the enormous large tZ and
the three-vector boson productions present major obsta-
cles for observing these rare processes when the H — bb
decay mode is considered. The tf so produced decay al-
most 100% into bW W, which gives a cross section in the
order of 10 nb at the SSC, and so it completely buries
the small WWH, WZH, and ZZH signal, unless the
mass reconstructions of the W, Z, H, and t are accurate
enough to distinguish among the W, Z, and H, and to
reject the tt events with m(bW) ~ m,. But the exper-
imental situation at the hadronic supercolliders hardly
makes it possible. For the pp - W~vH and ZyH pro-

cesses the backgrounds come from tiy, WW+vy, WZy,
and ZZ+y, which are more than an order of magnitude
larger. Therefore, all the processes under consideration
with the decay mode H — bb suffer severely from the
tt and related backgrounds, and the three-vector boson
backgrounds. Summing up, it does not seem feasible to
use these processes to search for the anomalous HVV
couplings and the quartic Higgs-gauge couplings.

In conclusion, we have performed an exact calculation
of the tree-level productions pp - VV H for the case of
IMH boson. The production rates are sizable and are
about tens to a hundred fb’s at the SSC and about 1/3
of this at the LHC. As higher-order corrections to the
IMH boson signal of £H X, these processes give a total of
only 2% increase to WH,ZH — fHX. Also these rare
processes are hard to be observed due to the huge tZ and
the three-vector boson productions, and due to the lack
of very accurate mass reconstructions at the hadronic
environment.
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