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ABSTRACT

Production of Higgs bosons accompanied by a large transverse momentum jet at
hadron colliders via a top quark loop is calculated to lowest order QCD. Analytic
expressions for the matrix elements, including the decay # — VV — 4 massless
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the mass of the top quark exchanged in the loop in all regions of phase space is
studied in detail. The Hj signal is compared with the background arising from
VVj and V+3 jet production for LHC and SSC energies.
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1 Introduction

One of the predictions of the standard model of electroweak interactions is the presence of a
Higgs boson of unspecified mass. The discovery of such a Higgs boson would provide a crucial
test of the standard model and the search for the Higgs boson is therefore one of the major
experimental goals of the next decade or so. There are different search strategies depending
on the Higgs boson mass, my. Light Higgs bosons may be found at LEPI through the decay
Z — Hu*p~ [1] (mg S 50 GeV) or at LEPII via the process ete™ — ZH [2] (my < 80
GeV). For more massive Higgs bosons, there are two distinct mass regions. For my less than
twice the W boson mass My the Higgs boson will mainly decay into ¢ states. At hadron
colliders the Higgs signal in the region my < 2My is overwhelmed by QCD background and
an ete” collider with /s = 300 — 400 GeV offers a much better chance to discover the Higgs
boson in this mass range. Only rare decay modes such as the decays H — vy or H — Z~ [3]
which proceed via quark loops offer some hope to discover the Higgs boson in the region
my < 2Mw at a hadron collider. These machines do much better in searching for the Higgs
in the second, heavy Higgs, mass region (my > 2Mw). The dominant decay modes are then
H~ZZ, H— W*W~ and H — t{ and the event rates are sufficiently high for the ‘gold-
plated’ H — ZZ — £*£~¢*#'~ decay mode (£ = ¢, ) to be visible for my < 300 (600) GeV
at the LHC (SSC) (pp colliders with /5 = 16 TeV and /5 = 40 TeV respectively) assuming
an integrated luminosity of 10* pb~" [4]. Higher integrated luminosities, or less clean decay
modes, may allow the region 600 GeV < my < 1000 GeV to be explored at either the SSC
or LHC [5].

The dominant Higgs boson production mechanisms in hadron colliders are gluon fusion [6],
99 — H, (1.1)

where the gluons couple to a top quark loop, and WW fusion (7],

q¢ — qqH, (1.2)

where the initial quarks each radiate a W boson which annihilate to produce the Higgs
boson. The cross section for the gluon fusion process depends strongly on the unknown
top quark mass m;, however, for m, > 80 GeV [8], the gluon fusion process dominates for
my X 600 GeV at the SSC. At larger Higgs boson masses, the WW fusion process becomes

important. The two processes are topologically different, since, to lowest order, the Higgs
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bosons produced from gluon fusion have small transverse momentum, pr, while those from
WW fusion have pr ~ Mw balanced by the two small angle quark jets. This transverse
motion (along with the possibility of tagging the quark jets {9]) has been proposed [10] as
a discriminant against the background for the favoured decay mode, H — ZZ, where the

dominant backgrounds,
9q — Z2, (1.3)

and [11],
99— ZZ, (1.4)

also lead to a ZZ pair with small transverse momentum.

In general, however, once higher order corrections are taken into account, the Higgs bosons
produced by the gluon fusion process (1.1) will have a non-negligible transverse momentum.

The large pr region is well described by the O(a?) processes,

g9 — gH, qg— qH, (1.5)

and,
qq — gH, (1.6)

shown in Fig. 1. Asin the O(a?) process (1.1), there is a large dependence on the top quark

mass,

In this paper we will study the production of a Higgs boson accompanied by a large pr
jet via the processes (1.5) and (1.6). The matrix elements for these processes were first cal-
culated in ref. [12] which was mainly concerned with the possibility of using the H — 77~
decay of a large pr Higgs boson as a signal in the intermediate Higgs mass region. In our
work we extend the analysis of ref. [12] to heavy Higgs bosons with myg > 2Mw. Our
analysis divides into two parts. In the first, we make a detailed study of how the mass of
the top quark affects the matrix elements in all regions of phase space and show how this
translates to the observable pr distribution. In particular, we develop two approximations
to the matrix elements, when the top quark rnass is either large compared to all other kine-
matic quantities, or when it is small. For heavy Higgs bosons, myg > 2Mw, as we will
show, the large mass approximation grossly overestimates the cross-section at large pr for

all values of m,, 80 GeV < m; < 200 GeV. On the other hand, the small mass approximation



gives a reasonable estimate of the exact result over most of phase space for a wide range of m,.

The second part is devoted to a phenomenological comparison of the Higgs boson signal
accompanied by a large pr jet with the background at the SSC and LHC. Analytic expressions
for the matrix elements, including the decay H — VV — fi fofsfy where V = W, Z and
fi... f4 are massless fermions are presented. At large pr, the rate for Higgs boson production
is O(a,) compared to the production rate at small pr, so that the potential for observing a
heavy Higgs through the ‘gold-plated’ H — ZZ — ¢+{~{"+{'~ mode is significantly reduced.
On the other hand, one could recoup this factor if one of the Z bosons is allowed to decay
hadronically. In this case there is an additional background from the production of a Z
boson in association with 3 hadronic jets. Some of the time, two of the jets will have
an invariant mass close to Mz thus generating a ‘fake’ background which depends on the
detector resolution. For a representative choice of lepton and jet identification criteria we
make a comparison of the H — ZZ — {+£ ¢ signal and the ‘real’ and ‘fake’ backgrounds.
A similar analysis is also presented for H — W+W~ — ¢*1qq. Finally, in section 4, we shall

sumintarize our results.

2 Top Quark Mass Dependence

In order to compute the production cross section for a Higgs boson with large transverse
momentum, the matrix elements for (1.5) and (1.6) have to be calculated. This was first
carried out in ref. [12]. We have repeated the calculation, using the methods of ref. [13]
to express the contributing helicity amplitudes as combinations of scalar one loop integrals.
The scalar integrals may then be expressed in terms of complex Spence functions [14]. We
find complete agreement with ref. [12], however, since we use a rather different notation we
present the helicity amplitudes in Appendix A, while the expressions for the scalar integrals

are given in Appendix B.

The form of the cross section is rather complicated, and, in order to gain some insight on
the top quark mass dependence, we show the squared matrix elements for each of the three
processes in Fig. 2 as a function of my/mz. For simplicity, we consider only right-angle
scattering at fixed centre of mass energy, § = 4m¥% and & = {. §, { and @ are the usual
Mandelstam variables. Furthermore, we keep only the contribution from the top quark. The

three curves are normalised so that as m; — oo, |[M|? — 1. In this heavy top quark limit,
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the loop integrals simplify considerably,

1 1
D(z,y} — P + 0 (m_f) ,
1 T 1
C —_— el
() = g~ ez + 0 (mg) , (2.1)
By(z) — i 0 1
! 6m3 m}

Since the top quark coupling to the Higgs boson is proportional to the mass, the ggH and
999H couplings do not vanish but tend to a constant and may be generated by the effective

Lagrangian,

a, gw

Loy = —2 IV Gewge )
1~ lox 2My G*GLH , (2:2)

where G}, is the gluon field strength tensor and K is the Higgs field. The matrix elements
are then extremely simple [12] (see Eqs. (A.24) and (A.25)).

On the other hand, as m; — 0, the triangle and box integrals depend logarithmically on

the quark mass,
D{z,y) ~ L logz(mz) C(z) ~ L logz(ma) {(2.3)
] y t) 2 t/ ?

and the cross section for all three processes vanishes as,
|M[* ~ my log(mi) . (2.4)

These two limits are separated by the region where m; ~ mg which contains two thresh-
olds. Above a threshold, the particles circulating in the loop are always virtual while below
the threshold they may be on-shell. A threshold is therefore always associated with the
turning on or off of an imaginary piece and a corresponding shape change in the matrix
elements. The first threshold corresponds to the situation when the the top quarks coupling

to the Higgs boson may be real and occurs at 2m; = my. The second, is associated with



the possibility of making a cut in the $-channel to produce real top quarks and happens
when 2m; = V3. Due to the particular choice of 3 in Fig. 2, these thresholds appear at

myfmy = 0.5 and 1 respectively.

Figure 2a shows both of these thresholds for the process g¢g — gH while the two other
processes only show one. The reasons for this are quite straightforward. In the case of the i-
channel exchange qg — qH process, it is not possible to make the §-channel cut (see Fig. 1b),

while in the ¢g — ¢gH case, the imaginary pieces are proportional to the combination,
(3 — 4m?) — 6(m% — 4m?). (2.5)

At the first threshold, m,/my = 0.5, the imaginary piece switches on and causes the rapid
growth in the region 0.5 < m;/my < 1.0, while at the second, the imaginary piece suddenly

switches off causing an abrupt drop.

Clearly, in the threshold region the matrix elements are rapidly changing, however, they
are well behaved in both the small and large quark mass regions. This fact has encouraged us
to develop two approximations, one for use in each region. In the large mass aproximation,
the matrix elements themselves reduce to rather compact forms [12], while in the small mass
limit the scalar integrals simplify. They are listed in Appendix C. In particular both the top
quark mass dependence and the imaginary pieces are isolated. The few remaining Spence

functions have simple arguments well away from the branch cut and are easy to evaluate.

In Figs. 3 and 4 we investigate the accuracy of these approximations over the whole of
phase space, and, since the cross section is dominated by the gg — gH process, we show only
the gg contribution. Figure 3 shows the exact matrix elements for & = { = (m% — 3)/2 nor-
malised to the large mass limit (Fig. 3a) and the small mass limit (Fig. 3b) as a function of

pr/m; for various values of my/m, where pr is the transverse momentum of the Higgs boson:

»
hrl E-?

Pr = (2.6)
As can be clearly seen in Fig. 3a, the large mass limit only works well when both pr/m, and
mpy/m, are small. At large values of pr, however, the large mass approximation breaks down
since there are now two large scales (pr and m;) in the problem and drastically overestimates

the cross section. This is rather unfortunate since the O(a?) processes (1.5) and (1.6) only



provide a good description of the Higgs boson pr distribution at large pr. At small trans-
verse momenta the cross section diverges, and virtual and multiple gluon emission processes
become important. On the other hand, for large values of my/m, the small mass expansion
is a good approximation over nearly all of the pr range, only breaking down at pr <« m;.
Furthermore, evén for myg € m, the approximation becomes better with increasing pr. Fig-
ure 3 also serves to illustrate the fact that at large pr, the transverse momentum distribution

is essentially independent of my.

Figure 4 shows that in the regions where the approximations work at all, they are valid

over all possible values of the centre-of-mass jet rapidity,

.1 i
¥i =73 log (E) ' (2.7)

For the currently prefered range of top quark masses, 80 GeV < m, < 200 GeV [8, 15],
and heavy Higgs bosons, my > 2Mw, one expects the small mass expansion to work rather

better than the large mass expansion particularly at large pr and large my.

In practice, however, the observable cross section is obtained by integrating over all values
of § weighted by the structure functions. As we will show, the general behaviour observed for
the matrix elements does not change. Furthermore, since the width of heavy Higgs bosons
is quite large, finite width effects might be appreciable and it is also necessary to study the
effect of the Higgs decay. The dominant decay modes of a heavy Higgs boson are H — Z2Z,
H — WW and H - t1, and, due to overwhelming QCD backgrounds, the cleanest signature

is the decay into four charged leptons,
H—ZZ = 04, (2.8)

Since the Higgs boson is a scalar, it is straightforward to modify the on-shell matrix elements

to incorporate the subsequent decay and this is described in Appendix A.

In Fig. 5 we show the transverse momentum distribution for the process,

pp—= H+jet = ZZ + jet, (2.9)

for pp collisions at /s = 40 TeV. For the numerical results presented here and throughout

the rest of the paper, we use set 1 of the Duke-Owens structure functions [16] and the
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running strong coupling constant with A = 0.2 GeV evaluated at @Q? = /4. The choice
of scale is somewhat arbitrary and, since we are dealing with an O(a?)} process, different
choices may alter the results by as much as a factor of two. Furthermore, we neglect the
extremely small contribution from the light quarks in addition to any potentially large effect
from extra heavy generations. For the electroweak parameters we use Mz = 91.1 GeV,
Mw = 80.0 GeV, sin’fw = 0.23 and « = 1/128. Since the matrix elements diverge as
pr — 0, we impose a fixed pr cut on both the jet and Higgs boson,

pr; = pru = pr > 100 GeV, (2.10)

Both the jet and Z bosons are required to be centrally produced, with rapidity

lysl < 2.5, |yzi < 2.5, (2.11)

and to be well separated from each other,
cosflz; < 0.7, (2.12)

where fz; is the angle between between the Z and the jet. These cuts define a region of
phase space which is both experimentally relevant and in which the matrix elements are well
behaved. To illustrate the effect of the top quark mass, we show the exact pr distribution
for m; = 80 GeV and 200 GeV for three representative values of the Higgs boson mass,
my = 250 GeV, 500 GeV and 750 GeV. Depending on the choice for my, varying m, may

cause the differential cross section to change by over an order of magnitude.

We also show the pr distributions in the large and small top quark mass approximations.
Although the small mass expansion overestimates the cross section for my = 250 GeV and
m; = 200 GeV by a large factor, in all other cases it is a rather good approximation and lies
within 20% of the exact result over the whole range of pr. The large mass expansion, on
the other hand, leads to a rather different shape of the transverse momentum distribution,
and consistently overestimates the cross section at large pr. Only for my = 250 GeV and

m¢ = 200 GeV is the large mass limit a better approximation than the small mass expansion.

As mentioned before, at large pr, § ~ 4p%, and the pr distribution becomes independent
of my. This is illustrated in Fig. 6 where we show the transverse momentum distributions
for mpg = 250, 500 and 750 GeV for both m; = 80 GeV and in the heavy quark limit. In



both cases, the pr distributions differ at most by a factor of two at large pr. Once again, the
different shape of the large mass expansion is evident, and, for this value of m, overshoots

the exact result by a factor of 50 at pr ~ 1000 GeV.

To illustrate the range of validity of the small mass expansion, in Fig. 7, we shdw the
total cross section ¢ normalised to the cross section in the small quark mass limit, g, as a
function of m;/my. Since we have taken the ratio of the cross sections, the effects of the
cuts (2.10)-(2.12) tend to cancel. Furthermore, the uncertainties in the strong coupling con-
stant also cancel. We clearly see that for all three choices of my, the approximation works
well - to better than 10% for m;/mpy < 0.32 - and only starts to break down close to the
2m, = my threshold. For my = 750 GeV, the small mass expansion is good for top quark
masses m,; < 240 GeV. Eventually, however, the approximation breaks down with increasing
m; and overestimates the cross section by an order of magnitude for m;/my 2, 0.55. The
main reason for this sudden collapse is the fact that the threshold behaviour, which causes
the exact result to suddenly diminish, has been explicitly removed. The imaginary pieces of

the small mass expansion carry on growing and cause the overestimation of the cross section.

On the other hand, we see that the approximation for fixed m./my is worse for larger
my. The total cross section is dominated by the region close to the pr cut and, for larger
my, this allows pr/my to be small compared to m,/my and causes the approximation to
become worse. Increasing the pr cut for a given value of my therefore improves the accuracy
of the approximation. However, due to the threshold behaviour, the small mass expansion

is never good for m;/mpy 2 0.45.

In Fig. 8 we show the total cross section o normalised to the cross section in the heavy
quark limit, 0., as a function of m,/myg. Figure 8a displays the results for three different
values of my and a fixed minimum transverse momentum of pr > 100 GeV for the Higgs
boson. For comparison, we also show the O(a?)} cross section for centrally produced Higgs
bosons normalised to the O(e?) large mass limit. Both sets of curves exhibit similar be-
haviour ~ rapid growth at small m,/mpg separated from the large mass region by a resonance
structure due to the threshold at 2m, = my. The detailed behaviour, however, is somewhat,
different. The peak in the O(a?) process decreases with increasing mpy, while the opposite
is true for the O(a3) processes. In the first case, this is due to the increasing width of the

Higgs boson which smears out the resonance structure. The situation is more complicated



for the O(a3) processes since the matrix elements contain thresholds at both 2m, = my and
2m, = V3. The cross section, which is obtained by integrating over 3, is dominated by the
region where the two thresholds are close together, i.e. small values of é. For fixed pr cut,

increasing my decreases the minimum allowed value of v/3 in units of mg

= . 2
vV Smin — PTmin +. 014 pT_ﬂf;m . (2.13)
mg my myg

causing the cross section to increase. Conversely, increasing the pr cut tends to separate the
two thresholds and, as shown in Fig. 8b, causes the cross section to fall. In fact, for a large
enough pr cut, the resonance structure vanishes entirely and the ratio of cross sections rises

monotonically with increasing m,/my.

3 Signal and Background

We now turn to a more phenomenological comparison of the large pr Higgs boson signal
with the background at high energy hadron supercolliders. When the Higgs boson decays

into a pair of vector bosons, the primary background processes are,
qg— VVyg, and gg— VVy, (3.1)

where V = Z or W. The matrix elements for these processes including the subsequent
decay of the vector bosons have recently been computed [17] using spinor techniques. It is

straightforward to utilise the helicity amplitudes to compute the background rate.

As in the case for Higgs boson production at large pr, the matrix elements for the back-
ground processes (3.1) also diverge as the transverse momentum of the vector boson pair
tends to zero. For this reason, it is necessary to impose a minimum transverse momentum

cut,

pri = prvv > 100 GeV. (3.2)

However, as discussed in ref. [17], a fixed pr; cut is not, on its own, sufficient to ensure that
the 2 — 3 cross section is a small correction to the lowest order g§ — V'V process at large
myy. The dominant contribution arises from the gg — VVgq subprocess which contains
poles in (pv + p,)* which are regulated by the mass of the vector boson. However, at large

myv, when the energy of the vector boson is large compared to its mass, (pv + p,)? may



become small compared to the other scales present. In this region, multiple gluon emission
processes become important, and the invariant mass distribution of the vector boson pair
from the 2 — 3 processes becomes unreliable. To control this effect, one can either increase
the jet pr cut [17] or, as we shall do here, require that the V' boson and jet are well separated
(see Eq. (2.12)). Due to the resonant nature of the signal, this pole is not present and the
signal is relatively unaffected by this cut.

For a first look at the invariant mass distribution arising from both signal and back-
ground it is convenient to treat the vector bosons as final state particles. In Figs. 9 and
10, we compare the invariant mass distributions for ZZ and WW boson pairs arising from
the production and decay of a large pr Higgs boson with the background (3.1) for LHC
and SSC energies. As in section 2, we choose three representative Higgs boson masses,
mp = 250, 500, 750 GeV and three values of the top quark mass, m; = 80, 120 and
200 GeV. We impose the cuts of Egs. (2.10)-(2.12) and analogous cuts on the rapidity of
the W bosons, |yw| < 2.5, and the W-jet separation, cos y; < 0.7.

The top quark plays an important role in determining the size of the signal. First of all,
for m; £ mpyg/2, increasing m, increases the pp — H + j cross section as discussed in section
2. However, the partial width for the H — t decay also increases, thus decreasing the
H — V'V branching ratio. The net effect is still an increasing cross section with m; provided
m, S myg/2. Once the threshold is crossed, the production cross section falls due to the
resonance structure in the matrix elements. This is partially compensated by an increase in

the H — V'V branching fraction since the H — tf channel is no longer open.

From Figs. 9 and 10 one observes that the VVj continuum background becomes more
dangerous with increasing Higgs boson mass. The signal to background ratio at the SSC
(/s = 40 TeV) is clearly more favorable than at the LHC (/s = 16 TeV). For fixed my
and my, the signal is much more evident in the ZZ channel than for WW. This is because,
although Br(H — WW) ~ 2 Br(H — ZZ), the pp — WWj background is approximately
one order of magnitude larger than the pp — ZZj background. The reason for this large
difference lies with the rather different couplings of the W and Z bosons with the quarks
within the proton, and which is already manifest in the ratio of cross sections for single
W and Z production at the CERN SpgS and Fermilab Tevatron, ow/oz ~ 3. Once the
possibility for the production of W pairs through top quark decay is also allowed, the WW
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signature for Higgs bosons is even less attractive.

Increasing the hadron centre of mass energy from 16 TeV to 40 TeV increases the signal
by a factor of 4 for mmy = 250 GeV and by a factor of 6 for mpy = 750 GeV. This is illustrated
in Table 1 and 2, where we show the cross section for both signal and background at large
pr for LHC and SSC energies respectively. The total cross section is obtained by integrating
the invariant mass distribution over an interval in myyv of £25 GeV or +I y centred on
mp. For light Higgs bosons, 'y is small and the range of integration is determined by the
experimental resolution in measuring myy, which we take to be 25 GeV. For heavier Higgs
bosons, I'y is much larger than the experimental resolution, and to include all of the signal,
the interval size is increased. For comparison, we also show the signal and background from
the g¢9 — H — VV and ¢§ — VV processes, with the same rapidity cuts on the vector
bosons. For both signal and background, the 2 — 3 processes are typically 10 — 30% of the
2 — 2 contribution and represent an important source of gauge boson pairs at both the LHC
and S3C. For example, in a typical SSC year yielding an integrated luminosity of 104 pb~!,
the number of Higgs boson events with pr > 100 GeV for my = 500 GeV and m, = 120 GeV
is 4800 (9900) in the ZZ (WW) modes.

Whether or not any use may be made of this relatively large event rate depends on the
relative sizes of the signal and background. The precise value of the signal to background
ratio depends on how the collinear and soft divergences are regulated, however, in general
the signal to background ratio at large py is worse than in the absence of the jet. The rea-
son for this lies in the fact that the parton-parton luminosities are strongly ordered in size,
Lgg > Lgg > Lyg. Since the ¢gg luminosity is much larger than that for ¢g, the g9 — VVyq
background is enhanced relative to the lowest order q§ — VV process. The signal, on the
other hand, already samples the large gg luminosity at lowest order and does not gain such

an enhancement.

So far, we have only examined the invariant mass distribution of the vector boson pair
by treating the vector bosons as final state particles. In practise, the W and Z bosons
must be identified through their decay products. When both of the vector bosons decay
leptonically, the final state is rather clean. It either consists of four charged leptons or two
charged leptons accompanied by large missing transverse momentum, pr, recoiling against

a large pr jet. The branching fractions for these two all leptonic decay modes summed over
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both electrons and muons are 4.5 - 1073 and 4.7 - 10~? respectively, which leads to a rather
small rate. Moreover, in the WW case the missing transverse momentumn results from two
neutrinos so that the invariant mass of the W pair cannot be reconstructed. On the other
hand, if one of the vector bosons would decay hadronically, the branching fractions are then
9.4% and 29.2% respectively yielding a much larger event rate. The final state then contains
either two charged leptons or one charged lepton accompanied by missing pr, and three
hadronic jets, two of which have an invariant mass close to My. In this case, there is an

additional ‘fake’ background from processes of the type,

gg9 — Vaggg, etc. (3.3)

where two of the jets have an invariant mass close to My and fake the hadronic decay of a
V boson. The precise level of the ‘fake’ background depends on how well the invariant mass

of the jet-jet system can be measured.

The invariant mass distribution of the ZZ pair for the signal, pp — Hj — ete™jj7,
the ‘real’ pp — ZZj — e*e~jjj and the ‘fake’ pp — Zjj; — ete”jjj background at
Vs = 40 TeV is shown in Fig. 11. To compute the Zjj; background we have used the
results of refs. [18, 19]. To make an approximate detector simulation we impose the following

acceptance requirements:

e One central large pr jet j;,

|y_,-1| < 2.5, Pri, > 100 GeV. (34)

e Two other central jets, j; and j;
lyi] < 2.5, pr;, > 25 GeV, 1=23. (3.5)
Furthermore, the invariant mass of the two jets, m,,;, must lie within A of Mz,
Mz —-A<m;; <Mz+A. (3.6)

Typically, the invariant mass of a pair of jets can be measured with a resolution of 10%,

and for our numerical simulations we have chosen A = 10 GeV.

o A central ete™ pair

lyel <2.5,  pre > 25 GeV. (3.7)
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o All jets must be well separated,

cosbj;, < 0.7 4,7=1,2,3. (3.8)

o All jets and charged leptons must be well separated,

cos#;,. <07 i=1,23. (3.9)

The jet-jet separation cut {3.8) is necessary because collinear jets can not be separated in a
detector. The cut on the electron-jet angle, (3.9), is needed to suppress backgrounds from

heavy quark (c, b} decays.

The separation cuts mainly reduce the fake Zjjj background by eliminating events in
which at least one of the jets has a typical bremsstrahlung characteristics, i.e. is much softer
than the other two jets and almost collinear to one of them. They have a similar effect
as the jet asymmetry cut introduced in ref. [9]. However, they also reduce the signal cross
section significantly and the increase in cross section due to the higher branching fraction
when one Z decays hadronically is partially lost. The large reduction of the signal can be
easily understood from the expected topology of an Hj event where the Higgs boson decays
into a pair of Z bosons. Since the large pr jet recoils against the Higgs boson the Z pair and
also the ZZ decay products all tend to be in the same hemisphere, opposite to the jet, if the
Higgs boson is not too heavy. Separation cuts between the Z decay products therefore reduce
the signal cross section substantially. Of course, with increasing my the Z bosons become
more energetic and well separated, weakening the effect of the separation cuts between the
decay products of different Z bosons. In this case, however, the decay products of a given
Z boson become more collinear and less well separated, resulting in a similar reduction of
the signal. Relaxing the separation cut on the two jets from Z decay and observing one
rather fat jet with an invariant mass close to Mz would therefore increase the heavy Higgs
signal. However, the fake Zj;jj background would increase even more significantly due to

the collinear nature of QCD bremsstrahlung.
From Fig. 11 we observe that the signal is still evident above the real background, however,

the fake background is approximately two orders of magnitude larger than the real back-

ground. In the most optimistic cases, my = 250 GeV or my = 500 GeV and m, = 200 GeV,
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the signal lies about one order of magnitude beneath the background. The signal to back-
ground ratio can be improved by imposing a stronger rapidity cut on the ZZ decay prod-
ucts. A more restrictive rapidity cut would, however, also considerably reduce the signal, for
lvels |¥5ls lys) < 1.5, for example, by about a factor of 3. Improving the resolution on the
invariant mass of the jet pair, to A = 5 GeV for example, would reduce the fake ba.ckgfound
by approximately a factor of two while leaving the signal and the real background essentially
untouched. The background is still large however, and unless an extra rejection factor, from
multiplicity arguments [20} for example, can be obtained, it is unlikely that Higgs bosons

produced at large pr can be seen in this channel.

The situation for the H — W*W~ — e*vjj decay is slightly more complicated due to
the fact that the neutrino is not directly observed. It is then impossible to unambiguously

reconstruct the invariant mass of the W pair. In this case, the cluster transverse mass,

2
miwi; = (VM2 +Phe + 1) = (Prc + Br)*, (3.10)

where pro = pr.+Prj, +Pr;, is the cluster transverse momentum, is a more relevant quantity.
In Fig. 12 we show the myw;; distribution for the signal pp — Hj —» WW~j — etprijij,
the ‘real’ background pp —» W+W=j — e*prjjj and the ‘fake’ background pp — Wtjj; —
e*prj;j at the SSC. Besides the jet and lepton cuts of Eqgs. (3.4)-(3.9) we apply a missing

transverse momentum cut,

pr > 25 GeV, (3.11)

and require that the pr vector must not lie close to a jet,
cosb;4 <07 i=1,2,3. (3.12)

The last cut ensures that events where one energetic particle within a jet escapes from the

detector are excluded. mj,;, now must lie within A = 10 GeV of Mw.

The W#*;;; background is about a factor of twenty larger than the Zjjj background
due mainly to the larger Wgqg couplings and the larger W — ev branching fraction. As
mentioned earlier, the ‘real’ background is more severe for the H — WW decay mode.
Furthermore, the transverse mass distribution is less sharply peaked at my than the mww
distribution and signal events are pushed to lower ms. The net result is that the signal to

background ratio is at best ~ 0.01. Allowing for the fact that W pairs may also be produced
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in top quark decay, pp — tf — W* IV ~bb, it would seem impossible to identify the large pr
H — W*W~- — ¢*pgg decay mode at the LHC or SSC.

4 Conclusions

The complete calculation of the transverse momentum distribution of the Higgs boson at
hadron supercolliders is a formidable task. In this paper we have concentrated on the top
quark mass dependence of the large pr cross section which is dominated by the gg — gH
process. A more complete description of the small pr region requires the inclusion of both
virtual and higher order corrections, and in particular the resurmnmation of soft gluon emis-
sion [21]. Moreover, the contribution from the WW fusion process (1.2) and pp — tiH [22]

to the transverse momentum distribution of the Higgs boson must be taken into account.

We have presented two approximate forms for the O(a3) matrix elements and investigated
their domains of validity. Both approximations are somewhat simpler than the exact result
and serve to highlight the mass dependence. The large mass approximation has the advan-
tage of being extremely compact, however, it is not, in general, a faithfull representation
of the exact pr distribution. At large pr it severely overestimates the exact result. The
small mass approximation is much more accurate over the whole range of pr, typically lying
within 10% of the exact result for m,/my < 0.3. However it is somewhat less compact and

the amplitudes still contain real Spence functions.

The cross sections listed in Table 1 and 2 demonstrate that the production of Higgs bosons
produced at large pr is a significant source of Higgs bosons at future hadron supercolliders.
We have investigated the observability of Higgs bosons recoiling against a large transverse
momentum jet, by comparing the signal with the WW; and ZZ; backgrounds at the vector
boson level. In general, the signal is not improved relative to the case without the jet, and,
especially for the WW signal, is marginally worse in many cases. On the other hand, the
signal for Higgs bosons with mass mg < 500 GeV is clearly visible above the background
in the ZZ channel at the SSC, even allowing for a double charged lepton branching ratio of
4.5-107. It is clear that the rate at large pr is between 5 and 10 times smaller than the
signal rate without the jet, however, the observation of a signal at large pr would be a useful

confirmation of the Higgs boson signal.

15



Finally, in an attempt to increase the signal rate at large pr, we have compared the signal
and background in the mixed hadronic-leptonic decay channel. In this case, the dominant
- background is pp — Vjjj, V = W, Z, where two of the jets have an invariant mass close to
My. In general the fake background is one to two orders of magnitude above the signal, and
unless the background can be further suppressed, e.g. by requiring that the event have low

hadronic multiplicity, it is unlikely that the large pr Higgs boson can be seen in this channel.
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A  Matrix Elements

In this appendix we give analytic expressions for the squared matrix elements for the pro-

cesses,
i(=p1) + 3(=p2) — k{ps) + H(px) ,
and,
i(=p1) + 7(—p2) — k(ps) + H* — k(pa) + Va(pa) + Va(ps) ,
where V1V; = WW or ZZ, followed by the decays,

Vi(]h) -+ a(?a) + E(Pb) 3
Va(ps) — e(pc) + d(pa) -

(A.1)

(A.2)

(A.3)
(A.4)

The matrix elements for process (A.1) are given in ref. {12], however, since we use a different

notation we reproduce them here.

First of all, we consider the production of an on-shell Higgs boson at large

momentum via the gluon fusion process,

99 —~ gH |

shown in Fig. la. The unaveraged matrix elements are given by,

2
2 awcod 3
ZIMQE(m:&)‘ = 4M2 § ( Z ZMAH\:A; )a
w ApAnda=t | ¢
where,
3 2
9w _ &
W= 4x T drsind Ow '
and,
A 127

o, =

ar (332 N,)log(Q/A%)

transverse

(A.5)

(A.6)

(A7)

(A.8)

N, is the effective number of quark flavors. The factor 3/2 in Eq. (A.6) results from the square

of the antisymmetric structure constant f2*/4. For a given quark of mass m, circulating in

the loop there are eight helicity amplitudes which are related by parity,

Moy = -M—a\l--\:—a\s .
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The four remaining amplitudes are further related,

Mo (s,t,u) = Myusi(t,s,u), (A.10)
M_pi(s,t,u) = Miii(u,t,8), (A.11)

leaving only two independent amplitudes, M., .. and M, _. To describe the two indepen-
dent helicity amplitudes we make the following definitions,

s=(p+p2)", t={(pa+p)’, uw={(pz+m), (A.12)
si=s-my, thh=t—-m}k, u =u—mi, (A.13)
and,
t
A= ig’i . (A.14)
We find,
M+++ [ 1 ] 64 23 2s + u
e+ _ 64 AL I Rt
miA + tt1 + U,y s ud Bl( )+ : Bi(t)
16(s — 4m?
-~ "—(—;t:;**ﬂ [81 C1(8) + (u— 8) Cu(t) + (t ~ 8) Ci(u)]
(A.15)
64m?
~ 128m? [ Calt) + —— C'l(‘u.)] % D(u,1)
8(s — 4m?3) 32
+ T [st D(s,t) +us D(u,8) — ut D(u,t)} — = E(u,t),
and,
Moy  84m} | 16(m} — 4md)
miA = " + o [81 C1(8) + w1 Ci(u) + t; Cy(t))
(A.16)
8 - 4
(Lia_l’il [st D(s,t) +us D{u,s) + ut D(u,t)] .

The functions By, C, Cy, D and E are the basic scalar integrals described in Appendix B.
We have checked that these helicity amplitudes reproduce the results in ref. [12] both ana-
lytically and numerically.
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The squared matrix elements for the on-shell production of a large pr Higgs boson via

the quark-antiquark annihilation process,
99 — g4,
shown in Fig. 1b are given by,

2 3
[ Maslmi)f = 16 %y 5t

sME, A

where,
23
A= ;mg (2 + ™ Bi(s) + (4m] —u —1t) C;(a)) .
The matrix elements for the crossed processes,
99 —»qH and g7 — ¢H,
are obtained by the permutations,

E|Mq,(m5]l (s,t,u) ==Y |qu(m3)| (u,t,8),

and,
> lMﬂ(m};)r (syt,u)=—3" I./\A,,,f('.".-:a,:'ﬂ)I2 (t,8,u) .

In the limit that the quark mass is large compared to all other scales,
m: > a,t,u,mi; ,
the matrix elements reduce to the simple form,

32aiaw o4+t +ut +mfy
2 lM (mi) I 3 stuM3, !

16cdap u? + 3
9 aMp,

> Memi)| =

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)

(A.22)

(A.23)

(A.24)

(A.25)

Let us now turn to the matrix elements for the off-shell production and decay process,

Eq. (A.2). Because of the scalar nature of the Higgs boson, the matrix elements factorise,

DMy = L Mis(miy)i®? ¥ IMyy |’

(myy ~my)* + miTh
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where myy (V = W, Z) is the mass of the virtual Higgs boson (or equivalently, the mass
of the vector boson pair), and ¥ [M;;(m}y)[* is obtained from the on-shell amplitudes by

replacing m} with m#. The matrix elements for the decay,
H* — V3 — abed, (A.27)
where @, b, ¢ and d are massless fermions are given by [23]

Y [Myv]* = 16Crgy M} |D}* DY x
(A.28)

[(c}.’“cr‘* + CE2CE?) (pa 2} (po - pa) + (CL2CE? + CECY?) (71 2c) (o -pd)] :

C{f and Cgf are the usual couplings of the of the W and Z with a fermion f of charge e;

and weak isospin T{ y
CE = Tf — essin? by, CEF = —essin? Oy, (A.29)
1

cpl = 7 cF’! =y, (A.30)

gz = gw/ cos 8y, while the vector boson propagators are,
v 2 2 . -1
DY = [(pa +m)* — M} +ilvMy| . (A-31)
The colour factor Cr counts the colour degrees of freedom of the final state,
Cr=1, 3or9, (A.32)

for Higgs bosons decaying into 4 leptons, 2 leptons and 2 quarks and 4 quarks respectively.

B Scalar Loop Integrals

In this appendix we define the integrals appearing in the matrix elements for the O(a?)
processes for the production of a Higgs at large transverse momentum. As in the previous

appendix, we use the notation,

s=(pr+p2)? t=(p2+ps)?, u={pa+p), (B.1)
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si=s—my, ti=t-mk, uw=u-mhk (B.2)

First of all, the scalar two-point function B(s} is given by,

B{s) = —/;1 dz log (m: —ie—sm(lﬂz))

_ {log(mf,) s \/1 _ 4(m§a—- ) g (l:zz)}

1 4(m? — ie)
Z=§(1+\/1—-'—g———). (B4)

In the amplitudes only the following combination is present,

(B.3)

where,

Bi(s) = B(s) ~ B(m}) (B.5)
The next integral that appears is the scalar three-point function, C(p1,p2), with two

massless external lines p? = p} =0, (p1 + p2)* = 3,

L/ de
ir? J (g2 —maN(g+ ;) ~ m3)((g + ps + p2)? — md)

C(s) = C(Ph?z)

j:i‘f log (1-—is-—£—,— 3(1—2)) (B.6)

8T 2

= g fee ()]

where z is defined by Eq. (B.4). The scalar three-point function also appears with only one

massless external line, C1(p1,p2) = Ci(s), where, p? = 0, p3 = m}, (p1 + p2)? = 8, is given
by,
81C1(s) = sC(s) — m%LC(m%) . (B.7)

For the gg — gH process, the scalar four-point function with three massless and one

massive external line, p} = p§ = pj = 0 and p] = m}, also appears,
D(J,t) = D(pliphpl'!)
1 / diq
el ) (RN ) (PR ey (R Ay
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1t dz . 2
- ;t-./o z(l—a:)-l—m:u/ts{_log(l_“—%ﬁz m(l—z)) (B.8)

. 8 . t
+log(1 — 1€ — m—g z(1 -~ :c)) +log(1 —ie— ;g z(l — .'c))} .
This result can be expressed in terms of complex Spence functions via the relation,

1 dz v
1 —ie— _
./o 2(1 —z)+miu/ts og(l e m? 2(1 z))

2 T_ Ty T_ x
= S -5 +S -5 as
‘/1+4m:u/ta { p(m—‘_y) P(z+_y) p(y“3+) p(y—x-)

(B.9)
—ZT.. . v
+log (?) 10g (1 — 1€ — m_g $_I+)}

where,
1 dmiu
Ty = 5 1+4/1 + s y (B.IO)
and,

y=%(1+\/1—5(m—3;-f52). (B.11)

Finally, as an auxiliary function we define,

E(u,t) = uC(u) + tC(t) + uyCrh(n) + 1 C(E) — utD(u,t) . (B.12)

C Small Quark Mass Limit

In this appendix we make an explicit expansion of the integrals defined in Appendix B in
the limit that the quark mass is smaller that all other quantities,

mi = u? € pr,m, s, [¢],|u| etc. (C.1)

In this limit the two point function, B;(z), is given by,

By(z) = ~log (;'%) +in(6(z) — 1), (C.2)
where,
1, z> 40,
=) = { 0, z<0. (C3)
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The three point functions, C(z) (and hence C(z)), are then,

Clz) = 2i (1 og (%) - 8(z) {71'2 — %irlog (I{T) }) . (C.4)

Finally, the four point functions, D(u,t) and D(s,t), are given by,

ptwt = G =259 () 200 (8) e (-5) o (57) -1 (1)

+-2-;—+210g( )log( )+210g( )log(:l) (C.5)

tl ut . ,u.’t’uz
bt (3) b (2) - (B}
g N € uyty i log miuitl

and,

_ 1 ¢ #2 ) .”‘2 ) [-&2
D(s,t) = st{ZSp (51) 2Sp( ) + log? ( ; ) + log ( ; log -~
— 2 Ytog (~£) +10g7 (-2 + 2im1og (-
+ 2log ( tl) log ( .;) + log . + 2iwlog 7, .

D(s,u) is obtained by exchanging  and ¢ in Eq. (C.6).
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Table 1

Cross section (in pb) for pp — VV and pp — VVj (V = W, Z) production in
pp collisions at /s = 16 TeV. We show the signal from the Higgs boson and,

in brackets, the background. Both vector bosons are required to have rapidity,

lyvl < 2.5, while the jet in the 2 — 3 case has rapidity |y;| < 2.5 and transverse

momentum pr; > 100 GeV. Furthermore, the jet is well separated from the vector

bosomns, cos fv; < 0.7.

process | m, [GeV] | my =250 GeV | my =500 GeV | my = 750 GeV
80 4.2 (2.0) 0.23 (0.36) 0.03 (0.28)
zZz 120 5.8 (2.0) 0.54 (0.38) 0.085 (0.30)
200 2.8 (2.0) 1.14 (0.38) 0.24 (0.35)
80 0.30 (0.14) 0.035 (0.058) 0.007 (0.058)
ZZj 120 0.50 (0.14) 0.085 (0.062) 0.019 (0.062)
200 0.37 (0.14) 0.19 (0.063) 0.054 (0.070)
80 8 (9.3) 0.47 (1.9) 0.064 (1.4)
wWw 120 13.5 (9.3) 1.11 (2.0) 0.17 (1.6)
200 6.5 (9.3) 2.37 (2.0) 0.49 (1.8)
80 0.69 (1.3) 0.072 (0.42) 0.014 (0.40)
WW; 120 1.14 (1.3) 0.18 (0.44) 0.038 (0.42)
200 0.89 (1.3) 0.39 (0.45) 0.11 (0.48)
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Table 2

Cross section (in pb) for pp — VV and pp — VVj (V = W, Z) production in

pp collisions at /s = 40 TeV. We show the signal from the Higgs boson and,

in brackets, the background. Both vector bosons are required to have rapidity,

lyv| < 2.5, while the jet in the 2 — 3 case has rapidity |y;| < 2.5 and transverse

momentum pr; > 100 GeV. Furthermore, the jet is well separated from the vector

bosons, cos fv; < 0.7.

process | m, [GeV] | my =250 GeV | my =500 GeV | mg = 750 GeV
80 16.3 (4.2) 1.1 (0.84) 0.19 (0.71)
ZZ 120 22.4 (4.2) 2.6 (0.87) 0.52 (0.77)
200 10.7 (4.2) 5.6 (0.88) 1.46 (0.89)
80 1.4 (0.41) 0.19 (0.20) 0.05 (0.22)
zZj 120 2.3 (0.41) 0.48 (0.22) 0.13 (0.23)
200 1.8 (0.41) 1.1 (0.22) 0.38 (0.27)
80 37.5 (18.9) 2.3 (4.2) 0.39 (3.4)
WW 120 51.6 (18.9) 5.4 (4.4) 1.1 (3.8)
200 24.6 (18.9) 11.6 (4.5) 3.0 (4.4)
80 3.1 (4.1) 0.40 (1.5) 0.094 (1.5)
WW;j 120 5.2 (4.1) 0.99 (1.6) 0.26 (1.6)
200 4.1 (4.1) 2.2 (1.6) 0.77 (1.8)




Figure Captions

Fig. 1: The Feynman graphs contributing to the processes (a) gg — gH, (b) g9 — Hyg

Fig.

Fig.

Fig.

-

Fig.

Fig.

Fig.

and (c) ¢§ — gH.

: The squared matrix elements, |M|?, evaluated at § = 4m% and & = { for (a)

g9 — gH, (b) g9 — qH and (c) ¢q7 — gH as a function of m;/mpy. The figures are

normalised to the squared matrix elements for infinitely heavy top quarks, | Me}?.

: The squared matrix elements for the gg -+ gH process evaluated at 4@ = { =

(m3; — 8)/2 as a function of pr/m, normalised (a) to the squared matrix element
|Meol’ in the limit m; — 0o and (b) to the squared matrix element |Mof® in the

small top quark mass limit for mg/m,; = 0.1, 0.4, 1, 2.5 and 10.

: The matrix elements for the process gg — gH evaluated at § = 4m% as a function

of the jet centre of mass rapidity, y;, for various values of mg/m,, normalised (a)
to the squared matrix element | Moo |® in the limit m; — oo and (b) to the squared

matrix element |Mo|® in the small top quark mass limit.

: The transverse momentum distribution, do/dpr for the process pp — Hj — ZZj

for pp collisions at /s = 40 TeV for (a) my = 250 GeV, (b) my = 500 GeV and
(c) my = 750 GeV. The solid curves show the exact results for m, = 80 GeV and
200 GeV, while the small mass approximation is shown dotted. The transverse
momentum distribution in the large m, limit is given by the dashed curve. The

cuts imposed are summarized in Egs. (2.10)-(2.12).

: The transverse momentum distribution, do/dpr for the process pp — Hj — ZZ;j

for pp collisions at /s = 40 TeV for my = 250 GeV (top), 500 GeV (middle) and
750 GeV (bottom). The solid curves show the exact result for m, = 80 GeV while

the large m, approximation is shown dashed. The cuts imposed are summarized
in Eqgs. (2.10)-(2.12).

: The total cross section ¢ for Higgs boson production at large transverse momen-

tum, pr > 100 GeV, versus m,/my for pp collisions at /s = 40 TeV as a function
of my/my normalised to the cross section in the small quark mass limit, og, for
my = 250, 500 and 750 GeV.
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Fig. 8:

Fig. 9:

Fig. 10:

Fig. 11:

Fig. 12:

{a) The total cross section ¢ for Higgs boson production at both small transverse
momentum, pr ~ 0, via the O{a?) process g¢g — H (upper solid, dashed and
dotted curve) and at large transverse momentum, pr > 100 GeV (lower soiid,
dashed and dotted curve) for pp collisions at /s = 40 TeV as a function of m,/myg
normalised to the cross section in the large quark mass limit, ¢, for mg = 230,
500 and 750 GeV.

(b) o/0ox for Higgs boson production at large transverse momentum for my =
500 GeV in pp collisions at /s = 40 TeV as a function of m,/my for pr > 100,
300 and 500 GeV.

The invariant mass distribution, do/dmzz for both the signal pp — Hj — ZZ;
and background pp — ZZj (dashed line) at (a) /s = 16 TeV and (b) /s =
40 TeV. We show results for three representative Higgs boson masses, my = 250,
500 and 750 GeV and three representative values of the top quark mass, m; = 80
{solid), 120 (dotted) and 200 GeV (dot-dashed).

The invariant mass distribution, do/dmww for both the signal pp — Hj — WW;
and background pp — WW; (dashed line) at (a) /s = 16 TeV and (b) /s =
40 TeV. We show results for three representative Higgs boson masses, my = 250,
500 and 750 GeV and three representative values of the top quark mass, m, = 80
(solid), 120 (dotted) and 200 GeV (dot-dashed).

The invariant mass distribution, B - dofdmz;; for the signal pp — Hj — ZZj —
ete~jj4, the real background pp — ZZj — e*e~jjj (dashed line) and the fake
background pp - Zjjj — etejjj (solid line) at /s = 40 TeV. We show results
for three representative Higgs boson masses, my = 250, 500 and 750 GeV and
three representative values of the top quark mass, m, = 80 (solid}, 120 (dotted) and
200 GeV (dot-dashed). B generically denotes the branching fraction: B = 0.047
for ZZ — e*e~jj and B = 0.033 for Z — e*e~. The cuts imposed are described

in the text.

The cluster transverse mass distribution, B-da/dmrw;; for the signal pp — Hj —
W+W=; — etvjjj, the real background pp — W*+W~-j — e*rjj;j (dashed line)
and the fake background pp — W*jj; — e*vjj; (solid line) at /5 = 40 TeV.
We show results for three representative Higgs boson masses, my = 250, 500 and

750 GeV and three representative values of the top quark mass, m, = 80 (solid),
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120 (dotted) and 200 GeV (dot-dashed). B generically denotes the branching frac-
tion: B = 0.146 for W*W~ — e*yjj and B = 0.108 for W — ev. The cuts

imposed are described in the text.
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