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Associated production of the Higgs boson and a single top quark at hadron colliders
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We study the production of the Higgs boson in association with a single top quark at hadron colliders. The
cross sections for the three production processes (t channel,s channel, andW associated! at both the Fermilab
Tevatron and the CERN Large Hadron Collider~LHC! are presented. We investigate the possibility of detect-
ing a signal for the largest of these processes, thet-channel process at the LHC, via the Higgs boson decay into

bb̄. The QCD backgrounds are large and difficult to curb, hindering the extraction of the signal. Extensions of
our analysis to the production of supersymmetric Higgs bosons are also addressed. The cross section is
enhanced for large values of tanb, increasing the prospects for extracting a signal.
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I. INTRODUCTION

The discovery of the Higgs boson as the culprit for ele
troweak symmetry breaking~EWSB! is one of the most chal
lenging goals of present and future high-energy experime
Within the standard model~SM!, the mass of the Higgs bo
son is basically unconstrained with an upper bound ofmh

&6002800 GeV@1#. However, present data from precisio
measurements of electroweak quantities favor a mode
mass (113 GeV,mh&2002230 GeV)@2#. In addition, the
minimal supersymmetric version of the SM~MSSM!, which
is one of its most popular extensions, predicts a Higgs bo
with an upper mass bound of about 130 GeV@3–5#. Thus the
scenario with an intermediate-mass Higgs boson (113 G
,mh&130 GeV) is both theoretically plausible and we
supported by the data.

Detailed studies performed for both the Fermilab Tevat
and the CERN Large Hadron Collider~LHC! ~see, for ex-
ample, Refs.@6# and@7#, respectively! have shown that there
is no single production mechanism or decay channel
dominates the phenomenology over the intermediate-m
range for the Higgs boson. Associated production ofWh or
Zh @8# and t t̄ h @9,10#, with the subsequent decayh→gg

@11–13# and h→bb̄ @14–18#, are presently considered th
most promising reactions to discover an intermediate-m
Higgs boson at both the Tevatron and the LHC. In this c
one of the top quarks or the weak boson present in the fi
state can decay leptonically, providing an efficient trigg
The major difficulties in extracting a reliable signal fro
either of these two channels are the combination of a sm
signal and the need for an accurate control of all the ba
ground sources. In this respect, it would be useful to h
other processes that could raise the sensitivity in this ra
of masses.

In this paper we re-examine the production of a Hig
boson in association with a single top quark (th production!
at hadron colliders@19–22#.1 This process can be viewed a
a natural extension of the single top production proces
@23–28#, where a Higgs boson is radiated off the top or

1We always understandth to include both top quark and top an
tiquark production.
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the W that mediates the bottom-to-top transition. As in t
usual single-top production, the three processes of inte
are characterized by the virtuality of theW boson in the
process:~i! t channel~Fig. 1!, where the spacelikeW strikes
a b quark in the proton sea, promoting it to a top quark;~ii !
s channel~Fig. 2!, where theW is timelike; ~iii ! W associated
~Fig. 3!, where there is emission of a realW boson.

There are two reasonsa priori that make the above pro
cesses worthy of attention. The first one is that, based
simple considerations, one would expect Higgs boson p
single top production to be relevant at the Tevatron and at
LHC. While top quarks will be mostly produced in pairs v
the strong interaction, the cross section for single top, wh
is a weak process, turns out to be rather large, about o
third of the cross section for top pair production@29,30#. If a
similar ratio betweens(th) and s(t t̄ h) is assumed, it is
natural to ask whetherth production could be used togethe
with Wh, Zh, and t t̄ h as a means to discover a
intermediate-mass Higgs boson at the LHC. With this a
the t-channel process has been previously considered w
the Higgs boson decays into a pair of photons, with the re
that too few events of this type would be produced, even
high-luminosity runs, at the LHC@20–22#. Since the domi-
nant decay mode of the Higgs boson in this mass regio
into bb̄ pairs, this suggests searching for it using one or m
b tags, in the same way as thet t̄ h analysis is conducted. Thi
possibility is pursued in the present paper.

The second reason for considering Higgs boson p
single top quark production is that it gives a rather uniq
possibility for studying the relative sign between the co
pling of the Higgs boson to fermions and to vector boso
@22,31#. Measurements ofWh and t t̄ h production rates test

FIG. 1. Feynman diagrams contributing to thet-channel produc-
tion of a Higgs boson plus a single top quark.
©2001 The American Physical Society23-1
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respectively, the Higgs boson coupling to theW and the
Yukawa coupling to the top, but they cannot give any inf
mation on the relative sign between the two. In theth case,
the t-channel and theW-associated (s-channel! cross sections
depend strongly on the destructive~constructive! interfer-
ence between the contributions from the Higgs boson r
ated off the top and off theW boson. A measurement of th
total rate for production of Higgs boson plus single t
would therefore provide additional information on th
EWSB sector of the SM.

As will be shown in detail in the following, at the Teva
tron, the cross section for producing a Higgs boson in as
ciation with single top is of the order of 0.1 fb and therefo
out of the reach of run II (&15 fb21). On the other hand
with a cross section of the order of 100 fb, several thousa
of events will be produced at the LHC with 30 fb21.
Whether this will be enough to obtain a visible signal is t
subject of the present investigation. As we will see, the nu
ber of signal events left after branching ratios, cuts, and
ficiencies are taken into account is not large, and there
several backgrounds, both irreducible and reducible, to c
sider.

This paper is organized as follows. In Sec. II we pres
the leading-order results for Higgs boson plus single top p
duction at both the Tevatron and the LHC, for the three ch
nels mentioned above. The cross sections for thes-channel
andW-associated processes, as well as for thet-channel pro-
cess at the Tevatron, have not been presented before
confirm thet-channel cross section at the LHC calculated
Refs. @20–22#. We investigate, in some detail, the interfe
ence in the various channels. Section III contains a stud
signal and background for thet-channel production at the
LHC, with both three and fourb tags. Results on the
t-channel production at the LHC in the minimal supersy
metric standard model~MSSM! are discussed in Sec. IV. W
present our conclusions in the last section.

II. CROSS SECTIONS

There are three channels for the production of a Hig
boson plus a single top at hadron colliders:

t channel qb→q8th ~Fig. 1!,

s channel qq̄8→b̄th ~Fig. 2!,

W associated gb→W2th ~Fig. 3!.

In each case, the Higgs boson may be radiated off the
quark or off theW boson. Figure 4 shows the total cro
section for each channel at the Tevatron and at the LH
These have been calculated using tree-level matrix elem

FIG. 2. Feynman diagrams contributing to thes-channel produc-
tion of a Higgs boson plus a single top quark.
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generated byMADGRAPH @32# ~and checked against thos
obtained byCOMPHEP@33#! convoluted with the parton dis
tribution function set CTEQ5L @34#, with the
renormalization2 and factorization scales set equal to t
Higgs boson mass.3 At the Tevatron, thes-channel process is

enhanced by thepp̄ initial state and the relatively low ma
chine energy, and its contribution is of the same order
magnitude as that of thet-channel process. In contrast, th
t-channel process dominates at the LHC. For the sake
comparison, we have included in Fig. 4 the rates for prod

tion of a Higgs boson in association with at t̄ pair.
For intermediate-mass Higgs bosons,s(th) is much

smaller thans(t t̄ h), their ratio being;1/10 at the LHC and
;1/50 at the Tevatron. This is surprising since the analog

ratio between single top andt t̄ production is;1/2 at both
the LHC and the Tevatron.4

It is instructive to pin down the reason for this stron
suppression. With this aim we compare in Table I the ratio
the cross sections for single tops(t), and for at t̄ pair s(t t̄ ),
with the ratio where the Higgs boson is also produced,s(th)
ands(t t̄ h). We explicitly single out the contributions from
different channels, since their relative importance chan
with the collision energy and initial-state particles. Lookin
at the leading contributions at the LHC (t channel for single
top andgg→t t̄ ) in the first line, we find a suppression facto
between the two processes of about 0.33/1.1.0.3. This is
due to the destructive interference between the two diagr
in Fig. 1 @22,31#.5 In Fig. 5 we have plotted the relativ
contributions to thet-channel cross section from each of th
two diagrams in Fig. 1, as a function of the Higgs bos
mass, at the Tevatron and at the LHC. At the LHC, for
Higgs boson mass of 115 GeV, the cross section due to e
diagram alone is.3.5 times larger than the complete cro
section, while, for larger Higgs boson masses, theW-Higgs
boson contribution becomes dominant.6 To further support

2The renormalization scale is relevant only for theW-associated
process.

3In the t-channel process, the factorization scale of the light-qu
distribution function should actually be the virtuality of theW bo-
son @35#. However, it happens that this makes little difference n
merically.

4As mentioned in the Introduction, the theoretical prediction

the ratios(t)/s(t t̄ ) at the Tevatron and the LHC is;1/3, when
calculated at next-to-leading order in the strong coupling@29,30#.
However, since our results for associated production of a Hi
boson plus a single top are only at the tree level, we comp
quantities evaluated at the lowest order.

5The separation of the amplitude into contributions coming fro
the Higgs boson coupling to the top quark and to theW is gauge
invariant. In the unitary gauge this corresponds to considering
two diagrams in Fig. 1 independently.

6This diagram contains a term proportional to the Higgs bos
mass itself, as can be seen by calculating the contribution com
from the exchange of a longitudinalW in the t channel. It is exactly
this term that dominates the amplitude at large Higgs boson mas
3-2
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FIG. 3. Feynman diagrams
contributing to theW-associated
production of a Higgs boson plu
a single top quark.

FIG. 4. Cross sections for production of a Higgs boson plus a single top quark at the Tevatron (pp̄,As52 TeV) and at the LHC
(pp,As514 TeV). Cross sections for thet-channel,s-channel, andW-associated processes are shown. For comparison, the cross sect

t t̄ h is also shown. The set of parton distribution functions is CTEQ5L, and the renormalization and factorization scales are set eq
Higgs boson mass.

TABLE I. Comparison of the ratioss(th)/s(t) and s(t t̄ h)/s(t t̄ ), for a Higgs boson of massmh

5115 GeV, at the LHC and at the Tevatron. The set of parton distribution functions is CTEQ5L, and the

renormalization and factorization scales are set equal to the top-quark mass in thet andt t̄ production and to
the Higgs-boson mass in the associated processes. All results are leading order. In the second and fourth line,
‘‘ t –Higgs-boson only’’ means that only the contribution where the Higgs boson couples to the top~first
diagram in Figs. 1 and 2! is included in the calculation ofs(th).

s(th)/s(t)3103
s(t t̄ h)/s(t t̄ )3103

t ch s ch gg qq̄

LHC 0.33 0.42 1.1 3.1
t –Higgs-boson only 1.1 0.28

Tevatron 0.038 0.20 0.26 1.6
t –Higgs-boson only 0.21 0.14
094023-3
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this argument, we have included the contributions tos(th)
coming from only the first diagram in Fig. 1 in the seco
and fourth lines of Table I. Comparing again the ra
s(th)/s(t) in the t channel with thegg contribution to
s(t t̄ h)/s(t t̄ ) at the LHC, we find that they are the sam
(1.131023). Hence the suppression factor of about 0
which we found before, is accounted for by the destruct
interference. The same argument applies at the Teva
(0.2131023.0.2631023), where the destructive interfer
ence is somewhat stronger than at the LHC (0.038/0
.0.18) ~Fig. 5!.

As can be seen from Fig. 5, the reduction of the cr
section due to this interference effect strongly depends on
mass of the Higgs boson. In this respect the large supp
sion found for Higgs boson masses less than 200 GeV
be regarded as a numerical accident. On the other hand
fact that the interference is destructive is a consequenc
unitarity @22#. The simplest way to show this it to recall th
at high energies one can describe thet-channel process in th
so-called effective-W approximation@36,37#, where the ini-
tial light quark emits aW, which may be treated as if it is o
shell. In so doing the diagram can be factorized into a dis
bution function of theW in the initial quark times a 2→2
subprocessWb→ht. One can show that at high energiesE,
with s;2t;2u;E2@mh

2 ,mW
2 ,mt

2 , each of the two sub-
diagrams in Fig. 1 behaves like

At2ch
t,W ;g2

mtE

mW
2

, ~1!

for an external longitudinalW, where the superscriptst and
W indicate from which particle the Higgs boson is radiate
For a 2→2 process, unitarity demands that the total amp
tude approaches, at most, a constant, and therefore the t
in Eq. ~1! would violate unitarity at a scaleL.mW

2 /mtg
2.

However, the unitarity-violating terms in the two amplitud
have opposite signs and cancel when the two diagrams
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added. We conclude that although the amount of the supp
sion depends on the parameters describing the process~such
as the top mass, the Higgs boson mass, and the cente
mass energy!, the sign of the interference term is a fund
mental property of the Higgs boson sector of the stand
model. Moreover, we expect that in extensions of the st
dard model where unitarity is respected up to arbitrarily h
scales, similar cancellations take place. As an example,
have considered thet-channel production in a generic two
Higgs-doublet model~2HDM! and explicitly verified that the
terms that grow with energy cancel. The details are prese
in Appendix A.

There is a similar explanation of the cancellation betwe
diagrams in theW-associated production. At high energie
the two gauge-invariant classes of amplitudes,A t andA W,
behave like

AW2assoc.
t,W ;gsg

2
mt

mW
2

~2!

for an external longitudinalW. Since for a 2→3 process,
unitarity demands that the total amplitude decreases as 1E, a
violation would occur at the scalemW

2 /mtg
2gs . We explicitly

verified that the terms in Eq.~2! cancel when the amplitude
are added together. In thes-channel process, where the inte
ference is constructive, theW always has a large timelike
virtuality and the diagrams do not contain any divergent
havior with energy. The interference in thes-channel and
W-associated processes is demonstrated in Fig. 6.

III. t-CHANNEL PRODUCTION AT THE LHC

In this section we discuss whether a signal for the Hig
boson plus single-top process can be disentangled from
backgrounds. As we have seen in the previous section,
cross section at the Tevatron is far too small to be relev
and therefore we do not investigate it any further. Here
focus on production at the LHC, and in particular on t
FIG. 5. Interference in thet-channel process at the Tevatron and at the LHC. The contributions from thet-Higgs boson coupling only and
the W-Higgs boson coupling only, normalized to the total cross section at any given Higgs boson mass, are shown.
3-4



ASSOCIATED PRODUCTION OF THE HIGGS BOSON . . . PHYSICAL REVIEW D64 094023
FIG. 6. Interference in thes-channel~left! and in theW-associated channel~right! at the LHC. The contributions from thet-Higgs boson
coupling only orW-Higgs boson coupling only, normalized to the total cross section at any given Higgs boson mass, are shown.
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t-channel process, which is the dominant contribution.
signal and background cross sections are calculated u
MADGRAPH @32#.

Since the total cross section turns out to be small, det
ing any rare decay of the Higgs boson, such ash→gg
@whose branching ratio isO(1023)#, as suggested in earlie
studies@20–22#, is certainly not feasible. It remains to b
seen whether the dominant decay modes of a light Hi
boson offer any viable signature. In Fig. 7 we show the to
cross section times the branching ratio forh→bb̄ and h
→W1W2 ~calculated usingHDECAY @38#! at the Tevatron
and at the LHC. The decay intobb̄ pairs decreases ver
quickly and becomes negligible around Higgs boson mas
of 160 GeV, exactly where the decay intoW1W2 reaches
its maximum. Since the most challenging mass region for
Higgs boson discovery at the LHC is formh&130 GeV, we
focus our attention on the Higgs boson decay intobb̄ and fix
09402
l
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s
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e

the Higgs boson mass to a nominal value of 115 GeV.
We start by presenting the salient kinematic characte

tics of the signal, where the Higgs boson is required to de

to bb̄ and the top to decay semileptonically (t→bl1n) to
provide a hard lepton trigger and to avoid QCD backgroun
~Fig. 8!. We treat the top decay exactly, including spin a
width effects. As in the previous section, we have chosen
CTEQ5L set of parton distribution functions and fixed t
factorization scale equal tomh .

In Fig. 9 we show the rapidity distributions of the fina
state particles in the signal events. Both theb’s from the
Higgs boson decay and theb and the lepton from the top
decay are produced centrally while the light quark emitti
the virtual W favors large rapidities, peaking at around
units. The presence of a forward jet is related to the beha
of the cross section as a function of the virtuality of theW
boson exchanged in thet channel,ds/dq2;1/(q22MW

2 )2.
on
FIG. 7. th cross section times the branching ratio ofh→bb̄ and h→W1W2 at the Tevatron and at the LHC. The set of part
distribution functions is CTEQ5L, and the renormalization and factorization scales are set equal to the Higgs boson mass.
3-5
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The region2q2<MW
2 dominates, in analogy to single to

production@23–25#. Since we also assume that the charge
the b jet is not measured, the signature for this processe

3b11fwd jet1 l 61p” T. ~3!

In order to estimate the number of events in the detector,
have chosen the acceptances as shown in Table II, co
sponding to low-luminosity running (L51033/cm2/s). With
30 fb21 we expect around 120 events. When theb-tagging
efficiency (eb560%) and lepton efficiency (e l590%) are
included, the number of expected events goes down to7

Although the final tally is low, this is more than half of th
number of events expected for thet t̄ h process after branch
ing ratios and reconstruction efficiencies are taken into
count@30#. However, the impact of the backgrounds is mo
severe for a Higgs boson plus a single top, as we discus
the following.

The largest sources of irreducible background are fr
single top production in association with abb̄ pair, coming
either from the resonant production of aZ boson (tZ) or
from a higher-order QCD process, such as the emission
gluon subsequently splitting into abb̄ pair (tbb̄). Although
the final-state particles in the above processes are exactl
same as in the signal, the typical invariant massmbb̄ of the
b’s in the final state is quite different. Let us study the id
alized case where thet is reconstructed with 100% efficiency
such that we know whichb comes from top decay. FortZ the
distribution in mbb̄ is peaked around theZ mass, while for
tbb̄ it is largest at small invariant mass. We require that
invariant mass of thebb̄ pair lies in a windowmh62s,
wheres511 GeV is the expected experimental resoluti
@7#. Assuming a Gaussian distribution, we estimate that 4
of the events coming fromtZ fall in this range ~for mh
5115 GeV), decreasing quickly for larger Higgs bos
masses. The cross sections for the signal and these two
ducible backgrounds are given in Table III with the cut

7The efficiencies are taken from Ref.@7#.

FIG. 8. Example of a Feynman diagram contributing to the s
nal with threeb tags. The final-state particles are explicitly show
09402
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the invariant mass of thebb̄ applied ~second row!. We see
that the backgrounds are comparable to the signal after
cut.

An important reducible background comes from the p
duction of at t̄ pair @with t t̄→(W1→ l 1n)(W2→ c̄s)bb̄#, as
shown in Fig. 10~a! ~fourth column of Table III!.8 This pro-
cess contributes to the background when thec quark coming
from the hadronic decay of one of theW’s is misidentified as
a b quark and thes quark is the forward jet. A mistag prob
ability ec510% is included in the cross sections quoted
Table III.9 Even in the idealized case where one top quark
reconstructed with 100% efficiency, the number of bac
ground events is very large. This background is drastica
reduced by requiring the presence of the forward jet~third
row of Table III!, but it is still large compared with the sig
nal. To reduce this background further one can exploit
fact that the forward jet and thebc that fake the Higgs boson
signal all come from top decay, so their invariant mass
nominally 175 GeV. We therefore require that the invaria
mass of the forward jet and thebb̄ pair exceed 250 GeV
~fourth column of Table III!. This essentially eliminates th
t t̄ background,10 while maintaining most of the signal.

There is a related background,t t̄ j @shown in Fig. 10~b!#,
of which one cannot so easily dispose~fifth column of Table
III !. In this case the amplitude is dominated by the excha
of a gluon in thet channel and the jet is naturally produce

8Other sources of reducible background come from the produc
of a W in association with four jets of which three are~or are
misidentified as! b quarks.

9The mistag probability quoted in Ref.@7# is ec514%, but no
specific effort was made to minimize it. We assume that it can
reduced to 10% while maintaining highb-tagging efficiency.

10In actuality some of the background will pass the cut due to
resolution.

FIG. 9. Rapidity distributions for the final-state particles~the
lepton and theb from the top quark, theb’s from the Higgs boson,
and the jet! in the t channel at the LHC.

-
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TABLE II. Cuts applied to thet-channel signal at the LHC~low luminosity!, with three and fourb tags,
for mh5115 GeV. The values of the cross sections after the cuts are applied are shown in the la

columns. Branching ratios Br(h→bb̄)577% as well as Br(W→ ln)522% are included. Detector efficien
cies are not included.

Cut pb
T. pl ,n

T . pj
T. uhb,l u, uh j u, DRi j . s3b s4b

Value 15 GeV 20 GeV 30 GeV 2.5 5 0.4 4.0 fb 1.9 fb
-
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forward, while both top quarks remain central. If thes-quark
jet is missed~PT,15 GeV!, the distributions of the remain
ing particles~the b’s, the mistaggedc quark, and the lepton!
are very similar to the ones in Fig. 9. After all cuts are a
plied, the number of background events is large compa
with the signal. We conclude that at the LHC the measu
ment of the Higgs boson plus single top with threeb tags is
hampered by the overwhelmingt t̄ j background.

Another possibility for reducing the background is to co
sider fourb tags~see Fig. 11!. Since theb distribution in the
proton sea arises from the splitting of virtual gluons in
collinear bb̄ pairs, the additionalb tends to reside at sma
pT. However, sometimes, this additionalb will be at highpT

and be detected. Studies performed on single top produc
have shown that thepmin

T .15 GeV needed at the LHC t
detect a jet is enough for the perturbative calculation to
reliable @29#. The 4b-tag case can be analyzed as abo
When detector acceptance is taken into account, the c
section is around one-half of the 3b-tag one~last column in
Table II!. Both irreducible and reducible backgrounds a
present. The irreducible backgrounds are analogous totZ

and tbb̄ discussed in the 3b-tag case, where an additionalb
present in the final state~arising, as in the signal, from a
initial gluon splitting into bb̄) is also detected. We agai
assume that the top quark is reconstructed with 100%
ciency, leaving three pairs ofb’s in the final state that could
have come from Higgs boson decay. We give in Table IV
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cross sections with detector cuts and with the requirem

that the invariant mass of at least onebb̄ pair lies in a win-
dow mh622 GeV. A forward jet cut is added in the thir
row of Table IV, and also a requirement that the minimu

invariant mass of allbb̄ pairs ~excluding theb from top
decay! exceed 90 GeV in the fourth row. This last cut r

duces thetbb̄(b) background, because thebb̄ pair, which
comes from gluon splitting, tends to reside at low invaria
mass. After all cuts, the irreducible backgrounds are com
rable to the signal.

There are several reducible backgrounds to consider
with top pairs in the final state. We give in the fourth colum

of Table IV the cross section fort t̄ bb̄. This process contrib-
utes through the decayt t̄ bb̄→W1W2bb̄bb̄, where oneW
decays hadronically to two jets, one of which is identified
the forward jet while the second is missed~Fig. 12!. The
forward jet cut and the minimumbb̄ mass cut reduce this
background to the same level as the signal. A related ba
ground, given in the fifth column of Table IV, occurs whe
the hadronically decayingW yields a ~mistagged! charm
quark. Of the remaining quarks~ones and threeb’s!, either
the s or one of theb’s provides the forward jet, and one i
missed. The cuts similarly reduce this background to
same level as the signal. There is also a background f
t t̄ j , where the hadronically decayingW yields a c and s
quark, both of which are mistagged (es51%). This back-
iggs

ts
er two

m
gives
TABLE III. Cross sections~fb! for the signal and some of the most important backgrounds for the H
boson plus single-top production in thet channel at the LHC~low luminosity!, with threeb tags, formh

5115 GeV. Branching ratios into final states are included, as well as theb-tagging efficiencyeb560% and

the lepton-tagging efficiencye l590%. The backgrounds include both the irreducible ones (tZ andtbb̄) and

the reducible ones (t t̄ andt t̄ j ). In the reducible backgrounds, ac quark from the decay of aW is mistagged
as ab quark~the mistag probability,ec510%, is included!. ‘‘Detector cuts’’ correspond to the choice of cu
in Table II. In the second line, assuming the top is correctly reconstructed, the invariant mass of the oth
b’s is required to be in a window ofmh622 GeV (95% of the signal and 40% of thetZ background is
assumed to fall in this range!. In the third line, a forward jet tag is added. In the fourth line a minimu
invariant mass of 250 GeV for the Higgs boson candidate and the forward jet is required. The last line
the expected number of events with 30 fb21 of integrated luminosity at the LHC.

3b tag ~low luminosity!
Signal tZ tbb̄ t t̄ t t̄ j

Detector cuts 0.80 2.1 4.1 810 100
umbb̄2mhu,22 GeV 0.75 0.83 0.54 450 38
uh j u.2, pj

T.50 GeV 0.39 0.44 0.26 13 8.0
mbb̄j.250 GeV 0.35 0.35 0.25 7.4

Events with 30 fb21 10 10 7 220
3-7
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ground is the largest of all, but it is removed by the requi
ment on the minimumbb̄ invariant, since the~mistagged! cs
pair comes fromW decay.11

Although each background in the 4b-tag analysis is com-
parable to the signal, there are only a few signal events w
30 fb21. Therefore, there is little hope of observing a sign
in this channel, unless significantly more than 30 fb21 can
be delivered while maintaining the same detector per
mance. At high luminosity (L51034/cm2/s), it is anticipated
that the minimumpT for jets must be raised to 30 GeV. I
Table V we study the signal and backgrounds in this scen
~the b-tagging efficiency is also lowered to 50%!. After all
cuts, thet t̄ bb̄ backgrounds are now each twice as large
the signal, because these backgrounds involve missing a
which is more likely with the increased jetpT threshold. The
number of signal events in 300 fb21 is about 10, with about
55 background events. Significantly more integrated lu
nosity would be needed to see a signal in this channel.

IV. PRODUCTION OF SUPERSYMMETRIC HIGGS
BOSONS

It is interesting to ask whether there could be an enhan
ment in the signal when the production of nonminimal Hig
bosons is considered. With this aim we have investigated
production of a lightCP-even~h! and aCP-odd ~A! Higgs
boson in the MSSM.

The Higgs boson sector of the MSSM is the same as
2HDM presented in Appendix A except that it depends~at
tree level! on only two free parameters, which can be chos
to be mA and tanb. The tree-level relations between th
Higgs boson masses are modified by radiative correct
that involve the supersymmetric particle spectrum, mainly
the top sector@3–5#. Since the analytical form of the correc
tions is quite involved~see Ref.@39#! we usedHDECAY @38#
to evaluate the Higgs boson masses and the mixing pa
etera, given mA , tanb, and information on the top-squar
mixings and masses.

11In actuality, some of this background will remain due to
resolution.

FIG. 10. Reducible backgrounds in the 3b-tag analysis coming

from the production of at t̄ pair and jets. Thec quark coming from

the decay of aW is misidentified as ab quark. Int t̄ production~a!

thes quark is the forward jet while int t̄ j production~b! thes-quark
jet is missed.
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For largemA , the masses of the heavy Higgs bosons
proximately coincide,mA.mH.mH6, while the CP-even
Higgs boson remains light. This is the so-called decoupl
limit, where the standard-model couplings and particle c
tent are recovered. In the case of large tanb and smallmA ,
one finds thatmh.mA and the Higgs boson couplings to th
vector bosons and to the fermions are different from th
predicted by the standard model. In particular, there i
strong enhancement of the bottom-quark coupling to both
h and theA, which can give rise to interesting signatures
the colliders@6,40–42#. We focus our attention in this area o
the parameter space, which is not excluded by the meas
ments from the CERNe1e2 collider LEP @2#, choosing
mA,120 GeV and 10,tanb,50.

In Fig. 13 we show the cross section for production of t
CP-even Higgs bosonh andCP-odd Higgs bosonA in as-
sociation with single top as a function ofmA and tanb.
These are calculated using tree-level matrix elements ge
ated byMADGRAPH @32# ~and checked against those obtain
by COMPHEP @33#! convoluted with the parton distribution
function set CTEQ5L@34#, and with the renormalization an
factorization scales set equal to the Higgs boson mass.
assume a simplified scenario where the third generation
agonal soft-supersymmetry-breaking squark masses are
generate, with a common valueMSUSY51 TeV, and the
mixing between the top squarks maximal,Xt5At2m cotb
5A6MSUSY, with m52200 GeV~for an extensive discus
sion on the other possible choices, see Ref.@6# and refer-
ences therein!.

As shown in Fig. 13, for tanb*30, the cross sections ar
indeed enhanced with respect to that for a standard-m
Higgs boson. However, the increase is never very large. T
is basically due to two reasons. First, from the argume
presented in Sec. II and Appendix A, unitarity imposes la
cancellations among the various diagrams, even in
MSSM Higgs boson sector. In this respect, the production
the CP-odd stateA is particularly instructive. Because of it
CP quantum numbers, this state cannot couple to twoW’s
and therefore the contribution from the second diagram
Fig. 1 vanishes. One might guess that the destructive in

FIG. 11. Example of a Feynman diagram contributing to t
signal in the 4b-tag analysis.
3-8
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TABLE IV. Cross sections~fb! for the signal and some of the most important backgrounds for the H
boson plus single top production in thet channel at the LHC~low luminosity!, with four b tags, formh

5115 GeV. Branching ratios into final states are included, as well as theb-tagging efficiencyeb560% and
the lepton-tagging efficiencye l590%. The backgrounds include both the irreducible ones@ tZ(b) and

tbb̄(b)# and the reducible ones@ t t̄ bb̄, t t̄ bb̄ ~mistag!, t t̄ j #. In t t̄ bb̄ ~mistag! and t t̄ j , a c quark from the

decay of aW is mistagged as ab quark~the mistag probability,ec510%, is included!; in t t̄ j , ans quark from
the decay of aW is mistagged~the mistag probability,es51%, is included!. ‘‘Detector cuts’’ correspond to
the choice of cuts in Table II. In the second line, assuming the top is correctly reconstructed, the in
mass of at least one pair of the other threeb’s is required to be in a window ofmh622 GeV (95% of the
signal and 40% of thetZ background is assumed to fall in this range!. In the third line, a forward jet tag is

added. In the fourth line a minimum invariant mass of 90 GeV for allbb̄ pairs ~not including theb that
reconstructs the top quark! is required. The last line gives the expected number of events with 30 fb21 of
integrated luminosity at the LHC.

4b-tag ~low luminosity!
Signal tZ(b) tbb̄(b) t t̄ bb̄ t t̄ bb̄ ~mistag! t t̄ j

Detector cuts 0.22 0.42 1.5 5.8 3.1 9.0
umbb̄2mhu,22 GeV 0.21 0.17 0.61 2.6 2.3 6.3
uh j u.2 0.15 0.11 0.41 0.17 0.18 2.4
min mbb̄.90 GeV 0.1 0.065 0.08 0.053 0.078

Events with 30 fb21 3.0 1.9 2.5 1.6 2.3
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ference with the diagrams whereA couples to the quarks
cannot take place anymore and the signal could be m
larger. In fact, the complete calculation shows that the d
gram where theA couples to theW and a charged Higgs
bosonH1 ~see the second diagram in Fig. 14! provides the
terms that cancel the large~and unitarity-violating! contribu-
tions coming from the other diagrams~Appendix A!. Second,
the effects due to the choice of a large value of tanb work in
opposite directions for the bottom and the top quark, lead
to an enhancement of the coupling of the Higgs boson to
bottom quark but to a suppression for the top quark. A
result the rates for theh and theA are comparable to that o
a standard-model Higgs boson with a similar mass
mbtanb'mt . For instance, takingmh5mA5115 GeV and
tanb550, we haves(th).s(tA)5190 fb, which is 2.5
times the cross section expected in the standard mo
Considering the production of the two Higgs boso

FIG. 12. Reducible background in the 4b-tag analysis coming

from the production oft t̄ bb̄. One of the quarks coming from theW
is missed while the other provides the forward tag.
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together,12 it would be possible to achieve a significan
S/AB.5 in the 4b-tag analyses~see Tables IV and V!.

V. CONCLUSIONS

In this paper we revisited the production of the Hig
boson in association with single top at hadron colliders.
provided the full set of cross sections at both the Tevat
and the LHC for the three production processes (t channel,s
channel andW associated! and we investigated in some de
tail why they are smaller than what one would expect co
pared witht t̄ h production. For thet channel, which gives the
most important contribution at the LHC, this is due to lar
cancellations taking place between different diagrams.
have shown that the above peculiarity is not accidental bu
a consequence of the renormalizability of theory, and
gave a detailed proof in the general framework of a tw
Higgs-doublet model.

Focusing on thet-channel process, we discussed the p
sibility of detecting the production of Higgs boson plu
single top at the LHC, concentrating on the decay of
Higgs boson intobb̄. We considered events where three a
four b quarks are tagged. In the case of threeb tags, there is
an overwhelming background fromt t̄ j . In the case of fourb
tags there is no single overwhelming background, but rat
several backgrounds that are comparable to the signal. G
our present expectations for detector capabilities and lu
nosity at the LHC, it seems unlikely that one can extrac
signal from the backgrounds.

There are several things that could improve this prog

12There is no interference between the two processes due to
different CP properties of the Higgs bosons.
3-9
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TABLE V. Cross sections~fb! for the signal and some of the most important backgrounds for the Higgs
boson plus single top production in thet-channel at the LHC~high luminosity!, with four b-tags, formh

5115 GeV. Branching ratios into final states are included, as well as theb-tagging efficiencyeb550% and
the lepton-tagging efficiencye l590%. The backgrounds include both the irreducible ones@ tZ(b) and

tbb̄(b)# and the reducible ones@ t t̄ bb̄, t t̄ bb̄ ~mistag!, t t̄ j #. In t t̄ bb̄ ~mistag! and t t̄ j , a c quark from the

decay of aW is mistagged as ab quark~the mistag probability,ec510%, is included!; in t t̄ j , ans quark from
the decay of aW is mistagged~the mistag probability,es51%, is included!. ‘‘Detector cuts’’ correspond to
the choice of cuts in Table II, apart from the minimumpb

T , which is now raised to 30 GeV. In the second
line, assuming the top is correctly reconstructed, the invariant mass of at least one pair of the other threeb’s
is required to be in a window ofmh622 GeV (95% of the signal and 40% of thetZ background is assumed
to fall in this range!. In the third line, a forward jet tag is added. In the fourth line a minimum invariant mass

of 90 GeV for allbb̄ pairs~not including theb that reconstructs the top quark! is required. The last line gives
the expected number of events with 300 fb21 of integrated luminosity at the LHC.

4b-tag ~high luminosity!
Signal tZ(b) tbb̄(b) t t̄ bb̄ t t̄ bb̄ ~mistag! t t̄ j

Detector cuts 0.061 0.094 0.23 4.0 1.5 3.3
umbb̄2mhu,22 GeV 0.058 0.037 0.096 1.7 1.1 2.5
uh j u.2 0.040 0.025 0.067 0.15 0.11 0.94
min mbb̄.90 GeV 0.032 0.018 0.027 0.069 0.068

Events with 300 fb21 9.5 5.5 8.0 21 21

FIG. 13. Cross sections for production of aCP-even Higgs bosonh and aCP-odd Higgs bosonA in association with a single top as
function of mA and tanb (MSUSY51 TeV, m52200 GeV and maximal top-squark mixing is assumed!. Only t-channel production is
included. The cross section for a standard-model Higgs boson withmhSM

5mA is given as a reference~dashes!. The set of parton distribution
functions is CTEQ5L and the factorization scale is set equal to the Higgs boson mass.

FIG. 14. Diagrams contribut-
ing to W1b→h t in the 2HDM.
094023-10
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sis. Several of the backgrounds involve a mistaggedc quark,
and if the mistag rate can be reduced significantly be
10%, these backgrounds would be less severe. One m
also be able to find a more efficient set of cuts to reduce
backgrounds. Since the signal involves thet-channel ex-
change of aW boson, one might be able to use a rapidity g
to distinguish the signal from the reducible backgrounds~the
irreducible backgrounds also involvet-channelW exchange,
however! @43#.

Finally we have also presented the results for
t-channel production of theCP-even stateh and theCP-odd
stateA of the MSSM at the LHC. FormA,120 GeV and
large tanb there is a moderate enhancement of the prod
tion rate compared to that of a standard-model Higgs bos
which may be enough to disentangle the signal from
QCD backgrounds.
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APPENDIX A

In this appendix, we consider the case oft-channel pro-
duction in a generic 2HDM. Using the effective-W approxi-
mation, we show that the amplitudes represented by the
grams in Fig. 14 contain terms that grow with energ
Nevertheless, the unitarity of the model implies that the
terms must cancel in the final result, as we show explici
In a generic 2HDM that is invariant underSU(2)L3U(1)Y
and conservesCP, the scalar fieldsF1,2 are doublets of
SU(2)L with hyperchargeY51/2, andthey develop vacuum
expectation valuesv1,2 that break SU(2)L3U(1)Y to
U(1)EM . This results in a massmW

2 5 1
4 g2v2 andmZ

25 1
4 (g2

1g82)v2 with v25v1
21v2

25(A2GF)21. The particle content
can be exploited to fully parametrize the model. In additi
to tanb5v2 /v1, we can use the masses of the four scal
h,H,A,H6, the mixing anglea between theCP-even states
h,H, and one of the couplings appearing in the quartic
tential. The inclusion of the fermions must be done with c
in order to suppress tree-level flavor-changing neutral c
rents. One common choice is to impose a discrete symm
in such a way thatF1 couples only to down-type quarks an
leptons, whileF2 couples only to up-type quarks@44#. This
way of coupling the Higgs boson fields to the fermions is
same as in the minimal supersymmetric standard model
is called type II.

The contributions from the four diagrams in Fig. 14 re

iA15 i
ggWWhmW

2A2
ū~pt!g

m~12g5!u~pb!

3
gmn2@~pb2pt!m~pb2pt!n#/mW

2

~pb2pt!
22mW

2
eW

n , ~A1!
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iA25 i
ggWH1h

2A2
ū~pt!F mt

mW
cotb~12g5!1

mb

mW
tanb

3~11g5!Gu~pb!
eW~pt2pb2ph!

~pb2pt!
22mH1

2 , ~A2!

iA352 i
ggtth

2A2

ū~pt!~p” t1p” h1mt!e”W~12g5!u~pb!

~pt1ph!22mt
2

,

~A3!

iA452 i
ggbbh

2A2

ū~pt!e”W~12g5!~p” b2p” h1mb!u~pb!

~pb2ph!22mb
2

,

~A4!

which in the high-energy limit (s,2t,2u
@mh

2 ,mH1
2 ,mW

2 ,mt
2) and for a longitudinally-polarizedW

(eW
m .pW

m /mW) reduce to

iA1; i
ggWWh

4A2 mW
2

ū~pt!@mb~11g5!2mt~12g5!#u~pb!,

~A5!

iA2; i
ggWH1h

2A2 mW
2

ū~pt!@mb tanb~11g5!

1mt cotb~12g5!#u~pb!, ~A6!

iA3;2 i
ggtth

2A2 mW

ū~pt!~12g5!u~pb!, ~A7!

iA4; i
ggbbh

2A2 mW

ū~pt!~11g5!u~pb!. ~A8!

Unitarity therefore requires that the following relations ho
true:

gWWh

2
mb1gWH1h tanbmb1gbbhmW50, ~A9!

2
gWWh

2
mt1gWH1h cotbmt2gtthmW50. ~A10!

That this is indeed the case can be easily verified using
couplings of the 2HDM,

gWWh5g sin~b2a!, ~A11!

gWH1h52
g

2
cos~b2a!, ~A12!

gtth52
gmt

2mW

cosa

sinb
, ~A13!

gbbh5
gmb

2mW

sina

cosb
. ~A14!
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Analogous relations can be derived for the production of
heavy neutral Higgs bosonH and the results can be obtaine
from those above with the replacementa→a2p/2. The
production of theCP-odd stateA differs from that of the
CP-even Higgs bosons in that its coupling to theW boson is
zero. In this case the divergent terms coming from the d
grams where the Higgs boson couples to the quarks, ca
with those coming from the second diagram in Fig. 14.
explicit calculation gives

iA2;
ggWH1A

2A2 mW
2

ū~pt!@mb tanb~11g5!

1mtcotb~12g5!#u~pb!, ~A15!

iA3;2
ggttA

2A2 mW

ū~pt!~12g5!u~pb!, ~A16!

iA4;2
ggbbA

2A2 mW

ū~pt!~11g5!u~pb!. ~A17!
ys

38
t,

D

ys

te
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Unitarity entails that

gWH1A tanbmb1gbbhmW50, ~A18!

gWH1A cotbmt1gtthmW50. ~A19!

The above constraints are satisfied by the couplings of
2HDM,

gWH1A5
g

2
, ~A20!

gttA52
gmt

2mW
cotb, ~A21!

gbbA52
gmb

2mW
tanb. ~A22!
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