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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 processesdnnel s channel, andV associatedat both the Fermilab
Tevatron and the CERN Large Hadron CollideHC) are presented. We investigate the possibility of detect-
ing a signal for the largest of these processest-ttieannel process at the LHC, via the Higgs boson decay into
bb. 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 t8nincreasing the prospects for extracting a signal.
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[. INTRODUCTION the W that mediates the bottom-to-top transition. As in the
usual single-top production, the three processes of interest
The discovery of the Higgs boson as the culprit for elec-are characterized by the virtuality of th& boson in the
troweak symmetry breakingEWSB) is one of the most chal- process({i) t channel(Fig. 1), where the spacelike@/ strikes
lenging goals of present and future high-energy experimentsi b quark in the proton sea, promoting it to a top qudik)
Within the standard modéBM), the mass of the Higgs bo- s channelFig. 2), where thew is timelike; (iii ) W associated
son is basically unconstrained with an upper boundngf  (Fig. 3), where there is emission of a real boson.
<600-800 GeV[1]. However, present data from precision ~ There are two reasors priori that make the above pro-
measurements of electroweak quantities favor a moderafe€SSes worthy of attention. The first one is that, based on
mass (113 Ge¥ m,=<200-230 GeV)[2]. In addition, the s!mple conS|derat.|ons, one would expect Higgs boson plus
minimal supersymmetric version of the SIMISSM), which single top production to bg relevant at the Tevatrpn and at_the
is one of its most popular extensions, predicts a Higgs boso HC. While top quarks will be mostly produced in pairs via

with an upper mass bound of about 130 G&w5]. Thus the e strong interaction, the cross section for single top, which

scenario with an intermediate-mass Higgs boson (113 Gei a weak process, turns out to be rather large, about one-
. e . hird of the cross section for top pair productild®,30. If a
<m,=130 GeV) is both theoretically plausible and well ppairp 9,30

supported by the data. similar ratio betweens(th) and o(tth) is assumed, it is

Detailed studies performed for both the Fermilab Tevatror'atural to ask whetheth production could be used together
and the CERN Large Hadron CollidétHC) (see, for ex- With Wh, Zh, and tth as a means to discover an
ample, Refs[6] and[7], respectively have shown that there intermediate-mass Higgs boson at the LHC. With this aim,
is no single production mechanism or decay channel thafe t-channel process has been previously considered when
dominates the phenomenology over the intermediate-madbe Higgs boson decays into a pair of photons, with the result
range for the H|ggs boson. Associated productior\/\ﬁi or that too few events of this type would be produced, even at

; high-luminosity runs, at the LHC20-29. Since the domi-
Zh [8] andtth [9,10], with th b t decdy— X o S
[8] an (9,10}, wi © sibsequent dec Y nant decay mode of the Higgs boson in this mass region is

[11-13 and h—bb [14—-18, are presently considered the bb pairs. thi hind for it Usi
most promising reactions to discover an intermediate-mag&'to PP pairs, this suggests searching for it using one or more

Higgs boson at both the Tevatron and the LHC. In this cas® tags, in the same way as ttigh analysis is conducted. This
one of the top quarks or the weak boson present in the findossibility is pursued in the present paper.
state can decay leptonically, providing an efficient trigger. The second reason for considering Higgs boson plus
The major difficulties in extracting a reliable signal from single top quark production is that it gives a rather unique
either of these two channels are the combination of a smaRossibility for studying the relative sign between the cou-
signal and the need for an accurate control of all the backPling of the Higgs boson to fermions and to vector bosons
ground sources. In this respect, it would be useful to havé22,31]. Measurements dfVh andtth production rates test,
other processes that could raise the sensitivity in this range
of masses. ,
In this paper we re-examine the production of a Higgs
boson in association with a single top quath fproductior) q
at hadron collider§19—22.! This process can be viewed as
a natural extension of the single top production processes
[23-28, where a Higgs boson is radiated off the top or off

b
We always understanth to include both top quark and top an- FIG. 1. Feynman diagrams contributing to thehannel produc-
tiquark production. tion of a Higgs boson plus a single top quark.

0556-2821/2001/69)/09402312)/$20.00 64 094023-1 ©2001 The American Physical Society



F. MALTONI, K. PAUL, T. STELZER, AND S. WILLENBROCK

FIG. 2. Feynman diagrams contributing to taehannel produc-
tion of a Higgs boson plus a single top quark.

respectively, the Higgs boson coupling to thié¢ and the
Yukawa coupling to the top, but they cannot give any infor-
mation on the relative sign between the two. In thecase,
thet-channel and th&V-associatedq-channel cross sections
depend strongly on the destructiveonstructive interfer-

ence between the contributions from the Higgs boson radi$M&

ated off the top and off th& boson. A measurement of the
total rate for production of Higgs boson plus single top
would therefore provide additional information on the
EWSB sector of the SM.

As will be shown in detail in the following, at the Teva-
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generated bymADGRAPH [32] (and checked against those
obtained bycompPHEP[33]) convoluted with the parton dis-
tribution  function set CTEQS5L [34], with the
renormalizatiof and factorization scales set equal to the
Higgs boson masbAt the Tevatron, the-channel process is

enhanced by th@p initial state and the relatively low ma-
chine energy, and its contribution is of the same order of
magnitude as that of thechannel process. In contrast, the
t-channel process dominates at the LHC. For the sake of
comparison, we have included in Fig. 4 the rates for produc-
tion of a Higgs boson in association witht pair.

For intermediate-mass Higgs bosons(th) is much
ller thano(tth), their ratio being~1/10 at the LHC and
~1/50 at the Tevatron. This is surprising since the analogous
ratio between single top arnd production is~1/2 at both
the LHC and the Tevatroh.

It is instructive to pin down the reason for this strong
suppression. With this aim we compare in Table | the ratio of

tron, the cross section for producing a Higgs boson in assahe cross sections for single teft), and for att_pair cr(tt—),

ciation with single top is of the order of 0.1 fb and therefore
out of the reach of run 11 €15 fb1). On the other hand,

with a cross section of the order of 100 fb, several thousand

of events will be produced at the LHC with 30 th
Whether this will be enough to obtain a visible signal is the
subject of the present investigation. As we will see, the num

ber of signal events left after branching ratios, cuts, and ef

ficiencies are taken into account is not large, and there a
several backgrounds, both irreducible and reducible, to co
sider.

This paper is organized as follows. In Sec. Il we presen

the leading-order results for Higgs boson plus single top pro
duction at both the Tevatron and the LHC, for the three chan

nels mentioned above. The cross sections forsthbannel
andW-associated processes, as well as forttbleannel pro-

with the ratio where the Higgs boson is also produegdh)

and a(tth). We explicitly single out the contributions from
different channels, since their relative importance changes
with the collision energy and initial-state particles. Looking
at the leading contributions at the LHE ¢hannel for single

top andgg—tt) in the first line, we find a suppression factor
etween the two processes of about 0.33£013. This is

due to the destructive interference between the two diagrams
in Fig. 1[22,31.° In Fig. 5 we have plotted the relative
gontributions to theé-channel cross section from each of the
two diagrams in Fig. 1, as a function of the Higgs boson
mass, at the Tevatron and at the LHC. At the LHC, for a
Higgs boson mass of 115 GeV, the cross section due to each
diagram alone is=3.5 times larger than the complete cross

cess at the Tevatron, have not been presented before; \W&Ction, while, for larger Higgs boson masses, \Wiéliggs

confirm thet-channel cross section at the LHC calculated in
Refs.[20-22. We investigate, in some detail, the interfer-

boson contribution becomes domin&rito further support

ence in the various channels. Section Ill contains a study of

signal and background for thiechannel production at the
LHC, with both three and foum tags. Results on the
t-channel production at the LHC in the minimal supersym-
metric standard modéMSSM) are discussed in Sec. IV. We
present our conclusions in the last section.

Il. CROSS SECTIONS

2The renormalization scale is relevant only for #eassociated

process.
3In thet-channel process, the factorization scale of the light-quark

distribution function should actually be the virtuality of thié bo-
son[35]. However, it happens that this makes little difference nu-
merically.

4As mentioned in the Introduction, the theoretical prediction for

the ratiO(r(t)/a(tt_) at the Tevatron and the LHC is 1/3, when

There are three channels for the production of a Higgsgalculated at next-to-leading order in the strong coup[i2,30.

boson plus a single top at hadron colliders:

t channel gb—q’'th  (Fig. 1),
qq’ —bth  (Fig. 2),

W associated gb—W~™th (Fig. 3).

s channel

However, since our results for associated production of a Higgs
boson plus a single top are only at the tree level, we compare
quantities evaluated at the lowest order.

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

In each case, the Higgs boson may be radiated off the top®This diagram contains a term proportional to the Higgs boson
quark or off theW boson. Figure 4 shows the total cross mass itself, as can be seen by calculating the contribution coming
section for each channel at the Tevatron and at the LHCrom the exchange of a longituding! in thet channel. It is exactly
These have been calculated using tree-level matrix element@is term that dominates the amplitude at large Higgs boson masses.
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FIG. 3. Feynman diagrams
contributing to theW-associated
production of a Higgs boson plus
a single top quark.
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FIG. 4. Cross sections for production of a Higgs boson plus a single top quark at the Te\@a,ﬁ;:éz TeV) and at the LHC
(pp,vs=14 TeV). Cross sections for thehannels-channel, andV-associated processes are shown. For comparison, the cross section for
tth is also shown. The set of parton distribution functions is CTEQS5L, and the renormalization and factorization scales are set equal to the
Higgs boson mass.

TABLE I. Comparison of the ratiogr(th)/o(t) and o(tth)/o(tt), for a Higgs boson of mase,
=115 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 masg antht¢ 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 tlifirsbp
diagram in Figs. 1 and)ds included in the calculation af(th).

o(th)/o(t) x 10° o(tthy/o(tt) X 10°
tch sch ag aq
LHC 0.33 0.42 1.1 3.1
t—Higgs-boson only 11 0.28
Tevatron 0.038 0.20 0.26 1.6
t—Higgs-boson only 0.21 0.14
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this argument, we have included the contributionsr{oh) added. We conclude that although the amount of the suppres-

coming from only the first diagram in Fig. 1 in the second sion depends on the parameters describing the prdsesk

and fourth lines of Table |I. Comparing again the ratioas the top mass, the Higgs boson mass, and the center-of-

o(th)/a(t) in the t channel with thegg contribution to  mass energy the sign of the interference term is a funda-

o(tth)/o(tt) at the LHC, we find that they are the same Mmental property of the Higgs boson sector of the standard

(1.1x1073). Hence the suppression factor of about 0.3,model. Moreover, we expect that in extensions of the stan-

which we found before, is accounted for by the destructivedard model where unitarity is respected up to arbitrarily high

interference. The same argument applies at the Tevatropfales, similar cancellations take place. As an example, we

(0.21x1073=0.26x 10" 3), where the destructive interfer- have considered thechannel production in a generic two-

ence is somewhat stronger than at the LHC (0.038/0.241i9gs-doublet model2HDM) and explicitly verified that the

~0.18) (Fig. 5. terms that_grow with energy cancel. The details are presented
As can be seen from Fig. 5, the reduction of the crosdn Appendix A. _ ,

section due to this interference effect strongly depends on the There is a similar explanation of the cancellation between

mass of the Higgs boson. In this respect the large suppre§iagrams in théw-associated production. At high energies

sion found for Higgs boson masses less than 200 GeV cajil€ two gauge-invariant classes of amplitudds,and A",

be regarded as a numerical accident. On the other hand, tfRghave like

fact that the interference is destructive is a consequence of

unitarity [22]. The simplest way to show this it to recall that ALW 2 e )

at high energies one can describe ttohannel process in the W-assoc 959 m\ZN

so-called effectivah/ approximation[36,37, where the ini-

tial light quark emits aV, which may be treated as if it is on for an external longitudinalV. Since for a 2-3 process,

shell. In so doing the diagram can be factorized into a distriynitarity demands that the total amplitude decreasestgsal/

bution function of theW in the initial quark times @ 222 yjplation would occur at the scafe?/m,g2gs. We explicitly

subprocesVb—ht. One can show that at high energi&s  yerified that the terms in Eq2) cancel when the amplitudes

with s~—t~—u~E?>my,my,m;, each of the two sub- are added together. In tisechannel process, where the inter-

diagrams in Fig. 1 behaves like ference is constructive, the/ always has a large timelike
virtuality and the diagrams do not contain any divergent be-
w mE havior with energy. The interference in tlsechannel and
A:’—ch~gzm_21 .y W-associated processes is demonstrated in Fig. 6.
W

for an external longitudinalVV, where the superscriptsand lll. -CHANNEL PRODUCTION AT THE LHC

W indicate from which particle the Higgs boson is radiated. In this section we discuss whether a signal for the Higgs
For a 2—2 process, unitarity demands that the total ampli-boson plus single-top process can be disentangled from the
tude approaches, at most, a constant, and therefore the terisackgrounds. As we have seen in the previous section, the
in Eqg. (1) would violate unitarity at a scaIA:m\zN/mtgz. cross section at the Tevatron is far too small to be relevant
However, the unitarity-violating terms in the two amplitudes and therefore we do not investigate it any further. Here we
have opposite signs and cancel when the two diagrams afecus on production at the LHC, and in particular on the
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FIG. 5. Interference in thechannel process at the Tevatron and at the LHC. The contributions froHiggs boson coupling only and
the W-Higgs boson coupling only, normalized to the total cross section at any given Higgs boson mass, are shown.
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FIG. 6. Interference in the-channel(left) and in theW-associated channéiight) at the LHC. The contributions from theHiggs boson
coupling only orW-Higgs boson coupling only, normalized to the total cross section at any given Higgs boson mass, are shown.

t-channel process, which is the dominant contribution. Allthe Higgs boson mass to a nominal value of 115 GeV.
signal and background cross sections are calculated using \we start by presenting the salient kinematic characteris-
MADGRAPH [32]. tics of the signal, where the Higgs boson is required to decay

Since the total cross section turns out to be small, detec&—0 bb and the top to decay semileptonically—bl*v) to

ing any rare decay of the Higgs boson, suchhas yy : . :
: s 3 . . provide a hard lepton trigger and to avoid QCD backgrounds
[whose branching ratio i©(10 %) ], as suggested in earlier (Fig. 8. We treat the top decay exactly, including spin and

studies[20-23, is certainly not feasible. It remains to be idth effects. As in the previous section, we have chosen the
hether th i f a light Hi : S » )
seen whether the dominant decay modes of a light Igg%,TEQSL set of parton distribution functions and fixed the

boson offer any viable signature. In Fig. 7 we show the tota .

. . he b hi 0 for-bb and h actorization scale equal toy, .
crc\)/?/swrfﬁctlonl t|r|nesdt € branching ga8t|o h Ta” In Fig. 9 we show the rapidity distributions of the final-
- (calculated usingiDECAY [38]) at the Tevatron  giaie particles in the signal events. Both this from the

and at the LHC. The decay intbb pairs decreases very Higgs boson decay and theand the lepton from the top
quickly and becomes negligible around Higgs boson massegecay are produced centrally while the light quark emitting
of 160 GeV, exactly where the decay it W™ reaches the virtual W favors large rapidities, peaking at around 3
its maximum. Since the most challenging mass region for thenits. The presence of a forward jet is related to the behavior
Higgs boson discovery at the LHC is for,<130 GeV, we  of the cross section as a function of the virtuality of the
focus our attention on the Higgs boson decay inboand fix ~ boson exchanged in thiechannel,do/dg?~ 1/(g%>— M3,)2.
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FIG. 7. th cross section times the branching ratio tof>bb and h—W*W~ at the Tevatron and at the LHC. The set of parton
distribution functions is CTEQSL, and the renormalization and factorization scales are set equal to the Higgs boson mass.
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The region—qg?<My, dominates, in analogy to single top -4 -2 0 2 4

production[23—-25. Since we also assume that the charge of v

the b jet is not measured, the signature for this processes is F|G. 9. Rapidity distributions for the final-state particléhe
lepton and thé from the top quark, thé’s from the Higgs boson,
3b+1fwd jet+|i+ [bT. 3 and the jetin thet channel at the LHC.
the invariant mass of thbb applied (second roy. We see

In order to estimate the number of events in the detector, wiat the backgrounds are comparable to the signal after this
have chosen the acceptances as shown in Table II, corr€Yt: .
sponding to low-luminosity runningd=10%¥cn?/s). With An important reducible background comes from the pro-
30 fb ! we expect around 120 events. When thtagging ~ duction of att pair[with tt—(W" —I"»)(W"—cs)bb], as
efficiency (e,=60%) and lepton efficiencye(=90%) are shown in Elg. 10a) (fourth column of Table I1I1.° This pro-
included, the number of expected events goes down tb 23C€SS contributes to the background whendlgeiark coming
Although the final tally is low, this is more than half of the oM the hadronic decay of one of thés is misidentified as

— ab quark and thes quark is the forward jet. A mistag prob-
number of events expected for thh process after branch- ability e.=10% is included in the cross sections quoted in

ing ratios and reconstruction efficiencies are taken into aCropie 1119 Even in the idealized case where one top quark is
count[30]. However, the impact of the backgrounds is MOT€, o constructed with 100% efficiency, the number of back-

tshee\}/(?(r)(ﬁof\?vrinangggs boson plus a single top, as we discuss Igr]]round events is very large. This background is drastically

. . reduced by requiring the presence of the forward(flird
] The largest SOL.JI’CG-S of wrgduqble Ibachgro.und ar-e fromrow of Table ll), but it is still large compared with the sig-
single top production in association withbd pair, coming a1 To reduce this background further one can exploit the
either from the resonant production ofZaboson €Z) or 4t that the forward jet and tHec that fake the Higgs boson
from a higher-order QCD process, such as the emission of &gnal all come from top decay, so their invariant mass is

gluon subsequently splitting intolaﬁpair (th). Although  nominally 175 GeV. We therefore require that the invariant
the final-state particles in the above processes are exactly thgass of the forward jet and theb pair exceed 250 GeV
za”_‘e S}S '?_ thle f'?”?'a th?t tyg_lgal '”‘t’a['at”t mﬁt‘iﬁ; Ofﬂghe_d (fourth column of Table II). This essentially eliminates the
's in the final state is quite different. Let us study the ide- .+~ 0 (i L ;
alized case where ttés reconstructed with 100% efficiency, tt backgr.ouno‘, while mamtammgmost of the §|gnal.
There is a related backgrountdj [shown in Fig. 10b)],

such that we know which comes from top decay. FOZ the
P ‘ of which one cannot so easily dispodith column of Table

distribution inmyy is peaked around th#2 mass, while for ) : ; .

tbbitis | t at i ant W ire that th ). In this case the amplitude is dominated by the exchange
. '. IS largest & sma_mvgngn mass. i € require that Tt a gluon in thet channel and the jet is naturally produced
invariant mass of théb pair lies in a windowmy,* 20,

whereo=11 GeV is the expected experimental resolution
[7]. Assuming a Gaussian distribution, we estimate that 40% &other sources of reducible background come from the production
of the events coming fromZ fall in this range(for m,  of a W in association with four jets of which three afer are
=115 GeV), decreasing quickly for larger Higgs bosonmisidentified asb quarks.
masses. The cross sections for the signal and these two irresThe mistag probability quoted in Reff7] is e.=14%, but no
ducible backgrounds are given in Table Il with the cut onspecific effort was made to minimize it. We assume that it can be
reduced to 10% while maintaining hidhtagging efficiency.
19N actuality some of the background will pass the cut due to jet
"The efficiencies are taken from R§F]. resolution.
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TABLE Il. Cuts applied to the-channel signal at the LHQow luminosity), with three and foub tags,
for m,=115 GeV. The values of the cross sections after the cuts are applied are shown in the last two
columns. Branching ratios Ba(—bb)=77% as well as BN\V—|v)=22% are included. Detector efficien-
cies are not included.

Cut Pp> pl,> pjT> [7p,]< [7;]< AR > O3p Tap

Value 15 GeV 20 GeV 30 GeV 2.5 5 0.4 4.0 fb 19fb

forward, while both top quarks remain central. If thquark  cross sections with detector cuts and with the requirement
jetis mi.ssedPT<15 GeV), the distributions of the remain-  that the invariant mass of at least ook pair lies in a win-
ing particles(the b's, the mistagged quark, and the lepton  gow m,+22 GeV. A forward jet cut is added in the third

are very similar to the ones in Fig. 9. After all cuts are ap-rq\y of Table IV, and also a requirement that the minimum
plied, the number of background events is large compared . — .
with the signal. We conclude that at the LHC the measurelnvanant mass of albb_palrs (excluding thek_) from top
ment of the Higgs boson plus single top with thizeags is decay excegﬂ 90 GeV in the fourth row. Ih|s last cut re-
hampered by the overwhelmir@ background. duces thetbb(b) backgr_ound, because tmb pair, vyhich.
Another possibility for reducing the background is to con-comes from gluon splitting, tends to reside at low invariant
sider fourb tags(see Fig. 1L Since theb distribution in the ~Mass. After all cuts, the irreducible backgrounds are compa-
proton sea arises from the splitting of virtual gluons intorable to the signal. . _
collinearbb pairs, the additionab tends to reside at small 1 nere are several reducible backgrounds to consider, all
pT. However, sometimes, this additioraiill be at highp” with top pairs in the final state. We give in the fourth column
and be detected. Studies performed on single top productiodf Table 1V the cross section fdtbb. This process contrib-
have shown that the|;;>15 GeV needed at the LHC to utes through the decatbb—W*W~bbbb, where onew
detect a jet is enough for the perturbative calculation to belecays hadronically to two jets, one of which is identified as
reliable [29]. The 4b-tag case can be analyzed as abovethe forward jet while the second is misséeig. 12. The
When detector acceptance is taken into account, the cro$gnward jet cut and the minimurbb mass cut reduce this
section is around one-half of thebdag one(last column in  packground to the same level as the signal. A related back-
Table ”) Both irreducible and reducible baCkgrOUndS areground, given in the fifth column of Table IV, occurs when
present. The irreducible backgrounds are analogousZto the hadronically decayingV vyields a (mistaggedl charm
andtbb discussed in thel®tag case, where an additiortal quark. Of the remaining quarkenes and threeb’s), either
present in the final stat@rising, as in the signal, from an the s or one of theb’s provides the forward jet, and one is
initial gluon splitting into bH) is also detected. We again missed. The cuts similarly reduce this background to the
assume that the top quark is reconstructed with 100% effisame level as the signal. There is also a background from
ciency, leaving three pairs &fs in the final state that could ttj, where the hadronically decaying/ yields ac and s
have come from Higgs boson decay. We give in Table IV thequark, both of which are mistagged.&1%). This back-

TABLE lIl. Cross sectiongfb) for the signal and some of the most important backgrounds for the Higgs
boson plus single-top production in thechannel at the LHQlow luminosity), with threeb tags, formy,
=115 GeV. Branching ratios into final states are included, as well als-tagging efficiencye,=60% and
the lepton-tagging efficiency,=90%. The backgrounds include both the irreducible on&saphdtbb) and
the reducible onest{ andttj). In the reducible backgroundscajuark from the decay of W is mistagged
as ab quark(the mistag probabilitye.=10%, is includegl “Detector cuts” correspond to the choice of cuts
in Table Il. In the second line, assuming the top is correctly reconstructed, the invariant mass of the other two
b’s is required to be in a window ah,+22 GeV (95% of the signal and 40% of th& background is
assumed to fall in this rangeln the third line, a forward jet tag is added. In the fourth line a minimum
invariant mass of 250 GeV for the Higgs boson candidate and the forward jet is required. The last line gives
the expected number of events with 30" thof integrated luminosity at the LHC.

3b tag (low luminosity)

Signal tZ tbb tt ttj
Detector cuts 0.80 2.1 4.1 810 100
|myp—mp| <22 GeV 0.75 0.83 0.54 450 38
|71>2, p/>50 GeV 0.39 0.44 0.26 13 8.0
Myp;>250 GeV 0.35 0.35 0.25 7.4
Events with 30 fo! 10 10 7 220
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FIG. 10. Reducible backgrounds in thé-Bag analysis coming
from the production of at pair and jets. The quark coming from
the decay of aV is misidentified as & quark. Intt production(a)

thes quark is the forward jet while int_j production(b) the s-quark
jet is missed.

FIG. 11. Example of a Feynman diagram contributing to the

. I . ignal in the 4- lysis.
ground is the largest of all, but it is removed by the reqUIre-Slgna in the &-tag analysis

ment on the minimunbb invariant, since thémistaggegics .
pair comes from decay!* Fgr IargemA_, the masses of the heavy Higgs bosons ap-
Although each background in thd4ag analysis is com- Proximately coincidema=my=my, while the CP-even
parable to the signal, there are only a few signal events wit#liggs boson remains light. This is the so-called decoupling
30 fb 1. Therefore, there is little hope of observing a signallimit, where the standard-model couplings and particle con-
in this channel, unless significantly more than 30 flran  tent are recovered. In the case of large gaand smallm,,
be delivered while maintaining the same detector perforone finds tham,=m, and the Higgs boson couplings to the
mance. At high luminosity £=10*¥cn?/s), it is anticipated ~vector bosons and to the fermions are different from those
that the minimump+ for jets must be raised to 30 GeV. In predicted by the standard model. In particular, there is a
Table V we study the signal and backgrounds in this scenaristrong enhancement of the bottom-quark coupling to both the
(the b-tagging efficiency is also lowered to 50%After all h and theA, which can give rise to interesting signatures at
cuts, thettbb backgrounds are now each twice as large aghe colliderd6,40—-43. We focus our attention in this area of
the signal, because these backgrounds involve missing a jéhe parameter space, which is not excluded by the measure-
which is more likely with the increased jpt threshold. The ments from the CERNe*e™ collider LEP [2], choosing
number of signal events in 300 th is about 10, with about m,<120 GeV and 1€&tang<50.
55 background events. Significantly more integrated lumi- In Fig. 13 we show the cross section for production of the
nosity would be needed to see a signal in this channel. = CP-even Higgs bosom and C P-odd Higgs bosorA in as-
sociation with single top as a function oh, and tans.
These are calculated using tree-level matrix elements gener-
ated byMADGRAPH [32] (and checked against those obtained
by compHEP [33]) convoluted with the parton distribution
It is interesting to ask whether there could be an enhancgunction set CTEQS5I[34], and with the renormalization and
ment in the signal when the production of nonminimal Higgsfactorization scales set equal to the Higgs boson mass. We
bosons is considered. With this aim we have investigated thassume a simplified scenario where the third generation di-
production of a lightC P-even(h) and aCP-odd (A) Higgs  agonal soft-supersymmetry-breaking squark masses are de-
boson in the MSSM. generate, with a common valud g,sy=1 TeV, and the
The Higgs boson sector of the MSSM is the same as thenixing between the top squarks maximl,=A;— u cots
2HDM presented in Appendix A except that it deperfds  =6Mgysy, With u=—200 GeV(for an extensive discus-
tree level on only two free parameters, which can be chosersion on the other possible choices, see R&f.and refer-
to be m, and tang. The tree-level relations between the ences therein
Higgs boson masses are modified by radiative corrections As shown in Fig. 13, for ta= 30, the cross sections are
that involve the supersymmetric particle spectrum, mainly ofindeed enhanced with respect to that for a standard-model
the top sectof3-5]. Since the analytical form of the correc- Higgs boson. However, the increase is never very large. This
tions is quite involvedsee Ref[39]) we usedHDECAY [38] is basically due to two reasons. First, from the arguments
to evaluate the Higgs boson masses and the mixing paranpresented in Sec. Il and Appendix A, unitarity imposes large
etera, givenm,, tang, and information on the top-squark cancellations among the various diagrams, even in the
mixings and masses. MSSM Higgs boson sector. In this respect, the production of
the CP-odd stateA is particularly instructive. Because of its
CP guantum numbers, this state cannot couple to Wis
Yn actuality, some of this background will remain due to jet and therefore the contribution from the second diagram in
resolution. Fig. 1 vanishes. One might guess that the destructive inter-

IV. PRODUCTION OF SUPERSYMMETRIC HIGGS
BOSONS
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TABLE IV. Cross sectiongfb) for the signal and some of the most important backgrounds for the Higgs
boson plus single top production in thechannel at the LHGlow luminosity), with four b tags, form,,
=115 GeV. Branching ratios into final states are included, as well as-tagging efficiencye,=60% and
the lepton-tagging efficiency;=90%. The backgrounds include both the irreducible oft{b) and

tbb(b)] and the reducible ondgtbb, ttbb (mistag, ttj]. In ttbb (mistag andttj, a c quark from the

decay of aWis mistagged as b quark(the mistag probabilitye.=10%, is included in ttj, ans quark from

the decay of aV is mistaggedthe mistag probabilitye;=1%, is includegl “Detector cuts” correspond to

the choice of cuts in Table II. In the second line, assuming the top is correctly reconstructed, the invariant
mass of at least one pair of the other thkégis required to be in a window ah, =22 GeV (95% of the

signal and 40% of théZ background is assumed to fall in this range the third line, a forward jet tag is
added. In the fourth line a minimum invariant mass of 90 GeV forb&lpairs (not including theb that
reconstructs the top quarks required. The last line gives the expected number of events with 3b db
integrated luminosity at the LHC.

4b-tag (low luminosity)

Signal tZ(b) tbb(b) tthb ttbb (mistag ttj
Detector cuts 0.22 0.42 1.5 5.8 3.1 9.0
[mgp—mp| <22 GeV 0.21 0.17 0.61 2.6 2.3 6.3
| 9j|>2 0.15 0.11 0.41 0.17 0.18 2.4
minmg>90 GeV 0.1 0.065 0.08 0.053 0.078
Events with 30 fo?! 3.0 1.9 2.5 1.6 2.3

ference with the diagrams whee couples to the quarks togethert? it would be possible to achieve a significance
cannot take place anymore and the signal could be muc/\B=5 in the %-tag analysegsee Tables IV and V
larger. In fact, the complete calculation shows that the dia-

gram where theA couples to theW and a charged Higgs V. CONCLUSIONS
bosonH™ (see the second diagram in Fig.)Jgtovides the _ N _ .
terms that cancel the lardand unitarity-violating contribu- In this paper we revisited the production of the Higgs

tions coming from the other diagrarsppendix A). Second, boson in association with single top at hadron colliders. We
the effects due to the choice of a large value ofgamork in ~ Provided the full set of cross sections at both the Tevatron
opposite directions for the bottom and the top quark, leadingnd the LHC for the three production processeshannels

to an enhancement of the coupling of the Higgs boson to théhannel andV associatedand we investigated in some de-
bottom quark but to a suppression for the top quark. As dil why they are smaller than what one would expect com-
result the rates for thk and theA are comparable to that of Ppared withtth production. For theé channel, which gives the

a Standard_mode' H|ggs boson Wlth a Similar mass fo,mOSt important contribution at the LHC, this is due to |arge

mytang~m,. For instance, takingn,=m,=115 GeV and cancellations taking place between different diagrams. We
tanB="50, we haveo(th)=a(tA)=190 fb, which is 2.5 have shown that the above peculiarity is not accidental but is

times the cross section expected in the standard modef Consequence of the.renormalizability of theory, and we
Considering the production of the two Higgs bosonsd2Ve @ detailed proof in the general framework of a two-
Higgs-doublet model.

Focusing on the-channel process, we discussed the pos-
sibility of detecting the production of Higgs boson plus
single top at the LHC, concentrating on the decay of the

Higgs boson intdob. We considered events where three and

—_

9 four b quarks are tagged. In the case of thbeags, there is
q’ an overwhelming background frothj. In the case of foub
_ tags there is no single overwhelming background, but rather
b several backgrounds that are comparable to the signal. Given
our present expectations for detector capabilities and lumi-
-811999q b nosity at the LHC, it seems unlikely that one can extract a
signal from the backgrounds.
b There are several things that could improve this progno-
FIG. 12. Reducible background in thd4ag analysis coming
from the production oftbb. One of the quarks coming from tie 2There is no interference between the two processes due to the
is missed while the other provides the forward tag. different CP properties of the Higgs bosons.
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TABLE V. Cross sectiongfb) for the signal and some of the most important backgrounds for the Higgs
boson plus single top production in tltehannel at the LHGhigh luminosity, with four b-tags, form,,
=115 GeV. Branching ratios into final states are included, as well as-tagging efficiencye,=50% and
the lepton-tagging efficiency;=90%. The backgrounds include both the irreducible of{b) and

tbb(b)] and the reducible ondgtbb, ttbb (mistag, ttj]. In ttbb (mistag andttj, a c quark from the
decay of aWis mistagged as b quark(the mistag probabilitye.=10%, is included in ttj, ans quark from

the decay of aV is mistaggedthe mistag probabilitye;=1%, is includegl “Detector cuts” correspond to
the choice of cuts in Table I, apart from the minimlpﬁ, 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 oth#s three
is required to be in a window aoh,+22 GeV (95% of the signal and 40% of th& background is assumed

to fall in this rangé. In the third line, a forward jet tag is added. In the fourth line a minimum invariant mass
of 90 GeV for allbb pairs(not including theb that reconstructs the top quaiik required. The last line gives
the expected number of events with 300 fhof integrated luminosity at the LHC.

4b-tag (high luminosity
Signal tZ(b) tbb(b) ttbb ttbb (mistag ttj

Detector cuts 0.061 0.094 0.23 4.0 15 3.3
|myp—m,| <22 GeV 0.058 0.037 0.096 1.7 11 25
[ 7]>2 0.040 0.025 0.067 0.15 0.11 0.94
minm;;>90 GeV 0.032 0.018 0.027 0.069 0.068

Events with 300 fb? 9.5 5.5 8.0 21 21

200

o
o

a(th) (fb)
a(tA) (fb)

20— — 20— —
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FIG. 13. Cross sections for production of2d-even Higgs bosoh and aCP-odd Higgs bosoi in association with a single top as a
function of my and tanB (Mgysy=1 TeV, u=-200 GeV and maximal top-squark mixing is assuimédnly t-channel production is
included. The cross section for a standard-model Higgs bosonmisthr/l]: m, is given as a referendelasheg The set of parton distribution
functions is CTEQS5L and the factorization scale is set equal to the Higgs boson mass.

WAoo h WA W |, b Wt
% . .
w* + H + + b FIG. 14. Diagrams contribut-
b t b————t b t b——--- h ing to W b—h t in the 2HDM.

2 3 [CY]
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sis. Several of the backgrounds involve a mistaggqdark, IGwh m My,
and if the mistag rate can be reduced significantly be|OV\iA2:i—u(pt){—tcotﬂ(l—)ﬁ)—k—tanlg
10%, these backgrounds would be less severe. One might 22 My My
also be able to find a more efficient set of cuts to reduce the

backgrounds. Since the signal involves thehannel ex- 5 ew(Pt— Pb— Pn)
change of aVboson, one might be able to use a rapidity gap X(1+797) u(pb)(pb_ p)2— mﬁ+ ' (A2)

to distinguish the signal from the reducible backgrou(itie
irreducible backgrounds also involtehannelW exchange,

howevey [43]. 90k U(PY) (Bet B+ My bu(1— ¥°)u(py)

Finally we have also presented the results for the|A3: ! 22 (pe+ ph)Z_th '
t-channel production of th€ P-even statér and theC P-odd (A3)
stateA of the MSSM at the LHC. Fom,<120 GeV and
large tanB there is a moderate enhancement of the produc- WD) vl 1— 5 — B+ mou
tion rate compared to that of a standard-model Higgs boson,4,= —i 9%b0n U(P) w1~y )(pbz phz o) (pb),
which may be enough to disentangle the signal from the 242 (Pp—Pn)“— My
QCD backgrounds. (A4)
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APPENDIX A I Ap~i Zﬁmalu(pt)[mbtanﬂ(l Y)
In this appendix, we consider the casetatannel pro- 5

duction in a generic 2HDM. Using the effectiv&-approxi- +mgcotB(1—y*)Ju(pp), (A6)
mation, we show that the amplitudes represented by the dia-
grams in Fig. 14 contain terms that grow with energy. . . 90uh — 5
Nevertheless, the unitarity of the model implies that these A~ i zﬁmwu(pt)(l_ Y)U(Po), (A7)
terms must cancel in the final result, as we show explicitly.
In a generic 2HDM that is invariant und&U(2), XU (1)y 90bn —

and conserveLP, the scalar fieldsb,, are doublets of i Ag~i ————u(p)(1+¥>)u(pp). (A8)
SU(2), with hyperchargeér=1/2, andthey develop vacuum 2\2 My

expectation valuesv,, that break SU(2) XU(1)y to
U(1)gw. This results in a massia,= 2g%v? andma=%(g?
+g'?)v? with v2=v3+v3=(/2G¢) . The particle content
can be exploited to fully parametrize the model. In addition dwwh

to tanB=v,/v,, we can use the masses of the four scalars ~ —% Mo Gwr+n taNAM,+ GpprMw =0, (A9)
h,H,A,H™, the mixing anglex between theC P-even states

h,H, and one of the couplings appearing in the quartic po- Jwwh

tential. The inclusion of the fermions must be done with care  — Tmt+ Owh+h Cot Bm;— gyymy=0. (A10)

in order to suppress tree-level flavor-changing neutral cur-

rents. One common choice is to impose a discrete Symmetryy, o+ s js indeed the case can be easily verified using the
in such a way tha®; couples only to down-type quarks and couplings of the 2HDM,

leptons, whiled, couples only to up-type quarkd4]. This

Unitarity therefore requires that the following relations hold
rue:

way of coupling the Higgs boson fields to the fermions is the Jwwh=9 Sin(B—a), (A11)
same as in the minimal supersymmetric standard model and
is called type II. g

The contributions from the four diagrams in Fig. 14 read Gwh+n=~ 5COS [~ a), (A12)
. . 99wwHNw—
iA=i———u “(1—y°)u gm; Ccosa

1 2\/5 (pt)y ( Y ) (pb) Oith=— 2mW Sinﬂ, (A13)

9 [(Po= PO u (PP, /MG, i
X == Mz 2 Wewv (A1) Tbpn= My %_ (A14)
(Pp— P — My 2my, cosB
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Analogous relations can be derived for the production of theJnitarity entails that

heavy neutral Higgs bosdn and the results can be obtained
from those above with the replacement- «— /2. The
production of theCP-odd stateA differs from that of the
CP-even Higgs bosons in that its coupling to ¥&boson is

zero. In this case the divergent terms coming from the dia-

Gwh+a tanBmy+gpprmw=0, (A18)

gwH+a COt BM;+ gpmy= 0. (A19)

grams where the Higgs boson couples to the quarks, cancel
with those coming from the second diagram in Fig. 14. AnThe apove constraints are satisfied by the couplings of the

explicit calculation gives

. 99wH+A—
|A2~ﬁu<po[mbtanﬂ(1+y5>
+mcotB(1— %) Ju(py), (A15)
. 9%ita —
l&wﬁvu(pt)(l—ys)u(pb), (A16)
| A~ — A (AL7)

5
—Zﬁmwu(pt)(lw Ju(pp)-

2HDM,
g
IwHA= x (A20)
gm;
Ota=— _ZmWCOtﬁ’ (A21)
gmy
Jbpba= — mtanﬁ. (AZZ)
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