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Detecting the intermediate-mass Higgs boson
through the associate production channelpp˜ttHX
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We examine the detection of the intermediate-mass Higgs~IMH ! boson at the CERN LHC through the
associate production channelpp→t t̄HX→ lggX8. It is shown that by applying kinematic cuts orb tagging on
the final state jets, the main backgrounds ofW(→ ln)1g1g1(n-jet! can be reduced substantially without
significant loss of signals. It is possible to detect the IMH boson at the LHC through thepp→t t̄HX channel
using a modest photon detector with mass resolution;3% of the photon pair invariant mass.

PACS number~s!: 14.80.Bn, 12.38.Bx, 13.85.Qk, 13.87.Ce
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I. INTRODUCTION

The most mysterious part of the standard model~SM! is
the symmetry-breaking sector. The search for the Higgs
son which is responsible for the symmetry breaking has
come one of the main tasks in high energy physics. T
CERNe1e2 collider LEP II can search for a Higgs boson o
mass up to 80 GeV@1#. FormH>80 GeV, the detection of
the Higgs boson will be left to the CERN Large Hadro
Collider ~LHC!, Next Linear Collider~NLC! or ep, eg col-
liders. A Higgs boson in the intermediate-mass rang
80<mH<140 GeV is shown to be particularly difficult for
the LHC to detect. Recent studies show that a SM Hig
boson in this region can be detected at LHC@2#, LEP
^LHC ep @3#, and TeVeg colliders @4# via WH/ZH pro-
duction with leptonic or hadronic decays ofW/Z and
H→bb̄ or H→gg @5#. There are also proposals of detectin
a SM intermediate-mass Higgs~IMH ! boson throught t̄H
production with inclusive final state signals oflgg @6–10#.
However, our recent study@11# shows that there exist diffi-
culties due to the large reducible background proces
pp→W(→ ln)1g1g1(n2 jet)1X (n50,1,2,3,4) with
which the inclusivelgg detection of the IMH boson in the
t t̄H production needs a high level photon detector with ph
ton pair invariant mass (Mgg) resolution of;1%. In @11#,
various tree-level contributions have been taken into
count. In view of the fact that the infrared divergenc
~IFD’s! in the tree-level collinear- or soft-gluon emission dia
grams are canceled by the IFD’s in loop diagrams, one m
worry about the uncertainty in@11# due to ignoring the prob-
able residual cancellation effect if the jet-pT cut is not large
enough@10#. However, taking the largest one-jet process
an example, our result shows that, with the cutpT.30 GeV,
the main contribution comes from the gluon-quark fusio
part which does not contain IFD’s, while the gluon emissi
contribution is only about one-tenth of it. Hence such kind
probable uncertainty does not really affect the main feat
of the results in @11#. Therefore the background
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W(→ ln)1g1g1(n2 jet)1X with n>1 should really be
taken seriously. Unfortunately, most of the recent papers con
cerning thet t̄H production channel, including the most re-
cent realistic Monte Carlo simulations by the CMS and AT-
LAS Collaborations@12#, have not carefully taken such
backgrounds into account. Even if an IMH boson can be
detected at LHC viaWH/ZH production, it is still worthy to
observe thet t̄H production to explore the coupling of the
Higgs boson to the top quark. It is then our purpose in this
paper to investigate the possibility of reducing these back-
grounds and obtaining a large signal to background ratio
(S/B) at LHC with a modest photon detector of;3%
Mgg resolution.

In Sec. II we analyze the backgrounds to the SMt t̄H
production with inclusivelgg final states at LHC and pro-
pose the methods of reducing them. We then present th
number of events of signals and backgrounds without and
with b tagging of 100% efficiency. In Sec. III we give our
discussions and conclusions.

II. BACKGROUND REDUCTION AND RESULTS

If the Higgs boson is detected via inclusive final states
lgg from pp→t t̄HX production, the final states will contain
024 jets fromt t̄ decays, e.g.,t t̄→WbWb̄→ ln j jbb̄. There-
fore the processes pp→W(→ ln)1g1g1(n2 jet)
1X (n50,1,2,3,4) will be the reducible backgrounds to the
Higgs boson signal. After applying isolation cuts it is found
that, apart from the above-mentioned backgrounds, the mai
remained background is from the irreduciblet t̄gg process
which is not significant@8,10#. Although then>1 contribu-
tions seem to be of higher order of QCD with respect to the
n50 Wgg process, our explicit calculations@11# show that
they are surprisingly larger than theWgg background, partly
due to the appearance of channels ofqg andgg in the initial
states. Our results are also consistent with the resul
s„W1(32 jet)….s(t t̄) @13# which implies s„W1g1g
1(32 jet)….s(t t̄gg). Therefore, our main task is to reduce
the backgrounds from the pp→W(→ ln)1g1g
1(n2 jet)1X processes. Inspired by the reduction of
W1(n2 jet) backgrounds to thet t̄ signal @14#, we investi-
gate the possibilities of reducing theW1g1g1(n2 jet)
4095 © 1996 The American Physical Society
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TABLE I. Signal and background events after applyingmj j5mW6dm andmj j j 85mt6dm cuts. Number
of jets (nj ) >3, pT(jet)>30 GeV,dm510 GeV. The cut efficiency ise250.053.

Cuts mH(GeV) t t̄H t t̄gg
Wgg132 jet

1Wgg142jet
Total

backgrounds

S

AS1B

mj j5mW6dm 70 7.1 0.7 2.0 2.7 2.3
100 9.5 0.8 2.8 3.6 2.6
130 6.9 0.7 1.4 2.1 2.3

mj j5mW6dm 70 5.5 0.5 0.1 0.6 2.2
plus 100 7.3 0.6 0.2 0.8 2.6
mj j j 85mt6dm 130 5.3 0.6 0.2 0.8 2.1
a
-

.
s

backgrounds to thet t̄H signal in thelgg mode.
There are some notable features of thet t̄H signal events.

First, almost 100% of the events contain at least two jets
80% contain more than two jets due to the heaviness of
top quark @10#. Second, the final state signal jets conta
contribution fromt→Wb→ j jb decay which may allow us
to reconstructW and t from the detected jets. The third fea
ture is that there areb quark jets in the signal from
t t̄→WbWb̄decay which can be tagged.

The first thing we do is to require at least three jets in t
final states. As we have mentioned, there are still 80% s
nals satisfying this requirement, while the largestn51,2
backgrounds are eliminated, i.e., the remaining backgrou
are onlyt t̄gg and then53,4 ones. Unfortunately we canno
explicitly calculate then53,4 backgrounds due to the larg
number of Feynman diagrams. For example, the numbe
diagrams is 1758 with the external linesWqq8ggggg. Our
previous estimate shows that they are important@11#. How-
ever, we can make an approximate estimate of then53,4
backgrounds from the calculatedpp→W1(n2 jet) cross
sections @14#. Our calculations show thats„W1g1g
1(22 jet)…/s„W1g1g1(12 jet)… is about 0.7 at LHC.
This number is close to the ratios„W1(22 jet)…/
s„W1(12 jet)…580/52'0.7 given in@14#. This implies that
the emission of two extra photons does not affect the ra
much. So it is likely that cases containing more jets m
have the similar situation. Then we can expect that

s„W1g1g1~32 jet!…

s„W1g1g1~22 jet!…

and

s„W1g1g1~42 jet!…

s„W1g1g1~22 jet!…

are close to

s„W1~32 jet!…

s„W1~22 jet!…

and

s„W1~42 jet!…

s„W1~22 jet!…
,
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which are 24/52'1/2 and 8.6/52'1/6, respectively, accord-
ing to @14#.

What we are going to do next is to impose certain kine-
matical cuts on the jets to further enhance the signal to back
grounds ratio. As there is large probability that two jets in the
signal come fromW decays, we impose a cut on the two-jet
invariant massmj j5mW6dm with a resolutiondm. This
will further reduce then53,4 backgrounds relative to the
signal. We definecut efficiencyas the ratio of the cross-
section with the cut to that without the cut. Lete2 be the cut
efficiency of the two-jet invariant mass cut in then52 pro-
cess which will be calculated in the way given in@11#. In the
n53 process, there are three combinations of two-jet pairs
A simple estimate regarding them as independent event
leads to a cut efficiencye353e2 . In the n54 case, the
simple estimate gives the cut efficiencye456e2 . Therefore,
with the above estimatedn53,4 background cross sections,
the cross section ofn53,4 after this cut will be about the
same as that ofn52. If we can measure the top quark mass
more accurately in the future experiments at the Fermilab
Tevatron or LHC, we can further require a third jet combined
with the two satisfyingmW2dm,mj j,mW1dm to form
mj j j 8 andmt2dm,mj j j 8,mt1dm, reflecting that the three
jets come from thet decays which has a large probability in
the signal but not in then53,4 backgrounds. In this case, we
get the combined cut efficienciese3853e2

2 , e48512e2
2 . In ob-

taining this result, we have simply assumed that the cut effi-
ciency of one combination satisfyingmj j j 85mt6dm cut is
e2 . We shall discuss this in the next section. Note that we
count the event only once if there is one combination satis-
fying the cuts regardless of the number of combinations.

In our calculations, we use the following parameters and
parton distribution:

As514 TeV,E Ldt5100 fb21, Mgg resolution53%,

mt5176 GeV,

for qq̄,gg→t t̄H and qq̄,gg→t t̄gg: Q25 ŝ,

for Wgg122 jet: Q25mW
2 ,

Martin-Roberts-Stirling~MRS! set A8 @15#,

L5231 MeV. ~1!
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TABLE II. Signal and background events after applyingmj j5mW6dm and mj j j 85mt6dm cuts.
nj>3, pT(jet)>30 GeV,dm520 GeV. The cut efficiency ise250.12.

Cuts mH ~GeV! t t̄H t t̄gg
Wgg132 jet

1Wgg142jet
Total

backgrounds

S

AS1B

mj j5mW6dm 70 7.8 0.7 4.3 5.0 2.2
100 10.5 0.9 6.3 7.2 2.5
130 7.6 0.8 2.9 3.7 2.3

mj j5mW6dm 70 5.8 0.6 0.8 1.4 2.2
plus 100 7.6 0.7 1.0 1.7 2.5
mj j j 85mt6dm 130 5.6 0.7 1.2 1.9 2.0
-

As in @10#, the following cuts are used for the final state
particles:

pT~ l ,g!.20 GeV, uh~ l ,g, jet!u,2.5,

DR~ jet1 ,jet2!.0.4, DR~g1 ,g2!.0.4,

DR~ l ,g!.0.4, DR~g, jet!.0.4,

DR~ l , jet!.0.4, 0,Mgg,200 GeV,

~2!

whereDR[ADf21Dh2. We allow the transverse momenta
pT of jets to vary as given in the tables.

The results of themj j5mW6dm andmj j j 85mt6dm cuts
are presented in Tables I and II corresponding todm510 and
20 GeV, respectively. Our results show that theS/B ratios are
improved. A goodmj j resolution ofdm510 GeV will give a
clear signal even if we use only themj j5mW6dm cut. The
S/B ratios are not so good whendm520 GeV if only the
mj j5mW6dm cut is applied. Note that theS/AS1B values
with the combined cuts in Tables I and II are all larger tha
1.96 which corresponding to a confidence level of 97.5%.

There is another method of reducing thepp
→W(→ ln)1g1g1(n2 jet)1X (n51,2,3,4) back-
grounds. It is the use ofb tagging in the final jets requiring at
least oneb jet in the final jets which will lead to significant
reduction of the reducible backgrounds as in the case cons
ered in@14#. The main backgrounds are then from the irre
ducible t t̄gg process and the reducibleW1g1g
1(1,2,3,4)2 jet processes with jet~s! faking the
b-jet~s!. We use the approximations ofs„W1g1g1(3
2 jet)…;s„W1g1g1(22 jet)…/2, s„W1g1g1(42 jet)…
;s„W1g1g1(22 jet)…/6 and a level of 1% jet→b to es-
timate this latter background. There are also possible bac

TABLE III. Signal and background events after requiring a
least oneb jet in the final states in addition tolgg. pT(jet)>20
GeV. Wgg1(1,2,3,4)2 jet with jet faking b-jet events are esti-
mated with a level of 1% jet→b.

mH

(GeV)
t t̄H
signal t t̄gg

Wgg
1(1,2,3,4) jets

Total
backgrounds

70 16.2 1.6 1.1 2.7
100 21.6 1.8 1.5 3.3
130 16.0 1.7 1.5 3.2
n

id-
-

k-

grounds coming fromWggbb̄ andWggcb̄. The former is a
subprocess ofW1g1g1(2 2jet! in diagrams with
four external quark lines such asq1q̄2→Wggq3q̄3 ,
q1q̄3→Wggq2q̄3 . According to our calculation, these four-
quark processes contribute only 1/10 of the total
W1g1g1(22 jet), andW1g1g1bb̄ contributes at most
about 1/10 to the four-quark processes. Therefore, this back
ground will not exceed that of the processes with jet faking
b. TheWggcb̄ process is a subprocess ofgg→Wggq1q̄2
which is also about 1/10 ofW1g1g1(22 jet) and a sub-
process of the four-quark processes. Forq15c, q25b, there
are additional Cabibbo-Kobayashi-Maskawa~CKM! or
heavy flavor parton distribution suppressions. These make
this background negligible. Although the efficiencyeb of b
tagging at present is only;0.4, there may be the possibility
of improvement. We present the result in Table III with an
extreme case ofeb51 for reference.

III. DISCUSSIONS AND CONCLUSIONS

Our results of applyingmj j andmj j j 8 cuts are obtained
with the simple estimate of the relation between the cross
sections and the cut efficiencies ofn53,4 to those ofn52.
Therefore there are uncertainties. A factor of 2 uncertainty of
the n53,4 backgrounds will not cause any problem if we
apply bothmj j andmj j j 8 cuts. Actually, the above estimate
gives already an overestimate of the possible backgrounds
due to the following fact. As a check, we have calculated the
cut efficiency for mj j;mW plus mj j j 8;mt cuts of the
W1(32 jet) process by using the programPAPAGENO @16#.
The result shows that the cut efficiency is actually much
smaller than 3e2

2 .
Also the above estimate does not include any detection

efficiencies of the jets. But this will have no influence on the
S/B ratios since both the signal and background are affected
in the same way. In theb-tagging case, we see from Table III
that a realisticeb;0.4 still gives 6–8 signal events. These
events might be too low for detection if some further detec-
tion efficiencies are included. But it can be overcome by
increasing the integrated luminosity, say, to about
150 fb21.

In conclusion, an IMH boson can be detected at LHC in
the model1g1g1(n2 jet) from thet t̄H production with a

t
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modest photon detector of photon invariant mass resoluti
3% when we use both themj j;mW and themj j j 8;mt cuts
or b tagging on the final state jets if theb-tagging efficiency
can be improved. When the jet mass resolution can rea
within 10 GeV (dm510 GeV!, we can detect an IMH boson
by using onlymj j;mW cut.
on
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