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Probing the Higgs self-coupling at hadron colliders using rare decays
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We investigate Higgs boson pair production at hadron colliders for Higgs boson massesmH<140 GeV and
the rare decay of one of the two Higgs bosons. While in the standard model the number of events is quite low
at the CERN Large Hadron Collider~LHC!, a first, albeit not very precise, measurement of the Higgs boson

self-coupling is possible in thegg→HH→bb̄gg channel. A luminosity-upgraded LHC could improve this
measurement considerably. A 200 TeV very large hadron collider could make a measurement of the Higgs
self-coupling competitive with a next-generation linear collider. In the minimal supersymmetric standard
model ~MSSM! we find a significant region with observable Higgs boson pair production in the small tanb
regime, where resonant production of two light Higgs bosons might be the only hint at the LHC of a MSSM
Higgs sector.
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I. INTRODUCTION

The CERN Large Hadron Collider~LHC! is scheduled to
begin operation in 2007, beginning a new era wherein
mechanism of electroweak symmetry breaking and ferm
mass generation will be revealed and studied in great de
Although alternative mechanisms exist in theory, this is g
erally believed to be a light Higgs boson with a massmH
,219 GeV@1#. More specifically, we expect a fundament
scalar sector which undergoes spontaneous symmetry b
ing as the result of a potential which acquires a nonz
vacuum expectation value. The LHC will easily find a lig
standard model~SM! Higgs boson with a very moderate lu
minosity @2,3#. Moreover, the LHC will have significant ca
pability to determine many of its properties@4,5#, such as its
fermionic and bosonic decay modes and couplings@6–9#,
including invisible decays@10# and possibly even rare decay
to second generation fermions@11#.1

Starting from the requirement that the Higgs boson ha
restore unitarity of weak boson scattering at high energie
the SM @13#, perhaps the most important measurement a
a Higgs boson discovery is of the Higgs potential itse
which requires measurement of the trilinear and qua
Higgs boson self-couplings. Only multiple Higgs boson p
duction can probe these directly@14,15#.

Recent literature is replete with self-coupling measu

*Email address: baur@ubhex.physics.buffalo.edu
†Email address: tilman.plehn@cern.ch
‡Email address: david.rainwater@desy.de
1An e1e2 linear collider with a center of mass energy of 350 Ge

or more can significantly improve these preliminary measureme
in some cases by an order of magnitude in precision, if an in
grated luminosity of 500 fb21 can be achieved@12#.
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ment studies. There are numerous quantitative sensiti
limit analyses of Higgs boson pair production ine1e2 col-
lisions ranging from 500 GeV to 3 TeV center of mass en
gies @15–18#. For example, one neural-net-based study c
cludes that a 500 GeV linear collider with an integrat
luminosity of 1 ab21 @18# could measure the trilinear Higg

boson couplingl for mH5120 GeV, whereH→bb̄ decays
dominate, at the 20% level. However, none of these analy
addressed the case ofmH.140 GeV, where the Higgs boso
mostly decays intoW bosons. Studies exploring the potenti
of the LHC, a luminosity-upgraded LHC~SLHC! with
roughly ten times the amount of data expected in the fi
run, and a very large hadron collider~VLHC!, have come
only very recently@19–22#. These studies investigated Higg
boson pair production via gluon fusion with subsequent
cay to same-sign dileptons and three leptons viaW bosons,
and cover the broader range 115,mH,200 GeV. They es-
tablished that future hadron machines can probe the H
potential formH*150 GeV. At the LHC, an integrated lu
minosity of 300 fb21 provides for exclusion of vanishingl
at the 95% confidence level or better over the entire ra
150,mH,200 GeV. A VLHC would provide for precision
measurements over much of this mass range, similar to
better than the limits achievable at a 3 TeVe1e2 collider
with 5 ab21 @17#. However, we previously concluded tha
hadron colliders could not probe the mass regionmH
,140 GeV sufficiently well to be meaningful@22#.

We reexamine that conclusion in this paper, utilizing ra
decay modes in Higgs boson pair production formH
,140 GeV at future hadron colliders. We first review th
definition of the Higgs boson self-couplings and briefly d
cuss SM and non-SM predictions for these parameters
Sec. II. An overview of the rare Higgs boson decay modes
the SM ~predominantlybb̄gg final states! and our analyses
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-
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of these channels appear in Sec. III. We consider the LH
SLHC, and a VLHC, which we assume to be app collider
operating at 200 TeV with a luminosity ofL52
31034 cm22 s21 @23#. In Sec. IV we establish the prospec
of observing a pair of minimal supersymmetric standa
model ~MSSM! Higgs bosons in thebb̄gg and bb̄m1m2

decay channels. We present our conclusions in Sec. V.

II. HIGGS BOSON SELF-COUPLINGS

The trilinear and quartic Higgs boson couplingsl and l̃
are defined through the potential

V~hH!5
1

2
mH

2 hH
2 1lvhH

3 1
1

4
l̃hH

4 , ~1!

wherehH is the physical Higgs field,v5(A2GF)21/2 is the
vacuum expectation value, andGF is the Fermi constant. In
the SM the self-couplings are

l̃5l5lSM5
mH

2

2v2 . ~2!

Regarding the SM as an effective theory, the Higgs bo
self-couplingsl and l̃ are per se free parameters, an
S-matrix unitarity constrainsl̃ to l̃<8p/3 @13#. Since future
collider experiments likely cannot probel̃, we concentrate
on the trilinear couplingl in the following. The quartic
Higgs boson coupling does not affect the Higgs boson p
production processes we consider.

In the SM, radiative corrections decreasel by 4–11 % for
120,mH,200 GeV@24#. Larger deviations are possible i
scenarios beyond the SM. For example, in two Higgs dou
models where the lightest Higgs boson is forced to h
SM-like couplings to vector bosons, quantum correctio
may increase the trilinear Higgs boson coupling by up
100% @24#. In the MSSM, loop corrections modify the sel
coupling of the lightest Higgs boson in the decoupling lim
which has SM-like couplings, by up to 8% for light sto
squarks@25#. Anomalous Higgs boson self-couplings al
appear in various other scenarios beyond the SM, suc
models with a composite Higgs boson@26#, or in little Higgs
boson models@27#. In many cases, the anomalous Higgs b
son self-couplings can be parametrized in terms of hig
dimensional operators which are induced by integrating
heavy degrees of freedom. A systematic analysis of Hi
boson self-couplings in a higher dimensional operator
proach can be found in Ref.@28#.

III. ANALYSIS

At LHC energies, inclusive Higgs boson pair producti
is dominated by gluon fusion@29#. Other processes, such a
weak boson fusion,qq→qqHH @30#, associated production
with heavy gauge bosons,qq̄→WHH,ZHH @31#, or associ-
ated production with top quark pairs,gg,qq̄→t t̄HH @19#,
yield cross sections which are factors of 10–30 smaller t
that for gg→HH @29#. SinceHH production at the LHC is
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generally rate limited, we consider only the gluon fusi
process.

Because the totalgg→HH cross section at both the LHC
and VLHC is quite small, at most one Higgs boson under
ing rare decay will allow for a reasonable number of eve
to work with. We therefore consider only final states conta
ing oneb-quark pair, which is the dominant SM Higgs boso
decay mode formH,135 GeV, as shown in Fig. 1. Ou
previous study demonstrated that at both the LHC a
VLHC 4b and bb̄t1t2 final states are overwhelmed b
background@22#. While the backgrounds are more modera
for the t channel, the observable part of this decay mo
unfortunately has multiple additional small branching ratio
and the detectors have rather low efficiency to identify tht
leptons. As charm quarks are even more difficult to tag th
b quarks, and the QCD backgrounds become much la
due to similarly less fake-tag rejection, we can immediat
discount any colored final states for the rare decay. W
boson pairs certainly qualify as rare decays in this mass
gion, but cannot be used: thebb̄W* W and bb̄Z* Z

→bb̄,1,2n̄n final states suffer from a huge QCD top pa
background. Similarly forpp→HH→bb̄Z* Z with one or
more hadronically decayingZ bosons, andbb̄Zg→bb̄j j g,
QCD processes with the same final states are likely to o
whelm the signal~here,W* andZ* denote off-shellW andZ

bosons!. The bb̄Z* Z→bb̄14 leptons andbb̄Zg→,1,2g
channels suffer from too low a rate, due to the smallZ
→,1,2 branching ratio. This leaves only the diphoto
bb̄gg and dimuonbb̄m1m2 decay combinations.

For all our calculations we assume an integrated lumin
ity of 600 fb21 for the LHC, and 6000 fb21 @19# for the
SLHC. For the VLHC, we consider both 600 fb21 and
1200 fb21 @23#. We chooseas(MZ)50.1185@32#, calculate
signal and background cross sections usingCTEQ5L @33# par-
ton distribution functions, and our scale choice for all bac

ground processes ismF5mR5Aŝ. We include minimal de-
tector effects by Gaussian smearing of the parton mome

FIG. 1. SM Higgs boson branching ratios relevant to our ana
sis ofHH production. ForW1W2 andZZ, one of the gauge boson
is off shell.
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PROBING THE HIGGS SELF-COUPLING AT HADRON . . . PHYSICAL REVIEW D69, 053004 ~2004!
according to ATLAS expectations@4#, and take into accoun
energy loss in theb jets via a parametrized function. W
assume ab tagging efficiency ofeb550% for all hadron
colliders. In addition, we include an efficiency of 79%@34#

for capturing theH→bb̄ decay of the signal in its 40 GeV
mass bin. We calculate all background processes usingMAD-

GRAPH @35# except where otherwise noted, and retain a fin
b- (c)-quark mass of 4.6~1.7! GeV where relevant. Othe
detector efficiencies are given in the subsections relevan
the respective channels.

A. The bb̄gg decay channel

We perform the signal calculation,gg→HH→bb̄gg, as
in Refs. @20,22#, including the effects of next-to-leading o
der ~NLO! QCD corrections via a multiplicative factorK
51.65 (1.35) at LHC~VLHC! energies@36#, using factor-
ization and renormalization scale choices ofmH . There is
little scale variation left at NLO. We use exact matrix el
ments to incorporate theH→bb̄ andH→gg decays.

The basic kinematic acceptance cuts for events at
~S!LHC and VLHC are

pT~b!.45 GeV, uh~b!u,2.5, DR~b,b!.0.4,

mH220 GeV,mbb̄,mH120 GeV,

pT~g!.20 GeV, uh~g!u,2.5, DR~g,g!.0.4,

mH22.3 GeV,mgg,mH12.3 GeV,

DR~g,b!.0.4, ~3!

which are motivated first by the requirements that the eve
can pass the ATLAS and CMS triggers with high efficien
@4,5#, and that theb-quark and photon pairs reconstruct
windows around the known Higgs boson mass, adjusted
an expected capture efficiency of 79% each@34#. We take the
identification efficiency for each photon to be 80% at
machines considered@34#.

As in the 4W signal case@20#, we will later try to deter-
mine the Higgs boson self-coupling from the shape of
invariant mass of the final state. For that reason we do
apply any cuts which make use of the fact that the sig
involves two heavy massive particles produced in a fa
narrow range of thebb̄gg invariant mass. The only irreduc
ible background processes are QCDbb̄gg, H(→gg)bb̄,
and H(→bb̄)gg production. However, there are multip
QCD reducible backgrounds resulting from jets faking eith
b jets or photons:cc̄gg, one or two fakeb jets; bb̄j g, one
fake photon;cc̄j g, one or two fakeb jets, one fake photon
j j gg, one or two fakeb jets;bb̄j j , two fake photons;cc̄j j ,
one or two fakeb jets, two fake photons;j j j g, one or two
fake b jets, one fake photon;jjjj , one or two fakeb jets, two
fake photons;Hjj , one or two fakeb jets, or two fake pho-
tons; andH j g, one fake photon.
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Misidentified charm quarks must be considered separa
from nonheavy flavor jets because of the grossly differ
rejection factors. Table I summarizes the expected rejec
factors for charm and light jets to be misidentified asb jets
and photons, as well as the expected photon and muon i
tification efficiencies. The probability of misidentifying
light jet as ab jet is significantly higher at the SLHC due t
the high luminosity environment@19#. The value quoted in
Table I for Pj→b at the LHC is likely to be conservative
recent studies@37# using three-dimensionalb tagging have
found a light jet rejection factor about a factor of 2 bett
Expectations for the probability of misidentifying a light je
as a photon at the LHC vary considerably@4,5,38,39#, so we
perform two analyses, one conservative and the other o
mistic, to cover this range. Since their design luminosit
are similar, it is reasonable to assume that the rejection
tors for light quarks and charm quarks, and the jet-pho
misidentification probabilities, are similar for the LHC an
the VLHC. Studies of how the high luminosity environme
of the SLHC affectsPc→b andPj→g have not yet been per
formed. In lieu of better estimates we therefore use the sa
values as for the LHC and VLHC. It should be noted that t
rejection factors listed in Table I depend on the transve
momentum of the charm quark,pT(c), or jet, pT( j ). The
values listed in the table correspond to the rejection facto
the pT range that provides the largest contribution to t
cross section.

Except for thebb̄j g andbb̄j j backgrounds, all reducible
backgrounds depend on whether one requires one or bob
quarks to be tagged. Requiring only one taggedb quark re-
sults in a signal cross section that is a factor of (2/eb21)
53 larger than the one with bothb quarks tagged. This
larger signal rate comes at the expense of a significa
increased reducible background. As we shall demonstr
the smallgg→HH→bb̄gg cross section forces us to requi
a singleb tag at the LHC in order to have an observab
signal. At the SLHC, on the other hand, the much high
probability of misidentifying a light jet as ab jet translates
into an increase of the background which more than comp
sates the signal gain from using only a singleb tag. In the
following we therefore require a doubleb tag at the SLHC.
For the VLHC we consider both single and doubleb tagging.

For a singleb tag strategy, there is an additional comb
natorial background when extra jets are present in the ev
To estimate this background, one needs to interface thegg
→HH matrix elements with an event generator. Insight m
also be gained from performing a calculation ofHHj produc-
tion, which presently does not exist. Since we calculate

TABLE I. Expected photon and muon identification efficienci
and misidentification probabilities for charm quarks and light jets
b quarks@4,5,19,37# and photons@4,5,38,39#, at various hadron col-
liders.

eg em Pc→b Pj→b Pj→g
hi Pj→g

lo

LHC 80% 90% 1/13 1/140 1/1600 1/2500
SLHC 80% 90% 1/13 1/23 1/1600 1/2500
VLHC 80% 90% 1/13 1/140 1/1600 1/2500
4-3
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FIG. 2. Distributions of the minimum lego plot~pseudorapidity–transverse plane! separation between~a! b jets and photons, and~b!

photons, for a SM signal ofmH5120 GeV and the QCDbb̄gg background; using the cuts of Eq.~3! but no minimumb-g separation. We
include the NLOK factor for the signal and a factor of 1.3 for the QCD background.
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signal cross section with cuts only at lowest order, we do
include the combinatorial background in our background
timate.

At the level of cuts in Eq.~3!, we observe two angula
correlations which differ strongly between signal and ba
ground. The minimum separation betweenb jets and photons
is typically much smaller for the QCD backgrounds as co
pared to the signal. The shape of the signal distribution
flects the fact that thebb̄ andgg pairs originate from decay
of heavy scalar particles which recoil against each othe
the transverse plane. The peak in the backgro
DR(g,b)min distribution at small values is clearly due to th
collinear enhancement from photon radiation off ab quark.
The minimum separation between the photons, on the o
hand, is smaller for the signal. We show the minimu
photon-b and the photon-photon separation distributions
Fig. 2, for theHH signal and thebb̄gg background at the
LHC; all other background processes exhibit distributio
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qualitatively similar to those for QCDbb̄gg production.
Based on these observations, we impose two additional
gular cuts on the final state, which reduce the backgrou
by about an order of magnitude, but affect the signal at o
the 15–20 % level formH5120 GeV, and closer to 30% fo
mH5140 GeV:

DR~g,b!.1.0, DR~g,g!,2.0. ~4!

Looking at Fig. 2, these do not appear to be the optim
values. However, the cuts are correlated, and we chose t
values to roughly optimize the signal-to-background ra
(S/B) while retaining a significant fraction of the signal.

Tables II and III display the signal and QCD backgrou
cross sections for the~S!LHC and VLHC, including the sig-
nal K factor, at the level of cuts in Eq.~3!, adding Eq.~4!,
and finally with all efficiencies and misidentification prob
abilities applied, for both the conservative~‘‘hi,’’ Pj→g
e
grounds
sections

, for each

3

6

2

3

TABLE II. Expected cross sections~fb! ~first three rows! for themH5120 GeVHH→bb̄gg signal and QCD backgrounds, including th
signalK factors, at the~S!LHC. The background cross sections are scaled by a factor of 1.3, as explained in the text. The QCD back
cannot be calculated without cuts due to soft and collinear singularities. Each of the next four pairs of rows shows the cross
including all detector efficiencies and fake-tag rejection probabilities as described in the text, and the number of events expected

machine and background analysis. We assume an integrated luminosity of 600 fb21 (6000 fb21) for the LHC~SLHC!. TheHjj , Hbb̄, Hgg,
andH j g backgrounds are discussed in the text and therefore not shown.

Analysis stage HH bb̄gg cc̄gg bb̄g j cc̄g j j j gg bb̄j j cc̄ j j g j j j jjjj ((backgrounds)

Before cuts 0.15 — — — — — — — — — —
1 Eq. ~3! 0.043 0.056 0.42 65 250 11 2.53104 2.53104 7700 53106 53106

1 Eq. ~4! 0.035 0.0060 0.0215 8.28 17.0 0.84 4520 4520 364 43105 43105

3 e•PLHC
hi 0.0106 0.0029 0.0020 0.0031 0.0013 0.0077 0.0013 0.0003 0.0030 0.0022 0.023

NLHC(hi) 6 2 1 2 1 5 1 0 2 1 14

3 e•PLHC
lo 0.0106 0.0029 0.0020 0.0020 0.0008 0.0077 0.0005 0.0001 0.0017 0.0009 0.018

NLHC(lo) 6 2 1 1 0 5 0 0 1 1 11

3 e•PSLHC
hi 0.0035 0.0010 0.0001 0.0010 0.0001 0.0010 0.0004 0.0000 0.0003 0.0003 0.004

NSLHC(hi) 21 6 0 6 0 6 3 0 2 2 25

3 e•PSLHC
lo 0.0035 0.0010 0.0001 0.0007 0.0000 0.0010 0.0002 0.0000 0.0002 0.0001 0.003

NSLHC(lo) 21 6 0 4 0 6 1 0 1 1 20
4-4
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TABLE III. Expected cross sections~fb! ~first three rows! for the mH5120 GeVHH→bb̄gg signal and QCD backgrounds, includin
the signalK factors, at the VLHC. The background cross sections are scaled by a factor of 1.3, as explained in the text. Th
backgrounds cannot be calculated without cuts due to soft and collinear singularities. Each of the next pairs of rows shows the cros
including all detector efficiencies and fake-tag rejection probabilities as described in the text, and the number of events expect
integrated luminosity of 600 fb21, for each of the two background analyses. We show results for both single and doubleb tagging. TheHjj ,

Hbb̄, Hgg, andH j g backgrounds are discussed in the text and therefore not shown.

Analysis stage HH bb̄gg cc̄gg bb̄g j cc̄g j j j gg bb̄j j cc̄ j j g j j j jjjj ((backgrounds)

Before cuts 15.9 — — — — — — — — — —
1 Eq. ~3! 3.12 1.8 23 3600 14000 280 1.63106 1.63106 2.33105 2.73108 2.73108

1 Eq. ~4! 2.70 0.14 1.23 417 1020 25.0 4.23105 4.23105 13300 3.03107 3.03107

1 b tag

3 e•PVLHC
hi 0.810 0.067 0.116 0.156 0.075 0.228 0.122 0.024 0.095 0.164 1.048

N(hi) 486 40 70 94 45 137 73 14 57 98 629

3 e•PVLHC
lo 0.810 0.067 0.116 0.100 0.048 0.228 0.050 0.010 0.061 0.067 0.747

N(lo) 486 40 70 60 29 137 30 6 36 40 448

2 b tags

3 e•PVLHC
hi 0.270 0.022 0.005 0.052 0.003 0.001 0.041 0.001 0.000 0.001 0.126

N(hi) 162 13 3 31 2 0 25 1 0 1 76

3 e•PVLHC
lo 0.270 0.022 0.005 0.033 0.002 0.001 0.017 0.000 0.000 0.000 0.080

N(lo) 162 13 3 20 1 0 10 0 0 0 47
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51/1600) and optimistic~‘‘lo,’’ Pj→g51/2500) assump-
tions. The QCD background normalization uncertainty
rather large at LO, and unfortunately none of these proce
is known at NLO. To estimate the effect of a possible NL
increase of the background rates, we scale each of the b
ground cross sections by a factor of 1.3. Note that we are
making any statement about unknown higher order cor
tions. Instead, we attempt to be conservative and show
our results do not critically depend on the background n
malization.

Before final state identification, theO(as
4) jjjj background

dominates over all others by two orders of magnitude. T
angular cuts of Eq.~4! do improve the signal-to-backgroun
ratio by an order of magnitude, but it is the cumulative effe
of large rejection factors for misidentifying light jets as ph
tons orb jets that brings the QCD backgrounds down to
manageable level.

The single Higgs boson resonance backgrounds are
the most part negligible, so we do not include them in Tab
II and III. The Hjj cross section is approximately a factor
6–20 smaller than the signal@40#; theHbb̄ cross section is a
factor of 20–60 smaller. Although no calculations ofHgg
and H j g production exist yet, one expects that these ba
grounds are also negligible. All subsequent numerical res
include theHjj background, whereas we neglect theHbb̄,
Hgg, andH j g backgrounds.

Summing all background cross sections we find thatS/B
;1/1 is possible at the SLHC, and we anticipate a still
spectableS/B;1/2 at the LHC. At the VLHC, with one
taggedb quark, we obtain a signal-to-background ratio
about 1/1, while a doubleb tag yields S/B'2 –3.5. Of
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course, even small changes in expected fake-b rejection fac-
tors could change how the analysis would be optimized. O
results are meant only to highlight the potential capability
such a search.

Our estimates also reveal that the range of fake-pho
rejection probabilities is not so significant. The largest ba
ground in most cases isj j gg, where the photons are real bu
one or twob tags are falsely identified—at the SLHC th
doubleb tag requirement brings this background to the sa
level as the realbb̄gg component. The irreduciblebb̄gg
background in all cases constitutes only a small fraction
the total background.

As shown in Table III, requiring twob tags instead of one
at the VLHC reduces the overall background by a factor
8–9, but the signal by only a factor of 3. As a result, bo
cases yield similar sensitivity bounds for the Higgs bos
self-couplingl. However, we note that the higher event ra
with one b tag will provide better control of experimenta
systematic uncertainties, so this may be the preferred s
egy.

In addition to the backgrounds considered so far,bb̄gg
events~or their fakes! may also be produced in double parto
scattering ~DPS!, or from multiple interactions occurring
from separatepp collisions in the same bunch crossing
high luminosity running. In principle, one can identify mu
tiple interactions by a total visible energy measurement or
tracing some final particle tracks back to distinct event v
tices, but this may not always be possible in practice.
example, forbb̄gg events where the photon andbb̄ pairs
occur in different interactions, the latter method relies sol
on tracks of particles associated with the hadronic activ
4-5
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accompanying the photon pair. If these particles are soft,
two vertices may not be clearly resolvable.

To estimate the cross sections from DPS and mult
interactions, we use the approximation outlined in Ref.@41#.
In both cases, the dominant contribution arises from mult
production where several jets are misidentified asb quarks or
photons. After applying the cuts listed in Eqs.~3! and~4!, the
DPS and multiple interaction backgrounds are still seve
times larger than the signal. However, to discriminate th
from regular single interaction events, one can exploit
independence and pairwise momentum balance of the
scatterings in DPS or multiple interaction events, similar
the strategy employed in the DPS analysis carried out by
CDF Collaboration@42#. Rejecting events where two sets
transverse momenta independently add up to a value clo
zero will obviously strongly suppress the DPS and multi
interaction background. The signal, on the other hand, is o
minimally affected by such a cut. Requiring that even
which pass the cuts listed in Eqs.~3! and ~4! do not satisfy
either

up¢T~b!1p¢T~g1!u,20 GeV

and

up¢T~ b̄!1p¢T~g2!u,20 GeV ~5!

or

up¢T~ b̄!1p¢T~g1!u,20 GeV

and

up¢T~b!1p¢T~g2!u,20 GeV ~6!

totally eliminates the DPS and multiple scattering ba
grounds~within the limits of our ability to simulate detecto
effects!, but reduces the signal cross section by about 7
This has essentially no influence on the Higgs boson s
coupling sensitivity bounds.

Extracting the Higgs boson self-coupling follows th
same path as for the 4W final state used for larger Higg
masses@20#. To discriminate between signal and backgrou
we use the visible invariant massmvis , which for this final
state is the invariant mass of the Higgs boson pair, corre
for energy loss of theb jets. We show this in Fig. 3 formH
5120 GeV at the LHC, and in Figs. 4 and 5 formH
5120 GeV andmH5140 GeV at the SLHC and VLHC. We
do not show themH5140 GeV case for the LHC, since w
expect only about two signal events for an integrated lu
nosity of 600 fb21. Figures 3–5 show that the backgroun
distribution peaks close to the threshold, whereas the si
distribution reaches its maximum at a somewhat hig
value. This is due to the destructive interference between
triangle and box diagrams contributing togg→HH. It is
responsible for an increase in the signal cross section a
shift in the mvis peak position toward lower values, if w
assumel,lSM , and vice versa. The shape of the visib
invariant mass distribution thus helps to discriminate sig
and background and to probe the Higgs boson self-coup
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l. IncreasingmH from 120 GeV to 140 GeV reduces th
signal~background! cross section by about a factor of 3~2!.

To derive quantitative sensitivity bounds onl we perform
a x2 test of themvis distribution, similar to that described in
Ref. @20#. Except for the Higgs boson self-coupling, we a
sume the SM to be valid. As in all previous analyses,
multiply the LO differential cross sections of the QCD bac
ground processes by a factor of 1.3. As mentioned bef
this is not a guess at the higher order corrections, which m
either be computed, or the rates measured sufficiently
cisely. However, in this way we ensure that our results do
critically depend on the absolute normalization of the ba
ground rates, while of course they will depend on the unc
tainty associated with the determination of the backgrou
rate: we allow for a normalization uncertainty of 10% for th
SM signal plus background rate. We express limits on
deviation of the Higgs boson self-coupling from the S
value in terms ofDlHHH , where

DlHHH5lHHH215
l

lSM
21. ~7!

We summarize our results in Table IV. The bounds o
tained using the conservative background estimate~labeled
‘‘hi’’ ! are 10–20 % less stringent than those found using
more optimistic scenario~labeled ‘‘lo’’ !. At the SLHC, for
mH5120 GeV, a vanishing Higgs boson self-coupling c
be ruled out at the 90% C.L. Limits formH5140 GeV are a
factor of 1.2–2 weaker than those formH5120 GeV.

It may be possible to subtract large parts of the reduc
backgrounds which do not involve charm quarks using
following technique. Due to their large cross sections~see
Tables II and III!, one can fairly accurately determine th

FIG. 3. The visible invariant mass distribution,mvis , in pp

→bb̄gg, after all kinematic cuts@Eqs.~3! and~4!#, for the conser-
vative ~short dashed! and optimistic ~long dashed! QCD back-
grounds and a SM signal ofmH5120 GeV~solid! at the LHC. The
dotted and short dash-dotted lines show the signal cross sectio
lHHH5l/lSM50 and 2, respectively. To illustrate how the redu
ible backgrounds dominate the analysis, we also show the irre

ible QCD bb̄gg background by itself~long dash-dotted!. We in-
clude the NLOK factor for the signal and a factor of 1.3 for th
QCD backgrounds.
4-6
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PROBING THE HIGGS SELF-COUPLING AT HADRON . . . PHYSICAL REVIEW D69, 053004 ~2004!
mvis distributions of the individual processes,Hjj , bb̄g j ,

bb̄j j , j j gg, g j j j , and jjjj production, imposing the sam

cuts as in theHH→bb̄gg analysis@Eqs.~3! and~4!#. If the
photon-jet and light jet-b misidentification probabilities are
independently measured in other processes such as pr
photon @43# and W1 jets production, one can simply sub
tract these backgrounds. For the background processe
volving charm quarks, on the other hand, this procedure
be more difficult to realize, since the smaller charm qu
mass and the shorter charm lifetime result in a charm qu
tagging efficiency much lower than that forb quarks. The
columns labeled ‘‘Background subtraction’’ list the limi
achievable if the noncharm reducible contributions to
background were subtracted with 100% efficiency, but no
of the charm quark backgrounds could be reduced. Our
sults show that reducing the background beyond what ca
achieved with kinematic cuts may considerably improve
bounds onlHHH at the LHC and SLHC, where theHH

→bb̄gg process is statistics limited. The bounds achieva

FIG. 4. The visible invariant mass distribution,mvis , in pp

→bb̄gg, after all kinematic cuts@Eqs.~3! and~4!#, for the conser-
vative ~short dashed! and optimistic ~long dashed! QCD back-
grounds and SM signals ofmH5120 ~upper! and 140 GeV~lower!
at the SLHC. The dotted and short dash-dotted lines show the s
cross section forlHHH5l/lSM50 and 2, respectively. To illustrat
how the reducible backgrounds dominate the analysis, we also s

the irreducible QCDbb̄gg background by itself~long dash-dotted!.
We include the NLOK factor for the signal and a factor of 1.3 fo
the QCD backgrounds.
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at the SLHC~VLHC! by analyzingbb̄gg production are a
factor of 2.5–6~2–3! more stringent than those from th

bb̄t1t2 channel@22#.
Due to the small number of events, the LHC and SLH

sensitivity limits depend significantly on the SM cross se
tion normalization uncertainty. For example, for a normaliz
tion uncertainty of 30% on the SM signal plus backgrou
rate, the achievable bounds onlHHH are almost a factor of 2
weaker than those obtained for a normalization uncerta
of 10%. This SM cross section normalization uncertainty d
pends critically on knowledge of the QCD corrections to t
signal and the ability to determine the background norm
ization. The NLO QCD corrections togg→HH are currently
known only in the infinite top quark mass limit@36#. To
ensure the 10% required precision on differential cross s
tions we would need the NLO rates for finite top qua
masses, as well as the NNLO corrections in the heavy
quark mass limit. For the background normalization one c
rely on either calculations of the QCD corrections or data.

al

ow

FIG. 5. The visible invariant mass distribution,mvis , in pp

→bb̄gg, after all kinematic cuts@Eqs.~3! and~4!#, for the conser-
vative ~short dashed! and optimistic ~long dashed! QCD back-
grounds and SM signals ofmH5120 ~upper! and 140 GeV~lower!
at a VLHC. The dotted and short dash-dotted lines show the sig
cross section forlHHH5l/lSM50 and 2, respectively. To illustrate
how the reducible backgrounds dominate the analysis, we also s

the irreducible QCDbb̄gg background by itself~long dash-dotted!.
We include the NLOK factor for the signal and a factor of 1.3 fo
the QCD backgrounds.
4-7
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TABLE IV. Expected Higgs boson self-coupling 68.3% C.L. (1s) sensitivity limits, expressed asDlHHH5l/lSM21, for the various
hadron collider options and background analyses presented in the text. There are not enough events at the LHC formH5140 GeV to perform
a measurement ofl. The LHC and VLHC analyses employ a singleb tag strategy, while the high luminosity conditions at the SLHC for
a doubleb tag requirement.

Machine mH5120 GeV mH5140 GeV
‘‘Hi’’ ‘‘Lo’’ Background subtracted ‘‘Hi’’ ‘‘Lo’’ Background subtracted

LHC, 600 fb21 11.9

21.1

11.6

21.1

10.94

20.74

2

2

2

2

2

2
SLHC, 6000 fb21 10.82

20.66

10.74

20.62

10.52

20.46

11.7

20.9

11.4

20.8

10.76

20.58
VLHC, 600 fb21 10.44

20.42

10.42

20.40

10.32

20.30

10.82

20.62

10.66

20.54

10.38

20.34
VLHC, 1200 fb21 10.32 10.30 10.26 10.76 10.62 10.36

20.30 20.28 20.22 20.58 20.50 20.32
ul
tr

ed
cu
CD
n
n

th

th
h-
he

ith

e

-
el
o
so

n

a
h
M
to
at

t the

to
.

.4
er
the

c-
The

n-
ut

d

nd.
m

r a
-

mentioned before, none of these NLO background calc
tions are available. Since there are many processes con
uting to the background, and most of them involve hundr
of Feynman diagrams already at the tree level, NLO cal
lations appear feasible only if automated one-loop Q
tools become available in the next few years. In the abse
of such NLO results, one may be able to fix the backgrou

normalization instead by relaxing thebb̄ and gg invariant
mass cuts of Eq.~3! and/or the cuts of Eq.~4! and extrapo-
lating from regions in mbb̄ , mgg , DR(g,b)min , and
DR(g,g) where the background dominates, back into
analysis region. This technique should make it possible
determine the background normalization to about 10% at
LHC and SLHC, and to about 2% at the VLHC. Both met
ods rely on Monte Carlo simulation to correctly predict t
mvis distribution shape.

The bounds listed in Table IV should be compared w
those achievable ate1e2 linear colliders. A linear collider
with As5500 GeV and an integrated luminosity of 1 ab21

can determinel with a precision of about 20% ine1e2

→ZHH for mH5120 GeV@18#. For mH.120 GeV, theH

→bb̄ branching ratio and thee1e2→ZHH cross section
both fall off quickly. Since the background cross section d
creases only slightly,S/B, and thus the bounds onl obtain-
able frome1e2→ZHH, worsen rapidly with increasing val
ues ofmH . By mH5140 GeV they are at only the 50% lev
@22#. From Table IV it is clear that the LHC will be able t
provide only a first rough measurement of the Higgs bo
self-coupling for mH5120 GeV. A luminosity-upgraded
LHC will be able to make a more precise measureme
However, the sensitivity bounds onl obtained frombb̄gg
production formH5120 GeV (mH5140 GeV) will be a fac-
tor of 2–4 ~1.2–3! weaker than those achievable at a line
collider. In contrast, the sensitivity at a VLHC will approac
this level of precision. It should be noted that, if the S
cross section normalization uncertainty could be reduced
few percent, a VLHC could reach precision similar to th
foreseen for CLIC@17# (e1e2 collisions at 3 TeV center-of-
mass energy!.
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B. The bb̄µ¿µÀ decay channel

Thebb̄m1m2 signal calculation proceeds as in thebb̄gg
case. The basic kinematic acceptance cuts for events a
LHC and VLHC are

pT~b!.45 GeV, uh~b!u,2.5, DR~b,b!.0.4,

mH220 GeV,mbb̄,mH120 GeV,

pT~m!.15 GeV, uh~m!u,2.4, DR~m,m!.0.4,

mH25 GeV,mmm,mH15 GeV,

DR~b,m!.0.4, ~8!

where again the muon invariant mass window is chosen
accept 79% of theH→m1m2 decay after detector effects
The signal cross section at the LHC~VLHC! for mH
5120 GeV before taking into account any efficiencies is 2
ab ~0.21 fb!, approximately one order of magnitude small
than thebb̄gg channel. For larger Higgs boson masses
ratio is even smaller, due to theH→m1m2 branching ratio,
which decreases much more rapidly withmH than that for
H→gg ~see Fig. 1!. Once efficiencies are taken into a
count, we expect less than one signal event at the LHC.
SLHC would see 2–3 signal events formH5120 GeV if one
assumes that bothb quarks are tagged, too few for a mea
ingful coupling extraction. At a VLHC there would be abo
60 signal events for an integrated luminosity of 600 fb21,
single b tag requirement, and the same value ofmH . We
therefore concentrate on the VLHC in the following, an
require only oneb tag.

A potential advantage of thebb̄m1m2 final state is the
smaller number of processes contributing to the backgrou
The main contributions to the background originate fro
QCD bb̄m1m2, cc̄m1m2, and j j m1m2 production, where
the m1m2 pair originates from an off-shellZ boson or pho-
ton. In the latter two processes, either a charm quark o
light jet is misidentified as ab quark. We calculate the back
4-8
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ground processes at LO usingMCFM @44# and find that their
sum is more than a factor of 200 larger than the signal. T
signal-to-background ratio improves by a factor of 5 if w
additionally require

DR~m,m!,2, ~9!

whereas the signal cross section falls by only about 20
The Hjj background is negligible compared withj j m1m2.
The final signal to background ratio ofS/B'1/50 contrasts
starkly with theS/B;1/1 ratio thebb̄gg channel enjoys. If
instead bothb jets are tagged, the signal-to-background ra
improves by an additional factor of 2. However, the sign
cross section is reduced by a factor of 3, which yields se
tivity bounds forlHHH that are somewhat weaker than tho
obtained from singleb tag data.

Shrinking them1m2 invariant mass window could als
reduce the background. The value in Eq.~8! was chosen
assuming ATLAS detector muon momentum resolution@4#.
The CMS detector@5# likely can use a smaller window
umH2mmmu,3 GeV, which would reduce the backgroun
by approximately a factor of 1.7.

The small signal cross section combined with the v
large background make it essentially impossible to determ
the Higgs boson self-coupling inpp→bb̄m1m2. We quan-
tify this by performing ax2 test on themvis distribution,
similar to that described in Sec. III A. Since the signal cro
section is too small to be observable at the LHC and SLH
we derive bounds only for a VLHC. As before, we includ
the effects of NLO QCD corrections via multiplicative fa
tors: K51.35 for the signal@36#, K50.81 forbb̄m1m2 and
cc̄m1m2 production, andK50.91 for the j j m1m2 back-
ground @44#. Allowing for a normalization uncertainty o
10% of the SM cross sections, formH5120 GeV we find 1s
bounds of

23.0,DlHHH,4.2 ~10!

at the VLHC for an integrated luminosity of 600 fb21. If the
j j m1m2 background can be subtracted as described in S
III A, the limits improve by about a factor of 1.4. Using th
CMS dimuon mass window instead, the bound improves
about a factor of 1.3. Nevertheless, this is about an orde
magnitude weaker than the limits fromHH→bb̄gg.

IV. SUPERSYMMETRIC HIGGS BOSONS

The MSSM requires two Higgs doublets, in contrast
one in the SM, to give mass to the up-type and down-ty
fermions and to avoid anomalies induced by the supers
metric fermionic partners of the Higgs bosons. This result
the presence of five physical Higgs bosons: a charged
H6, two neutral scalarsh0 andH0, and a pseudoscalarA0.
The two scalars are mixed mass eigenstates, the lighte
ways having a massmh&135 GeV @45#. At leading order,
the entire MSSM Higgs sector is described by two para
eters, usually taken to be the ratio of the two Higgs doubl
vacuum expectation values, tanb, and the pseudoscala
Higgs boson massmA . In the regionmA*150 GeV, all
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heavy Higgs bosonsA,H,H6 have similar masses, muc
larger than the light scalar Higgs boson mass. In this
called decoupling regime the light Higgs bosonh strongly
resembles a SM Higgs boson of the same mass. It will
difficult to distinguish between the SM and the MSSM Hig
sectors through measurements of its properties@3,7#.

Assuming bottom-quark–tau mass unification, only tw
regions of tanb are allowed: either small values, tanb&3,
or large values, tanb*30. Direct searches for the heav
Higgs bosons are particularly promising in the large tanb
regime, since in the decoupling limit the bottom Yukaw
coupling to heavy Higgs bosons ismbtanb. As a result,

b-quark-initiated processes, such asbb̄→H, may have cross
sections enhanced by up to three orders of magnitude
the corresponding SM rates for sufficiently large values
tanb. In contrast, for small values of tanb these direct
searches fail, because the dominant Yukawa coupling
comesmt /tanb@mbtanb.

At the LHC, associated production of two neutral MSS
Higgs bosons via gluon fusion occurs for all six possib
combinations@29#. In principle, these processes probe t
various Higgs boson self-couplingsl i jk . However, for large
tanb the continuum box diagrams are enhanced by
Yukawa coupling squared, while the triangle loop diagra
with an intermediate Higgs boson is enhanced by only o
power of the large Yukawa coupling: for large tanb the reso-
nance diagrams are suppressed by 1/tanb as compared to the
continuum production diagrams. For tanb550 we find that
the effect of vanishing self-couplingsl i jk[0 is at maximum
at the percentage level.

For tanb*30 andmA&150 GeV, MSSM Higgs boson
pair production cross sections can be sizable, reaching va
up to 100 fb, compared to a few tens of femtobarns in
SM. The largest cross sections occur for two heavy sta
AH, AA, HH and large values of tanb, due to the enhanced
coupling of these states tob quarks. In this regime the mos
promising final state isbb̄m1m2 since the ratio of the muon
and the bottom Yukawa couplings is preserved in the MSS
but the branching ratio to photons is highly suppressed, ty
cally by several orders of magnitude compared to the
Higgs boson of equal mass. Unfortunately, a main ba
ground for this is MSSMbb̄H/A,H/A→m1m2 production
@46#. Whether the Higgs boson pair signal could be extrac
out of this would require a more detailed investigation whi
we do not find likely to be fruitful.

In the small tanb regime it is much more difficult to
distinguish the SM and the MSSM Higgs sectors. None
the heavy Higgs bosons will be directly observable at
LHC for tanb&20, if we rely on the usual decays to ferm
ons. We find that, for small values of tanb, gg→H→hh
offers the best chance to detect the heavy scalar Higgs b
H: for tanb&5 the H→hh branching ratio is sizable@50#.
To take into account off-shell effects we compute the f
pp→hh production rate. As in the SM, we expect thebb̄gg
final state to be most promising in the decoupling regim
with increased rate due to the intermediateH resonance. We
show theh→bb̄ andh→gg branching fractions and lowes
4-9
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ordergg→hh→bb̄gg cross section as a function ofmA in
Fig. 6. The light Higgs boson mass increases frommh
5108 GeV for mA5150 GeV to a plateau value ofmh
5122 GeV in the largemA limit. A few structures in the
cross section plot require further explanation. First,
heavy scalar Higgs boson mass crosses the thresholdmH
.2mh aroundmA;225 GeV, which enhances thehh cross
section by almost a factor of 100. Second, the kink atmA
;mH5350 GeV represents the top threshold in the top
angle loop. At the same time we see the onset of theH

→t t̄ decay channel, which for larger values ofmA dominates
over H→hh, so the cross section decreases rapidly. Nev
theless, the MSSM signal rate is still enhanced over the
ratesSM(bb̄gg)'0.09 fb for values ofmA as large as 500
GeV.

Unfortunately, the angular cuts of Eq.~4!, which are
needed to suppress the background, together with the s
dardbb̄gg identification cuts of Eq.~3!, force the differen-
tial cross section to vanish formvis&250 GeV. Pair produc-
tion of light supersymmetric Higgs bosons will thus b
unobservable formA,280 GeV. When taking into accoun
detection efficiencies, we find thathh production at the LHC
should be observable at the 5s level for 320,mA
,375 GeV (310,mA,425 GeV) for an integrated lumi
nosity of 300 fb21 (600 fb21) and tanb53 @4#. The signal
would be rather spectacular: due tos-channelH exchange,
the differential cross section peaks formvis'mH , as shown
in Fig. 7. Compared to the SM case the cross section
enhanced by more than an order of magnitude in the re
nance region, where it depends on theHhh and H f f̄ cou-
plings. Since MSSM heavy scalarH production with decay

FIG. 6. Lowest order cross section and branching fractions
pair production of light MSSM scalar Higgs bosons,pp→hh, with

subsequent decayhh→bb̄gg, as a function of the pseudoscal
Higgs boson massmA . We fix tanb53, set the squark mass pa
rameters to 1 TeV, and assume maximal mixing withAt52.5 TeV
@47#. We do not take into account supersymmetric decay mode
the heavy Higgs bosonH @48#. The light Higgs boson mass is abov
the LEP limit of mH.114.4 GeV@49# for mA.190 GeV. No cuts
or detection efficiencies are included. The dashed horizontal
shows the lowest order SMgg→HH cross section formH

5120 GeV.
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into fermions is unobservable at the LHC in the small tanb
region, this implies thathh production can measure only
combination oflHhh and theH f f̄ couplings, but not the
individual couplings.

V. DISCUSSION AND CONCLUSIONS

After discovery of an elementary Higgs boson and tests
its fermionic and gauge boson couplings, experimental e
dence that the shape of the Higgs potential has the f
required for electroweak symmetry breaking will comple
the proof that fermion and weak boson masses are gene
by spontaneous symmetry breaking. One must determine
Higgs boson self-coupling to probe the shape of the Hig
potential.

Only Higgs boson pair production at colliders can acco
plish this. Numerous studies@15–18# have established tha
future e1e2 machines can measurel at the 20–50 % level
for mH,140 GeV. Very recent studies@19–21# determined
that the prospects at hadron colliders for 150,mH
,200 GeV are similarly positive, but that themH
,140 GeV region would be very difficult to access@22#. We
have tried to rectify the situation in this paper by consider
highly efficient, lower background rare decay modes:bb̄gg

and bb̄m1m2. The latter suffers from a very low rate an
considerable background from the Breit-Wigner tail ofbb̄Z
production, and does not appear to be useful. This is
surprising upon comparison to ourbb̄t1t2 study @22#.

However, thebb̄gg channel shows considerable promis
Imposing photon-photon and photon-b separation cuts could
result in a signal-to-background ratio ofO(1) or better.
Since the irreducible QCDbb̄gg background is small com
pared to the reducible background originating from light je
or charm quarks mistagged asb quarks, or from jets misi-
dentified as photons, the signal-to-background ratio depe

r

of

e

FIG. 7. The visible invariant mass distribution,mvis , for MSSM
light scalar Higgs boson pair production at the LHC,pp→hh

→bb̄gg, for tanb53. The light Higgs boson mass formA

5325 GeV is 120.8 GeV and formA5400 GeV it is 122.2 GeV.
For comparison, we also show the distribution for SM Higgs bos
pair production (mH5120 GeV).
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on the particle misidentification probabilities and the
quired number ofb tags.

We find that the LHC, with an integrated luminosity o
600 fb21 or more, could make a very rough first measu
ment formH5120 GeV~with ;6 signal events!, but would
not obtain useful limits formH5140 GeV at all due to the
lack of signal events. It would require a luminosity-upgrad
run ~SLHC, 6000 fb21) to rule outl50 at the 90% C.L. for
mH5120 GeV, and to make a 50–80 % measurement at
1s level. A 200 TeV VLHC, in contrast, would make pos
sible a 20–40 % measurement ofl, competitive with future
e1e2 collider capabilities. We note, however, that curre
understanding of hadron collider Higgs boson phenome
ogy does not provide for the necessary precise knowledg
Higgs boson branching ratios to complement this. It is like
that ane1e2 collider would still be required to fill this role
Although a luminosity-upgraded LHC cannot compete with
linear collider for Higgs boson massesmH,140 GeV, a
Higgs boson self-coupling measurement at the SLHC w
still be interesting if realized before a linear collider begi
operation.

To fully exploit future hadron collider potential to mea
sure the Higgs boson self-coupling, we need an accurate
diction of the SMbb̄gg rate. It is mandatory that the re
sidual theoretical cross section uncertainty be reduced to
10–15 % level for anyHH analysis to be meaningful. W
will need similar precision on background rates proba
from experiment by extrapolating from backgroun
dominated phase space regions to that of the signal.

Probably the most exciting result of this analysis is t
ro
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MSSM case: the heavy MSSM Higgs scalar can decay
two light Higgs bosons if tanb&5. This region of paramete
space poses a serious challenge to the LHC, because no
the usual heavy Higgs boson searches will detect a hin
the two Higgs doublets required in the MSSM. Reson
production of the heavy scalar Higgs boson in gluon fus
and its subsequent decay into light Higgs bosons, which t
decay tobb̄gg, has two effects on the cross section as co
pared to the SM case: the total rate is enhanced by abou
order of magnitude and thehh invariant mass peaks at th
heavy Higgs boson mass. Even though our analysis is no
all optimized for resonant MSSM production, we find a 5s
discovery region for tanb53, and 310,mA,425 GeV at
the LHC. Even though the discovery reach of this chan
does not extend to much larger values of tanb, it still en-
sures the observation of one heavy Higgs boson in a reg
preferred by bottom-quark–tau unification, inaccessible
other MSSM Higgs boson searches.
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