Chapter 11

MSSM Higgs Bosons
11.1

Introduction

Supersymmetric extensions of the SM [516–520] are strongly motivated by the idea of providing a solution of the hierarchy problem in the Higgs sector. They allow for a light Higgs
particle in the context of GUTs [521], in contrast with the SM, where the extrapolation requires an unsatisfactory fine-tuning of the SM parameters. Supersymmetry is a symmetry
between fermionic and bosonic degrees of freedom and thus the most general symmetry of
the S-matrix. The minimal supersymmetric extension of the SM (MSSM) yields a prediction
of the Weinberg angle in agreement with present experimental measurements if embedded
in a SUSY–GUT [522, 523]. Moreover, it does not exhibit any quadratic divergences, in contrast with the SM Higgs sector. Owing to the large top quark mass SUSY-GUTs develop
electroweak symmetry breaking at the electroweak scale dynamically [524–527]. The lightest supersymmetric particle offers a proper candidate for the Cold Dark Matter content of
the universe, if R-parity is conserved. Finally, local supersymmetry enforces gravitational
interactions.
In the MSSM two isospin Higgs doublets have to be introduced in order to preserve supersymmetry [525, 528, 529]. After the electroweak symmetry-breaking mechanism, three of the
eight degrees of freedom are absorbed by the Z and W gauge bosons, leading to the existence of five elementary Higgs particles. These consist of two CP-even neutral (scalar) particles h, H, one CP-odd neutral (pseudoscalar) particle A, and two charged particles H ± . In
order to describe the MSSM Higgs sector one has to introduce four masses Mh , MH , MA and
MH ± and two additional parameters, which define the properties of the scalar particles and
their interactions with gauge bosons and fermions: the mixing angle β, related to the ratio
of the two vacuum expectation values, tan β = v2 /v1 , and the mixing angle α in the neutral
CP-even sector. Due to supersymmetry there are several relations among these parameters,
and only two of them are independent at leading order. In the absence of CP-violation they
are usually chosen as MA and tan β. The other Higgs-boson masses and mixing angles are
calculable in terms of the other MSSM parameters. Measuring the masses and angles will
constitute an important consistency check of the MSSM.
At tree-level the following mass hierarchies hold: Mh < MZ , MA < MH and MW < MH ± .
The tree-level bound on Mh receives large corrections from SUSY-breaking effects in the
Yukawa sector of the theory. The leading one-loop correction is proportional to m4t . The
leading logarithmic one-loop term (for vanishing mixing between the scalar top quarks)
reads [530–536]
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where Gµ is the Fermi constant, and mt̃1,2 are the two stop masses. Corrections of this kind
have drastic effects on the predicted value of Mh and many other observables in the MSSM
Higgs sector. The higher-order contributions can shift Mh by 50–100% [142, 143, 537–548].
The corrections to the MSSM Higgs boson sector have been evaluated in several approaches.
The status of the available calculations can be summarised as follows. For the one-loop part,
the complete result within the MSSM is known [530–532, 536, 549–552]. The by far dominant one-loop contribution is the O(αt ) term due to top and stop loops (αt ≡ h2t /(4π), ht
being the top-quark Yukawa coupling). Concerning the two-loop effects, their computation
is quite advanced and has now reached a stage such that all the presumably dominant contributions are known [142, 538–543, 545–548, 553–563]. They include (evaluated for vanishing
external momenta) the strong corrections, O(αt αs ), and Yukawa corrections, O(αt2 ), to the
dominant one-loop O(αt ) term, as well as the strong corrections to the bottom/sbottom oneloop O(αb ) term (αb ≡ h2b /(4π)), i.e. the O(αb αs ) contribution. The latter can be relevant for
large values of tan β. For the (s)bottom corrections the all-order resummation of the tan βenhanced terms, O(αb (αs tan β)n ), has also been computed. Finally, the O(αt αb ) and O(αb2 )
corrections have been obtained. The higher-order corrections shift the upper bound of Mh to
Mh . 135 GeV [142, 143]. The remaining theoretical uncertainty on Mh has been estimated
to be below ∼ 3 GeV [143, 564]. Besides the masses of the Higgs bosons, also their couplings
are affected by large higher-order corrections (see below).
An important feature of the MSSM Higgs sector is that for large pseudoscalar masses MA the
light scalar Higgs mass reaches its upper bound and becomes SM-like. Moreover, for large
values of tan β the down(up)-type Yukawa couplings are strongly enhanced (suppressed)
apart from the region, where the light (heavy) scalar is at its upper (lower) mass bound. The
radiatively corrected Higgs masses are depicted in Fig. 11.1.

Figure 11.1: The CP-even and charged MSSM Higgs boson masses as a function of MA for
tan β = 3 and 30, including radiative corrections [565].
The LEP experiments have searched for the MSSM Higgs bosons via the Higgs-strahlung
process e+ e− → Z + h/H and the associated production e+ e− → A + h/H for the neutral
Higgs particles and e+ e− → H + H − for the charged Higgs bosons. Neutral Higgs masses
MA . 91.9 GeV/c2 and Mh/H . 91 GeV/c2 are excluded [566] as well as charged Higgs
masses MH ± . 78.6 GeV/c2 [567].

335

11.1. Introduction

The lightest Higgs boson h will mainly decay into bb̄ and τ + τ − pairs, since its mass is below ∼ 135 GeV/c2 , see Fig. 11.2a. Close to its upper bound in mass all decay modes as
for the SM Higgs boson open up rapidly. For large values of tan β the heavy scalar and
pseudoscalar Higgs particles H, A will decay predominantly into bb̄, τ + τ − pairs, too, due to
the enhanced Yukawa couplings for down-type fermions. The branching ratios for the decays into bb̄ and τ + τ − are about 90% and 10% respectively. Other heavy scalar Higgs decay
modes as H → tt̄, W + W − , ZZ, hh, AA develop sizeable branching ratios only for small values of tan β (see Fig. 11.2b) and analogously the pseudoscalar Higgs decays A → tt̄, gg, Zh
(see Fig. 11.2c). The charged Higgs bosons decay mainly into τ ντ pairs for MH ± . 180 GeV/c2
and into tb final states above (see Fig. 11.2d). All other decay modes do not acquire branching ratios larger than a few per cent. The (SUSY–)QCD [384–390, 549, 562, 568] and (SUSY–
)electroweak corrections [391–394, 568, 569] to the fermionic decay modes are sizeable. In
addition to the usual large QCD corrections, significant corrections arise from virtual sbottom/stop and gluino/gaugino exchange contributions in the h, H, A → bb̄ and H ± → tb decay modes [549, 562, 568, 569]. The dominant part of the latter corrections can be absorbed in
improved bottom Yukawa couplings. In this way these contributions can also be resummed
up to all orders thus yielding reliable perturbative results [560, 563]. The rare photonic decay
modes h, H, A → γγ are mediated by W, t, b loops as in the SM Higgs case and additional
contributions from charged Higgs bosons, charginos and sfermions, if these virtual particles
are light enough [20, 368, 369]. The QCD corrections to these decay modes can reach a few
per cent in the relevant mass regions [395–401]. If decays into supersymmetric particles, i.e.
gauginos and sfermions, are possible, they acquire significant branching ratios and can even
be the dominant decay modes [20, 368, 369, 570, 571]. In contrast to the SM the total widths of
the MSSM Higgs bosons do not exceed several tens of GeV, so that the MSSM Higgs particles
appear as narrow resonances.
The dominant neutral MSSM Higgs production mechanisms for small and moderate values
of tan β are the gluon fusion processes
gg → h, H, A
which are mediated by top and bottom loops as in the SM case, but in addition by stop
and sbottom loops for the scalar Higgs bosons h, H, if the squark masses are below about
400 GeV/c2 [572]. The NLO QCD corrections to the quark loops are known in the heavy quark
limit as well as including the full quark mass dependence [408–410, 412–415]. They increase
the cross sections by up about 100% for smaller tan β and up to about 40% for very large
tan β, where the bottom loop contributions become dominant due to the strongly enhanced
bottom Yukawa couplings. The limit of heavy quarks is only applicable for tan β . 5 within
about 20–25%, if full mass dependence of the LO terms is taken into account [20, 368, 369,
411]. Thus the available NNLO QCD corrections in the heavy quark limit [416–419] can
only be used for small and moderate tan β, while for large tan β one has to rely on the fully
massive NLO results [408–410]. The QCD corrections to the squark loops are only known in
the heavy squark limit [572] and the full SUSY–QCD corrections in the limit of heavy squarks
and gluinos [573–576]. The pure QCD corrections are of about the same size as those to the
quark loops thus rendering the total K factor of similar size as for the quark loops alone
with a maximal deviation of about 10% [572]. The pure SUSY–QCD corrections are small
[573–576]. The NNLL resummation of the SM Higgs cross section [420] can also be applied
to the scalar MSSM Higgs cross sections in the regions, where the heavy quark and squark
limits are valid. The same is also true for the NLO QCD corrections to the pT distributions
[427–431] and the NNLL resummation of soft gluon effects [432–442], i.e. for small values
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Figure 11.2: Branching ratios of the MSSM Higgs bosons h, H, A, H ± for non-SUSY decay
modes as a function of the masses for two values of tan β = 3,30 and maximal mixing. The
common squark mass has been chosen as MS = 1 TeV/c2 . The other SUSY–parameters have
been chosen as M2 = mg̃ = µ = 1 TeV/c2 and At,b = 2783 (2483) TeV/c2 for tan β = 3 (30).
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of tan β, MH and pT only. However, for large values of tan β the pT distributions are only
known at LO, since the bottom loops are dominant and the heavy top limit is not valid. An
important consequence is that the pT distributions of the neutral Higgs bosons are softer than
for small values of tan β [577].
The vector-boson fusion processes [448, 450]
pp → qq → qq + W W/ZZ → qq + h/H
play an important role for the light scalar Higgs boson h close to its upper mass bound, where
it becomes SM-like, and for the heavy scalar Higgs particle H at its lower mass bound. In the
other regions the cross sections are suppressed by the additional SUSY-factors of the Higgs
couplings. The NLO QCD corrections to the total cross section and the distributions can be
taken from the SM Higgs case and are of the same size [451, 452]. The SUSY–QCD corrections
mediated by virtual gluino and squark exchange at the vertices turned out to be small [578].
Higgs-strahlung off W, Z gauge bosons [453, 454]
pp → q q̄ → Z ∗ /W ∗ → H + Z/W
does not play a major role for the neutral MSSM Higgs bosons at the LHC. The NLO [455] and
NNLO [456] QCD corrections are the same as in the SM case, and the SUSY–QCD corrections
are small [578]. The SUSY–electroweak corrections are unknown.
Higgs radiation off top quarks [458–462]
pp → q q̄/gg → h/H/A + tt̄
plays a significant role at the LHC for the light scalar Higgs particle only. The NLO QCD
corrections are the same as for the SM Higgs boson with modified top and bottom Yukawa
couplings and are thus of moderate size [161, 463, 464]. The SUSY–QCD corrections have
been computed recently for the light scalar case [579]. They are of moderate size.
For large values of tan β Higgs radiation off bottom quarks [458–462]
pp → q q̄/gg → h/H/A + bb̄
constitutes the dominant Higgs production process. The NLO QCD corrections can be taken
from the analogous calculation involving top quarks. However, they turn out to be very
large [580, 581]. The main reason is that the integration over the transverse momenta of
the final state bottom quarks generates large logarithmic contributions. The resummation of
the latter requires the introduction of bottom quark densities in the proton, since the large
logarithms are related to the DGLAP-evolution of these densities. Their DGLAP-evolution
resums them. This leads to an approximate approach starting from the process [582] (see
Fig. 11.3a)
pp → bb̄ → h/H/A
at LO, where the transverse momenta of the incoming bottom quarks, their masses and their
off-shellness are neglected. The NLO [583, 584] and NNLO [585] QCD corrections to this
bottom-initiated process are known and of moderate size, if the running bottom Yukawa coupling at the scale of the Higgs mass is introduced. At NNLO the full process gg → h/H/A+bb̄
(see Fig. 11.3c) contributes for the first time. At this order a proper matching to the fully massive result for this process can be performed [586, 587] so that the final expression provides
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an improved result, which takes into account the resummation of the large logarithms and
mass effects. The fully exclusive gg → h/H/A + bb̄ process, calculated with four active parton flavours in a fixed flavour number scheme (FFNS), and this improved resummed result,
calculated with 5 active parton flavours in the variable flavour number scheme (VFNS), will
converge against the same value at higher perturbative orders. The best agreement between
the NLO FFNS and NNLO VFNS is achieved, if the factorisation scale of the bottom quark
densities is chosen as about a quarter of the Higgs mass [588, 589]. If only one of the final
state bottom jets accompanying the Higgs particle is tagged, the LO bottom-initiated process
is gb → b + h/H/A (see Fig. 11.3b), the NLO QCD corrections of which have been calculated
[589, 590]. They turn out to reach O(40 − 50%). The situation concerning the comparison
with the FFNS at NLO is analogous to the total cross section. Agreement within the respective theoretical uncertainties is found for a factorisation scale of about a quarter of the Higgs
2
mass [588]. If both bottom jets accompanying the Higgs boson in the final state are tagged,
one has to rely on the fully exclusive calculation for gg → bb̄ + h/H/A.
All neutral MSSM Higgs production cross sections including the NLO QCD corrections are
shown in Fig. 11.4.
The dominant charged Higgs production process is the associated production with heavy
quarks [591–593] (see Fig. 11.5a)
pp → q q̄, gg → H − + tb̄

and c.c.

The NLO QCD and SUSY–QCD corrections have very recently been computed [594]. They
are of significant size due to the large logarithms arising from the transverse-momentum
integration of the bottom quark in the final state and the large SUSY–QCD corrections to
the bottom Yukawa coupling. The large logarithms can be resummed by the introduction
of bottom quark densities in the proton in complete analogy to the neutral Higgs case. In
this approach the LO process is gb → H − t and the charge conjugate. The NLO SUSY–QCD
corrections have been derived in [595–598] and found to be of significant size. This process,
however, relies on the same approximations as all bottom-initiated processes. A quantitative
comparison of the processes gb → H − t and gg → H − + tb̄ at NLO is missing so far.
The second important charged Higgs production process is charged Higgs pair production
in a Drell–Yan type process (see Fig. 11.5b)
pp → q q̄ → H + H −
which is mediated by s-channel photon and Z-boson exchange. The NLO QCD corrections
can be taken from the Drell–Yan process and are of moderate size as in the case of the neutral
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Figure 11.4: Neutral MSSM Higgs production cross sections at the LHC for gluon fusion
gg → Φ, vector-boson fusion qq → qqV V → qqh/qqH, Higgs-strahlung q q̄ → V ∗ → hV /HV
and the associated production gg, q q̄ → bb̄Φ/tt̄Φ, including all known QCD corrections. (a)
h, H production for tan β = 3, (b) h, H production for tan β = 30, (c) A production for
tan β = 3, (d) A production for tan β = 30. The same parameters as in Fig. 11.2 have been
adopted.
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Higgs-strahlung process discussed before. The genuine SUSY–QCD corrections, mediated
by virtual gluino and squark exchange in the initial state, are small [578].
3

Charged Higgs pairs can also be produced from gg initial states by the loop-mediated process
[599–603] (see Fig. 11.5c)
pp → gg → H + H −
where the dominant contributions emerge from top and bottom quark loops as well as stop
and sbottom loops, if the squark masses are light enough. The NLO corrections to this
process are unknown. This cross section is of similar size as the bottom-initiated process
[603] (see Fig. 11.5e)
pp → bb̄ → H + H −
which relies on the approximations required by the introduction of the bottom densities as
discussed before and is known at NLO [604]. The SUSY–QCD corrections are of significant
size. The pure QCD corrections and the genuine SUSY–QCD corrections can be of opposite
sign.
Finally, charged Higgs bosons can be produced in association with a W boson [605–607] (see
Fig. 11.5d)
pp → gg → H + W −
and c.c.
which is generated by top-bottom quark loops and stop-sbottom loops, if the squark masses
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are small enough. This process is known at LO only. The same final state also arises from the
process [605, 606, 608] (see Fig. 11.5f)
pp → bb̄ → H + W −

and c.c.

which is based on the approximations of the VFNS. The QCD corrections have been calculated and turn out to be of moderate size [609, 610].

11.2

Higgs boson channels

11.2.1

Associated bb̄H production with H → τ τ → e± µ∓ + ETmiss

Compared to the hadronic and semi-leptonic final states described in Section 5.2, the fully
leptonic final states are suppressed by relatively small branching ratio BR(τ → µνν) ∼ 0.174
and BR(τ → eνν) ∼ 0.178, but the signal is clean and easy to trigger.
The signal consists of events in which the Higgs boson decays into two tau leptons which
in turn decay leptonically. Two possibilities exist, either to select any-two-lepton final states,
which have larger signal rate, or electron+muon final states for which the background is
easier to suppress. Here the electron+muon final state is chosen.
The main backgrounds for H/A → τ τ with eµ final state are the Drell-Yan τ τ production, the
tt̄ and the Wt production where the W boson coming from top quark decay decays leptonically, the τ τ bb̄ production, and the bb̄ background with b quarks decaying semi-leptonically.
Other backgrounds are pairs of vector bosons WW or WZ decaying into leptonic final states,
but their contribution is small. The τ τ cc̄ background is also found negligible. The most
biggest background arises from those tt̄ and Drell-Yan events which involve genuine τ ’s
and b jets and produce events very similar to the signal. No SUSY particle background is
assumed.
A detailed description of the analysis can be found in [611].
11.2.1.1

Event generation

The Higgs boson signal is generated with PYTHIA [245]. The signal cross sections and branching ratios are calculated with F EYN H IGGS [141]. TAUOLA package [154] is used for leptonic
τ decays in the signal events.
The Drell-Yan τ τ production, bb̄, WW, WZ and ZZ backgrounds are generated with PYTHIA.
The Drell-Yan τ τ next-to-leading order cross section of 1891 pb calculated with the program
2
MCFM [56] for Mτ τ > 80 GeV/c is used. The τ τ bb̄ background is generated with C OMP HEP
[43] with no pT and η cuts applied on b quarks and the leading order cross section calculated
with C OMP HEP are used. The Z/γ ∗ generation is split into two bins of generated τ τ mass
mτ τ : 80 - 100 GeV/c2 and > 100 GeV/c2 , and the τ τ bb̄ is generated in the τ τ mass bins of
60-100 GeV/c2 and > 100 GeV/c2 .
The tt̄ background is generated with T OP R E X [44] and PYTHIA and the single top (Wt) events
are generated with T OP R E X. A cross section of 840 and 60 pb is used for tt̄ and Wt events,
respectively.
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Level-1 and HLT selections

The events are triggered with the single and the double electron and muon triggers. The
pT threshold for single muons is 19 GeV/c, for single electrons 26 GeV/c, for double muons
7 GeV/c and for double electrons 14.5 GeV/c. The Level 1 trigger efficiency for the signal of
MA =200 GeV/c2 is 0.96, and the overall trigger efficiency including the HLT is 0.82. The corresponding trigger efficiencies for the Drell-Yan τ τ , the τ τ bb̄, the tt̄ and the Wt backgrounds
are 0.18, 0.29, 0.68 and 0.68, respectively.
In the future also a combined e+mu trigger with symmetric thresholds of 10 GeV/c for the
electron and muon will be included. No large gain is expected since events passing e+mu
trigger are most probably already triggered by the single muon trigger.
11.2.1.3

Offline selections

The basic event selection is a requirement of two isolated leptons (one e and one µ) with pT >
20 GeV/c in the central detector acceptance region |η| < 2.5 coming from a reconstructed
primary vertex (PV). The electron candidates are required to pass electron identification cuts
described in [155]. The efficiency for the electron identification is about 90% for electrons
passing the trigger. The leptons are defined isolated when p
there are no other tracks from
the primary vertex with pT > 1 GeV/c within a cone ∆R = ∆ϕ2 + ∆η 2 ≤ 0.4 around the
lepton. The pT cut and the isolation reduce efficiently the backgrounds with soft leptons
(bb̄,cc̄,..).
The b jets associated with the Higgs boson provide a powerful tool to separate the bb̄H/A
events from the Drell-Yan background. The Drell-Yan background in which Z/γ ∗ decay into
a tau pair has a large cross section compared to the Higgs production. However, these events
are mostly produced with no associated jets, and if they have associated jets they are mostly
light quark and gluon jets. Therefore the Drell-Yan background can be suppressed by requiring a reconstructed jets present in the event, and even further by requiring that the associated
jets are identified as b jets. The b jets associated with the Higgs bosons are generally very
soft, which makes their tagging a challenging task. For low jet ET values the track multiplicity and momenta tend to be low, and many jets do not have enough significant tracks to be
identified as a b jet. As a consequence the b tagging efficiency is not very high. The b tagging
efficiency of 43% per jet for the signal events with 2% of the mistagging rate is found.
The tt̄ background cannot be suppressed with b tagging due the presence of two energetic
genuine b jets in the event. In fact, the jet reconstruction and the b-tagging efficiencies are
higher for b jets in tt̄ events than for those associated with the signal. This can be exploited
using a central jet veto: if more than one jet is found, the event is rejected. The threshold of
20 GeV is set on the calibrated ET for the jets within the tracker acceptance region, |η| < 2.5.
A suppression factor of 8 is obtained against the tt̄ background with an efficiency of 60% for
the signal.
A missing energy measurement is needed for estimating the fraction of the energy carried
away by neutrinos. This information is used in the Higgs boson mass reconstruction. The
amount of missing transverse energy is small and close to the detector resolution.
The τ ’s from the Higgs boson with MA = 200 GeV/c2 travel on average about 5 mm before
they decay. Therefore the leptons coming from τ decays are displaced relative to the primary
vertex [612]. The track impact parameter measurements in the transverse plane for the two
leptons are combined quadratically into one variable σip = σip (τ1 ) ⊕ σip (τ2 ), where σip (τ1 , τ2 )
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are significances of the lepton impact parameters. The leptons in tt̄ background come mostly
from W decays. The tt̄ events with two intermediate τ ’s cannot be suppressed by using
impact parameter.

70
CMS

(a)

60

Events/25 GeV/c2 for 30 fb-1

Events/25 GeV/c2 for 30 fb-1

The neutrinos-charged lepton collinear approximation method for the mass reconstruction
in H/A → τ τ is described in section 5.2.5. The mass reconstruction is possible when the two
leptons are not in a back-to-back configuration. The back-to-back events are removed with a
cut on the angle between the two leptons in the transverse plane ∆ϕ(e, µ) < 175o . Uncertainties of the missing transverse energy measurement can lead to negative neutrino energies.
For the signal ∼40% of events are lost when the positive neutrino energies are required. This
requirement, however, yields a further suppression of the tt̄ and Wt backgrounds, since for
these backgrounds the neutrinos are generally not emitted along the lepton directions. The
efficiencies of Eν1,ν2 >0 cut for these backgrounds are about 17% and 15%, respectively. The
reconstructed τ τ mass with 30 fb−1 after all selections, but the mass window, is shown in
Figure 11.6. In the figure the signal of MA =140, tan β=20 and 200 GeV/c2 , tan β=25 in the
mmax
scenario and the backgrounds are presented.
h
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tt

10

Z/γ *

45
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0
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Figure 11.6: The τ τ reconstructed mass with 30 fb−1 after all selections, but the mass window.
scenario and the backgrounds are shown for (a) MA = 140 GeV/c2 ,
The signal in the mmax
h
tan β = 20 and (b) MA = 200 GeV/c2 and tan β = 25.
11.2.1.4

Expected number of events

Table 11.1 shows the cross section times branching ratio for the backgrounds for each step of
the selections. The signal cross sections for MA = 140, 200 and 250 GeV/c2 and tan β=20 in the
mmax
scenario are shown in Table 11.2. The expected number of events with 30 fb−1 after all
h
cuts, but mass window, is also shown in Tables 11.1 and 11.2. The expected number of events
after all cuts including the mass window is shown for the signal and the total background in
Table 11.3.
11.2.1.5

Systematic uncertainties and the discovery reach.

The uncertainty of the event selection efficiency is related to the uncertainty of the lepton
identification efficiency, the jet energy and the missing energy scale and the b tagging efficiency. The jet energy and the missing energy scale uncertainty gives the uncertainty of 7.3%
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Table 11.1: The background cross section times branching ratio (in pb) for each step of the
selections. The expected number of events at 30 fb−1 is also shown.
σ × BR
Level 1
HLT
reconstructed PV
isol e+µ,pT cut
Qe + Qµ = 0
σip (e) ⊕ σip (µ)
N jets>0
b tagging
jet veto
∆ϕ(e, µ)
Eν1,ν2 >0
Nev at 30 fb−1

Z,γ ∗
233.1
83.9
42.6
40.8
1.10
1.09
0.296
0.0127
0.00457
0.00344
0.00295
0.00124
37.1

bbZ,γ ∗
3.422
1.85
0.981
0.952
0.0270
0.0268
0.00745
0.00527
0.00289
0.00124
0.00116
0.000486
14.6

tt
86.2
72.2
53.7
53.3
5.65
5.62
0.791
0.778
0.608
0.0745
0.0696
0.0119
355.8

tW
6.16
5.37
4.17
4.11
0.452
0.451
0.0550
0.0509
0.0341
0.0166
0.0159
0.00246
73.7

bb
36170
811
78.0
78.1
0.0378
0.0374
0.0254
0.00654
0.00312
0.000179
0.000142
0.0000661
2.0

VV
7.88
5.16
4.10
3.92
0.288
0.248
0.0255
0.0115
0.000547
0.000265
0.000259
0.0000546
1.6

Table 11.2: The signal cross section times branching ratio (in pb) for MA =140, 200 and
250 GeV/c2 and tan β=20 in the mmax
scenario for each step of the selections. The expected
h
−1
number of events at 30 fb is also shown.
mA
σ × BR (pb)
L1
HLT
reconstructed PV
isol e+µ, pT cut
Qe + Qµ = 0
σip (e) ⊕ σip (µ)
N jets>0
b tagging
jet veto
∆ϕ(e, µ)
Eν1,ν2 >0
Nev at 30 fb−1

140
3.468
3.238
2.585
2.434
0.258
0.256
0.0859
0.0375
0.0177
0.0115
0.0106
0.00601
180

200
1.123
1.079
0.923
0.866
0.116
0.116
0.044
0.0216
0.0104
0.00619
0.00554
0.00340
102

250
0.493
0.479
0.419
0.395
0.0613
0.0612
0.0260
0.0130
0.00649
0.00390
0.00351
0.00222
67

on the tt̄ background, which is the dominant background. The uncertainty of the lepton
identification efficiency of 2% is used for both electrons and muons. The uncertainty of the
b tagging efficiency, 5%, can be estimated from tt̄ events as in Ref.[82]. The 5% uncertainty
of the mistagging efficiency is assumed [613]. The 5.8% uncertainty of the theoretical prediction of the tt̄ cross section is taken. The total systematic uncertainty including the luminosity
uncertainty 3% yields a 12% uncertainty for the total background.
The signal significance S with 30 fb−1 for the signal of MA = 140, 200 and 250 GeV/c2 and
tan β=20 in the mmax
scenario is shown in Table 11.2 without and with the background sysh
tematic uncertainty taken into account. Figure 11.7 shows the discovery reach in the MA tan(β) plane in the mmax
scenario with 30 fb−1 . The lower (upper) curve corresponds to the
h
case when the background systematic uncertainty is not taken (taken) into account.

11.2.2

Associated bb̄H production with H → µ+ µ−

The Higgs boson production in association with b quarks, pp → bb̄φ (φ=h, H, A) followed
by the φ → µµ decay can provide the best measurement for the mass and width of the heavy
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Table 11.3: The expected number of the signal plus background and the background events
in a given mass windows for 30 fb−1 and the signal significance S without and with the
background systematic uncertainty taken into account.
∆mτ τ
2

tanβ

mA = 140 GeV/c , tan β = 20
mA = 200 GeV/c2 , tan β = 20
mA = 250 GeV/c2 , tan β = 20

2

100 - 200 GeV/c
140 - 250 GeV/c2
160 - 380 GeV/c2

NS +NB
225
163
244

NB
107
109
204

Sno syst.
9.9
4.8
2.7

Ssyst.
7.3
3.1
1.4

50
-1

CMS, 30 fb

40

H/A→ττ→eµ

30

mmax
scenario
h
µ = 200 GeV/c2

20

Full simulation, with
systematic uncertainties
Full simulation

10
Excluded by LEP

100 150 200 250 300 350 400 450 500
2

mA (GeV/c )

Figure 11.7: The discovery region for gg → bb̄H/A, H/A → τ τ → eµ + X channel in MA -tanβ
scenario with 30 fb−1 .
in the mmax
h
MSSM Higgs bosons H and A. At high tanβ the natural width, sensitive to the tanβ value,
is comparable or dominates the dimuon mass experimental resolution, thus the measured
width can be used to constrain the tanβ.
This analysis uses the dimuon trigger (Level-1 and HLT) stream. Despite of the small φ → µµ
branching ratio (' 10−4 ) the precise measurement of the dimuon mass in off-line provides an
excellent possibility to suppress the tt̄ background. The associated Higgs boson production
with b quarks is exploited to suppress the huge Drell-Yan µµ background using the b tagging.
Irreducible background from µµbb̄ process was also considered and found to be small.
The analysis was performed in the mmax
scenario for three regions of MA :
h
• so-called decoupling regime, MA >> Mh , where MA ∼ MH . The Higgs bosons A
and H with MA(H) ≥150 GeV/c2 and tan β ≥15 were generated.
• the ”intensive-coupling regime” MA ∼ Mh defined in [614, 615], where the three
neutral Higgs bosons have comparable masses, MA ' MH ' Mh The h, A and
H bosons were generated for three mass points of MA =125, 130 and 135 GeV/c2 at
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tanβ=30.
• low MA regime, MA < Mh , where MA ∼ Mh . The Higgs bosons h and A were
generated at MA =100 GeV/c2 and tan β ≥20 points.
11.2.2.1

Event generation

The Higgs boson production pp → bb̄φ and decay was generated with PYTHIA for the decoupling and low MA regimes. For the ”intensive-coupling regime” events were generated by
C OMP HEP as described in [615]. The Higgs boson production cross section and branching
ratio were evaluated using FeynHiggs2.3.2 [141–143]. The mass relations between A, H and
h bosons and widths were obtained with HDECAY [41] for the ”intensive-coupling regime”.
The Drell-Yan and tt̄ backgrounds were generated with PYTHIA. The Drell-Yan events with
b quarks in the final state were excluded to avoid double counting with µµbb̄ background
generated with C OMP HEP.
11.2.2.2

Offline selection

Muon identification
The signal is characterised by two well reconstructed, isolated muons. Therefore the event is
accepted if there are at least two muons, with opposite charge, both satisfying the following
conditions:
• muon transverse momentum pT > 20 GeV/c;
p
• a cone of ∆R = ∆η 2 + ∆φ2 = 0.35 is defined around the reconstructed muon
track. Then the variable Eiso is evaluated as the sum of the energies measured by
all the detectors (tracker, ECAL, HCAL) inside this cone with muon momentum
excluded. The muon is defined isolated if Eiso < 10 GeV.
Rejection of tt̄ background
The rejection of tt̄ events is based on two selection cuts and exploits the presence of the
neutrino in the top decay chain and of two well reconstructed energetic jets.
The event is accepted if the following conditions are satisfied:
• the missing transverse energy is less then 40 GeV;
• the jets, reconstructed with the Iterative Cone Algorithm [313], must have transverse energy less then 45 GeV and |η| < 5.0.
B tagging
The presence of b jets in the Higgs boson production is exploited to suppress Drell-Yan µµ
background, which otherwise be dominant, especially for dimuon invariant masses below
200 GeV/c2 .
The b quarks in signal events are mainly produced in the forward region, with lower pT with
respect to the b quarks coming from tt̄ background.
Two different strategies, based on two distinct cuts, have been developed for the b tagging:
1. The event must contain at least one jet tagged as b jet with the Combined B-Tagging
algorithm [616]. This algorithm has been designed to tag mainly central b jets of high
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transverse energy, thus it is not optimised for the b jets of the signal. In the following
this cut will be refereed to as hard b-tag.
2. The tracks in the event are classified as good tracks if they satisfy:
• at least 6 hits in the tracker of which at least two belonging to the pixel
detectors;
• transverse momentum pT > 2.4 GeV/c;
• pseudorapidity |η| < 2.4;
• transverse impact parameter IP < 0.5 cm;
• track fit quality χ2 /ndf <5.
The event must contain at least two good tracks with transverse impact parameter (IP)
in the range 0.01 < IP < 0.1 cm (only one track if 0.02 < IP < 0.075 cm).
The first strategy consists on applying selection 1) only. The second strategy is the logical OR
between selection 1) and 2) (this strategy will be refereed to as soft b-tag).
Results have been calculated for both selections and the one with the best signal significance
has been considered.
11.2.2.3

Fitting procedure

events / 1 GeV/c2

Figure 11.8 shows the distribution of reconstructed dimuon invariant mass after all selections
for the backgrounds and, as an example, for the signal of MA = 150 GeV/c2 and tan β = 40.
The plot has been obtained assuming an integrated luminosity of 30 fb−1 and the hard btag. The signal is visible as a peak over a background that exponentially decreases with
increasing Mµµ .
top pairs
Zbb
Drell-Yan
signal

2500

soft b-tag
2000
1500

CMS, 30 fb-1
Mmax
h -scenario
MA = 150 GeV/c2
tanβ = 40

1000
500
0

120

140

160

180

200

220

Mµµ (GeV/c2)

Figure 11.8: Fitting procedure applied to the dimuon reconstruction mass for the main background and for
the signal sample with MA = 150 GeV/c2 and tan β = 40.

The background is estimated by fitting the dimuon mass distribution in the off-peak regions,
where the signal is not present. To identify this region, the TSpectrum class in root is used:
this class allows to find a signal peak over a background distribution.
The function used in this analysis to parameterise the background has three free parameters:
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ΓZ

fB (Mµµ ; P0 , P1 , P2 ) = P0 ×



2

2π (Mµµ − MZ ) +



ΓZ
2

2  + P1 + P2 × Mµµ

(11.2)

After the background parametrisation function is determined by fitting the background in
the off-peak region, a binned likelihood fit method, with three free parameters, is applied
over the whole Mµµ range using the function:

ftot (Mµµ ; MA , σµµ , ΓA , NS ) = (NT OT − NS ) × pdfB (Mµµ ) + NS × V (Mµµ ; MA , σµµ , ΓA )(11.3)
where pdfB (Mµµ ) is the probability distribution function for the background with fixed parameters, and the second is the Voigt function, i.e. the convolution function between Gaussian
and Breit-Wigner functions. The three free parameters are the number of signal events (NS ),
the MSSM Higgs boson mass (MA ) and width (ΓA ). The quantity σµµ is the CMS resolution
for Mµµ and it’s value is found from the fit of the Z peak in the Drell-Yan distribution.
To estimate the significance for the potential discovery of the Higgs boson, the likelihood fit
is performed in the signal + background hypothesis (LS+B ) and in the background hypothesis
(LB ). The significance is defined [101] as:

SL =
11.2.2.4

p

2 (ln LS+B − ln LB )

(11.4)

Results

Table 11.4 summarises the selection cut efficiency for background and signal. The first set of
cuts, down to the Jet Veto cut, is always applied. After that two different b-tags are considered.
Table 11.4: Effect of the selection cuts on the background and signal cross section (all values
in pb). Efficiency w.r.t. previous cut in % is shown in brackets. The no cut value for the top
pair background refers to the inclusive tt̄ production.
top pairs

Drell-Yan

Zbb
2

No cuts
pre-selection cut
Level-1
HLT
Muon Id
Missing Et
Jet Veto
Soft b-tag
Nev at 30 fb−1
Hard b-tag
Nev at 30 fb−1

840
20.9 (2.5)
19.8 (94.7)
17.1 (86.1)
5.23 (30.7)
1.20 (23.)
0.317 (26.4)
0.238 (75.2)
7140
0.173 (54.7)
5190

2

Mµµ > 115 GeV/c

Mµµ > 100 GeV/c

27.8
13.0 (46.8)
11.9 (91.3)
11.8 (99.3)
10.4 (87.9)
9.51 (91.7)
8.37 (88.1)
0.916 (10.9)
27480
0.0697 (0.83)
2091

1.05
0.778 (74.1)
0.720 (92.5)
0.712 (98.9)
0.569 (79.9)
0.503 (88.4)
0.418 (83.1)
0.146 (35.0)
4380
0.0616 (14.7)
1848

signal
MA = 130, tan β=30
0.309
0.245 (79.2)
0.226 (92.2)
0.223 (98.7)
0.183 (81.8)
0.163 (89.2)
0.138 (84.5)
0.0424 (30.9)
1272
0.0154 (11.2)
462
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The systematic effects may be introduced by the experimental technique to fit the background. To estimate such effects, the fitting procedure has been repeated fixing one of the
parameters to the measured value increased by its error.
Decoupling regime
Table 11.5 shows the significance as a function of tan β, for an Higgs mass of 150 and 200 GeV/c2 .
In general, where the fitting procedure works properly, the significance is greater then five.
Best results are obtained for low values of MA (as the cross section increases with decreasing
Higgs mass) and for high values of tan β (the cross section is proportional to tan2 β).
Table 11.5: Significance for the decoupling regimes.
Luminosity ( fb−1 )
10
20
30
10
20
30
20
30

tan β = 30 tan β = 40 tan β = 50
MA = 150 GeV/c2 - soft b-tag
6.5
7.9
7.2
10.3
12.1
9.7
13.0
15.4
MA = 150 GeV/c2 - hard b-tag
3.8
5.7
6.7
6.2
7.3
9.8
8.8
9.8
13.1
MA = 200 GeV/c2 - soft b-tag
3.1
5.2
4.7
5.7

Low MA regime
In the low MA regime the background is large due to the presence of the Z 0 peak, thus the
signal peak is hidden for the integrated luminosity considered in this study. Better results
could be obtained in the LHC high luminosity phase.
Intensive coupling regime
The intensive coupling regime is interesting because all the three neutral Higgs bosons contribute to the signal peak of dimuon mass. Each Higgs boson has rather small intrinsic width
(less then 3 GeV/c2 for tan β = 30) which is smaller then the mass difference. However, once
the mass resolution is taken into account, it becomes impossible to separate the three peaks.
The significance, on the other hand, is quite good despite the vicinity of the Z 0 peak, because
the signal cross section is large, thus the discovery can be already done with an integrated
luminosity of 20 fb−1 . Table 11.6 summarises the significance obtained for the three signal
samples as a function of the integrated luminosity.
Table 11.6: Significance for the intensive coupling regime as a function of the integrated
luminosity, for different MA values.
Luminosity ( fb−1 )
20
30

MA = 125 GeV/c2
7.1
9.8

MA = 130 GeV/c2
5.4
7.6

MA = 135 GeV/c2
5.1
7.1

Figure 11.9 shows the discovery contour plot in the plane (MA ,tan β) obtained with this
analysis. The signal significance inside the grey area is > 5 with an integrated luminosity of
30 fb−1 . The structure of the contour plot near the minimum is due to the features of the sig-
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tanβ

nal in the intense coupling regime. The dashed line refers to the analysis without systematic
uncertainties. It must be pointed out that the contour of the grey area does not correspond to
a significance equal to 5 for MA < 180 GeV/c2 . The contour for MA < 180 GeV/c2 is actually
determined by the possibility to perform a successful fit to the data, due to the low statistics
and the contour plot corresponds to a significance which is actually slightly larger than 5.
Only for MA > 180 GeV/c2 the contour corresponds to the signal significance equal to 5.
This explains why the effect of the inclusion of the systematic uncertainty is visible only in
this mass range. For MA < 180 GeV/c2 , the fit fails even if systematic uncertainties are not
included in the analysis, and the contour plot does not change.

50

CMS, 30 fb-1

40

30
MSUSY = 1 TeV/c2
µ = 200 GeV/c2

20

M2 = 200 GeV/c2
Xt = 6 MSUSY

10

100
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300

350

400

MA (GeV/c2)

Figure 11.9: Discovery contour plot for the MSSM neutral Higgs in dimuon analysis. The
signal significance inside the grey area is > 5 with an integrated luminosity of 30 fb−1 .
11.2.2.5 tan β measurement
The peculiar feature of the dimuon channel at high tanβ is the possibility of the direct measurement of the Higgs boson width, ΓH/A , which is sensitive to tanβ value. Therefore, it is
possible to constrain tan β using the measured width. Figures 11.10 compares the intrinsic
Higgs boson width (shown as black circles) with the measured one (full black triangles and
boxes) for MA = 150 GeV/c2 . Fitting the mass distribution with a Voigt function, the contribution to the Higgs peak from the muon invariant mass resolution is subtracted. However,
another effect must be taken in account: the degeneracy of the two neutral Higgs bosons,
A and H, is not perfect. The value of MA − MH is plotted as a function of tan β (empty triangles). The effect is particularly evident for MA =150 GeV/c2 and for low tan β, where the
mass difference is greater then the intrinsic width. Thus the measured effective width is not
the intrinsic one, but it is the sum of the intrinsic width and of Higgs mass difference (grey
triangles): ΓA + (MH − MA ).
Figure 11.11 shows the uncertainty on the tan β measurement that can be obtained if the
MSSM relation between the Higgs boson width and tan β is exploited in the mmax
scenario.
h
A theoretical uncertainty of 15% [560] is included. The tan β can be further constrained using
the cross section measurement and exploiting the tan β dependance, σ × Br ∼ tan2 βeff .
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Figure 11.10: The comparison between the expected Higgs boson width and the measured
one as a function of tan β for MA = 150 GeV/c2
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Figure 11.11: Uncertainty on the tan β measurement obtained from the Higgs boson width
measurement with an integrated luminosity of 30 fb−1 .

11.2.3

Associated bb̄H production with H → bb̄

At high tan β the associated bb̄H/A production followed by the H/A → bb̄ decay has the
biggest cross section. Nevertheless, the challenge of observing this channel is driven by
the huge QCD multi-jet background expected for the final signature of two soft b jets from
associated Higgs boson production plus two hard b jets from the Higgs boson decay.
In this analysis [617] a study of the observability of this channel is performed using the fast
simulation framework of CMS, FAMOS [11]. Signal is also studied with the full GEANT4 [9]
CMS detector simulation [8] which allows to validate the fast simulation samples.
This channel can be considered as a cross-check for the discovery once it is known which
Higgs boson mass (observed for instance in bbH/A → bbτ + τ − channel) must be looked at.
In combination with the τ τ mode it can be used to evaluate the ratio of A(H)bb and A(H)τ τ
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Yukawa couplings.
11.2.3.1

Event generation

Signal events bbH, H → bb were produced using PYTHIA for 4 values of MA : 200, 500, 600
and 800 GeV/c2 . The signal cross sections and branching ratios were calculated with FeynHiggs2.3.2 [141–143] in the mmax
scenario. The tan β value chosen for generation was 50. In
h
the considered MA -tanβ region, A and H Higgs bosons have almost the same mass and can
not be distinguished.
Among the Standard Model processes, backgrounds for this channel come mainly from QCD
multi-jet production which includes events with four real b jets. Background has been generated with PYTHIA QCD dijet production processes where additional jets are produced from
gluon splitting and from the initial and the final state radiation in PYTHIA.
The generation of backgrounds has been weighted in order to get a similar statistics in the
whole relevant pˆT range. Production was split in pˆT bins of 50 GeV/c from 50 to 1000 GeV/c.
11.2.3.2

Event pre-selection

About 800 million Monte-Carlo events were generated and passed to a pre-selection, requiring a final state containing at least three heavy (b or c) quarks and four jets reconstructed
with PYCELL PYTHIA jet finder in the |η| < 4.5 region, using cone size of 0.5. The thresholds
ET2 > 50 GeV/c and ET4 > 10 GeV/c were applied on the second and fourth highest ET jet
respectively. The QQ + jj background (with Q = b, c and j = light quark or gluon) was estimated to be less than 10% of the total QCD multi-jet background after final selection cuts.
After pre-selection, around 30 million events were passed to the detector simulation.
11.2.3.3

Online selection

This channel is triggered at Level 1 by the standard single and multi-jet triggers. At High
Level, the inclusive single b-jet trigger [618] stream has been used. The implementation of
the High Level double b-jet trigger and relaxing the jet energy thresholds could improve the
observability of the signal, especially for low mass Higgs boson (∼ 200 GeV/c2 ).
11.2.3.4

Off-line selection

Analysis has been performed with fast simulated signal and background samples where
pile-up was not included, once it was checked with full simulation on signal events that its
effect was not significant after requiring jets with reconstructed ET >30 GeV.
The jets are reconstructed with the iterative cone algorithm [313] using cone size of 0.5. The
calorimeter towers with the energy thresholds tuned to minimise the fake jet rate were used
as an input for the jet finder. The jet energy corrections were applied using Monte Carlo
calibration [619].
The event was required to have at least four jets with the transverse energy of 1st , 2nd and 4th
jet greater than thresholds depending upon the MA point considered, according to Table 11.7.
The cut on the 4th jet ET is motivated by reliability of the analysis simulation without pile-up.
Subsequently, the jets were required to be in the range of the tracker acceptance, |η| < 2.4.
Combined b tagging as described in [616] has been used. At least three b-tagged jets (with
discriminant variable > 2), among the 4 highest ET jets, are requested in the analysis; two of
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Table 11.7: Off-line selection cuts on ET of the jets (in GeV) for different Higgs boson mass
values considered.
MA 200 500 600 800
Ej1
T
Ej2
T

90
80

Ej4
T

200
180

220
200

260
240

30

them must be the two highest ET jets. It would also have been possible to be less restrictive
and accept events where only three of the four jets are in the tracker acceptance, with the
other outside the tracker acceptance, but this option is not considered in this analysis.
Finally, the centrality variable, defined as
P

ET
C= p P
P
2
( E) + ( Ez )2

(11.5)

using the four highest ET jets in the event, is used to discriminate between signal and background, given its independence from the signal mass. The analysis uses the discrimination
power of this variable to reject background events with C lower than 0.7.
Table 11.8 summarises the selection cut efficiencies for background and signal. The signal to
background ratio, S/B, is also shown. The event samples used to calculate numbers given in
this table are statistically independent from the ones used to optimise the cuts.
Table 11.8: Signal selection cumulative efficiencies for MA = 600 GeV/c2 , tan β =50 and background cumulative efficiencies. The signal to background ratio, S/B, is also shown.
Selection
None
Pre-selection
At least 4 jets
Ej1
T
Ej2
T
Ej4
T
Jets in |η| ≤ 2.4
b tagging of 1 jet
b tagging of 2 jets
b tagging of 3 jets
centrality > 0.7

11.2.3.5

Signal efficiency
1
5.14E-01
5.01E-01
3.10E-01
1.86E-01
1.02E-01
8.25E-02
3.61E-02
1.69E-02
8.57E-03
7.05E-03

Background efficiency
1
5.94E-03
5.85E-03
1.57E-04
4.76E-05
3.24E-05
2.26E-05
2.44E-06
2.81E-07
5.62E-08
3.69E-08

S/B (full mass range)
1.85×10−7
1.60×10−5
1.58×10−5
3.66×10−4
7.21×10−4
5.82×10−4
6.73×10−4
2.73×10−3
1.11×10−2
2.82×10−2
3.52×10−2

Signal significance

The criterion for the presence of signal is based on the distribution of the reconstructed Higgs
boson mass, considering as mass estimator
the invariant mass distribution of the two leading
p
ET jets. The signal significance, S/ (B) is calculated in the mass window which maximises
this ratio. Figure 11.12 shows the reconstructed Higgs boson mass distribution for signal and
background after all selections as expected for 60 fb−1 .
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Figure 11.12: The Higgs boson mass distributions after all selections for the signal of MA =
scenario (black in foreground), background (solid line) and
600 GeV/c2 , tanβ=50 in the mmax
h
signal plus background (dashed line) for 60 fb−1 .
√
Table 11.9: Signal significance S/ B in optimised mass window after all selections with
and without HLT filtering included. The last line shows the low limit of tan β where the 5σ
discovery is possible with 60 fb−1 in the absence of systematics.
MA
No HLT
With HLT
tan β where significance is 5

200
30.9
2.9
71

500
10.4
6.4
44

600
7.7
5.6
47

800
2.3
3.4
62

The signal significances in the optimised mass window after all the cuts applied excluding
and including the HLT in the analysis chain, can be found in Table 11.9. The HLT decreases
the significance up to a factor 10 for low masses (MA = 200 GeV/c2 ). For higher masses, this
factor is reduced to less than 2.
11.2.3.6

Background uncertainty and discovery reach in the MA − tan β plane

Given the low S/B ratio and the similarities of the signal and background distributions, a
careful evaluation of the background has to be performed. The best source of background
events will come from real data samples, when available, as it is being done at the Tevatron
experiments [620]. The QCD multi-jet background will be determined from data by normalising distributions outside of the signal region, once the mass of the Higgs is known from
other channels for example. Data will be also used to extract the background shape with
possibly the help of Monte-Carlo.
Figure 11.13 shows the effect of the background uncertainty on the discovery reach (with
two sigma signal significance) in the MA -tanβ plane. Different curves correspond to the
different assumptions on the background uncertainty, from zero uncertainty to 2 %. The

357

tan β

11.2. Higgs boson channels

100
90
80
70
2.0%

60
1.5%

50
40

1.0%
0.5%

30
20

no systematics

10
0

200 300 400 500 600 700 800

mA (GeV/c2)
Figure 11.13: Two-sigma significance contours with different assumptions on the backscenario.
ground uncertainty at 60 fb−1 in the mmax
h
signal significance is defined as s = √

S
,
B+(εB)2

where S is the number of signal events in

the mass window, B is the number of background events in the same window and ε is the
relative background uncertainty.
The discovery potential of this channel is limited by the low signal-to-background ratio and
the similarity of the signal and background distribution shapes. So far, it is not known how
well the background can be measured at LHC, thus it is difficult to make predictions about
the possibility to observe the MSSM Higgs bosons in the four-b final state.

11.2.4

Charged Higgs boson of MH < mt in tt̄ → H± W∓ bb̄ production with
H± → τ ± ν, τ → ν + hadrons and W∓ → `∓ ν

A detailed description of the analysis can be found in [621].
11.2.4.1

Event generation and cross sections of signal and background events

The charged Higgs boson in the MSSM can be produced in top quark decays, t → H+ b, if
mH± < mt − mb . The branching ratio of top decay to charged Higgs boson depends on both
mH± and tan β as shown in Fig. 11.14a. The corresponding top decay to W± b decreases with
increasing tan β so as to keep the sum of branching ratios almost at unity. While the top
decay to H± or W± depends on tan β, the light charged Higgs boson decay to τ ν is almost
independent of tan β ( for tan β > 10 ) and is ∼ 98% for all tan β > 10 and mH± < mt as
shown in Fig. 11.14b.
There are two different final states for tt̄ → H± W∓ bb̄ events depending on W± decay to
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Figure 11.14: (a) Branching ratio of top decay to H± vs tan β, and (b) branching ratios for
charged Higgs boson decaying to different final states for tan β = 20
leptons or jets. In this analysis the leptonic decay of W± boson is chosen and signal events
are triggered by the single lepton trigger (e or µ). The τ lepton is forced to decay to hadrons.
Table 11.10 shows the cross section times branching ratio of tt̄ → H± W∓ bb̄ events for tan β =
20. In this analysis for mH ± = 170 GeV/c2 both tt̄ + gb and gg → tb̄H± production processes
Table 11.10: Cross section times branching ratio of tt̄ → H± W∓ bb̄ → τ ντ `ν` bb̄, τ → hadrons
for tan β = 20
mH± ( GeV/c2 )
Cross section [pb]

140
10.70

150
5.06

160
1.83

170
0.16

were used for comparison. The NLO cross section times branching ratio of signal events
with mH± ' mt is listed in Table 11.11.
The background channels consist of tt̄ events with at least a single lepton (e or µ) and τ -jets
or jets which could fake τ -jets, W± +3 jet events and also single top (Wt) events which have a
small contribution. The cross section of main background channels are shown in Table 11.12.
Table 11.11: Cross section times branching ratio of signal events for mH± ' mt according to
NLO calculations in [597] for tan β = 20.

Channel
Cross section [pb]

gb → tH± → `ν` bτ ντ
(τ → hadrons)
mH± = 170 GeV/c2
0.14

gg → tb̄H± → `ν` bb̄τ ντ
(τ → hadrons)
mH± = 170 GeV/c2
0.30

The tt̄, gb → tH± and gg → tb̄H± processes were generated by PYTHIA. The Wt background
was generated with T OP R E X and the W+3j background was generated by M AD G RAPH. The
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Table 11.12: Cross section times branching ratio of background events

Channel
Cross section [pb]

tt̄ → W+ W− bb̄
→ `ν` τ ντ bb̄
(τ → hadrons)
25.8

tt̄ → W+ W− bb̄
→ `ν` `0 ν`0 bb̄
`, `0 = e or µ
39.7

tt̄ → W+ W− bb̄
→ `ν` jjbb̄

W± + 3 jets
W± → e or µ

245.6

840

production cross sections for the background processes were normalised to the NLO cross
sections (except W+3jet).
11.2.4.2

Online event selection and offline reconstruction

Events are triggered by the single lepton triggers (e or µ) at Level 1 and HLT.
In the offline ≥ 3 jets are required to suppress W± + n jets background with n < 3. The jet
reconstruction is performed using the iterative cone algorithm and the jet energy corrections,
evaluated from γ+jet calibration, were applied. A jet is accepted if it has calibrated ET >
40 GeV. Only one b-tagged jet is required in this analysis.
Since events are triggered by lepton from W → `ν decay, τ jets are identified with an offline
τ -tagging algorithm which uses Level 1 τ objects as seeds for τ -jet reconstruction. The first,
highest ET , jet satisfying the conditions of ET > 20 GeV and hottest HCAL tower ET >
2 GeV is used as a τ candidate. A matching cone with Rm = 0.1, an isolation cone with
Ri = 0.4 and a signal cone with RS = 0.07 are defined for checking isolation requirements in
the tracker. The ECAL isolation requirement is defined as
X
X
Pisol. =
ETcrystal −
ETcrystal < 5.6 GeV (11.6)
crystals,∆Rcrystal,τ −jet <0.4

crystals,∆Rcrystal,τ −jet <0.13

When the tracker and ECAL isolation cuts are applied, the τ -jet ET is required to be more
than 40 GeV and the leading track of τ jet is required to carry at least 80% of the visible τ lepton energy; finally the charges of the τ lepton and the lepton in the event should satisfy
the requirement Q(`) + Q(τ ) = 0.
The missing ET is reconstructed with the energy corrections applied to jets (Type 1 Emiss
[146,
T
miss
147]) and a cut on the reconstructed missing ET (ET > 70 GeV) is applied as a rejection
tool against background events, especially W± + 3 jets.
11.2.4.3

Selection efficiencies and expected number of events

Tables 11.13, 11.14, 11.15 show the selection cuts and their efficiencies for signal and background samples. Other background events such as Wbb, Zbb with W → `ν (` = e, µ) and
Z → ee, or τ τ turned out to be negligible. Single top background contribution is also small
but was considered in the analysis for signal significance calculations.
11.2.4.4

Systematic uncertainties

The systematic uncertainties in the signal significance calculation include the experimental
selection uncertainty of the background events and the theoretical cross section calculation
uncertainty of the tt̄ and single top background. The tt background uncertainty is taken into
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Table 11.13: List of selection cuts and their efficiencies for signal events with mH± < 170 GeV/c2 for
tan β = 20. Numbers in each row show the remaining cross section after applying the corresponding
cut. Numbers in parentheses are relative efficiencies in percent.

σ × BR[fb]
L1 + HLT
>= 3 jets
≥ 1 b jet
< 2 b jets
L1 τ exists
τ -jet reconstruction
Hottest HCAL tower ET > 2. GeV
Tracker isolation
Ecal isolation
τ ET > 40. GeV
pleading track /Eτ −jet > 0.8
Q(`) + Q(τ ) = 0
> 70 GeV
Emiss
T
Expected Number of
events after 10 fb−1

tt̄ → H± W∓ bb̄
→ `ν` τ ντ bb̄
mH± = 140 GeV/c2
10.7 ×103
5170.5(48.3)
1889.7(36.5)
1103.5(58.4)
883.0(80.0)
878.4(99.5)
875.0(99.6)
778.0(88.9)
378.2(48.6)
292.9(77.4)
244.3(83.4)
102.3(41.9)
88.0(86.0)
51.0(58.0)

tt̄ → H± W∓ bb̄
→ `ν` τ ντ bb̄
mH± = 150 GeV/c2
5060.
2456.3(48.5)
795.0(32.4)
427.4(53.8)
358.7(83.9)
357.4(99.6)
356.5(99.7)
316.1(88.6)
163.5(51.7)
134.2(82.1)
113.0(84.2)
50.7(44.8)
42.4(83.6)
25.4(59.9)

tt̄ → H± W∓ bb̄
→ `ν` τ ντ bb̄
mH± = 160 GeV/c2
1830.
888.9(48.6)
264.3(29.7)
131.4(49.7)
119.2(90.7)
119.0(99.8)
118.8(99.8)
105.9(89.1)
52.7(49.8)
43.1(81.8)
36.5(84.7)
16.8(45.9)
14.6(87.0)
9.2(63.3)

510

254

92

Table 11.14: List of selection cuts and their efficiencies for signal events with mH± = 170 GeV/c2 for
tan β = 20. Numbers in each row show the remaining cross section after applying the corresponding
cut. Numbers in parentheses are relative efficiencies in percent.

σ × BR[fb]
L1 + HLT
>= 3 jets
≥ 1 b jet
< 2 b jets
L1 τ exists
τ -jet reconstruction
Hottest HCAL tower ET > 2. GeV
Tracker isolation
Ecal isolation
τ ET > 40. GeV
pleading track /Eτ −jet > 0.8
Q(`) + Q(τ ) = 0
Emiss
> 70 GeV
T
Expected Number of
events after 10 fb−1

tt̄ → H± W∓ bb̄
→ `ν` τ ντ bb̄
mH± = 170 GeV/c2
157.
78.0(49.7)
23.2(29.7)
11.5(49.4)
10.9(94.8)
10.8(99.8)
10.8(99.9)
9.6(88.4)
4.9(51.3)
4.2(84.9)
3.8(90.9)
1.6(41.7)
1.3(84.4)
0.8(61.7)

gb → tH±
→ `ν` τ ντ b
mH± = 170 GeV/c2
140.
70.5(50.4)
21.7(30.7)
11.7(54.1)
10.0(85.5)
10.0(99.6)
10.0(99.9)
8.9(88.8)
5.1(57.2)
4.3(84.5)
3.9(90.6)
1.8(45.9)
1.6(87.2)
1.0(65.2)

gg → tb̄H±
→ `ν` τ ντ bb̄
mH± = 170 GeV/c2
297.
145.4(48.9)
55.3(38.0)
31.9(57.7)
25.8(80.9)
25.7(99.4)
25.5(99.1)
22.6(88.9)
11.4(50.5)
9.6(84.4)
8.6(89.2)
3.4(39.6)
2.8(82.6)
1.6(55.3)

8

10

16
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Table 11.15: List of selection cuts and their efficiencies for background events. Numbers in each row
show the remaining cross section after applying the corresponding cut. Numbers in parentheses are
relative efficiencies in percent.

σ × BR[fb]
L1 + HLT
>= 3 jets
≥ 1 b jet
< 2 b jets
L1 τ exists
τ -jet reconstruction
Hottest HCAL tower ET > 2. GeV
Tracker isolation
Ecal isolation
τ ET > 40. GeV
pleading track /Eτ −jet > 0.8
Q(`) + Q(τ ) = 0
Emiss
> 70 GeV
T
Expected Number of
events after 10 fb−1

tt̄ → W+ W− bb̄
→ `ν` τ ντ bb̄
25.8 ×103
12101.2(46.9)
5105.2(42.2)
3428.3(67.1)
2325.7(67.8)
2310.7(99.3)
2303.6(99.7)
2034.1(88.3)
798.7(39.3)
545.6(68.3)
405.8(74.4)
123.5(30.4)
95.7(77.5)
51.6(53.9)

tt̄ → W+ W− bb̄
→ `ν` `0 ν`0 bb̄
39.8 ×103
28429.1(71.4)
11306.6(39.8)
7622.0(67.4)
5262.7(69.0)
5233.7(99.4)
5224.4(99.8)
3850.6(73.7)
1120.6(29.1)
519.5(46.3)
341.8(65.8)
131.9(38.6)
56.7(43.0)
29.3(51.8)

tt̄ → W+ W− bb̄
→ `ν` jjbb̄
245.6×103
99506.6(40.5)
66038.6(66.4)
43433.0(65.8)
29003.4(66.8)
28698.8(98.9)
28465.0(99.2)
26635.1(93.6)
6653.3(25.0)
2952.8(44.4)
1946.8(65.9)
377.9(19.4)
78.8(20.9)
36.6(46.4)

W± + 3 jets
W± → `ν`
840.×103
287280(34.2)
114050(39.7)
24292.7(21.3)
21207.5(87.3)
20613.7(97.2)
19438.7(94.3)
17125.5(88.1)
5411.7(31.6)
2554.3(47.2)
1312.9(51.4)
224.5(17.1)
27.1(12.1)
10.7(39.3)

516

293

366
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account as in Eq. 11.7.
∆tt
sys. = ∆lepton reconstruction ⊕ ∆≥3 jet selection ⊕ ∆1 b−jet tagging ⊕ ∆1 τ

t̄
⊕ ∆lumi. ⊕ ∆ttheo.
(11.7)
±
The W + 3 jets background is assumed to be measured from the real data. The uncertainty
of the measurement is estimated by propagating the contribution of events counted in the
background area to the signal area and cancelling the common selection cuts uncertainties.
Eq. 11.8 describes how systematic uncertainties are taken into account in W+3 jets cross
section measurement.
W± +3 jets

∆sys.

= ∆stat. ⊕

tt
∆NB
W± +3 jets

NB

tagging

⊕ ∆3 non−b−jet ⊕ ∆b−jet mistagging ⊕ ∆τ

mistagging

(11.8)

Table 11.16 lists different sources of systematic uncertainties and their used values corresponding to 30 fb−1 in this analysis.
Table 11.16: The values of different selection uncertainties for tt and W± + 3 jets background
events at 30 fb−1 .
Scale uncertainty of tt cross section
PDF uncertainty of tt cross section
b tagging
τ tagging
Lepton identification
Jet energy scale
Mistagging a non-b jet as a b jet
Mistagging a jet as a τ jet
Non-b-jet identification (anti-b-tagging)
Luminosity uncertainty

5%
2.5%
5%
4%
2%
3%
5%
2%
5%
5%
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11.2.4.5

Discovery reach in the MA(H± ) − tan β plane

Figures 11.15 and 11.16 show the 5σ discovery region in the (MH+ , tanβ) and (MA , tanβ)
planes including the systematic uncertainties. It should be noted that this analysis is systematics dominated and there could be alternative approaches where the systematic uncertainties cancel down to a reasonable level.
90
90
Excluded by Lep

70
70

Excluded by Tevatron

50
50
40
40
30
30

90
90

with systematic uncertainties

5σ contour (Full simulation and reconstruction)

with systematic uncertainties

60
60

5σ contour (Full simulation and reconstruction)

5σ contour (Full simulation and reconstruction)

without systematic uncertainties

50
50

without systematic uncertainties

40
40

CMS, 30 fb-1

CMS, 30 fb-1

30
30
20
20

10
10

10
10

150 200 250 300 350 400 450 500 550
2

mH± (GeV/c )

Figure 11.15: The 5σ contour in the
(MH+ , tanβ) plane for light charged
Higgs boson discovery at 30 fb−1 including the effect of systematic uncertainties.
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Figure 11.16: The 5σ contour in the
(MA , tanβ) plane for light charged Higgs
boson discovery at 30 fb−1 including the
effect of systematic uncertainties.

Charged Higgs boson of MH > mt in gg → tbH± production with H± →
τ ± ν, τ → hadrons ν and W∓ → jj

The H± → τ ± ντ decay mode with fully hadronic final state of the charged Higgs boson
in the associated production with a top quark has been shown to lead to a clean and almost background-free signature at large tan β in several particle level [622] and fast simulation [383],[623], [624],[382] studies. The advantages of this decay mode in association with
top quark are the large missing transverse energy from H± , the possibility to disentangle
the hadronic τ decay from the hadronic jets, the possibility to reconstruct the top mass to
suppress the multi-jet backgrounds, and, in particular, τ helicity correlations favouring the
H± → τ ± ντ decay over the W± → τ ± ντ decay (from the tt̄ background). The main backgrounds are due to genuine τ ’s in multi-jet events from tt with t1 → bτ ντ , t2 → bqq, Wt
with W1 → τ ντ , W2 → qq, and W+3 jets with W → τ ντ . The hadronic QCD multi-jet events
can lead to a background through fake τ ’s and the uncertainty of Emiss
measurement.
T
A detailed description of the analysis can be found in [625].
11.2.5.1

Helicity correlations

The polarisation states for the τ + from H+ → τ + ντ and from W+ → τ + ντ are opposite due
to the spin-parity properties of the decaying particle. The angular distribution of a pion from
the τ ± → π ± ν decay in the CM frame has the form (1+Pτ cosθ), which leads to more energetic pions in the laboratory frame for the signal (Pτ = 1) than for the background (Pτ = -1)
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[626],[622]. The τ ± → π ± ντ decay channel presents 12.5% of the hadronic decay modes.
Similarly, the signal pions are more energetic in the τ decays to vector mesons and subsequent decays to one charged pion in the longitudinal polarisation states of the vector meson,
±
± ◦
±
± ◦ ◦
τ ± → ρ±
L ντ → π π ντ (26%) and τ → a1L ντ → π π π ντ (7.5%). For the transverse polarisation states of the vector meson the situation is opposite with more energetic pions from the
background. The small contributions from K∗ and K in the τ decays lead to similar effects.
The helicity correlations can be expressed as a function of the τ -jet momentum fraction carried by the charged pion Rτ = pπ /pτ jet . As is shown in Refs.[626],[622] the τ ± → π ± ντ decay
± ◦
leads to a δ-function at Rτ = 1, the ρ±
L ντ → π π ντ has contributions at Rτ ∼ 1 and Rτ ∼ 0,
±
±
ρT ντ → π ± π ◦ ντ and a1T ντ → π ± π ◦ π ◦ ντ have largest contributions around Rτ ∼ 0.5 while
± ◦ ◦
a±
1L ντ → π π π ντ peaks at Rτ ∼ 0.
11.2.5.2

Event generation and simulation

The gb → tH± and gg → tbH± processes contribute to the production of a heavy single
charged Higgs boson in association with top quark. In the gb → tH± process the b quark
is considered as a massless parton of the incoming proton. Logarithmic factors of the form
log(pbT /mb ), due to the collinear b quarks, can be resumed to give a well defined cross section.
The gg → tbH± process, where the bottom quarks from the incoming gluons are considered
massive, is of the order αs2 and is part of the next-to-leading order (LNO) corrections to the
leading order (LO) process gb → tH± . These processes lead to somewhat different dynamics
of the final state objects, visible in particular as a more energetic associated b quark in the
gg → tbH± process [627]. Near the top threshold, mH± ∼ mt , only the exclusive process
gg → tbH± can lead to a correct event description. As the correct description of merging
these two processes is not possible in the full simulation, signal events were generated with
the gg → tbH± process over the full mass range with PYTHIA [68]. The cross sections were
normalised to the NLO results of Refs. [628],[597]. The mass of the charged Higgs boson and
the H± → τ ντ branching fraction were calculated with FeynHiggs2.3.2 [141–143] in the mmax
h
scenario. The tt background was generated with PYTHIA, the Wt background with T OP R E X
[44], the W+3jet background with M AD G RAPH [80] and the QCD multi-jet background with
PYTHIA . The production cross sections for the background processes were normalised to the
NLO cross sections (except W+3jet). Pre-selections at the particle level, requiring at least one
jet with ET > 80 GeV, reconstructed with the PYTHIA PYCELL routine with a cone size of
0.5, and containing at least one charged hadron with pT > 60 GeV/c, were applied to the tt
and Wt backgrounds. The τ decays were performed with TAUOLA [154] for the signal and
backgrounds. The τ from H± was forced to decay to hadrons in the signal samples while all
τ decays were generated for the backgrounds.
The analysis was based on event samples from full detector simulation and digitisation at
low luminosity 2×1033 cm−2 s−1 .
11.2.5.3

Event selection

Due to an energetic τ jet from H± the gg → tbH± , H± → τ ± ν (τ → hadrons ν, W∓ → jj)
events can be most efficiently triggered at the Level-1 with a single τ -jet trigger [75],[279].
At the HLT, a combined Emiss
T -τ trigger was used. For this trigger the τ -jet identification was
performed in the full tracker (Tracker Tau trigger) [145]. Efficiencies of the Level 1 and HLT
triggers are shown in Tables 11.17 and 11.18 for the signal and backgrounds, respectively.
Purity of the τ trigger for the signal events is higher than 80%.
In the off-line reconstruction the transverse mass from the τ jet and missing transverse en-
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Table 11.17: Cross section times branching fraction for gg → tbH± , H± → τ ± ν, τ →
hadrons + ν, efficiency for the selection cuts and final number of events for mT (τ jet, Emiss
T )>
2
−1
miss
◦
100 GeV/c and for ∆φ(τ jet, ET ) > 60 with an integrated luminosity of 30 fb for the
signal events with mH± = 170, 180, 200 and 400 GeV/c2 and tan β = 30.
mH± ( GeV/c2 )
σ(NLO) × BR (fb)
Level-1 trigger
HLT trigger
Primary vertex
Isolated lepton veto
Emiss
> 100 GeV
T
EτT jet > 100 GeV
Rτ > 0.8
1 or 3 signal tracks
Tracker isolation
ECAL isolation
max(HCAL cell)
ET
>2 GeV
track
IPleading
<0.3
mm
T
leading track
Nhits
≥ 10
≥ 3 jets,ET > 20 GeV
140< mtop <210 GeV/c2
b discriminator > 1.5
EbT jet > 30 GeV
Jet veto,Ejet
T > 25 GeV
EHiggs
>
50 GeV
T
mT > 100 GeV/c2
Nev , mT > 100 GeV/c2
0
∆φ(τ, Emiss
T ) > 60
ev
miss
N , ∆φ(τ, ET ) > 600

171.6
1359
729.9 (53.7%)
121.0 (16.6%)
119.9 (99.1%)
94.4 (78.8%)
66.7 (70.6%)
33.7 (50.5%)
11.2 (33.4%)
10.7 (95.3%)
10.0 (93.2%)
9.4 (94.4%)
9.1 (96.5%)
9.0 (97.8%)
8.6 (95.9%)
6.4 (74.4%)
4.6 (72.6%)
2.0 (43.7%)
1.9 (93.2%)
0.65 (35.2%)
0.61 (91.9%)
0.47 (77.3%)
14.1±3.4
0.20 (31.9%)
6.0±2.2

180.4
1238
688.1 (55.6%)
128.6 (18.7%)
127.5 (99.2%)
104.2 (81.7%)
70.0 (67.2%)
36.7 (52.4%)
11.6 (31.5%)
11.2 (97.1%)
10.5 (94.0%)
10.0 (95.0%)
9.4 (93.3%)
9.2 (98.2%)
8.4 (96.5%)
7.2 (80.9%)
4.8 (67.2%)
2.0 (39.9%)
1.8 (95.2%)
0.63 (34.6%)
0.63 (100%)
0.49 (78.4%)
14.7±3.2
0.18 (28.5%)
5.4±2.0 (28.5%)

201.0
776
451.3 (58.2%)
95.9 (21.2%)
95.1 (99.2%)
78.2 (82.2%)
53.3 (68.2%)
27.8 (52.1%)
9.5 (34.2%)
9.1 (95.9%)
8.6 (94.9%)
8.3 (95.7%)
7.9 (95.5%)
7.8 (99.0%)
7.4 (94.6%)
5.7 (77.4%)
3.6 (63.7%)
1.6 (42.7%)
1.4 (91.6%)
0.52 (36.4%)
0.52 (100%)
0.39 (74.9%)
11.7±2.3
0.28 (53.9%)
8.3±2.0

400.4
38
28.5 (75.6%)
12.1 (42.4%)
12.0 (99.2%)
10.1 (85.0%)
8.2 (80.7%)
6.7 (81.8%)
2.3 (34.2%)
2.2 (97.0%)
2.1(93.7%)
2.0 (95.8%)
2.0 (98.7%)
2.0 (99.3%)
2.0 (96.5%)
1.4 (71.9%)
0.93 (66.6%)
0.37 (40.3%)
0.33 (88.2%)
0.14 (40.9%)
0.13 (95.1%)
0.12 (94.8%)
3.6±0.5
0.12 (93.1%)
3.6±0.5

originates mainly from the H± . Other
ergy requires a fully hadronic event, where Emiss
T
miss
sources of ET in the signal events are the leptonic W decays and the semi-leptonic b quark
decays. The events with leptonic W decays can be removed with a veto on isolated leptons.
The reconstructed electrons and muons were first required to be isolated in the tracker demanding that no track with pT > 1 GeV/c was found in a cone of ∆R = 0.4 around the lepton
direction. The fraction of events containing at least one muon candidate with pT > 15 GeV/c
is 24.1%. An isolated muon is found in 8.9% of the signal events. About 84% of these muons
were found to originate from W → µνµ . The fraction of events containing at least one electron candidate with pT > 15 GeV/c is 72.4% and an isolated electron candidate 41.7%. The
final electron identification was done following the methods described in Ref. [155]. The
fraction of events removed with a veto on the identified electrons is 7.9%, from which 93.3%
are due to genuine electrons from W → eνe .
The missing transverse energy (Emiss
T ) was reconstructed from the full calorimeter response
summing the calorimeter towers and applying the jet energy corrections (Type 1 Emiss
[146,
T
147]). The hadronic jets with Eraw
>
20
GeV
were
calibrated
using
the
corrections
from
γ+jet
T
calibration. The τ jet was reconstructed in the calorimeter around the Level-1 τ -jet direction
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Table 11.18: Cross section times branching fraction, efficiency for the selection cuts and final
2
miss
◦
number of events for mT (τ jet, Emiss
T ) > 100 GeV/c and for ∆φ(τ jet, ET ) > 60 with an
−1
integrated luminosity of 30 fb for the tt, Wt, W± + 3jets and QCD multi-jet backgrounds
background.
σ(NLO) × BR (fb)
Pre-selection
Level-1 trigger
HLT trigger
Primary vertex
Isolated lepton veto
Emiss
> 100 GeV
T
τ jet
ET > 100 GeV
Rτ > 0.8
1 or 3 signal tracks
Tracker isolation
ECAL isolation
max(HCAL cell)
ET
> 2 GeV
leading track
< 0.3 mm
IPT
leading track
≥ 10
Nhits
≥ 3 jets,ET > 20 GeV
140 < mtop < 210 GeV/c2
b discriminator > 1.5
EbT jet > 30 GeV
Jet veto,Ejet
T > 25 GeV
Higgs
> 50 GeV
ET
miss
mT (τ jet, ET ) > 100 GeV/c2
Events for mT > 100 GeV/c2
◦
∆φ(τ jet, Emiss
T ) > 60
miss
Events for ∆φ(τ jet, ET ) > 60◦

tt
123820
6440 (5.2%)
4730 (73.4%)
320 (6.9%)
319 (99.8%)
314 (89.4%)
267.4 (85.1%)
167.4 (62.6%)
35.5 (21.2%)
31.2 (88.0%)
27.8 (89.1%)
26.1 (93.7%)
24.1 (92.4%)
21.4 (88.8%)
19.9 (92.9%)
17.3 (87.0%)
12.2 (70.4%)
5.81 (47.7%)
5.27 (90.6%)
1.48 (28.1%)
1.44 (97.1%)
0.03 (2.0%)
0.86±0.33
0.01 (1.0%)
0.30±0.25

Wt
9140
237.6 (2.6%)
185.6 (78.1%)
20.5 (11.1%)
20.4 (99.7%)
18.4 (89.9%)
15.9 (86.6%)
10.7 (67.2%)
2.53 (23.7%)
2.37 (93.7%)
2.18 (91.9%)
2.07 (94.9%)
1.95 (94.2%)
1.92 (98.3%)
1.81 (94.4%)
1.04 (57.6%)
0.71 (67.7%)
0.34 (48.1%)
0.30 (89.2%)
0.24 (78.0%)
0.23 (98.6%)
0.003 (1.3%)
0.09±0.04
9.2×10−4 (0.4%)
0.03±0.02

W± + 3jets
4.19×105
1.25×105 (29.8%)
4.19×103 (3.4%)
4190 (100%)
3456 (82.5%)
2674 (77.1%)
1280 (69.2%)
175.4 (13.7%)
149.3 (85.1%)
132.9 (89.2%)
125.1 (94.1%)
105.1 (84.0%)
88.4 (84.1%)
84.6 (95.7%)
67.5 (79.8%)
26.6 (39.4%)
1.09 (4.1%)
0.82 (75.1%)
0.14 (17.2%)
0.14 (98.3%)
0.02 (10.3%)
0.60±0.60
0.013 (6.7%)
0.39±0.39

in a cone of 0.4 applying energy corrections evaluated for one- and three-prong τ decays.
The offline ET cut on the τ jet was taken to be EτT jet > 100 GeV, close to the Level-1 threshold
of 93 GeV. The tracks were reconstructed inside the jet reconstruction cone. The leading
track was searched for in a cone of Rm = 0.1 around the τ -jet direction. For an efficient
isolation against the hadronic jets a small signal cone of RS = 0.04 was selected. The isolation
cone size was taken to be the same as in the HLT Tau trigger, Ri = 0.4. The τ -jet isolation
in the electromagnetic calorimeter was also applied as described in [279]. The fraction of
signal events with mH± = 200 GeV/c2 , where the one-prong (three-prong) τ decays lead to one
(three) reconstructed track(s) with pT > 1 GeV/c in the signal cone, was found to be in 92.3%
(64%). Accidental track reconstruction problems, like shared hits, can lead to fake large-pT
tracks in the hadronic jets [279],[7]. These fake leading tracks are possible in the hadronic
multi-jet events but can appear also in the tt, Wt and W + 3 jet backgrounds if the ET of the
τ jet is below the trigger threshold and the event is triggered with a τ -like hadronic jet. The
fake tracks can be suppressed with an upper bound in the transverse impact parameter of
track
the leading track (IPleading
< 0.3 mm) and requiring at least 10 hits in the full tracker.
T
The fraction of the τ → eνν events passing the full τ selection was found to be 3% for the
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tt background. This contamination can be efficiently suppressed requiring that the most
max(HCAL cell)
energetic HCAL tower inside the τ -jet candidate (ET
) has the transverse energy
greater than 2 GeV [279].
The τ helicity correlations are best exploited requiring the leading track to carry at least 80%
of the τ jet energy. The efficiencies for the tt and Wt events, shown in Tables 11.17 and 11.18,
are affected by the pre-selection cuts and do not show the expected background suppression
for Rτ > 0.8. This cut suppresses the three-prong τ decays leaving 3.1% as the fraction of
three-prong τ decays for the signal events with mH± = 200 GeV/c2 after all selection cuts.
Due to a limited MC statistics, the trigger simulation was not used in the estimation of the
QCD multi-jet background. Events with at least one jet with ET > 100 GeV, containing
a track with pT > 80 GeV/c, were used for further analysis. Efficiency for this selection
was found to be 5.55×10−3 for the QCD multi-jet events generated within the p̂T interval of
170 < p̂T < 380 GeV/c. The τ selection cuts, except the Ejet
T threshold, are not correlated with
miss and τ selections. The efficiency
the Emiss
cut.
Therefore
the
selection
was
factorised
to
E
T
T
of the τ -selection cuts on the pre-selected events was found to be 1.65%. Combined with the
pre-selection, the full τ -selection efficiency for the hadronic multi-jet events in the p̂T interval
considered was found to be 9.2×10−5 .
The gg → tbH± events contain two b jets, one from the decay of the top quark and one
associated b jet from the production process. The associated b quark is preferentially emitted
in the forward directions and is distributed at smaller pT values than the b quark from top
decay. In about 20% of the signal events, however, this b quark is more energetic than the
b quark from the top decay thus contaminating the spectrum of the identified b jet for the
top reconstruction. The event reconstruction was performed for events where at least three
hadronic jets with Ejet
T > 20 GeV were found. A probabilistic secondary vertex algorithm
with a discriminator cut was used for b tagging [156]. The fraction of events where the best
b-tagged jet is the b jet from t → bW was found to be 61%. The corresponding fractions for
the associated b jets and the quark jets from W → qq decay were found to be ∼26% and ∼8%,
respectively.
The top-quark mass was reconstructed minimising the χ2 distribution made from the reconstructed and nominal top and W masses, χ2 = ((mjj − mW )/σW )2 + ((mjjj − mtop )/σtop )2 ,
where mjj and mjjj are the invariant masses of all two- and three-jet combinations in the
event and σW and σtop are the gaussian widths of the reconstructed true W and top mass
distributions. The jet assigned to the top but not to the W presents the b jet from top. For a
better reconstruction efficiency, in the presence of a significant contamination from the associated b quark, any of the three jets assigned to the top were tagged requiring the value of
the discriminator greater than 1.5 and ET > 30 GeV. A mass resolution of ∼ 11% and a mean
reconstructed mass of ∼ 176 GeV/c2 were obtained, with a fraction of about 40% of correct
jet assignments. For a further suppression of the tt background, the ordinal jets after top reconstruction were searched for within |η| < 2.5 and a jet veto was applied. The ET threshold
for the jet veto was set to 25 GeV. The efficiency of this method has decreased compared to
the fast simulation results [623] mainly due to more energetic associated b jets in gg → btH±
with respect to the gb → tH± events.
For the tt, Wt and W+3jet backgrounds the configuration with large Emiss
and large EτTjet can
T
be reached only for strongly boosted W. Therefore to suppress the background from events
triggered with a fake τ from a hadronic jet recoiling against the genuine τ jet, a lower bound
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(EH
T > 50 GeV) was set on the Higgs boson pT reconstructed from the τ jet and the missing
transverse energy.
The large ET thresholds lead to an almost two-body (Jacobian peak) situation between the
τ jet and missing transverse
energy. Therefore an upper edge can be expected in the transq

30

Events / 20 GeV/c2 for 30 fb-1

Events / 30 GeV/c2 for 30 fb-1

verse mass mT = 2 × EτT jet × Emiss
× (1 − ∆φ(τ jet, Emiss
T
T )) at mH± for the signal and at
mW for the tt, Wt and W+3jet backgrounds. The boost required for the tt, Wt and W+3jet
backgrounds to pass the ET thresholds, leads to small opening angles ∆φ(τ jet, Emiss
T ) in
the transverse plane. Requiring ∆φ > 60◦ removes most of the remaining background for
mT < 100 GeV/c2 . The mT distributions for the signal and total background are shown
in Figs. 11.17 and 11.18 for mH± = 170 and 400 GeV/c2 and tan β = 30, without a cut on
∆φ(τ jet, Emiss
T ).

gg → tbH±, t → qqb

25

H± → τντ , τ → hadrons + ντ
mH± = 170 GeV/c 2

20

signal

15

total background

gg → tbH±, t → qqb
H± → τντ, τ → hadrons + ντ
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1

CMS

10
CMS

5
0
0

50

100

150

200

250

300

10-1

350

mT(τ jet, Emiss) (GeV/c2)
T

Figure 11.17: Transverse mass reconstructed
from the τ jet and missing transverse energy
for the gg → tbH± , t → bW, W∓ → jj signal (dark histogram) with mH± = 170 GeV/c2 ,
tan β = 30 and for the total background
(light histogram) for an integrated luminosity of 30 fb−1 .
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Figure 11.18: Transverse mass reconstructed
from the τ jet and missing transverse energy
for the gg → tbH± , t → bW, W∓ → jj signal (dark histogram) with mH± = 400 GeV/c2 ,
tan β = 30 and for the total background
(light histogram) for an integrated luminosity of 30 fb−1 .

Tables 11.17 and 11.18 show the cross sections and efficiency for the selection cuts for the
signal events with mH± = 170, 180, 200 and 400 GeV/c2 and tan β = 30. The trigger efficiency
and the efficiency of the primary vertex reconstruction are also shown. Table 11.18 shows
the same for the tt, Wt and W+3jet backgrounds. For the QCD multi-jet background the
number of events where at least three jets are found after the Emiss
and τ selections was
T
estimated without the τ selection cuts. At this level of selection the QCD multi-jet events
can be assumed to be similar to the W+3jet events at the same selection level. Therefore
the efficiency of the remaining selection cuts was taken from the W+3jet events yielding an
2
estimate of 0.1±0.1 events for mT (τ jet, Emiss
T ) > 100 GeV/c .
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11.2.5.4

Systematic uncertainties on background determination

2
The background in the signal region mT (τ jet, Emiss
T ) > 100 GeV/c may arise from two main
sources, the tail due to measurement uncertainties in the backgrounds with W → τ ν decays, and the possibility of fake τ jets, mainly in the QCD multi-jet events. The level of the
backgrounds with W → τ ν decays can be measured from data exploiting the precise muon
momentum measurement in the W+3jets, W → µν events, selecting events in the tail of the
transverse mass distribution. The probability of a hadronic jet faking the τ jet can be measured exploiting the γ+jet events, as proposed in Ref. [279]. For this work a Monte-Carlo
method was chosen assuming that the probability of the background events to migrate to
the signal area depends mainly on the precision of the jet energy and Emiss
measurements.
T
The systematic uncertainty due to the energy scale was estimated varying the jet energy and
the Emiss
values with the expected energy scale uncertainties yielding the average values of
T
3% and 2% for the uncertainties on the efficiency of the Emiss
cut and the efficiency of the
T
selection of three hadronic jets for top reconstruction, respectively. The uncertainty of the τ
identification has been estimated to be 8% for the ET interval of τ jets from Z → τ τ decays
[148]. For the b-tagging uncertainty a conservative estimate of 5% was taken. The theoretical
uncertainty on the tt cross section due to a variation of the scale and PDF has been estimated
to be 5.6% [158]. These values yield 11% for the total systematic uncertainty for the tt background. For the W+3jet and QCD multi-jet backgrounds the uncertainties due to present
MC statistics strongly dominate the measurement uncertainties and therefore the MC statistical uncertainties were used. The total number of background events in the signal region
mT (τ jet, Emiss
T ) > 100 GeV, is 1.7±1.0 events, including the systematic and MC uncertainties.

Table 11.19: Value of tan β, cross section times branching fraction for gg → tbH± , H± →
τ ± ν, τ → hadrons + ν, number of selected signal events and the statistical significance (S)
for the total background of 1.7±1.0 events with (Ssyst. ) and without (Sno syst ) background
uncertainty, for the signal with mH± = 170 to 600 GeV/c2 (mA = 150 to 600 GeV/c2 ) and for an
integrated luminosity of 30 fb−1
mH± ( GeV/c2 )
tan β
σ(NLO) × BR (fb)
Events for 30 fb−1
Sno syst
Ssyst.
11.2.5.5

171.6
30
1359.2
14.1±1.6
6.4
5.0

180.4
30
1237.6
14.7±3.2
6.6
5.2

201.0
30
775.5
11.7±2.3
5.5
4.3

300.9
30
118.3
8.3±1.2
4.2
3.3

400.7
50
104.9
10.0±1.4
4.9
3.8

600.8
50
15.7
2.0±0.2
1.2
1.0

Discovery potential

Table 11.19 shows the number of signal events for mH± = 170 to 300 GeV/c2 with tan β = 30
and for mH± = 400 to 600 GeV/c2 with tan β = 50 and the signal significance (S) calculated according to Poisson statistics [498] with (Ssyst ) and without (Sno syst. ) background uncertainty
for the total background of 1.7±1.0 events. The cut in the transverse mass mT (τ jet, Emiss
T )>
2
100 GeV/c is used to select the signal area. The results are shown for an integrated luminosity of 30 fb−1 . For the tt background the estimated systematic uncertainty of 11% is included.
Figure 11.19 shows the 5σ-discovery region in the mA − tan β plane in the maximal mixing
scenario with µ = 200 GeV/c2 with and without systematic uncertainties at 30 fb−1 .
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Figure 11.19: The 5σ-discovery region in the mA -tanβ plane for gg → tbH± , H± → τ ντ
with an integrated luminosity of 30 fb−1 in the maximal mixing scenario with µ = 200 GeV/c2
The discovery regions with and without systematic uncertainties are shown. The regions
excluded by the LEP and Tevatron searches are also shown in the figure.

11.2.6

Charged Higgs boson of MH > mt in gg → tbH± production with H± →
tb

The branching fractions for the decay channels of the charged Higgs boson depend strongly
on its mass (see Figure 11.2). For masses above mt + mb , the channel H± → tb opens up.
Two production channels and corresponding final states were considered in the search for
charged Higgs bosons in the H± → tb decay channel [629]:
gb → tH± → ttb → W+ W− bbb → qq0 µνµ bbb,
gg →

tH± b

→ ttbb →

W+ W− bbbb

→

qq0 µνµ bbbb.

(11.9)
(11.10)

These final states are the most interesting from the experimental point of view because an
isolated muon is present to trigger on and the branching fraction into this decay is high
(∼ 30%).
The inclusive final state (11.9) is studied using triple b tagging within the parameterised simulation framework of CMS [11]. The final state (11.10), where a fourth b jet is resolved in the
detector, is studied with full GEANT4 [9] CMS detector simulation [8]. Production of the H±
bosons through heavy sparticle cascades is not taken into account. In addition, supersymmetric particles are supposed to be heavy enough, such that supersymmetric decays of the
H± can be neglected.
A detailed description of the analysis can be found in [629].
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11.2.6.1

Signal and background simulation

Events from the process (11.9) are modelled by considering the initial b quark as a massless
parton from the corresponding parton density in the proton. On the other hand, events from
the process (11.10) are described with massive spectator b quarks.
The calculation of the total signal cross section was performed at NLO [628], starting from
the process (11.9). When calculating the cross section for both processes (11.9) and (11.10)
to all orders, however, one expects to obtain the same result, as they both describe the same
physics. Therefore, for both processes, the cross section was rescaled to the NLO result for
the pp → tH± X channel.
The signal cross section is sensitive to the two parameters tanβ and mH± (Figure 11.20). The
cross section is enhanced at small and large values of tanβ, with a minimum at tanβ =
p
mt /mb ≈ 6. Furthermore, the cross section decreases rapidly with rising mH± . The generation of both processes (11.9) and (11.10) was performed with P Y T H I A [68], forcing the decay
H± → tb of the charged Higgs boson. The branching fraction BR(H± → tb) for this decay
process was calculated with HDECAY 3.0 [41].
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Figure 11.20: NLO cross section for pp → tH± X as a function of (a) mH± and (b)tanβ.
The main background to charged Higgs boson production and decay through pp → tH± (b) →
ttb(b) is the Standard Model top-quark pair production with additional jets. Other potential
multi-jet backgrounds are much smaller and neglected.
In the case of process (11.9), the leading order background comes from SM pp → tt̄b and
pp → tt̄ + jet production, where in the latter the extra jet is misidentified as a b jet. The event
simulation was performed using the matrix element generator MadGraph/MadEvent [80],
interfaced to P Y T H I A for parton shower, fragmentation and hadronisation, with a cut pT >
10 GeV/c on the transverse momentum and |η| < 2.5 on the pseudorapidity of the extra jet.
This resulted in a cross section of 678 pb.
The background for process (11.10) consists of the irreducible pp → tt̄bb̄ and the reducible
pp → tt̄jj process, where in the latter two jets are misidentified as b jets. Both these backgrounds were simulated using the C OMP HEP generator [43]. The generator level cuts pT >
15 GeV and |η| < 3 were applied on the partons produced in association with the tt̄ pair. A
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separation cut ∆R > 0.3 was also imposed. This resulted in a cross section of 3.285 pb for the
pp → tt̄bb̄ process and 507.8 pb for pp → tt̄jj production. Care was taken to avoid double
counting between the pp → tt̄bb̄ and pp → tt̄jj processes and the cross section for pp → tt̄jj
was scaled to the result from a similar ALPGEN generation, where a jet matching technique
was applied to more rigourously handle the transition between the hard interaction and the
parton shower.
11.2.6.2

Event selection and reconstruction

On the final states (11.9) and (11.10) a basic event selection is applied on the reconstructed
objects (Tables 11.20 and 11.21). Events passing the single muon HLT trigger are required
to have at least one muon with pT > 20 GeV and |η| < 2.5, at least respectively five or six
calibrated jets with ET >25 GeV and |η| < 2.5 and at least respectively three or four of these
jets tagged as b jet with a secondary vertex-based algorithm [156].
Table 11.20: Event selection yield for tanβ = 30 and an integrated luminosity of 30 fb−1 .
30 fb−1
mH± ( GeV/c2 )
cross section × BR (pb)
# events before cuts
single muon HLT
1 muon
5 jets
3 b-tagged jets
# remaining events

tt̄b/tt̄j
678
20.3M
17%
95%
18%
6%
32 880

263
0.850
25 489
16%
95%
35%
27%
364

gb → tH± (tanβ = 30)
311
359
408
457
0.570
0.377 0.251 0.169
17 088 11 319 7 529 5 063
16%
16%
16%
16%
95%
95%
96%
96%
42%
44%
46%
49%
29%
30%
32%
31%
314
230
171
116

506
0.116
3 472
16%
96%
51%
29%
80

Table 11.21: Event selection yield for tanβ = 30 and an integrated luminosity of 30 fb−1 .
30 fb−1
mH± ( GeV/c2 )
cross section × BR (pb)
# events before cuts
single muon HLT
1 muon
6 jets
4 b-tagged jets
# remaining events

tt̄bb̄
2.386
71 580
19%
96%
19%
7%
179

tt̄jj
235.8
7.07M
19%
97%
23%
0.55%
1 623

263
0.850
25 489
13%
96%
19%
6%
37

gg → tbH± (tanβ = 30)
311
359
408
457
0.570
0.377 0.251 0.169
17 088 11 319 7 529 5 063
13%
13%
13%
13%
95%
97%
97%
97%
23%
25%
26%
28%
5%
7%
7%
5%
24
25
18
9

506
0.116
3 472
13%
97%
31%
6%
8

In both final states (11.9) and (11.10) the best jet association is selected with a likelihood
ratio technique, which combines information from kinematical properties of the extra jets,
b-tagging of all jets and the result of a kinematic fit on the tt̄ system, imposing both W± and
t mass constraints. Starting from the chosen jet association the Higgs boson mass was reconstructed. An ambiguity remains, as it is not possible to know which top quark candidate the
additional b jet should be combined with. In Figure 11.21 the reconstructed charged Higgs
boson mass with hadronically decaying top is shown for correct and wrong jet pairings in
the case of three tagged b jets and for mH± = 311 GeV/c2 . Due to the large combinatorial

372

Chapter 11. MSSM Higgs Bosons

background, the mass information is of limited use for the separation between signal and
background, and is therefore not used further on in the analysis.
11.2.6.3

Background suppression

To suppress the large tt̄+jets background, observables were identified that have different
properties for signal and background events. These observables were combined into an
overall discriminator. In the case of process (11.9) the b-tagging information for the extra
jet was used, together with the pT of the softest jet from the W± decay and the ratio of the
ET of the sixth jet and the fifth. For the process (11.10) only the b-tagging information for the
two extra jets was used. In Figures 11.22 and 11.23 the resulting discriminator distributions
are shown for the process (11.9) and (11.10) respectively.
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Figure 11.21: Reconstructed
H± mass with hadronically
decaying top for the chosen jet association (mH± =
311 GeV/c2 ).
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Figure 11.22: Distribution of
the discriminator used to distinguish between signal 11.9
and background.
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Figure 11.23: Distribution of
the discriminator used to distinguish between signal 11.10
and background.

Discovery reach and systematics

A cut on the discriminating variables of Figures 11.22 and 11.23 was optimised to obtain the
maximal statistical significance for an integrated luminosity of 30 fb−1 . The signal cross section required for a significance of 5, corresponding to a discovery, was derived and translated
into a minimal value of tanβ needed for a discovery for a given value of mA . Performing this
analysis and optimisation at different values of mA a discovery contour was obtained in the
MSSM (tanβ, mA ) plane.
The background is large in both final states and therefore the effect of systematic uncertainties on the knowledge of the background is important. A possible way to estimate the
background level from data is to require one b-tagged jet less. After such a selection it is
possible to calculate the expected number of background events plus its uncertainty, when
tagging a third or fourth b jet. Optimistically the uncertainty on the mistag rate can be taken
as 5%. Possible large theoretical uncertainties related to this method, like the ratio of events
with real extra b jets and events with only light extra jets, should still be accounted for.
Depending on the expected systematic uncertainty on the background level the maximal
significance was searched. In Figure 11.24 the discovery contours are plotted for the final
states (11.9) and (11.10) respectively, when supposing perfect knowledge of the background
cross section ( = 0), a 1% uncertainty ( = 0.01), and a 3% uncertainty ( = 0.03). From
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100

tan β

tan β

the above estimate of the systematic uncertainty on the number of background events, the
conclusion is drawn that, neglecting SUSY cascade decays, no visibility for this channel is
obtained in the MSSM parameter space during the low luminosity phase of LHC.
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Figure 11.24: Discovery contour for the charged Higgs boson in the H± → tb decay for
30 fb−1 , (a) applying 3 b tags, (b) applying 4 b tags; systematic uncertainties on the background of  = 0%,  = 1% and  = 3% are taken into account.

11.2.7

Search for the A → Zh decay with Z → `+ `− , h → bb̄

The observation of the CP-odd pseudo-scalar Higgs (A) via its decay into a Z boson and the
lighter CP-even scalar Higgs (h) followed by Z → e+ e− , µ+ µ− and h → bb̄ decays provides
an interesting way to detect A and h simultaneously. The largest branching ratio of the
A → Zh appears for low tanβ and mZ +mh ≤ mA ≤ 2mtop mass region. The main production
mechanism for A at low tanβ is via gg,qq → A.
The decays of the A into charginos and neutralinos (A → χχ), however, can dominate at
certain values of µ and M2 (Higgs-Higgsino and SU(2) gaugino mass parameters) since the
masses of charginos and neutralinos as well as their couplings to the Higgs bosons depend
on µ and M2 (in addition to tanβ and MA ). Large values of µ and M2 are more favourable for
the observation of the A → Zh channel.
In Figure 11.25 the production cross section multiplied by the appropriate branching ratios
(including Z → e+ e− , µ+ µ− and h → bb̄ decays) is shown as a function of MA in the mmax
h
scenario with µ=M2 =200 GeV/c2 and µ=M2 =600 GeV/c2 for two values of tan β, 1 and 5. One
can see that the difference in the total cross sections for the two choices of the µ and M2 parameters can be as large as one order of magnitude. The A → Zh analysis and the discovery
reach presented below was evaluated in the mmax
scenario with µ=M2 =600 GeV/c2 .
h
11.2.7.1

Event generation, simulation and reconstruction

The Higgs boson production processes, gg→A and pp → A bb̄, were generated using PYTHIA
6.225 [68] for three values of MA (250, 300, 350 GeV/c2 ) and two values of tan β (1.0, 5.0). No
pre-selection at generation level was applied. The Standard Model backgrounds considered
are: the Zbb̄ generated with C OMP HEP [354] and ZZ, ZW, Z+jets, W+jets and tt̄ generated
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µ=M2=600

(b)
µ=M2=200

(a)

µ=M2=600

µ=M2=200

Figure 11.25: The production cross-section multiplied by appropriate branching ratios as a
scenario with µ=M2 =600 GeV/c2 (circles) and µ=M2 =200 GeV/c2
function of MA in the mmax
h
(triangles) for (a) tan β=1 and (b) tan β=5.
with PYTHIA 6.215. Events were fully simulated and digitised with pile-up corresponding
to a luminosity of 2 × 1033 cm−2 s−1 . Offline reconstruction of electrons, muons, jets and b
tagging were performed using standard algorithms.
11.2.7.2

Online selection

The events are required to pass the global Level-1 (L1) and High Level Trigger (HLT) dimuon
or dielectron selections since there will always be a real Z in the event decaying into two
high pT electrons or muons. The inclusion of the single muon and electron triggers does not
improve the discovery reach in the MA -tan β plane.
11.2.7.3

Off-line event selection

The baseline selection requires two opposite sign high pT isolated leptons (e or µ) and two
high ET tagged b-jets separated from the leptons with ∆R(`, j) > 0.7. Muons must have
|η| < 2.4 and electrons should be in the ECAL fiducial region (|η| < 2.5 with 1.444 < |η| <
1.566 region excluded). The event is required to have small missing ET and reconstructed
invariant mass of the leptons close to the Z mass in order to reject a significant fraction of the
tt̄ background.
Table 11.22 summarises the basic selection variables and thresholds. The variation of the signal significance with the change of the pT thresholds on the electrons, muons and b-jets, and
the thresholds on the b-tagging discriminant for the two tagged jets has been checked. No
significant variation was found with small changes of the cut values presented in Table 11.22.
11.2.7.4

Results

The selection efficiencies for the signal vary from 5% to 12% depending on the MA and
tan β values as well as the production mechanism. The details can be found in [630]. The
next-to-leading order (NLO) background cross sections before and after selections are shown
in Table 11.23.
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Table 11.22: Selection variables and thresholds
Selection Variable
Threshold
most energetic electron/muon pT
> 30 GeV/c
second-most energetic electron/muon pT
> 15 GeV/c
most energetic b-jet ET
> 25 GeV
second-most energetic b-jet ET
> 20 GeV
missing ET
< 60 GeV
most energetic b-jet discriminator
> 1.5
second-most energetic b-jet discriminator
> 0.5
Z mass cut
84 GeV/c2 < MZ < 96 GeV/c2
Z pT
> 30.0 GeV/c
Table 11.23: Background cross sections

Zbb̄, Z → ee, µµ, τ τ
tt̄ , W→ eν, µν, τ ν
Z+jets , Z→ ee, µµ, τ τ
W+jets , W→ eν, µν, τ ν
ZZ (inclusive)
ZW (inclusive)

NLO cross sections (fb)
before selection after selection
112830
415.26
88500
70.8
5300000
83.05
47900000
0.0
14985
7.34
49422
1.98

The signal and the background distributions of Mbb̄ and M`+ `− bb̄ after selections are shown
in Figure 11.26 and Figure 11.27 respectively for 30 fb−1 of integrated luminosity.
11.2.7.5

Systematic uncertainties

The method to evaluate the background from the real data measuring the background in the
signal free (normalisation) region is proposed. The background uncertainty then consists of
the statistical uncertainty of the background measurement in the normalisation region and
the systematic uncertainty of the ratio of the background in the signal and the normalisation
region.
The normalisation region for the tt̄ background is defined by the same selection as for the
signal search, except the missing ET which is required to be bigger than 120 GeV. With
such a selection 544 events were found for 30 fb−1 with high purity (93.4%), thus giving the
statistical uncertainty of 4.4%. The distribution of M`+ `− bb̄ in the tt̄ normalisation region can
be seen in Figure 11.28. The contamination comes mainly from Zbb̄ events (6%). The 5%
missing ET scale uncertainty gives 18.5% uncertainty on the number of the tt̄ events in the
signal region. Therefore the overall uncertainty in the estimation of the tt̄ background is
19.0%.
For the irreducible Zbb̄ background a similar idea can be used. In order to suppress the
tt̄ contribution as much as possible, missing ET < 40 GeV was used. Applying a lower
cut in the M`+ `− bb̄ distribution of 500 GeV/c2 , 920 Zbb̄ events were found with a purity of
around 95% for 30 fb−1 . Contamination comes mainly from tt̄ events. The accuracy of measuring the Zbb̄ background is around 3.4% taking into account only statistics. The distribution of M`+ `− bb̄ for those events can be seen in Figure 11.29 before the application of the
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CMS
A→Zh→llbb, l=e,µ
Mh-max scenario
MSUSY = 1.0 TeV/c2
µ=M2=600 GeV/c2
Mtop = 174.3 GeV/ c2

Events/30 GeV/c2 for 30 fb-1

Events/15 GeV/c2 for 30 fb-1
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MA = 300 GeV/c2 , tanβ = 2

Mh-max scenario
MSUSY = 1.0 TeV/c2
µ=M2=600 GeV/c2
Mtop = 174.3 GeV/ c2
MA = 300 GeV/c2 , tanβ = 2

Mllbb (GeV/c2)

Mbb (GeV/c2)

Figure 11.27: Distribution of M`+ `− bb̄ for
signal and background after event selection for 30 fb−1 of integrated luminosity. Red (dark gray), yellow (light gray)
and green (medium gray) distributions
represent the Zbb̄ , tt̄ and Z+jets backgrounds. Blue (black) distribution is the
signal (MA =300, tan β=2) and black dots
the data (sum of the signal and the background).

Events/30 GeV/c2 for 30 fb-1

Events/30 GeV/c2 for 30 fb-1

Figure 11.26: Distribution of Mbb̄ for signal and background after event selection for 30 fb−1 of integrated luminosity. Red (dark gray), yellow (light gray)
and green (medium gray) distributions
represent the Zbb̄ , tt̄ and Z+jets backgrounds. Blue (black) distribution is the
signal (MA =300, tan β=2) and black dots
the data (sum of the signal and the background).

CMS
A→Zh→llbb, l=e,µ

Mllbb (GeV/c2)
Figure 11.28: Distribution of M`+ `− bb̄ in
the tt̄ background normalisation region.
Colour code is as in Fig. 11.27

Mllbb (GeV/c2)
Figure
11.29:
Distribution
of
M`+ `− bb̄ used in the Zbb̄ background
estimation. Colour code is as in Fig. 11.27
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M`+ `− bb̄ >500 GeV/c2 cut. The uncertainty of 5% on the missing ET scale and the uncertainty
of 3% on the jet energy scale lead to correspondingly 3.6% and 2.5% of the uncertainty of the
Zbb̄ background estimate in the signal region. Thus the overall uncertainty in the estimation
of the Zbb̄ background is 5.6%.
11.2.7.6

Discovery reach in the MA − tan β plane.

Figure 11.30: The 5σ discovery contours for 30 and 60 fb−1 integrated luminosity. The effect
of underestimation or overestimation of the background systematic uncertainty can be seen
in the curve of 30 fb−1 .
Figure 11.30 shows the 5 σ discovery contours in the (MA ,tan β) plane for 30 and 60 fb−1 of
integrated luminosity in the mmax
scenario with µ=M2 =600 GeV/c2 . For the calculation of
h
the signal significance the signal and background events were counted in mass windows of
±1.5σ around the reconstructed masses of Mh and MA . Since only three different MA masses
and two tan β values were available, the estimations for the rest of MA , tan β parameter space
was done using extra/interpolations of the signal efficiencies from the available parameter
points. The statistical significance for 5,10% (dashed lines) as well as the estimated (full line)
uncertainty for the background is also shown for 30 fb−1 of integrated luminosity.

11.2.8
11.2.8.1

Search for A0 /H0 → χ02 χ02 → 4` + ETmiss channel in mSUGRA
Introduction

In some regions of the SUSY parameter space, heavy neutral Higgs bosons can be searched
for using their decay modes to supersymmetric particles. This is the case in particular in
the difficult low and intermediate tanβ region of the parameter space which is not accessible
through the A0 /H0 → τ τ decay channel as the coupling of the Higgs boson to taus is not
sufficiently enhanced.
One of the most promising channel is the A0 /H0 decay into a pair of next-to-lightest neutralinos, χ02 , followed by the decay χ02 → `+ `− χ01 (with ` = e, µ). This process results in a clean
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four leptons plus missing transverse energy final state:
A0 /H0 → χ02 χ02 → 4` + Emiss
.
T
There are two main categories of backgrounds to such process: SUSY and Standard Model
backgrounds. In the SUSY category the dominant source of background is the production of
leptons from the decays of squarks and gluinos which cascade to charginos and neutralinos.
Unlike the neutralinos from the Higgs boson decay, the leptons in this case are produced in
association with quarks and gluons. Therefore, the associated large hadronic activity can be
used to suppress this type of background. An additional but smaller source of backgrounds
come from the direct production of slepton or gaugino pairs via the Drell-Yan processes and
the direct production of χ02 pairs. The rejection of these backgrounds is more difficult, as
the hadronic activity in these events is very small. In the Standard Model category, three
processes which yield the same signature of 4 leptons in the final state contribute as backgrounds: ZZ ∗ /γ ∗ , Zbb̄ and tt̄.
11.2.8.2

Analysis

The study is performed in the minimal Super Gravity constrained version of the MSSM
(mSUGRA) [631]. To determine the regions where the signal has a sizeable branching ratio
times cross section, a scan of the parameters space (m0 , m1/2 ) for tanβ = 5, 10, sign(µ) = +
and A0 = 0 is performed. Three benchmark points are defined for the evaluation of CMS
sensitivity. The corresponding mSUGRA parameters are presented in Table 11.24.
Table 11.24: Chosen benchmark points.
Point
A
B
C

m0 ( GeV/c2 )
60
80
50

m1/2 ( GeV/c2 )
175
200
150

A0 ( GeV/c2 )
0
0
0

tan β
10
5
5

sign(µ)
+
+
+

The signal and SUSY background datasets are generated using ISASUGRA and PYTHIA. A
pre-selection at generator level is applied, asking for e+ e− µ+ µ− final state with e(µ) pT >
7(5) GeV/c and |η| < 2.5. The fast detector simulation is carried out using FAMOS.
The online selection of the events is a logical or of the dielectron and dimuon triggers. The offline reconstruction of electrons and muons is performed using FAMOS standard algorithms.
Events are then analysed as follow:
- e+ e− µ+ µ− final state is selected;
- the four leptons are required to be isolated;
- a jet veto is applied, requiring no jets with ET >25 GeV and |η| <5.0;
miss and p
- events must have ET
T (````) less than 80 GeV/c;

- a Z veto is imposed, i.e. events with a dilepton pair with invariant mass in the
range mZ ± 10 GeV/c2 are rejected;
- further optimisations are performed by introducing an upper limit to the dilepton
invariant masses and by applying a cut on the four lepton invariant mass.
The signal acceptances w.r.t the production cross section times branching ratio are 6.3%, 5.1%
and 2.5% respectively for point A, B and C, whereas the acceptances for SUSY backgrounds
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are 1.5 10−4 %, 3.6 10−4 % and 2.6 10−4 % respectively w.r.t the total the SUSY production cross
section.
11.2.8.3

Results
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Figure 11.31 shows the invariant mass distribution of the four leptons for the 3 benchmarks
points. Results are given for an integrated luminosity of 30 fb−1 .
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Figure 11.31: Four lepton invariant mass distributions for the 3 benchmark points. Distributions are shown for the signal + backgrounds (points) and for the contribution of each
process (histograms).

Figure 11.32 shows the extrapolated 5σ-discovery regions in the (m0 , m1/2 ) plane, for an
integrated luminosity of 30 fb−1 . The values of the other mSUGRA parameters are A0 = 0,
sign(µ) = + and tanβ = 5, 10. The complex structure of the high significance region is
0
0
mainly determined by the effective cross section of A0 /H0 → χ02 χ02 → 4` + Emiss
T . The A /H
could therefore be discovered through their decays to neutralino pairs in the region 150 <
m1/2 < 250 and m0 < 120 for tan β = 10 and in the region 150 < m1/2 < 250 and 30 < m0 <
120 for tanβ = 5.

11.3

Discovery reach and measurement of MSSM parameters

11.3.1

Benchmark scenarios for MSSM Higgs boson searches

11.3.1.1

Why benchmarks — which benchmarks?

The tree-level values for the CP-even Higgs bosons of the MSSM, Mh and MH , are determined by tan β, the CP-odd Higgs-boson mass MA , and the Z boson mass MZ . The mass of
the charged Higgs boson, MH ± , is given in terms of MA and the W boson mass, MW . Beyond
the tree-level, the main correction to the Higgs boson masses stems from the t/t̃ sector, and
for large values of tan β also from the b/b̃ sector, see Section 11.1. Sub-leading corrections
come from all other sectors of the MSSM. In this way the Higgs sector phenomenology is
connected to the full spectrum of the MSSM via radiative corrections.
In the unconstrained version of the MSSM no particular SUSY breaking mechanism is assumed, but rather a parametrisation of all possible soft SUSY breaking terms is used. This
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Figure 11.32: For integrated luminosity of 30 fb−1 the 5σ-discovery regions for A0 /H0 →
χ02 χ02 → 4` + Emiss
channel in the (m0 , m1/2 ) plane for fixed A0 = 0, sign(µ) = + and
T
tan β = 5, 10.
leads to more than a hundred parameters (masses, mixing angles, phases) in this model
in addition to the ones of the Standard Model. While a detailed scanning over the morethan-hundred-dimensional parameter space of the MSSM is clearly not practicable, even a
sampling of three- or four-dimensional parameter space of certain SUSY-breaking models
(such as mSUGRA, GMSB or AMSB) is beyond the present capabilities for phenomenological studies, in particular when it comes to simulating experimental signatures within the
detectors. For this reason one often resorts to specific benchmark scenarios, i.e. one studies
only specific parameter points [632, 633] or samples of one- or two-dimensional parameter
space [262, 634, 635], which exhibit specific characteristics of the MSSM parameter space.
Benchmark scenarios of this kind are often used, for instance, for studying the performance
of different experiments at the same collider. Similarly, detailed experimental simulations of
MSSM particle production with identical parameters in the framework of different colliders
can be very helpful for developing strategies for combining pieces of information obtained
at different machines [5].
The question of which parameter choices are useful as benchmark scenarios depends on the
purpose of the actual investigation. If one is interested, for instance, in setting exclusion
limits on the SUSY parameter space from the non-observation of SUSY signals at the exper-
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iments performed up to now, it is useful to use a benchmark scenario which gives rise to
“conservative” exclusion bounds. An example of a benchmark scenario of this kind is the
mmax
h -scenario [635] used for the Higgs search at LEP [566]. It gives rise to maximal values
of the lightest CP-even Higgs-boson mass (for fixed values of the top-quark mass and the
SUSY scale) and thus allows one to set conservative bounds on tan β and MA [544]. Another
application of benchmark scenarios is to study “typical” experimental signatures of SUSY
models and to investigate the experimental sensitivities and the achievable experimental
precisions for these cases. For this purpose it seems reasonable to choose “typical” (a notion
which is of course difficult to define) and theoretically well motivated parameters of certain
SUSY-breaking scenarios. Examples of this kind are the benchmark scenarios used so far for
investigating SUSY searches at the LHC [632, 633] and at the ILC [636]. As a further possible
goal of benchmark scenarios, one can choose them so that they account for a wide variety
of SUSY phenomenology. For this purpose, it can also be useful to consider “pathological”
regions of parameter space or “worst-case” scenarios. Examples for this are the “small αeff
scenario” [635] for the Higgs search at LEP, for which the decay h → bb̄ or h → τ + τ − can be
significantly suppressed.
A related issue concerning the definition of appropriate benchmarks is whether a benchmark
scenario chosen for investigating physics at a certain experiment or for testing a certain sector
of the theory should be compatible with additional information from other experiments (or
concerning other sectors of the theory). This refers in particular to constraints from cosmology (by demanding that SUSY should give rise to an acceptable dark matter density [637–
640]) and low-energy measurements such as the rate for b → sγ [641, 642] and the anomalous
magnetic moment of the muon, (g − 2)µ [643, 644]. On the one hand, applying constraints
of this kind gives rise to “more realistic” benchmark scenarios. On the other hand, one relies
in this way on further assumptions (and has to take account of experimental and theoretical
uncertainties related to these additional constraints), and it could eventually turn out that
one has inappropriately narrowed down the range of possibilities by applying these constraints. This applies in particular if slight modifications of the model under consideration
are possible that have a minor impact on collider phenomenology but could significantly
alter the bounds from cosmology and low-energy experiments. For instance, the presence of
small flavour mixing terms in the SUSY Lagrangian could severely affect the prediction for
BR(b → sγ), while allowing a small amount of R-parity violation in the model would strongly
affect the constraints from dark matter relic abundance while leaving collider phenomenology essentially unchanged. The extent to which additional constraints of this kind should be
applied to possible benchmark scenarios is related to the actual purpose of the benchmark
scenario. For setting exclusion bounds in a particular sector (e.g. the Higgs sector) it seems
preferable to apply constraints from this sector only.
11.3.1.2

The relevant MSSM parameters

Beyond the tree-level, the main correction to the Higgs boson masses and couplings comes
from the t/t̃ sector, and for large values of tan β also from the b/b̃ sector. In order to fix our
notations, we list the conventions for the inputs from the scalar top and scalar bottom sector
of the MSSM: the mass matrices in the basis of the current eigenstates t̃L , t̃R and b̃L , b̃R are
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given by
M2t̃ =
M2b̃ =

Mt̃2 + m2t + cos 2β( 21 − 23 s2W )MZ2
L
mt X t

Mt̃2

Mb̃2 + m2b + cos 2β(− 12 + 13 s2W )MZ2
L
mb Xb

R

mt Xt
2
+ mt + 23 cos 2βs2W MZ2

Mb̃2

R

!

mb Xb
2
+ mb − 13 cos 2βs2W MZ2

, (11.11)
!
(, 11.12)

where
mt Xt = mt (At − µ cot β),

mb Xb = mb (Ab − µ tan β).

(11.13)

Here At denotes the trilinear Higgs–stop coupling, Ab denotes the Higgs–sbottom coupling,
and µ is the Higgsino mass parameter.
SU(2) gauge invariance leads to the relation
(11.14)

Mt̃L = Mb̃L .
For the numerical evaluation, a convenient choice is

(11.15)

Mt̃L = Mb̃L = Mt̃R = Mb̃R =: MSUSY .
We furthermore use the short-hand notation
2
MS2 := MSUSY
+ m2t .

(11.16)

Accordingly, the most important parameters for the corrections in the Higgs sector are mt ,
MSUSY , Xt and Xb (or equivalently At and Ab ), µ and tan β. The Higgs sector observables
furthermore depend on the SU(2) gaugino mass parameter, M2 . The other gaugino mass
parameter, M1 , is usually fixed via the GUT relation
M1 =

5 s2W
M2 .
3 c2W

(11.17)

At the loop level also the gluino mass, mg̃ , enters the predictions for the Higgs-boson phenomenology.
It should be noted in this context that the results for Higgs boson sector observables have
been obtained in different schemes. Most commonly these are the on-shell (OS) renormalisation scheme (in the Feynman-diagrammatic (FD) approach), and MS scheme (for the renormalisation group (RG) approach) [645]. Owing to the different schemes used in the FD and
the RG approach for the renormalisation in the scalar top sector, the parameters Xt and
MSUSY are also scheme-dependent in the two approaches. This difference between the corresponding parameters has to be taken into account when defining the benchmark scenarios.
In a simple approximation the relation between the parameters in the different schemes is at
O(αs ) given by [645]
MS2,MS ≈ MS2,OS −
XtMS ≈ XtOS +

8 αs 2
M ,
3 π S

αs
Xt
Xt
MS 8 + 4
−3
log
3π
MS
MS

(11.18)



m2t
.
MS2

(11.19)
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At large tan β and large |µ| the corrections from the b/b̃ sector can become especially important. The leading effects are included in the effective Lagrangian formalism [563]. Numerically this is by far the dominant part of the contributions from the sbottom sector (see also
Refs. [547, 548]). The effective Lagrangian is given by
"
√
g
mb
L=
tan β A i b̄γ5 b + 2 Vtb tan β H + t̄L bR
2MW 1 + ∆b


sin α
cos α
+
hb̄L bR
− ∆b
cos β
sin β
#


cos α
sin α
−
H b̄L bR + h.c. .
(11.20)
+ ∆b
cos β
sin β
Here mb denotes the running bottom quark mass including SM QCD corrections. The prefactor 1/(1 + ∆b ) in Eq. 11.20 arises from the resummation of the leading corrections to all
orders. The function ∆b consists of two main contributions, an O(αs ) correction from a
sbottom–gluino loop and an O(αt ) correction from a stop–Higgsino loop. The explicit form
of ∆b in the limit of MS  mt and tan β  1 reads [563]
∆b =

2αs
αt
mg̃ µ tan β × I(mb̃1 , mb̃2 , mg̃ ) +
At µ tan β × I(mt̃1 , mt̃2 , µ) .
3π
4π

(11.21)

The function I is given by
I(a, b, c) =
∼

1
(a2 − b2 )(b2 − c2 )(a2 − c2 )
1
.
max(a2 , b2 , c2 )



a2 b2 log


a2
b2
c2
2 2
2 2
+
b
c
log
+
c
a
log
(11.22)
b2
c2
a2

It becomes obvious that the size and the sign of µ is especially relevant for this type of corrections.
11.3.1.3

The benchmark scenarios

Since at the tree-level the Higgs sector of the MSSM is governed by two parameters (in addition to MZ and the SM gauge couplings), it seems reasonable to define benchmarks in which
all SUSY parameters are fixed and only the two tree-level parameters, MA and tan β are varied. For the search of the heavy MSSM Higgs bosons corrections from the b/b̃ sector can be
especially relevant. In this case it is also appropriate to vary µ. We review the definition of
the benchmark scenarios as defined in Refs. [262, 635]. Another very important parameter
is the top-quark mass. For sake of simplicity and to make different analyses readily comparable to each other a fixed value of mt = 175 GeV can be used. Alternatively the current
experimental value can be used as input.
The mmax
scenario
h
This scenario was designed to obtained conservative tan β exclusion bounds [544] at LEP [566].
The parameters are chosen such that the maximum possible Higgs-boson mass as a function
of tan β is obtained (for fixed MSUSY , and MA set to its maximal value, MA = 1 TeV). The
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parameters are∗ :
mt = 175 GeV,
XtOS

MSUSY = 1 TeV,

= 2 MSUSY (FD calculation),

Ab = At ,

µ = 200 GeV, M2 = 200 GeV,
√
XtMS = 6 MSUSY (RG calculation)
(11.23)

mg̃ = 0.8 MSUSY .

The no-mixing scenario
This benchmark scenario is the same as the mmax
scenario, but with vanishing mixing in the
h
t̃ sector and with a higher SUSY mass scale to avoid the LEP Higgs bounds [61, 566],
mt = 175 GeV,

MSUSY = 2 TeV,

Xt = 0 (FD/RG calculation),

µ = 200 GeV,

A b = At ,

M2 = 200 GeV,

mg̃ = 0.8 MSUSY .

(11.24)

The gluophobic Higgs scenario
In this scenario the main production cross section for the light Higgs boson at the LHC,
gg → h, is strongly suppressed. This can happen due to a cancellation between the top quark
and the stop quark loops in the production vertex (see Ref. [502]). This cancellation is more
effective for small t̃ masses and hence for relatively large values of the t̃ mixing parameter,
Xt . The partial width of the most relevant decay mode, Γ(h → γγ), is affected much less,
since it is dominated by the W boson loop. The parameters are:
mt = 175 GeV,

MSUSY = 350 GeV,

XtOS = −750 GeV (FD calculation),
Ab = At ,

mg̃ = 500 GeV .

µ = 300 GeV,

M2 = 300 GeV,

XtMS = −770 GeV (RG calculation)
(11.25)

Figure 11.33: [σ × BR]MSSM /[σ × BR]SM is shown for the channels gg → h → γγ in the
gluophobic Higgs scenario (left plot) and W W → h → τ + τ − in the small αeff scenarios (right
plot) in the MA − tan β-plane The white-dotted area is excluded by LEP Higgs searches.
∗
Better agreement with BR(b → sγ) constraints is obtained for the other sign of Xt (called the “constrained
mmax
” scenario). However, this lowers the maximum Mh values by ∼ 5 GeV.
h
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In the left plot of Fig. 11.33 we show [σ × BR]MSSM /[σ × BR]SM for the channel gg → h → γγ
in the MA − tan β-plane. This channel can be strongly suppressed over the whole parameter
plane, rendering this detection channel difficult.
The small αeff scenario
Besides the channel gg → h → γγ at the LHC, other channels for light Higgs searches at the
Tevatron and at the LHC rely on the decays h → b̄b and h → τ + τ − . If αeff is small, these
two decay channels can be heavily suppressed in the MSSM due to the additional factor
− sin αeff / cos β compared to the SM coupling. Such a suppression occurs for large tan β and
not too large MA for the following parameters:
mt = 175 GeV,
XtOS

MSUSY = 800 GeV,

= −1100 GeV (FD calculation),

Ab = At ,

mg̃ = 500 GeV .

µ = 2.5 MSUSY ,
XtMS

M2 = 500 GeV,

= −1200 GeV (RG calculation)
(11.26)

In the right plot of Fig. 11.33 we show [σ × BR]MSSM /[σ × BR]SM for the channel W W → h →
τ + τ − in the MA − tan β-plane. Significant suppression occurs for large tan β, tan β > 20,
and small to moderate MA , MA < 400 GeV. Thus, Higgs boson search via the W W fusion
channel will be difficult in these parts of the parameter space.
11.3.1.4

Variation of µ

The most sensitive channels for detecting heavy MSSM Higgs bosons at the LHC are the
channel pp → H/A + X, H/A → τ + τ − (making use of different decay modes of the two
τ leptons) and the channel tH ± , H ± → τ ντ (for MH ± > mt ). These channels show good
prospects for MA  MZ and large tan β.
As discussed above, in this part of the parameter space the corrections from the b/b̃ sector
can be very important and thus the size and the sign of µ can play a dominant role. This lead
and the no-mixing scenario by the following
to the definition of an extension of the mmax
h
values of µ [262]
µ = ±200, ±500, ±1000 GeV ,
(11.27)
allowing both an enhancement and a suppression of the bottom Yukawa coupling and taking
into account the limits from direct searches for charginos at LEP. It should be noted that the
values µ = −500, −1000 GeV can lead to such a large enhancement of the bottom Yukawa
coupling that a perturbative treatment is no longer possible in the region of very large values
of tan β. Some care is therefore necessary to assess up to which values of µ reliable results
can be obtained.
A further variation of the discovery reach is caused by the decays of the heavy Higgs bosons
into supersymmetric particles. For a given value of µ, the rates of these decay modes are
strongly dependent on the particular values of the weak gaugino mass parameters M2 and
M1 . Since the Higgs couplings to neutralinos and charginos depend strongly on the admixture between Higgsino and gaugino states, the rate of these processes is strongly suppressed
∓
for large values of |µ| > 500 GeV. In general, the effects of the decays H/A → χ̃0i χ̃0j , χ̃±
k χ̃l
only play a role for MA > |µ| + M1 . Outside this range the dependence of the rates on µ is
relatively weak.
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Discovery reach in the MA − tan β plane

This section summarises the discovery reach in the MA -tanβ plane for the charged and the
neutral MSSM Higgs bosons in the mmax
scenario. The cross sections and branching ratios
h
for the neutral Higgs bosons and the branching ratios for the charged Higgs boson were
calculated with FeynHiggs2.3.2 [141–143]. The next-to-leading order cross section for the
charged Higgs production was taken from Refs. [628],[597]. The NLO cross sections for the
background processes were used, when available.

tanβ

Figure 11.34 shows the 5σ discovery regions for the charged Higgs boson produced in the
pp → tbH± process with the H± → τ ± ντ (τ → hadrons) decay mode. Figure 11.35 shows the
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Figure 11.34: The 5σ discovery regions for the charged Higgs boson with the τ ν decay mode
in the mmax
scenario.
h
5σ discovery regions for the neutral Higgs boson φ (φ=h, H, A) produced in the association
with b quarks pp → bb̄φ with the φ → µµ and φ → τ τ decay modes. In both Figures the
discovery reach was evaluated in the mmax
scenario with µ=200 GeV/c2 (See Section 11.3.1).
h
The discovery reach was evaluated also in the extended mmax
scenario (see Section 11.3.1.3
h
2
and [262]) with the values of µ= -200 and ±500 GeV/c . The Figure 11.36 presents the variation of the 5σ discovery potential for the neutral Higgs boson produced in the association
with b quarks pp → bb̄φ with the φ → τ τ → µ+jet decay mode. The combination of the
effects from supersymmetric radiative corrections and decay modes into supersymmetric
particles gives rise to a rather complicated dependence of the discovery contour on µ. This
results in a variation of the discovery region, especially for large MA and large tanβ. For the
positive values of µ the inclusion of the supersymmetric radiative corrections leads to a shift
of the discovery region toward higher values of tanβ.
Figure 11.37 shows the 5σ discovery regions for the light, neutral Higgs boson h from the
inclusive pp → h+X production with the h → γγ decay and for the light and heavy scalar
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Figure 11.35: The 5σ discovery regions for the neutral Higgs bosons φ (φ=h, H, A) produced
in the association with b quarks pp → bb̄φ with the φ → µµ and φ → τ τ decay modes in the
mmax
scenario.
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Figure 11.36: Variation of the 5σ discovery potential for the neutral Higgs bosons in the
τ τ → µ+jet decay mode with µ in the mmax
scenario.
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Higgs bosons, h and H, produced in the vector boson fusion qq → qqh(H) with the h(H) →
τ τ → `+jet decay.
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Figure 11.37: The 5σ discovery regions for the light, neutral Higgs boson h from the inclusive
pp → h+X production with the h → γγ decay and for the light and heavy scalar Higgs
bosons, h and H, produced in the vector boson fusion qq → qqh(H) with the h(H) → τ τ →
scenario.
`+jet decay in the mmax
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