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1. Introduction

Theoretically predicted by many non-minimal Higgs scenarios, the experimental observation of
charged Higgs bosons would indicate new physics beyond the Standard Model (SM). As one ex-
ample, consider the Higgs sector of the Minimal Supersymmetric Standard Model (MSSM) [1]
which contains five Higgs bosons: light and heavy CP-even scalars (h0,H0), a CP-odd scalar (A0)
and two charged scalars (H±)1. FormH+ < mt the dominant production mode at the Large Hadron
Collider (LHC) at CERN takes place intt events via the top quark decayt → H+b with H+ → τ+ν
dominating for values of tanβ > 3 (Fig. 1(a)).

The LHC, with a center-of-mass energy of 14 TeV and poised to begin proton-proton collisions
in 2009, is expected to give experimentalists access to the majority of the MSSM parameter space.
These proceedings summarize a procedure that can be used to obtain data-driven control samples
for the estimation of thett background events (Fig. 1(b)), by far the largest background contribution
to charged Higgs searches at the LHC experiments [2, 3]. As the relative contributions from this
background in different jet multiplicities are not known, and unknowns related to critical analysis
cut-specific variables exist, the measurement and the subtraction of these backgrounds using such
a data-driven method is mandatory.

Inspired by data-based Monte Carlo methods used at the Tevatron during Run I to estimate
the Z → ττ → eµ , ee, andµµ backgrounds to top quark searches usingZ → ee events collected
from data [4], and methods that usedW → eν data to model the electronic noise in the calorimeter
and underlying event effects inW → τν events [5], we employ theTAUOLA decay package [6] to
emulate leptonically- (τL) and hadronically-decaying taus (τH) by replacing muons fromtt events
collected in collision data with Monte Carlo tau leptons. The method presented here and published
in Ref. [3] greatly parallels that used in Ref. [3] for the data-driven estimation ofZ → ττ back-
grounds to SM and MSSM neutral Higgs searches in theτLτH , τLτL andτHτH final states. The
approach here is data-driven in the sense that it will use

pp → tt̄ + X →W +W−bb̄+ X → µ+νqq̄′ + X ′

and
pp → tt̄ + X →W +W−bb̄+ X → µ+νµ−ν̄ + X ′

events2 (Fig. 1(c)) collected by ATLAS frompp collisions to model thett̄ backgrounds to charged
Higgs searches in thett → H+W−bb̄ → bτLν b̄qq̄′, bτHν b̄qq̄′ andbτHν b̄lν̄ final states. The deci-
sion to use final states containing muons was motivated by thelevel of efficiency and purity that
could be obtained for the control samples.

After applying a very minimal set of event selection criteria on the data (optimized for both ef-
ficiency and purity), one muon from each event is fed into theTAUOLAMonte Carlo decay package
and considered as a tau lepton.TAUOLA is used to decay this particle, and the decay products are
passed to the ATLAS detector simulation (based onGEANT4 [7]) and the reconstruction software.
Once the Monte Carlo tau decay is merged back together with the rest of the event, the result is
a data-driven control sample for each of the charged Higgs final states using events from data on

1Hereafter the charged Higgs bosons will be denotedH+, with the charge conjugate processes implied.
2Including the charge conjugate processes.
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(a) (b) (c)

Figure 1: Feynman diagrams for: (a) the production of a charged Higgs boson viagg → tt, the dominant
production mode at the LHC formH+ < mt . The decayH+ → τ+ν is preferred for values of tanβ > 3. (b)
tt background events toH+ searches that contain tau decays. (c)tt events with decayst → W+b → µ+ν;
exploited to generate the background control sample.

which we can more easily and efficiently trigger. In lieu of collision data the effectiveness of this
method is evaluated by using Monte Carlo events.

2. Obtaining a pure tt sample from data

To extract thett control samples from data a set of selection criteria must beapplied. These criteria
evolved as a result of optimizing the efficiency and purity ofthe samples. This section reports on a
study conducted to evaluate the necessary cuts.

2.1 The di-muon control sample

To obtain thepp → tt̄ + X → W +W−bb̄ + X → µ+νµ−ν̄ + X ′ sample, events with at least two
identified muons with transverse momenta≥ 20 GeV are selected. These muons are required to
be isolated (i.e., the energy in a cone with an opening angle∆R =

√

∆φ2 + ∆η2 = 0.3 is required
to be less than 20 GeV). To exclude muons coming from the decayof a Z boson, events with a
di-muon invariant mass in the range 70-110 GeV are rejected.An additional requirement that the
missing transverse energy in the event be> 40 GeV is imposed. Other backgrounds considered
as potential contaminants to the control sample arebb andW + jets events. The efficiency of the
signal to survive this selection is 28% and the sample purityis estimated to be 72% [3].

2.2 The muon+jets control sample

The selection criteria for thepp → tt̄ + X → W +W−bb̄ + X → µ+νqq̄′ + X ′ sample are designed
to reject thebb → µ + X events, which have a rather large cross-section. Events areaccepted if an
isolated high-pT muon is found and two jets in the event with transverse momenta above 40 GeV
have an invariant mass within 20 GeV of the nominalW mass. Events with high-pT muons in the
jets are rejected. A missing transverse energy cut of 40 GeV is imposed, and at least two more jets
with transverse momenta above 40 GeV are required to be present. At least one of the jets in the
event is required to have an associatedb-tag. The overall transverse energy of the event is required

3
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to be greater than 250 GeV and the presence of a high-pT isolated electron (pT > 20 GeV) leads to
the rejection of the event. The selection efficiency for signal events is 8.6% and the signal purity is
75% [3].

3. Turning muons into taus

Once the events have been selected in either the di-muon or muon+jets sample, they are bifurcated
with one part containing the muon to be fed toTAUOLA (referred to here as the event “fragment”),
and the other containing the event missing-energy, jets andany remaining charged leptons (here-
after referred to as the event “remnant”). The event remnantis set aside and the muon in the event
fragment has its momentum three-vector individually re-scaled so that it appears to have the same
mass as a tau lepton. The amount by which the muon momentum is scaled,ξ , is calculated as

ξ =

√

E2
µ −m2

τ

|~pµ |2
.

Using the muon, with its re-scaled momentum, a customized event record of particle four-
vectors is built in a format understood by the ATLAS offline software. This event record of the
fragment, with the muon relabeled as a tau, is then pushed throughTAUOLA and the tau is decayed
according to the settings passed on to the decay package by the user (e.g., requesting a leptonically-
or hadronically-decaying tau). After being decayed, the fragment is pushed through theGEANT4-
based ATLAS detector simulation and the offline reconstruction software.

After the simulation and reconstruction of the event fragment has finished, the event remnant
and the decayed tau are weaved back together at the physics-object level. It is this merged event
that now contains the background control sample, over whichthe charged Higgs analysis event
selection criteria is run. A flow diagram of the control sample selection, scaling, simulation and
merging steps is depicted in Figure 2.

Figure 2: A flow diagram depicting the generation steps of the data-driventt̄ background control sample.
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Figure 3: A validation plot for thett → bτLν b̄qq̄′ final state. The lepton transverse momentum from both
the “real” and the “scaled”tt̄ events (left) and the corresponding bin-by-bin ratio (right). The gray band
represents±10% around a ratio of 1.
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Figure 4: A validation plot for thett → bτLν b̄qq̄′ final state. The reconstructedW transverse mass distribu-
tion from both the “real” and the “scaled”tt events (left) and the corresponding bin-by-bin ratio (right). The
gray band represents±10% around a ratio of 1.

4. Results

To thoroughly test thett̄ control sample method, the produced events have to be run through each of
the different analyses and the background shapes and normalizations obtained must be compared
to those fromtt Monte Carlo events containing real tau leptons in the final state. However, a quick
global check can be done by comparing various distributionsfrom the “real” and the “scaled”
events (from the control sample), where muons have been replaced by tau leptons. This has been
done separately for the three final states of interest:bτLν b̄qq̄′ [8], bτHν b̄qq̄′ [9] andbτHν b̄lν̄ [10].

Figure 3 shows the transverse momentum of the muon from the tau decay in thett → bτLν b̄qq̄′

final state, demonstrating that the replacement of the original muon with a scaled tau (decaying to
a muon) has been successful. Figure 4 shows the reconstructed transverse mass of theW boson

in the tt → bτLν b̄qq̄′ final state, defined asMW
T =

√

2pl
T pmiss

T (1−cos(∆φ)), which is a complex
quantity based on two objects and thus gives evidence that the relevant correlations in the event are
not destroyed in the emulation process.

The irreducible background for charged Higgs searches in the tt → bτH ν b̄qq̄′ final state can be
emulated by replacing muons intt → bµν b̄qq̄′ events recorded during collision data-taking with
simulated taus, and forcing the tau to decay hadronically. Figure 5 shows the reconstructed top
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Figure 5: A validation plot for thett → bτHν b̄qq̄′ final state. The top quark transverse momentum distri-
bution (fromt →Wb → bτHν) from both the “real” and the “scaled”tt events (left) and the corresponding
bin-by-bin ratio (right). The gray band represents±10% around a ratio of 1.
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Figure 6: A validation plot for thett → bτHν b̄lν̄ final state. The missing transverse energy distribution
from both the “real” and the “scaled”tt events (left) and the corresponding bin-by-bin ratio (right). The gray
band represents±10% around a ratio of 1.

quark transverse momentum (fromt →Wb → bτHν) for both the “real” and the “scaled”tt events.

The irreducible background for thett → bτHν b̄lν̄ analysis can be emulated by replacing a
muon with a simulated tau in att → bµν b̄lν̄ event, and forcing the tau to decay hadronically. Due to
the presence of leptons, a hadronic tau and large missing transverse energy in the event, this channel
can potentially also contribute to the background of all other charged Higgs analyses. Figure 6
shows the missing transverse energy which is a complex quantity resulting from the combination
of all objects in the event from both the “real” and the “scaled” tt events.

5. Conclusions

The distributions presented in the previous section demonstrate that the dominant background for
all H+ analyses,tt events, can be modeled with thett control sample method. In the regions of
interest, quantities relevant to theH+ analyses can be modeled within a 10% error margin. This
is remarkable in particular for complex quantities, i.e., variables derived from a combination of
several objects (for example, the top quark transverse momentum), and gives confidence that thett
control sample method allows one to reproduce many of the relevant correlations in the event.
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The background normalization can be obtained either by algebraic means using number count-
ing and measured efficiencies, or through the use of maximum likelihood fitting to data using signal
and background shapes.

Early into the data-taking era, the uncertainties in the method will largely be dominated by
limited statistics. The contamination of the control sample and the introduction of possible trigger
biases are important systematic effects that warrant additional study.

Further refinement of this method is currently in progress. For example, it is possible for the
removal and replacement scheme to be carried out at the levelof the tracking hits and calorimeter
depositions rather than at the higher level of reconstructed physics objects. Further investigations
may reveal that electrons intt lepton+jets and di-lepton events are also suitable for replacement
with Monte Carlo taus, thereby doubling and quadrupling thestatistics available for these control
samples, respectively.
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