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Higgs Searches
Aiming for a broad overview over ATLAS physics programme involving τ-leptons:
• Higgs Boson Searches - Within and beyond the Standard Model

ll
12%

lh
46%

hh
42%

• H → ττ interesting due to:
• Large branching ratio for low mass Higgs bosons 
• sensitive to τ Yukawa coupling

• Search for H → ττ events including all possible τ-decays
• Based on the 2011 dataset corresponding to L=4.7 fb -1 

• Specific analyses of various event topologies

simulation and from the di!erence in the pT shape of the events in the control region and in the signal
region. Such systematic uncertainties lie in the range of 30 ! 40%.

The contributions of the tt̄ , single top and electroweak di-boson backgrounds are estimated from
simulation. The Monte Carlo description of the top backgrounds has been validated using data by select-
ing control regions enriched in top background processes. The control regions are defined by inverting
the b-jet selection for the H +2-jet VBF, H +2-jet VH, H +1-jet categories and by inverting the H

lep
T

selection for the H +0-jet category.
Table 1 displays the number of events observed and expected in the four categories after all selection

criteria including all systematic uncertainties as described in Section 7. Figure 2 displays the invariant
mass spectra of the selected events for the four categories.
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(b) H +1-jet
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(c) H +2-jet VH
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Figure 2: Invariant mass of the selected events in the H " !+!! " "" 4# channel for the four categories
described in the text. Simulated samples are normalised to an integrated luminosity of 4.7 fb!1. Predic-
tions from the Higgs boson signal (mH = 120 GeV) and from backgrounds are given. In the case of the
H +0-jet category me!

!! is used. For illustration only, the signal contributions have been scaled by factors
given in the legends.
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Figure 4: Upper limits on B(t ! bH+) for the combined single-lepton and dilepton channels, as a

function of the charged Higgs boson mass, obtained for an integrated luminosity of 1.03 fb"1 and with

the assumption that B(H+ ! !") = 1.

mH+ (GeV) 90 100 110 120 130 140 150 160

95% C.L. observed
(expected) limit on 11.1% 9.9% 9.3% 6.3% 5.8% 5.2% 4.2% 11.6%
B(t ! bH+) for the (11.6%) (9.5%) (9.7%) (7.0%) (7.2%) (7.7%) (5.3%) (14.6%)
single-lepton channel

95% C.L. observed
(expected) limit on 20.0% 19.2% 20.7% 32.0% 18.8% 24.2% 22.7% 47.3%
B(t ! bH+) for the (24.7%) (22.6%) (22.4%) (26.9%) (19.8%) (22.6%) (19.0%) (43.7%)
dilepton channel

95% C.L. observed
(expected) limit on 10.4% 9.8% 9.5% 7.7% 6.6% 7.1% 5.2% 14.1%
B(t ! bH+) for the (10.2%) (8.5%) (8.9%) (6.9%) (6.7%) (7.5%) (5.2%) (12.9%)
combined channels

Table 5: Observed (expected) 95% C.L. upper limits on B(t ! bH+) in the single-lepton and dilepton

channels, and after their combination, as a function of the charged Higgs boson mass, obtained for an

integrated luminosity of 1.03 fb"1 and with the assumption that B(H+ ! !") = 1.

Finally, Fig. 5 shows the upper limit in the context of the mmax
h

scenario of the MSSM [45], in the

mH+-tan # plane. No exclusion limit is shown for charged Higgs boson masses above 140 GeV since

no reliable calculations of B(t ! bH+) exist for tan # values in the range of interest. Also, since the

assumption B(H+ ! !") = 1 is not fulfilled at low tan #, we do not attempt to derive limits in this region.

The following relative uncertainties on B(t ! bH+) are considered and added linearly [46]:

• 5% for one-loop electroweak corrections missing in the calculations,

• 2% for missing two-loop QCD corrections,

• about 1% (depending on tan #) for !b-induced uncertainties, where !b is a correction factor to the

running b-quark mass [47].
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1 Introduction

The charged Higgs boson is predicted by many non-minimal Higgs scenarios [1, 2], such as models con-

taining Higgs triplets and Two-Higgs-Doublet Models (2HDM) [3]. The observation of charged Higgs

bosons1, H±, would indicate physics beyond the Standard Model (SM). The analysis in this note consid-

ers the type II-2HDM [3], which is also the Higgs sector of the Minimal Supersymmetric Standard Model

(MSSM) [4]. For charged Higgs boson masses, mH+ , smaller than the top quark mass, mt, the dominant

production mode at the LHC for H+ is through top quark decay via t ! H+b. The dominant source of

top quarks at the LHC is through tt̄ production; the cross section for charged Higgs boson production

from top quark decays in single-top events is much smaller and not considered here. For tan ! > 3, where

tan ! is the ratio of the vacuum expectation values of the two Higgs doublets, charged Higgs bosons de-

cay mainly via H+ ! "# [5]. Recent limits on light charged Higgs boson production come from the

Tevatron [6], where the observed upper limit on BR(t ! H+b) assuming BR(H+ ! "+#) = 1 is 0.17 for

mH+ = 120 GeV. Direct searches at LEP [7] give a lower limit of mH+ " 90 GeV for BR(H+ ! "+#) = 1.

Preliminary results for charged Higgs boson searches in top quark decays have recently been made public

by the CMS experiment [8].

This note describes the search for charged Higgs bosons in tt̄ events in the topology shown in Fig. 1,

for the case where both the " lepton and theW decay hadronically ("+jets channel).

The H+ search uses proton-proton collision data collected with the ATLAS experiment [9] at the

LHC at a center-of-mass energy of
#
s = 7 TeV in 2011. The total integrated luminosity amounts to

1.03 fb$1 .

The background processes that enter these searches include the production of tt̄, single-top, W+jets,

Z/$%+jets, and multi-jet events where there is either a true " lepton, or another object misidentified as

a hadronically decaying ". In this note, all significant backgrounds, i.e. events with correctly identified

hadronically decaying " leptons (hereafter referred to as " jets), or with jets or electrons misreconstructed

as " jets, are estimated using data-driven methods.
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Figure 1: Example for a leading-order Feynman diagram for the production of a charged Higgs boson

through gluon fusion in tt̄ decays.

2 Physics processes and their cross sections

All relevant backgrounds are estimated using data-driven techniques. However, for backgrounds with

intrinsic missing transverse energy and objects misidentified as " jets, simulation is used to model any

aspects not related to the probability of the object to be misidentified as a " jet. For backgrounds without

1Hereafter the charged Higgs bosons will be denoted H+, with the charge-conjugate H$ always implied.
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Figure 9: Expected and observed 95% CL exclusion limits for charged Higgs boson production from top

quark decays as a function of mH+ in terms of BR(t ! H+b) " BR(H+ ! !+"). For comparison, the

best limit provided by the Tevatron experiments is shown [6].
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Figure 10: Limit for charged Higgs boson production from top quark decays in the mH+-tan # plane.

Results are shown for the MSSM scenario mmax
h

.
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H+→)τlν )

H+→)τhν )

Upper)limits)on)B)(top→bH+))as)a)func@on)
of)the)charged)Higgs)boson)mass,)with)the)
assump@on)that)B(H+→τν)=1:)

•Searches for charged Higgs Bosons 
  for example in 2 Higgs doublet models
•Decay to τ‘s especially interesting 

consistent with the estimation of the SM background. The mT distribution for the !+jets

channel, after all selection cuts are applied, is shown in Fig. 6.

Sample Event yield (!+jets)

True ! (embedding method) 210 ± 10± 44

Misidentified jet! ! 36± 6± 10

Misidentified e ! ! 3± 1± 1

Multi-jet processes 74± 3± 47

All SM backgrounds 330 ± 12± 65

Data 355

t ! bH+ (130 GeV) 220 ± 6± 56

Signal+background 540 ± 13± 85

Table 6. Expected event yields after all selection cuts in the !+jets channel and comparison with
4.6 fb!1 of data. The numbers in the last two rows, obtained for a hypothetical H+ signal with
mH+ = 130 GeV, are obtained with B(t ! bH+) = 5%. The rows for the backgrounds with
misidentified objects assume B(t ! bW ) = 100%. Both statistical and systematic uncertainties are
shown, in this order.
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Searches for Supersymmetry
Aiming for a broad overview over ATLAS physics programme involving τ-leptons:
• Searches for Supersymmetry involving τ-leptons 
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Figure 3: Expected and observed 95% CL limits on the minimal
GMSB model parameters ! and tan !. The dark grey area indicates
the region which is theoretically excluded due to unphysical spar-
ticle mass values. The di"erent NLSP regions are indicate. In the
CoNLSP region the "̃1 and the #̃R are the NLSP. Further model pa-
rameters are Mmess = 250TeV, N5 = 3, µ > 0 and Cgrav = 1. The
previous OPAL [16] limits are also shown.

10. Conclusions

A search for events with two or more hadronically de-
caying tau leptons, large Emiss

T and jets is performed using
2 fb!1 of

!
s = 7TeV pp collision data recorded with the

ATLAS detector at the LHC. Three events are found, con-
sistent with the expected SM background. The results are
used to set a model-independent 95% CL upper limit of
5.9 events from new phenomena, corresponding to an up-
per limit on the visible cross section of 2.9 fb. Limits on
the model parameters are set for a minimal GMSB model.
The limit on the SUSY breaking scale ! of 32TeV is de-
termined, independent of tan!. It increases up to 47TeV
for tan! = 37. These results provide the most stringent
tests in a large part of the parameter space considered to
date, improving the previous best limits.
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and renormalization scales, !s, and the amount of initial-
state and final-state radiation) [76]. Additional uncertain-
ties on W +jets and top-quark backgrounds are estimated
by varying the assumed b-quark identification e!ciency
within measured uncertainties (4–11%) [75]. Uncertainties
on the multijet background yield are estimated by study-
ing correlations betweenme! and the azimuthal separation
between the leading two jets and the missing transverse
momentum. Additional systematic uncertainties, includ-
ing those on the pile-up description in the simulation, are
considered and found to be negligible.

In addition to the sources described above, systematic
uncertainties on the SUSY signal cross section are esti-
mated by varying the factorization and renormalization
scales in PROSPINO up and down by a factor of two, by
considering variations in !S , and by varying the proton
PDFs within their uncertainties. These theoretical uncer-
tainties total typically 8–12% across the relevant region of
parameter space. Uncertainties are calculated separately
for individual SUSY production processes.

8. Results

Figure 2 shows the distributions of Emiss
T , p!T, and me!

for data with all selection requirements applied except for
that onme! , along with the corresponding estimated back-
grounds. The numbers of expected SM background events
and the observed number of events after the me! require-
ment are shown in Table 3. The data agree with the back-
ground expectation.

Based on these results, limits are placed on contribu-
tions beyond the SM to the signal region. With 11 events
observed and 13.2 ± 4.2 expected, an upper limit of 8.5
on the number of events observed due to non-SM sources
is derived at 95% confidence level (C.L.). This limit cor-
responds to an upper limit on the visible cross section of
4.0 fb, where the visible cross section is defined as the
product of production cross section, branching fraction to
at least one " lepton, acceptance, and e!ciency using the
event selection defined in Section 5. For the two bench-
mark points " = 30, tan# = 20 and " = 40, tan# = 30
the product of branching ratio to " -leptons, the accep-
tance and the e!ciency for this selection amounts to 1.47%
and 1.69%, respectively. Figure 3 shows an interpreta-
tion of the result as a 95% C.L. exclusion limit in the
Mmess = 250 TeV, N5 = 3, µ > 0, Cgrav = 1 slice of the
GMSB model. Figure 3 also shows the variation of the
expected limit in response to ±1$ fluctuations in the ex-
pected SM background and the SUSY cross sections. The
excluded regions are calculated using a profile likelihood
method with systematic uncertainties modelled as varying
Gaussian-distributed nuisance parameters [77, 78]. The
resulting limit is compared with previous exclusion limits
from searches for "̃ and ẽ production and GMSB topologies
at LEP. The region of small " and large tan# is theoret-
ically excluded since it leads to tachyonic states. In this
model, the production of supersymmetric particles can be

excluded at 95% C.L. up to " = 30 TeV, independent of
tan#, and up to " = 43 TeV for large values of tan#.
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Figure 2: Distributions of Emiss
T , p!T, and me! for data with all selec-

tion requirements except for that onme! , along with the correspond-
ing estimated backgrounds. Backgrounds are taken from simulation
and normalised with control regions in data. The solid (red) line
with shaded (yellow) error band corresponds to the total SM predic-
tion, while the points are data. The error bands indicate the size
of the total (statistical and systematic) uncertainty. The notation
GMSB(40,30) stands for the GMSB model with ! = 40 TeV and
tan ! = 30 and analogously for GMSB(30,20).

9. Conclusions

In conclusion, this Letter presents a search for super-
symmetry in final states containing jets, missing transverse
momentum, and at least one " lepton with the ATLAS
experiment in

!
s = 7 TeV proton-proton collisions at the

LHC. This is the first search in these final states at the
LHC that includes events with one " lepton. No excess of
events is seen beyond the expected Standard Model back-
grounds in 2.05 fb!1 of data. Limits are placed on the

5

• τ-leptons play a significant role in searches for supersymmetry
• Presenting two inclusive analyses with ≥ 1(2) τ, Jets and largeE/T

•Generic analyses interpreted model independent
as well as in a GMSB model, setting stringent limits 
on the SUSY breaking scale
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Standard Model Measurements

/"20"Event selection�
•  Selection is based on the event topology"
–  Single lepton Trigger"
–  1 lepton (e/µ)"
–  ≥ 1 τhad candidate"
–  Njet ≥ 2 (≥ 1 b-tagged jet) "
–  ET

miss > 30 GeV"
–  ΣET > 200 GeV"

Main background"
(tt � l + jet)�

•  anti-kT calo seeds"
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•  leading track pT  > 4GeV"
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Table 3 Sensitivity of the charged asymmetry observable at various stages in the simulation process. P⌧ denotes the assumed
polarization.

Stage of Simulation P⌧ = –1 P⌧ = 0 P⌧ = +1

Generator Level, No Selection 0.32 0.25 0.26
Generator Level, p⌧,visT > 20 GeV, |⌘⌧,vis| < 2.5, (

P
p

⌫)T > 30 GeV 0.57 0.45 0.53
Reconstruction and Full Event Selection 0.46 0.37 0.40

The assignment of the linear combination of the con-
tributions per template for each bin, T

i

, is given by

T

i

(NMC, P⌧

, NMJ) =

NMC ·
h⇣1� P

⌧

2

⌘
s

L

i

µ

s

L +
⇣1 + P

⌧

2

⌘
s

R

i

µ

s

R

i
+

NMC ·
hX

j

b

j

i

µ

b

j

i
+NMJ · q0

i

.

(7)

The left-handed and right-handed W ! ⌧⌫ signal com-
ponents are weighted with the parameter P

⌧

, which is
used to extract the value of the ⌧ polarization. The sig-
nal and electroweak background Monte Carlo contribu-
tions are normalized relative to each other according
to their SM cross-sections with the factors µ

s

L , µ
s

R ,
and µ

b

j . The overall normalization of the contributions
from the W ! ⌧⌫ signals and electroweak background
processes is fitted with a single parameter, NMC, com-
mon across bins i, which accounts for the potential dis-
agreement between the number of events predicted in
Monte Carlo and that observed in data. The multijet
background estimation is similarly normalized with a
separate fitted parameter, NMJ, common across bins i.
Furthermore, the multijet contribution is explicitly cor-
rected for the contamination of signal and electroweak
background events as follows:

q

0
i

= q

i

�

NMC

h
n

EW
i,MJ �

⇣1� P

⌧

2

⌘
s

L

i,MJ �
⇣1 + P

⌧

2

⌘
s

R

i,MJ

i
,

(8)

where s

L
i,MJ (sR

i,MJ) and n

EW
i,MJ are the number of left-

handed (right-handed) signal and electroweak
background events per bin i in the multijet-rich control
sample, scaled to the integrated luminosity in data.

The fit is performed over the range �1  ⌥  3 with
bins of width �⌥ = 0.1. Figure 4 shows the left-handed
and right-handed templates plotted together with the
observed charged asymmetry distribution in data along
with the resulting fit. The fitted value of the ⌧ po-
larization and its associated statistical uncertainty is
P

⌧

= �1.06± 0.04(stat). As an assessment of the qual-
ity of the fit, the �

2 per degree of freedom is calcu-
lated using only the statistical uncertainties on the data
sample and with the bins in the range 1.5 < ⌥ < 3.0

ϒ
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-1 L dt = 24 pb∫

Fig. 4 Simulated signal and background templates for left-
handed and right-handed ⌧ decays along with the observed
charged asymmetry distribution in data. The best fit resulting
from maximizing the likelihood is plotted in bold.

merged due to the low number of events in this region.
With 22 degrees of freedom (ndf) the resulting value is
�

2
/ndf = 1.1. The value of the Monte Carlo normal-

ization parameter is given by NMC = 0.98± 0.04(stat).

9 Systematic Uncertainties

This analysis relies on the prediction of the shapes of
the left-handed and the right-handed templates, which
include the simulated signal and backgrounds. System-
atic uncertainties are evaluated for their e↵ect on the
shape of the ⌥ distribution, as well as for any changes
in the relative acceptance of the signal and background
events.

For each source of systematic uncertainty, new tem-
plates are constructed and fit to the data. The corre-
sponding uncertainty on P

⌧

is taken as the di↵erence
between the fit values obtained with the nominal and
the new templates. The total systematic uncertainty is
calculated as the sum in quadrature of the individual
uncertainties. The results are presented in Table 4 and
the various sources of systematic uncertainty are dis-
cussed below.

Energy Scale and Resolution: The dominant source of
systematic uncertainty arises from the calibration of en-
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