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Summary. — Tau leptons play a fundamental role in the physics program of experi-
ments at the LHC, since they are an important signature of Higgs boson production
and SUSY. The Standard Model processes W — 7v and Z — 77 are standard
candles for the assessment of the detector performance in identifying hadronically
decaying tau leptons. The Z — 77 cross-section was measured at ATLAS in pp
collisions at /s = 7TeV with the data sample collected in 2010, corresponding to
36 pb~ !, demonstrating the capabilities of ATLAS to perform measurements in tau
channels. The measurement in the semileptonic channel is presented.

PACS 13.38.Dg — Decays of Z bosons.
PACS 13.85.Qk — Inclusive production with identified leptons, photons, or other
nonhadronic particles.

1. — Introduction

The production of the Z boson and its decay to 7 leptons is a benchmark process for
physics with 7 leptons at ATLAS.

Tau leptons are the charged third-family leptons, they are characterised by a large
mass of 1776.82 4+ 0.16 MeV and a short lifetime of 290.6 & 1.0fs [1]. The short lifetime
implies that only the 7 leptons decay products can actually be detected in an experimental
apparatus such as that of ATLAS. The large mass allows then the 7 lepton to have both
leptonic and hadronic decays. Hadronic decays in particular can be 1-prong, that is the
final state contains one charged hadron, or 3-prong.

But the 7 leptons large mass is first of all one of the characteristics that makes them
interesting for the search of new physics phenomena at the LHC: within the Standard
Model (SM) the Higgs boson is expected to have larger couplings to massive particles,
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which makes decays to tau leptons an attractive channel especially for a low mass Higgs
boson. Moreover Higgs to 7 pairs decays can be strongly enhanced with respect to
SM couplings in large regions of parameter space within the Minimal Supersymmetric
Standard Model (MSSM).

Besides this, in the MSSM framework charged Higgs bosons H* are predicted, for
which the H — 7v channel provides a unique signature and cascades containing 7 leptons
are present within Supersymmetric scenarios.

Z — 177 and W — 71v decays are important background processes in these searches
and their production cross-sections need to be measured precisely. Studies of Z — 77
processes at the LHC centre-of-mass energies are also interesting in their own right,
complementing the measurements of the Z boson through the electron and muon decay
modes. Finally, measuring the cross-section of a well-known Standard Model process
involving 7 leptons is highly important for the commissioning and validation of 7 iden-
tification techniques, which will be crucial for fully exploiting the ATLAS experiment’s
potential in searches for new physics involving 7 leptons.

The Z — 77 cross-section was measured at ATLAS using four different final states
in pp collisions at a centre-of-mass energy of /s = 7TeV recorded with the ATLAS
detector [2] at the LHC [3]. A full description of results can be found in ref. [4]. In
this paper only the semileptonic decay modes Z — 77 — u + hadrons + 3v (7,7,) and
Z — 177 — e + hadrons + 3v (7.7,) with branching fractions of (22.50 + 0.09)% and
(23.13 + 0.09)%, respectively [1] will be described. These modes offer a large branching
fractions and imply many advantages such as the possibility to use single lepton triggers to
select the events. The cross-section measurement in this channel in particular allows for a
global check of the comprehension of analyses involving hadronically decaying 7 leptons.

2. — The ATLAS detector

The ATLAS detector [2] is a multi-purpose apparatus operating at the LHC, designed
to study a range of physics processes as wide as possible. ATLAS consists of several layers
of subdetectors, from the interaction point outwards, the inner detector tracking system,
the calorimeters, and the muon system().

The inner detector is immersed in a 2 T magnetic field generated by the central
solenoid. It is designed to provide high-precision tracking information which allows to
measure the momentum of charged particles as well as provide information about their
identity.

The calorimeters measure the energy of the particles by completely absorbing them.
They are divided into an electromagnetic compartment, dedicated specifically to the
measurement of electrons and photons, and a hadronic compartment, dedicated to the
measurement of hadrons.

Muons are very penetrating particles, and therefore traverse the calorimeters with-
out being absorbed. They are measured in the muon spectrometer, that relies on the

(1) ATLAS uses a right-handed coordinate system with its origin at the nominal interaction
point (IP) in the center of the detector and the z-axis along the beam pipe. The z-axis points
from the IP to the center of the LHC ring, and the y-axis points upward. Cylindrical coordinates
(r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar angle 6§ as n = —Intan(6/2). The distance AR

in the n — ¢ space is defined as AR = \/(An)? + (A¢)2.



Z — 77 CROSS-SECTION AT /s = 7TeV WITH THE ATLAS DETECTOR 3

deflection of muons as they pass through the magnetic field of the large superconducting
air-core toroid magnets.

The ATLAS detector has a three-level trigger system that acts as an event filter as
well, in order to keep the rate of data going to mass storage sustainable.

3. — Data and Monte Carlo samples

The data sample used in this analysis corresponds to a total integrated luminosity of
about 36 pb~!, recorded with stable beam conditions and a fully operational detector in
2010.

Events are selected using either single lepton triggers with thresholds based on the
transverse momentum (pr) or transverse energy (E7) of the muon or electron candidate,
respectively. For the 7,7, final state, single muon triggers requiring pr > 10-13 GeV,
depending on the run period, are used. For the 7.7, final state, a single electron trigger
requiring E7 > 15GeV is used. The thresholds level is fixed by a tradeoff between
the sustainability of the rate at the EF level and the need of having a good kinematic
acceptance for the soft electrons and muons from 7 leptons decays. The efficiencies of
the used triggers are determined from data using the so-called “tag-and-probe method”,
applied to Z — pu, Z — ee and W — ev events, respectively.

The signal and background Monte Carlo (MC) samples used for this study are gen-
erated at /s = 7TeV with the default ATLAS MC10 tune [5] and passed through a full
detector simulation based on the GEANT4 program [6,7]. More details on the samples
used can be found in ref. [4].

4. — Cross-section calculation

The measurement of the cross-sections is obtained using the formula

o Nobs - kag
(1) U(Z_”—T)XB_AZ'CZ'£7
where Ngps is the number of observed events in data, Ny, is the number of estimated
background events, B is the branching fraction for the channel considered and £ denotes
the integrated luminosity for the final state of interest. C'z is the correction factor that
accounts for the efficiency of triggering, reconstructing and identifying the Z — 77 events
within the fiducial regions, defined by the full kinematic requirements applied to select
the Z — 77 events and summarised in sect. 5.

The Cy factor is determined as the ratio between the number of events passing the
entire analysis selection after full detector simulation and the number of events in the
fiducial region at generator level. The correction by the C; factor only provides the
cross-section within the fiducial region of each measurement which is independent of
the extrapolation procedure to the full phase space, and therefore is less affected by
theoretical uncertainties in the modeling of the Z boson production.

The acceptance factor Az allows the extrapolation of o9 to the total cross-section,
defined by eq. (1). The Az factor is determined from Monte Carlo as the ratio of events
at generator level whose 77 invariant mass, before final state radiation, lies within the
mass window [66, 116] GeV, and the number of events at generator level that fall within
the fiducial regions defined above.
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5. — Selection of Z — 77 candidates

The selection of Z — 77 events is based first of all on an event preselection, which
allows to select events with a well-reconstructed primary vertex and to reject events with
jets or 7 candidates caused by out-of-time cosmic-rays, beam-halo events or known noise
effects in the calorimeters.

Then events characterized by the presence of an isolated lepton(?) and a hadronic
7 decay(®) are considered. Hadronic 7 decays produce highly collimated jets in the
detector consisting of an odd number of charged hadrons and additional calorimetric
energy deposits from possible 70 decay products. Finally, missing energy is expected
from the neutrinos produced in the 7 decays.

This implies the invariant mass of the system cannot be reconstructed trivially. In
the context of this analysis the visible mass, defined as the invariant mass of the visible
7 decay products only, is used.

5'1. Reconstructed physics objects. — A description of the reconstructed physics objects
used in this analysis can be found in ref. [4].

Muouns, electrons and taus are required to satisfy moderate transverse momentum/
energy thresholds, in order to have both a good kinematic acceptance and to select objects
in a kinematic region where efficiencies are well known. Furthermore muons are required
to lie in the pseudorapidity region where full trigger coverage is available, whereas elec-
trons and taus are accepted in the full region where tracking information is available,
excluding the calorimeter region where the performance is poor due to the presence of
detector services. Additionally, muons, electrons and taus are required to satisfy tight
reconstruction and identification criteria. In particular, tau candidates are identified
against jets and electrons using variables describing the 17— ¢ width of the candididate as
well as particle identification information both from tracking and calorimetry. Leptons
finally are required to be isolated, using variables that quantify the additional activity
in a cone around the candidate.

Since neutrinos are emitted in the 7 decays, genuine missing transverse momentum
(Emiss) is expected in signal events.

5'2. Fvent selection. — After a basic topology selection it is necessary to apply ad-
ditional requirements in order to suppress the contribution of background events in the
selected sample. In particular multijet events can fake the Z — 77 — ¢71, signature with
a lepton, which can be either a fake from a jet or a genuine lepton from a semileptonic
hadron decay, and a fake 7 candidate from a jet. The multijet background is already
strongly suppressed at this stage by the lepton isolation requirement and 7 identifica-
tion. Nevertheless 7 candidates are further required to have unitary charge and 1 or 3
associated tracks. Events due to W — v and W — 7v typically enter the sample thanks
to the genuine lepton and a fake 7 candidate due to an additional jet in the event.

For signal events the EXS vector is expected to fall in the azimuthal range spanned by
the decay products, while in W — fv + jets events it will tend to point outside of the angle
between the jet faking the 7 decay products and the lepton. Hence the discriminating

(2) In the following, the term “lepton”, ¢, refers to electrons and muons only.
(*) In the following, reconstructed jets identified as hadronic 7 decays are referred to as “r
candidates” or 7.
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Fig. 1. — The distributions of the visible mass of the combination of the 7 candidate and the
lepton are shown for the 7,7, (a) and 77, (b) final states. These distributions are shown after
the full event selection, except for the visible mass cut [4].

variable " cos A¢ is defined as
(2) Z cos Ag = cos (¢(€) - ¢(E¥iss)) + cos (qS(Th) _ (b(E%liSS)).

The variable > cos A¢ is positive when the ES vector points towards the direction
bisecting the decay products and is negative when it points away. The W + jets back-
grounds accumulate at negative Y cos A¢ whereas the v*/Z — 77 distribution has an
asymmetric tail extending into positive Y cos A¢ values, corresponding to events where
the Z boson has higher py. Events are therefore selected by requiring > cos A¢ > —0.15.

The transverse mass, defined as

(3) mr = \/2PT(Z) - ERiss (1 — cos A@(L, ERss)),

displays a Jacobian peak at the W boson mass for W — lv events, whereas Z — 77
events cluster towards zero. In the present selection the transverse mass is required to
be mT < 50 GeV.

Additionally, any event with more than one muon or electron candidate is vetoed,
which strongly suppresses background from ~*/Z — ¢ + jets events, which can fake the
Z — 77 signature in the same way as W — [v events as well as with a lepton faking the
T signature.

Selected events are then required to have a visible mass in the range 35 < myis <
75 GeV. This window is chosen to include the bulk of the signal, while avoiding back-
ground contamination from Z — ¢¢ decays. Finally, the chosen 7 candidate and the
chosen lepton are required to have opposite charges (OS) as expected from Z — 77 de-
cays. The visible mass distribution for the fully selected events in the 7,7h4q and TeThaa
is shown in fig. 1. The purely kinematic requirements, defining the fiducial region for the
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TABLE 1. — Ezpected number of events per process and number of events observed in data for an
integrated luminosity of 36 pb™ ', after the full selection. The background estimates have been
obtained as described in sect. 6. The quoted uncertainties are statistical only [4].

TuTh TeTh
N Z — 1l 11.1+0.5 6.9+04
W — v 9.3+0.7 4.8+04
W — v 3.6+0.8 1.5+04
tt 1.34+0.1 1.02 £ 0.08
Diboson 0.28 +0.02 0.18 = 0.01
Multijet 2446 23+6
Y Z =TT 186 +2 98+1
Total expected events 235+6 135+ 6
Nobs 213 151

cross-section measurement, can be summarised as

TuTh final state:
Muon pr > 15GeV, |n| < 24
Tau pr > 20 GeV, |n| < 2.47, excluding 1.37 < |n| < 1.52
Event ¥ cos A¢ > —0.15, mt < 50 GeV, my;is within [35, 75] GeV

TeTh final state:
Electron Ep > 16 GeV |n| < 2.47, excluding 1.37 < |n| < 1.52
Tau pr > 20 GeV |n| < 2.47, excluding 1.37 < |n| < 1.52
Event X cos Ag > —0.15 mr < 50 GeV, myis within [35, 75] GeV

6. — Background estimation

In order to determine the purity of the selected Z — 77 events and the Z — 771
production cross-section, the number of background events passing the selection cuts
must be estimated. The contributions from the v*/Z — I, tt and diboson backgrounds
are taken from Monte Carlo simulations, while all other backgrounds are estimated using
partially or fully data-driven methods.

The W — fv and W — 7v are constrained with data by obtaining their normalization
from a W-boson—enriched control region. This normalization corrects the Monte Carlo
for an overestimate of the probability for quark and gluon jets produced in association
with the W boson to be misidentified as hadronic T decays.

The multijet background estimation is made by employing a data-driven method. A
multijet enriched control region is constructed by requiring the two candidate 7 decay
products to have the same sign (SS). The ratios of events where the decay products
have the opposite sign to those where they have the same sign Rog/sg is then measured
in a separate pair of control regions where the lepton isolation requirement is inverted.
Electroweak backgrounds in all three control regions are subtracted using Monte Carlo
simulations.

Table T shows the estimated number of background events per process and the ex-
pected number of signal events, as well as the total number of events observed in data
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TABLE II. — Relative statistical and systematic uncertainties in % on the Z — 717 total cross-
section measurement. The electron and muon efficiency terms include the lepton trigger, recon-
struction, identification and isolation uncertainties, as described in ref. [4].

Systematic uncertainty TuTh TeTh
Muon efficiency 3.8% -
Muon resolution and energy scale 0.2% -

Electron efficiency, resolution and

charge misidentification - 9.6%
71, identification efficiency 8.6% 8.6%
7, misidentification 1.1% 0.7%
Energy scale (e/7/jets/ERss) 10% 11%
Multijet estimate method 0.8% 2%

W normalization factor 0.1% 0.2%
Object quality cuts 1.9% 1.9%
pile-up description in simulation 0.4% 0.4%
Theoret. cross-section 0.2% 0.1%
Az systematics 3% 3%

Total Systematic uncertainty 15% 17%
Statistical uncertainty 9.8% 12%
Luminosity 3.4% 3.4%

after the full selection. Further details on the background estimation methods can be
found in ref. [4].

7. — Systematic uncertainties

Several possible sources of systematic uncertainty affect the cross-section measure-
ment as uncertainties on the background estimation, on the signal yield, on the extrap-
olation of the fiducial cross-section to the total one and on the luminosity. A summary
of systematic uncertainties can be found in table II.

Uncertainties on the background estimation come from uncertainties in the Monte
Carlo predictions and from the assumptions at the basis of the methods used to perform
the data-driven background estimates. Uncertainties on the Monte Carlo predictions
are estimated either as statistical and systematic uncertainties in data-driven methods
used ATLAS-wide to check or correct the Monte Carlo predictions or by varying the
simulation conditions. Efficiencies of lepton trigger, identification and isolation fall in the
first category, as well as rates of misidentification of electrons and jets as 7 candidates,
whereas uncertainties on the 7 energy scale and identification efficiency fall in the second.
The systematic uncertainty due to the multijet background estimate method is assessed
by studying the dependence of the Rpg/ss on the isolation variables cuts. The uncertainty
on the W+jets background estimation method is dominated by the statistical uncertainty
on the calculation of the normalization factor in the W control region.

The uncertainty on the correction factor Cyz is entirely due to the uncertainty in
the Monte Carlo prediction for signal, and was assessed as in the case of background
estimation explained above.

The theoretical uncertainty on the geometric and kinematic acceptance factor Ay is
dominated by the limited knowledge of the proton parton distribution functions (PDFs)
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TABLE III. — The components of the Z — 7T cross-section calculations for each final state. For
Nobs — Nukg the first uncertainty is statistical and the second systematic. For all other values
the total error is given [4].

THTh TeTh
Nobs 213 151
Nobs — Nbkg 164+ 16 + 4 114+ 1443
Ay 0.117 4 0.004 0.101 4 0.003
Cz 0.20 4 0.03 0.12 4 0.02
B 0.2250 =+ 0.0009 0.2313 % 0.0009
L 355+ 1.2pb~ 1 35.7+1.2pb~ !

and the modeling of the Z boson production at the LHC. These are assessed by con-
sidering PDF's errors and varying sets, as well as changing the Monte Carlo generator
used for the signal sample. The uncertainty on the luminosity is taken to be 3.4% [8].
A number of other sources, such as the uncertainty due to the object quality require-
ments on 7 candidates and on jets, are also evaluated but have a small impact on the
total uncertainty. The largest systematic uncertainties are due to the 7 energy scale and
identification efficiencies.

8. — Results

The inputs to the cross-section calculation are shown in table III, whereas the final
results, obtained with the method described in sect. 4, are shown in table IV and fig. 2.
The results for the 7.7, and 7,7, channels and the combination of the four measurements
described in ref. [4] are shown as well in fig. 2.

It can be seen that there is a good agreement among Z — 77 channels, with the
other Z — [l channels at ATLAS [9]. The gray band in fig. 2 represents the NNLO
theory expectation of 0.96 + 0.05nb, with which is found to be in agreement with the
measurements. The obtained result is compatible with the Z — 77 cross-section in
four final states published recently by the CMS Collaboration [10], 1.00 £ 0.05 (stat) +
0.08 (syst) £ 0.04 (lumi) nb, in a mass window of [60, 120] GeV.

TABLE IV. — The production cross-section times branching fraction for the Z — 77 process as
measured for the two semileptonic channels. For the fiducial cross-sections the measurements
include also the branching fraction of the T to its decay products. The first error is statistical,
the second systematic and the third comes from the luminosity [4].

Final state Fiducial cross-section (pb)

TuTh 23+£2+£3+£1

TeTh 2T7+£3+£5+£1

Final state Total cross-section ([66, 116] GeV) (nb)
TuTh 0.86 £0.08 £0.12 £ 0.03

TeTh 1.14£0.14 £ 0.20 £ 0.04
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Fig. 2. — The individual cross-section measurements by final state, and the combined result. The
Z — L0 combined cross-section measured by ATLAS in the Z — up and Z — ee final states is
also shown for comparison. The gray band indicates the uncertainty on the NNLO cross-section
prediction [4].

The presented analysis is a pioneering one for di-tau studies at ATLAS. It allowed
for a better understanding of tau performance. Methods for data-driven estimates of the
background were designed and tested in this context, that will be fundamental in other
physics channels including taus.
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