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7 TeV collected with the CMS detector at the LHC at CERN. The Standard Model
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1 Introduction

The analysis presented in this paper is a search for physics beyond the standard model (BSM)
using data collected with the Compact Muon Solenoid (CMS) in proton-proton collisions at a
center of mass energy of /s = 7 TeV at the Large Hadron Collider (LHC). The data samples
correspond to an integrated luminosity of 1 fb~!.

The motivations for physics beyond the SM range from astrophysical evidence of dark matter
(DM) to theoretical issues associated with the observation of certain particle mass heirarchies.
Since new particles predicted by many BSM physics processes have not been observed by pre-
vious experiments, our search concentrates on heavy BSM particle production. Focus is placed
on strongly produced BSM processes with a large enough cross section to be observed with the
current dataset. Additionally, astrophysical evidence for dark matter points to the existence of
weakly-interacting massive particles at the scale of electroweak symmetry breaking [1]. These
particles, if produced in proton-proton collisions at the LHC, would escape detection and re-
sult in a significant momentum imbalance in the detector. This analysis focuses on production
of heavy colored particles followed by cascade decays leading to final states with leptons. The
couplings to third generation leptons can be enhanced, thus leading to final states that predom-
inantly contain tau leptons. Therefore, the analysis presented is a general BSM search in events
with jets, large momentum imbalance in the detector, and opposite sign dilepton final states
including one or more hadronically decaying T leptons.

The analysis presented is not limited to a particular BSM theory. However, to illustrate the
sensitivity of this search for BSM processes, the constrained minimal supersymmetric extension
of the standard model (cMSSM) is chosen as a benchmark due to the simplicity of the model
[2-5]. The cMSSM contains only five parameters to determine all the masses and couplings: mg
(universal sfermion mass), m, /; (universal gaugino mass), Ag (universal soft breaking trilinear
coupling constant), tanp (the ratio of vacuum expectation values of two Higgs doublets), and
the sign of u (the bilinear Higgs coupling constant). We use three sets of parameters, referred
to as LM1, LM2, and LM13 [6], to illustrate the sensitivity to possible BSM processes. The
parameter values for [LM1, LM2, LM13] are my = [60, 185,270], m;,, = [250,350,218], tanp =
[10,35,40], Ag = [0,0, —553], and u > 0.

2 Analysis Strategy

The tau is the heaviest known lepton with a mass of 1.777 GeV and a lifetime of 2.9 x 10713
seconds. About one third of taus decay leptonically and the rest hadronically. In the latter case,
T, candidates consist of final states with one, three, or (rarely) five charged mesons usually
accompanied by up to two neutral pions. Throughout the text, the visible part of a hadronically
decaying tau lepton will be referred to as ;. There are six distinct possible final states of di-tau
decays, namely ee, up, ey, et,, 7, and 1,7,. Since it is difficult to distinguish ee, pu, and eu
final states from direct di-lepton production, these final states are studied separately [7].

The events with the e/u + T, (section 7) and 7,7, (section 8) final states are selected using dif-
ferent trigger requirements. The eT), and yT), final states are required to pass the lepton triggers

and the 7,7y, final states are required to pass a fully hadronic trigger based on |Ht|quantity,

where Ht = \177;| = | — ¥; pr|, and the sum runs over all jets with transverse momenta pt > 30
GeV. The events are required to have at least two jets. For the e/ + 15, final states two signal
regions are defined, one with large transverse energy imbalance, E?5, and another one with
large hadronic activities Hr, calculated as scalar sum of all PF jets transverse momenta with



2 4 Backgrounds and Samples

pr > 30 GeV. In the 7,7, case only one signal region is selected. Table 1 summarizes the sig-
nal regions and selection requirements. The SM backgrounds are estimated using data-driven
techniques, which differs depending on the final state. We perform a counting experiment and
compare the observed yields with the data-driven predictions for SM backgrounds.

Table 1: Summary of the selections and signal region definitions.

Property | e/pt, high ET [ e/ut, high Hy | Ty T
Geom. Acceptance |yt < 2.1
Charge opposite-sign ‘

—
Trigger e/ + T, | |
Momentum p™ > 20 GeV pg > 15GeV
Niets 2jets (pr > 30 GeV) 2jets (pr > 100 GeV)
Transverse Energy imbalance | EXsS > 200 GeV | EXss > 150 GeV |I771{] > 200 GeV
Hadronic activity Ht > 300 GeV Hrt > 400 GeV —

3 CMS Detector

The CMS experiment [8] uses a right-handed coordinate system, with the origin at the nominal
interaction point, the x-axis pointing to the center of the LHC ring, the y-axis pointing up
(perpendicular to the LHC plane), and the z-axis along the anticlockwise-beam direction. The
polar angle, 6, is measured from the positive z-axis and the azimuthal angle, ¢, is measured in
the x-y plane. The pseudorapidity is given by # = —In(tan6/2).

The central feature of the CMS apparatus is a superconducting solenoid, of 6 m inner diame-
ter, providing a field of 3.8 T. Within the field volume are the silicon pixel and strip tracker, the
crystal electromagnetic calorimeter (ECAL), which includes a silicon sensor preshower detector
in front of the ECAL endcaps, and the brass/scintillator hadron calorimeter (HCAL). Muons
are measured in gas-ionization detectors embedded in the steel return yoke. In addition to the
barrel and endcap detectors, CMS has extensive forward calorimetry. The ECAL has an ulti-
mate energy resolution of better than 0.5% for unconverted photons with transverse energies
above 100 GeV. The energy resolution is 3% or better for the range of electron energies relevant
for this analysis. The HCAL, when combined with the ECAL, measures jets with a resolution

AE/E ~100%/+/E[GeV] & 5%.

The inner tracker measures charged particles within || < 2.5 and provides an impact pa-
rameter resolution of ~ 15 ym and a transverse momentum (pr) resolution of about 1.5 % for
100 GeV particles. The relative luminosity is measured using the forward calorimeters. Col-
lision events were selected by a first level trigger made of a system of fast electronics and a
higher level trigger that consists of a farm of commercial CPUs running a version of the offline
reconstruction optimized for fast processing. A more detailed description of the CMS detector
can be found elsewhere [9].

4 Backgrounds and Samples

The major SM process where two taus with opposite charge are produced, Z — 7, is heavily
suppressed by the requirement of missing transverse momenta and significant hadronic activ-
ity. Other SM processes such as semileptonic and fully hadronic tt, W, and Z production with
associated jets contribute to the background when jets are misidentified as 7.



Z — vV + jets can become a background for the 7,7, channel. The neutrinos from the Z boson
decay give rise to large EM and two jets are misidentified as 7,. The low multiplicity of jets
means the probability to obtain 2 tau-like jets and 2 additional high pr jets is low. However, its
contribution is highly dependent on the jet— 7, misidentification rate.

Collision data was compared to samples of simulated events. QCD di-jet, Drell-Yan, and SUSY
samples are generated with PYTHIA [10], while the Madgraph [11] package has been used to
model multi-jet processes such as W + jets, Z — v7 + jets, and tf. The tau decays have been
performed with TAUOLA [12]. The Monte Carlo generated events have been processed with
a detailed simulation of the CMS apparatus using the GEANT4 package [13]. The MC yields
are normalized to integrated luminosity using next-to-leading order (NLO) cross sections. At
the LHC luminosity used in this analysis, the mean number of interactions in a single beam
crossing is approximately 5. In the MC, multiple interactions are superimposed on the hard
collision, and the MC is reweighted such that the distribution of reconstructed primary vertices
matches that in data.

5 Object Reconstruction and Identification

The anti-kT clustering algorithm [14] with AR = 0.5 is used for jet clustering. The jets and trans-
verse momentum imbalance in the detector (EIT“iSS) are reconstructed with the Particle Flow (PF)
algorithm [15]. Additionally, jets are required to pass jet identification criteria designed to reject
anomalous behaviour from the calorimeters and be fairly well separated from the identified 7,:
AR(j, 7;) > 0.3. In the e/ u+Ty, final states, the variable Hr is used to define a signal region with
large amounts of hadronic activity. The quantity Hr is defined as Hy = Y; p},, where i runs
over all PF jets with pr > 30 GeV.

Muons are reconstructed using the tracker and muon chambers. Quality cuts, based on the
minimum number of hits in the silicon tracker, pixel detector, and muon chambers are applied
to suppress backgrounds from punch-throughs and decays in flight.

Electrons are reconstructed by combining tracks produced by the Gaussian Sum Filter algo-
rithm with ECAL clusters. Requirements in shower shape and track-ECAL matching are im-
posed to distinguish prompt electrons from charged pions mimicking electron signatures, and
from electrons produced by photon conversions.

Because electrons and muons produced in the decays of low-mass particles, such as hadrons
containing b and ¢ quarks, are nearly always inside jets, they can be suppressed by requiring
the light leptons to be isolated in space from other particles that carry a substantial amount of
transverse momentum. The details of the light lepton isolation measurement are given in [16].
In brief, a cone of size AR is constructed around the lepton momentum direction. The lepton
relative isolation is then quantified by summing the transverse energy (as measured in the
calorimeters) and the transverse momentum (as measured in the silicon tracker) of all objects
within this cone, excluding the lepton, and dividing by the lepton transverse momentum. The
resulting quantity is required to be less than 0.15, rejecting the large background arising from
QCD production of jets.

Isolated and identified electrons and muons must have pr > 20 GeV and || < 2.1 and their
identification and isolation criteria are identical to Ref. [7].

Hadronic tau decays (7;,) are reconstructed with the Particle Flow (PF) algorithm [17] which
is used to form a mutually-exclusive collection of reconstructed particles (muons, electrons,
photons, charged and neutral hadrons) by combining tracks and calorimeter clusters. Tau re-



4 7 Single Hadronic Tau Final State

construction and identification is performed using the Hadrons Plus Strips (HPS) algorithm
[18]. As part of this identification procedure loose isolation is applied for the e/ + T, final
states. In order to increase the signal acceptance for the 73,7, final state, isolation thresholds are
further increased and a smaller isolation cone size is used.

Isolated electrons and muons can easily be misidentified as hadronic taus. For this reason HPS
taus are required to pass anti-electron selections and be incompatible with a muon signature in
the muon system.

6 Acceptance and Efficiency Systematic Uncertainties

We have included sources of systematics such as trigger efficiencies, identification efficiencies,
energy and momentum scale, luminosiy measurement [19], parton distribution functions and
initial and final state radiation (Table 2). The systematic uncertainty in the lepton acceptance
consists of two parts: the trigger efficiency uncertainty and the identification and isolation
uncertainty. We verify that the simulation reproduces the lepton identification and isolation
efficiencies in data using samples of Z — ¢/; the data and simulation efficiencies are found to
be consistent within 2% electrons or muons. The systematic uncertainty for the 7, identification
(6%) is obtained using a fit of data in a Z — 7T enhanced region and fixing the cross section to
that measured using ee/pupu. This is further validated by obtaining a Z — 7T enhanced region
showing consistency between simulation and data. The uncertainty of the trigger efficiency
(1%) of the lepton triggers is estimated with the tag and probe method [20]. Systematic uncer-
tainties on the Hr triggers (6.5%) are measured using a high purity sample of tf events which
have a similar topology to the signal region. Tau and jet energy scale systematics also affect our
knowledge of the mass shapes. The EM*® scale uncertainties contribute via the jet energy scale
and unclustered energy scale. The impact of this uncertainty is final-state dependent. Final
states characterized by very large hadronic activity and EX® are less sensitive than final states
where the EI® and Hr are typically close to the minimum requirements applied to these quan-
tities. To be more quantitative, we have used the method of Ref. [16] to evaluate the systematic
uncertainties in the acceptance for tf and for the two benchmark SUSY points using a 7.5% un-
certainty in the hadronic energy scale (Table 2). For the high E%‘iSS (high Hr) signal region for
tt the uncertainty is ~60% (~50%). The signal acceptance and efficiency, as well as the system-
atic uncertainties, depend on the signal model. For some of the individual uncertainties, it is
reasonable to quote values based on SM control samples with kinematic properties similar to
the SUSY benchmark models. For others that depend strongly on the kinematic properties of
the event, the systematic uncertainties must be quoted model by model. The systematic effect
due to imprecise knowledge of the parton distribution functions (25%) is determined by com-
paring CTEQ6.6L[21], MSTW 2008 NLO [22] and NNPDF 2.1 [23] PDF with the default PDFE.
The systematic effect due to imprecise modeling of initial and final state radiation (3.1% for
ISR and 2.5% for FSR) is determined by re-weighting events to account for effects such as miss-
ing « terms in the soft-collinear approach [24] and missing NLO terms in the parton shower
approach [25].

7 Single Hadronic Tau Final State
7.1 Background Estimation

The e/ T, channels are studied with an integrated luminosity of 0.98 fb~'. The backgrounds
are studied in a region, where all the final selection requirements are applied but the ET and
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Table 2: Summary of the systematic uncertainties included for possible signal prediction

Source | e/pm, highE™S | e/um, high Hr \ T
Tefficiency 6%
Luminosity 4.5%
PDF description 25%
ISR description 3.1%
FSR description 2.5%
Light lepton efficiency 2% -
Trigger efficiency 1% 6.5%
o | 11% (LML), 6% (LM2), | 9% (LML), 5% (LM2), | 10% (LML), 6% (LM2),
Jet energy scale (7.5%) 12% (LM13) 11% (LM13) 10% (LM13)

Hr requirements are relaxed to EFS > 100 GeV, Hr > 100 GeV (Fig. 2). The data yields and
MC predictions for the preselected region are summarized in Table 3.

As expected, the MC predicts that the sample passing the preselection is dominated by dilepton
tt, Z — T 17 and non-prompt tau decays. The data yield is in reasonable agreement with the
predictions. We also quote the yields for the LM1, LM2 and LM13 benchmark scenarios.

Table 3: Data yields and MC predictions after preselection, using NLO production cross
sections. “} MC True” indicates the sum of SM backgrounds including a real 7, de-
cay, “}_MC Fake” indicates SM processes with T, not associated to a 7 in simulation and
“Y SM MC” is the sum of both contributions. The LM1, LM2 and LM13 benchmark scenar-
ios are defined in the text. Uncertainties are marked as statistical and systematical.

Sample eTy, Uty total
W—=1/tv | 1254+59 153+5.8 27.8 +8.3

Z — 1l 22422 < 0.1 22422

Z =TT 89+4+40 124+4.1 21.3+£5.7

tt + jets 459 +22 472+21 93.1+3.0

Y MC True | 36.0£3.2 389439 75.0 £ 5.0stq¢. £ 24.45yst.
Y MCFake | 33.6+7.1 359463 | 69.52 9.5 & 22.65.
YMCSM | 69.6 7.8 749474 | 144.5 4 10.7s¢ar. £ 47 15yst.
Data \ 59 78 \ 137

LM1 106 0.6 1554+0.7 26.1 & 095141 £ 8.0syst.
LM2 1.8+0.1 23+0.1 4.1+ 025101, = 1. 25951,
LM13 245+21 41.2+27 | 65.7 + 345 & 20.35yst.

Figure 1 compares several kinematic distributions in data and SM MC for events passing the
preselection. As an illustration, we also show the MC distributions for the LM13 benchmark
point. We find that the SM MC reproduces the properties of the bulk of data.

7.1.1 Top Background Estimation

The top-background is estimated with the dilepton transverse momentum (pr(¢¢)) method,
which is based on the idea [26] that in dilepton tf events the pr distributions of the charged
leptons and neutrinos from W decays are related, because of the common boosts from the
top and W decays. This relation is governed by the polarization of the W’s, which is well
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Figure 1: Distributions of (top left) missing tranverse energy EM, (top right) scalar sum of
jet transverse energies (Hr), (bottom) dilepton invariant mass m(¢¢) for SM MC and data after
preselection. The MC distributions for the LM13 benchmark point are also shown.

understood in SM top decays [27, 28] and can therefore be reliably accounted for. We use the
observed pt(£¢) distribution to model the pr(vv) distribution, which is identified with EF".

The top-background in the ee, ey, and uu channels is estimated using the procedure described
in [29]. For each signal region S, we count the number of events falling in the region S’, which
is defined using the same requirements as S but replacing the EXsS requirement with a pr(¢¢)
requirement. The contribution from Drell-Yan (DY) processes, estimated using the data-driven
Ryt /in technique [7, 16], is subtracted from region S’. The number of top events in the signal
region is estimated as:

nrp = (ns — npy) x Ksg x K¢ x K. )

where factors K are the scaling factors between S” and S regions . The first correction accounts
for the fact that we require Ef"** > 50 GeV in the preselection but there is no corresponding
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requirement on pr(¢{); this correction is measured from data to be Ksp = 1.5+0.1 (1.5 +
0.2) for the high E™** (high Hr) signal region. The second correction factor accounts for the
W polarization in tt events, as well as detector effects such as hadronic energy scale and is
estimated from simulation; this correction is K¢ = 1.4 4+ 0.4 (1.3 &= 0.4) for the high E’fT’niss (high
Hr) signal region.

To translate the top prediction in the ee, ey, yp channels into a prediction for the e, T, chan-
nels we use a third correction factor estimated from simulation K; = 0.18 £ 0.02 (k; = 0.18 +
0.02) that accounts for the different lepton acceptances and efficiencies and is derived from sim-
ulation. Note that this procedure predicts yields for dileptonic tt decays. Semileptonic tt decays
where one quark or gluon jet is misidentified as a T, are described in the following section.

7.1.2 Backgrounds with Misidentified Taus

The background with a reconstructed 7, originating from a misidentified jet or a secondary
decay is determined using a tight-to-loose (TL) ratio (or “fake-rate”) for 1,5 measured in a
background (di-jet) dominated data sample, defined as Hr > 200 GeV and E%ﬁss < 20 GeV. We
define tight candidates to pass the full 7, selection criteria. For the definition of loose candidates
we replace the HPS isolation criterium by a loose relative isolation.

The loose tau definition comprises a loosely isolated jet, while the tight definition has to pass
the full tau selection. The loose isolation requirement removes any Hr dependence of the tight-
to-loose ratio, thus the measurement can be extrapolated to the signal regions.

To determine the number of expected events including jets misidentified as T,s in the signal
region, the identification for one 7, is loosened. The obtained signal yields are multiplied with
the probability that this particular 7, candidate did not originate from a 7, but passes the tight
T, selection, Ppype:

TL(pr,7)

Prake(p1,17) = T—TL(pr,7)’

A summation over P, evaluated for all 7; candidates that pass the loose but not the tight
selection gives the final background prediction in each signal region.

The method is tested in a top simulation, where we find agreement within 15%. We correct for a
5% bias observed in top-simulation and assign a 15% systematic uncertainty on the background
prediction from the tight-to-loose ratio.

7.2 Results

The data is displayed in the plane of E? vs. Hr in Fig. 2. Shadowed regions correspond to the
the two signal regions. Table 4 summarizes the number of observed data events, the number
of SM background events estimated using background techniques described in Sec. 7.1.1 and
7.1.2 as well as predicted yields from simulation.

We find 8 (11) events in the high ES (high Hr) signal regions, consistent with the background
expectations . For the high ET"** (high Hr) signal regions we predict a top background yield
of 5.9 + 1.551a1. == 1.9syst. (7.2 & 1.65401. = 2.75y51.) events. For the high Ef"** (high Hr) signal re-
gions we predict a non-prompt background yield of 1.6 & 0.654¢. &= 0.25ys¢. (2.9 £ 0.7s¢a¢. & 0.45ys1.)
events.



8 8 Double Hadronic Tau Final State

S’ 350: - ‘ ¢ e-Tcandidate events
Q - ¢ p-t candidate events
9 3001~ High ETm'SS region
0 B /%/ High H_region
2 -
2500 ;/
200K 7 M g
[ ot %\@\\\
150? . shse e . i
et |
100 “efaln “ CMS Preliminary
B s =7 TeV ]
501 L, =0.98fbt
0: 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 :
0 200 400 600 800 1000 1200
H; [GeV]

Figure 2: Distributions of EIT’niss vs. Hr for data. The high E%‘iss (high Hr) signal region is indi-
cated with the blue dotted (red striped) region.

8 Double Hadronic Tau Final State

8.1 Event Selection

As mentioned above, candidate events for the 7,7, final state are selected using a trigger that
requires significant Ht, Ht > 200 GeV. The trigger efficiency with respect to events passing
offline selections is approximately 98% for It > 200 GeV and is measured using a sample of
candidate events selected with [ + T, triggers that are unbiased to EM** or Hr.

Tau candidates are required to satisfy the following kinematical selection : pr > 15 GeV and
|7| < 2.1. Events are required to have > 2 ;s passing the kinematical selections and HPS tau
tagging criteria outlined in Sec. 5. For the case of QCD, any non-zero measurements of Hr arise

%
due to large mismeasurements in the jet energies. Therefore, the It and next-to-leading jet are
expected to be mostly back-to-back. QCD dijet events are rejected by applying a requirement on

_>
the difference in the azimuth ¢ between the next-to-leading jet and the Hr, |A¢(j2, Ht)| > 0.5.
Finally, events are required to have at least one 7,7, pair that is well separated in 17—¢ space,
AR(Th,i, Th,]') > 0.3.

8.2 Background Extraction

8.2.1 tt Estimation

To estimate the tf contribution in the signal region, a control sample is obtained by removing
the 73, isolation requirement and requiring the presence of > 2 jets tagged as b-jets using the
track counting high efficiency (TCHE) algorithm [30]. Because QCD, W +jets, and Z — v +jets
processes are unlikely to contain two b-jets, the requirement of > 2 jets tagged as b-jets provides
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Table 4: Summary of the observed and predicted yields in the 2 signal regions. The sys-
tematic uncertainties on the pr(¢¢) and TL ratio method predictions are discussed in the
text. “Y_MC True” indicates the sum of SM backgrounds including a real hadronic T decay
(dominated by dileptonic tt), “}.MC Fake” indicates SM processes with a jet misidentified as
hadronic T and “),SM MC” is the sum of both contributions. The LM1, LM2 and LM13 yields
include uncertainties from MC statistics, trigger efficiency, lepton selection efficiency, hadronic
energy scale and integrated luminosity.

Sample High Ht High ET"*°

Y MC True 4.1+ 0.644:. £ l.3sy5t, 2.7+ 0550 £ 0.9syst.
Y MC Fake 6.0 & 3.85tar. = 1.95yst. 6.9 = 4. 25401, & 2.25st.
Y SM MC 10.0 % 3.8¢az. &= 3.3yt 9.6 & 4. 25101, &= 3. 15yt
pr(0)Prediction 724 16gtar. £ 2.75yst. | 59  1.5g1ar. = 1.9yt
TL Prediction 2.9 £ 0.7¢ar. & 0.45yst. 1.6 & 0.65101. £ 0.25ys1.
Y_Prediction from data | 10.1 & 1.754sr. & 2.75ys1. 7.5 & 1.6star. == 1.95yst.
Data \ 11 \ 8

LM1 17.3 £ 0.75tar. £ 5.3syst. | 15.8 = 0.75tar. £ 4.9syst.
LM2 3.1+ 0.1sr. = 1.0syst. 3.0 &£ 0.1sar. = 0.9syst.
LM13 40.8 £ 2.754q¢. == 12.65yst. | 32.3 & 245451 + 10.05y5¢.

a control sample with ~ 99% purity of tf events, N gm, where the probability/efficiency to find

> 2 1,5/ jets passing the isolation criteria is measured. The measurent of the isolation efficiency,

g7 isolation ombined with the probability to identify two b-jets, P(2 b-jets), determines the ¢

contribution in the signal region:

Signal __ pure 1 7, isolation
N =N ——— ¢l .
t tt P(2 bjets) y

The isolation efficiency T, is measured by determining the percentage of events from the #f
control sample with at least two T, objects passing the isolation requirements. The b-tagging
efficiency as measured in [30] is used to determine the probability to tag > 2 b-jets. Cross-
checks are made to validate the use of the b-tagging efficiency as measured in [30] for this
analysis. This is done by using a high multiplicity jet selection to obtain a semi-clean sample of
tt events where the b-tagging efficiency used to calculate P(2 b-jets) is measured and required
to be consistent with the value as measured in [30]. The Hyt distribution for events in the tt
control sample is shown in Fig. 3a.

8.2.2 QCD Estimation

QCD contributes to the signal region due to mismeasurements in the jet energies, which leads to
large values of Hr, and jets misidentified as 1;,5. Therefore, the QCD contribution is estimated
by removing the Ty, isolation criteria and inverting the |A¢(j2, H1)| requirement to obtain a high
purity QCD enriched sample where correction factors are obtained and used to determine the
signal contribution. Fig. 3b shows the expected and observed A¢(jo, Ht) distributions. The
requirement of |A¢(jo, H1)| < 0.15 is used to obtain a control sample enriched with a high

control

purity of QCD events where a data-MC scale factor is obtained, focp = NND”” , and used to

control
Simulation

correct the signal prediction for QCD in simulation:
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Signal o Signal
NQCDfData - fQCD ’ NQCDfMC'

8.2.3 Z — vv + Jets Estimation

Because a high purity sample of Z — v7 + jets events cannot be obtained without significant
modifications to the signal selections, the contribution from Z — v¥ + jets is determined by
using similar jet and EM® selections to the final analysis path, but requiring the presence of
two clean muons to select Z — uu + jets and treating the muons as neutrinos in order to
properly model the large 1 values associated with Z — v¥ + jets events. Obtaining a clean
sample of Z — u"u~ + jets is much easier due to the much lower probability for a jet to be
misidentified as a muon compared to the jet— T, misidentification rates. The Ht distribution
for events passing this criteria is shown in Fig. 3c. The control sample is enriched with ~ 99%
purity of Z — up + jets events. Once a high purity sample of Z — u"u~ + jets is obtained
(N ;”_rfyw, e ), efficiencies for Z — v7 + jets events are measured and the number of observed
events are corrected for the muon acceptance (A,,), identification (¢,) efficiencies and branching
ratios to muons, B(Z — ut ), in order to determine the Z — v + jets expected contribution
in the signal region:

NPure ~
Nyt ets = Z—utu—+jets B(Z — vi) (7 ID
Ayei B(Z — utu~)

8.2.4 W + Jets Estimation

The W+jets contribution is estimated by removing the requirements on T, isolation, maintain-
ing the |A¢(j2, Hr)| > 0.5 requirement to minimize QCD, and requiring zero jets tagged as
b-jets to minimize the presence of tf. However, with these requirements, the purity of W + jets
events is only ~ 65%. Therefore, the non-negligible contributions from QCD, tt,and Z — v +
jets in the W + jets enhanced region is subtracted from the observed data. The non-negligible
contributions from QCD, tf, and Z — v + jets in the W + jets enhanced region are determined
by extrapolating from their respective control regions using similar methodologies as those de-
scribed above. Fig. 3d shows the resultant Er distribution after the subtraction techniques have
been employed. The estimation for W+jets in the signal region is obtained by determining the
probability to tag zero jets as b-jets and measuring the probability to find > 2 7, /jets passing

the isolation criteria, €™ isolation,
W-+Jets enhanced | 7, Isolation
W+Jets W ]Jets
signal

pb—Tagging(O)
The efficiency ¢ 1801ation js meagured by determining the percentage of events from the W-ets
control sample, after subtraction of other backgrounds, with at least two T, objects passing the
isolation requirements. The b-tagging efficiency as measured in [30] is used to determine the
probability to tag 0 b-jets.

8.3 Results

Table 5 shows the observed events in data as well as the estimated SM backgrounds in the
signal region. As expected, the largest background source is from tf due to the presence of
high momentum imbalance due to the neutrinos from the W decays, high pr jets from the
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decay of the top quarks and hadronic decay of the W, and real or misidentified 7, from the
hadronic decay of the W. The estimations for SM background processes are in good agreement
with the number of observed events in the signal region. In order to test the robustness of
the background estimation methods and further ensure the SM signal estimations are well
modeled, we define a “loose” preselection region where the isolation criteria on the tau legs
is removed in order to obtain a high statistics sample. Table 5 shows the predicted rates and
observed number of events in this “loose” preselection region. The expected contributions for
the cMSSM benchmark points LM1, LM2, and LM13 are shown. Figures 4a— 4d show the Er,
Hr, ML2, and A¢(jy, Ht) distributions in the “loose” preselection region.

Table 5: Number of observed data events and predicted background rates.

Process “Loose” TT Preselection Region Signal Region
QCD 2138 £59 0.58 £ 0.02544¢ &= 0.4 155
W + Jets 993.1 +21.3 0.00 = 1.20st4¢ &= 0.10sys¢
tt 547.51+43.8 2.18 £ 2.184tq; &= 0.355ys
Z — vv + Jets 574.6 +47.2 0.00 = 0.165¢4¢ &= 0.024y5
Y. SM 2329.0 £ 68.1 2.76 = 2.50s¢4¢ &= 0.555ys¢
Observed Data 2165 3

LM1 1862.7 £ 5.63stqt 1= 558.81 5yt 10.76 £ 0.52q + 3.234yst
LM2 289.8 = 1.77tar £ 86.94 st 7.99 & 0.2415¢ £ 2.405y5¢
LM13 2286.0 + 7.64510t = 685.805yst 31.07 £ 1.0651at £ 9.324yst

9 Additional Information for Model Testing

Other models of new physics in the di-tau final state can be probed in an approximate way by
simple generator-level studies using the lepton efficiencies, and the detector responses for Ht
and ETss. The leptonic trigger efficiencies for events containing e, and u, is ~ 90% [20]. The
hadronic trigger efficiency used for 7,7, finale state is 98%. The muon identification efficiency
is &~ 96%; the electron identification efficiency varies approximately linearly from ~ 60% at
pr = 10 GeV to 90% for pr > 30 GeV.

The tau identification efficiency varies approximately linearly from ~ 30% at pt = 20 GeV to
38% for pr > 50 GeV. Since isolation is an integral part of the tau identification it is included
here.

The light lepton isolation efficiency depends on the lepton momentum, as well as on the jet
activity in the event. In tf events, it varies approximately linearly from ~ 73% (muons) and
~ 82% (and electrons) at pr = 10 GeV to ~ 97% for pr > 60 GeV. In LM1 events, this efficiency
is decreased by ~5-10% over the whole momentum spectrum.

The average detector responses (the reconstructed quantity divided by the generated quantity)
for Hy and ET" are consistent with unity within the 7.5% jet energy scale uncertainty. The
experimental resolutions on these quantities are 9% and 12%, respectively.

10 Limits on New Physics

For all regions, we find reasonable agreement between the observed yields and the predictions
from simulation and data-driven methods. We set upper limits on the non-SM contributions to
the signal regions of e/ 1, T, T, and their combination.
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Figure 3: (a) Hr distribution in the tf control region. (b) Standard Model background enhanced
sample depicting the effectiveness of |A¢(Hr, j2)| < 0.15 in selecting a high purity sample of
QCD events. (c) Ht distribution in the Z — uu + jets control region used to estimate Z — vv +
jets. (d) Er distribution in the W + jets control region after subtraction of all other backgrounds.
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Figure 4: (a) E1, (b) HT, () ML, and (d) A¢(ji, Ht) in a “loose” signal region without requiring
Ty, isolation to enhance the statistics and compare the data-driven estimation of backgrounds
with the observed distributions from data.
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The results of the counting experiments in the signal regions are also used to place model-
dependent limits on the cross-section.We place 95% confidence level (CL) upper limits (UL)
using a hybrid frequentist-bayesian CLg method [31] on the cross section, and compare these
limits to the expected values of this quantity for the benchmark SUSY scenarios. The CLg
method compares the result of the experiment with the expectations for signal plus background
(s+b) and background only (b) hypotheses. In order to test the compatibility of the data with
the signal plus background and background only hypotheses, the confidence levels CL,;, and
CL, are constructed. These confidence levels are defined as

nbins (Si + bi)nief(si+bi)

CLsyp = P(datals+b) = J] o ()
i=1 i
and
nbins b’?ie—bi
CL, = P(datalb) = [ | 3)

i—1 it
The results are summarized in Table 6, which indicates that all benchmark SUSY scenarios are
ruled out by these results. The systematic uncertainties are incorporated as nuisance parame-
ters, which are generated according to log normal and Gaussian distributions. The combination
of the channels is done taking into account the correlations in the uncertainties.

Table 6: Summary of model-dependent limits. The efficiency and acceptance are defined in the
text; the efficiency uncertainty is dominated by the uncertainty in the hadronic energy scale.
The CLs 95% CL UL on the cross section is indicated, as well as the value of this quantity for
the LM1, LM2 and LM13 scenarios.

high Hy signal region (e/y 1) LM1 LM2 LM13
UL aj{@im . [pbl 38419 26+12 21+15
UL oS [pb] 42 2.9 25
high Em‘SS signal region (e/u ;) LM1 LM2 LM13
UL Uexpected [pb] 33+19 23+11 23+15
95%

ULo. S [pb] 3.7 25 2.6

T T M1 LM2 LMI13
UL Uexpected [pb] 39+19 06+03 18+12
UL (Tmeasmd [pbl] 4.2 0.7 2.0
high HT 51gna1 region (e/y 7)) and 7, T, LM1 LM2 LM13
UL Uexpected [pb] 25+15 06+03 12+1.0

CLY¥

UL Umeasmd [pb] 2.9 0.7 1.5
high ET"* signal region (e/y 17,) and 7, T, LM1 LM2 LM13
UL aefjjecte 2 [pbl 24£14 06£03 12£10
ULoS easmd [pb] 2.8 0.6 1.5

oNLO [pb] 6.6 0.8 9.8
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11 Summary

We have presented a search for BSM physics using final states with opposite-sign tau pairs us-
ing a data sample of proton-proton collisions at 7 TeV centre-of-mass energy corresponding to
an integrated luminosity of up to 1.1fb™!, recorded by the CMS detector in 2011. Two com-
plementary search strategies were performed and we conclude that no evidence for non-SM
contributions to the signal regions is observed. In the absence of evidence for BSM physics, we
have set upper limits on the non-SM contributions. Additional information was provided to
allow testing whether specific models of new physics are excluded by these results.
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