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Abstract

A search for electroweak production of supersymmetric particles is performed with
two tau leptons in the final state. These results are based on 18.1 to 19.6 fb ! of proton-
proton collisions at /s = 8 TeV, collected with the CMS detector at the CERN Large
Hadron Collider. The observed events are found to be consistent with the standard
model prediction. Upper limits are set on the masses of the lightest chargino and the
lightest neutralino, assuming the third generation sleptons are the lightest sleptons
and their masses are at a middle point between the chargino and the neutralino. In
the context of simplified model spectra, charginos lighter than 417 GeV are excluded
at 95% confidence level in the case of massless neutralino.
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1 Introduction

Supersymmetry (SUSY) [1-5] is one of the most promising extensions of the standard model
(SM) of elementary particles. It leads to the unification of gauge couplings at high energy, it
mitigates the problem of quadratic divergences in quantum corrections to the mass of the Higgs
boson, and, in its R-parity-conserving realization, provides a dark matter candidate. A key
prediction of SUSY is the existence of new particles with the same properties as SM particles
but differing in spin by half a unit (“sparticles”).

Extensive searches at the CERN LHC have excluded the existence of colored sparticles with
masses below a few hundred GeV to about 1TeV, depending on the details of the assumed
models [6-13]. On the other hand, the constraints on sparticles with only electroweak quantum
numbers are much less stringent. This motivates the work described in this paper.

Searches for charginos, neutralinos, and sleptons by the CMS and ATLAS collaborations are
described in Refs. [14-18]. In various SUSY models, the lightest SUSY partners of SM fermions
are those from the third generation, resulting in enhanced branching fractions for final states
with taus [19]. The previous searches for charginos, neutralinos, and sleptons by the CMS
collaboration [14] are not performed for the case of the scalar T lepton and its neutrino (7 and
vz) to be the lightest sleptons. In this paper, a search for charginos is reported using events with
two opposite-sign T leptons and missing transverse momentum (piss), assuming the masses
of the third-generation sleptons are between those of the chargino and the lightest neutralino.
Two T leptons can be generated in the decay chain of T or charginos (x;) as shown in Fig. 1. The
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Figure 1: Schematic production of double 7 from chargino pair and stau pair.
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physics interpretation is provided in the context of Simplified Model Spectra (SMS) for SUSY
[20, 21]. An ATLAS search for SUSY in di-tau final state is reported in Ref. [22], excluding
chargino masses up to 345 GeV for a massless neutralino ( X(l) )-

The results discussed here are based on a dataset of proton-proton collisions at /s = 8 TeV
collected with the CMS detector at the CERN LHC during 2012, corresponding to integrated
luminosities of 18.1and 19.6 fb~! in different channels. Our search makes use of the stransverse
mass variable (Mr;) [23, 24] which is the natural extension of transverse mass (mr) to the case
where two massive particles with equal mass are created in pairs and decay to two invisible
particles accompanied by jets and/or leptons. We consider final states where two taus are each
reconstructed as a hadronic decay of a tau (7, 7,), or where only one tau is reconstructed as the
hadronic decay of a tau and the other one decays leptonically (¢1,; ¢ = electron or muon).

The paper is organized as follows. The CMS detector, the event reconstruction, and the data
sets are described in Sections 2 and 3; the M, variable is introduced in Section 4; the event
selections for the two channels (7,7, and £7,) are described in Sections 5 and 6, respectively;
a detailed study of the SM backgrounds is presented in Section 7, while Section 8 is devoted
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to the description of the systematic uncertainties. The result of the search with its statistical
interpretation is presented in Section 9 and the paper is finally summarized in Section 10.

2 The CMS detector and event reconstruction

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Muons are measured in gas-ionization detectors embedded in the steel flux-return
yoke outside the solenoid. Extensive forward calorimetry complements the coverage provided
by the barrel and endcap detectors. A more detailed description of the CMS detector, together
with a definition of the coordinate system used and the relevant kinematic variables, can be
found in Ref. [25].

Events from pp interactions must satisfy the requirements of a two-level trigger system. The
tirst level (L1) of the CMS trigger system, composed of custom hardware processors, uses infor-
mation from the calorimeters and muon detectors to select the most interesting events in a fixed
time interval of less than 4 us. The high-level trigger (HLT) processor farm further decreases
the event rate from around 100 kHz to around 400 Hz, before data storage.

The particle-flow event algorithm [26, 27] reconstructs and identifies each individual particle
with an optimized combination of information from the various elements of the CMS detector.
Jets are reconstructed with the anti-kt clustering algorithm [28] with a distance parameter of
0.5. We apply pr- and #-dependent corrections to account for residual effects of non-uniform
detector response [29]. A correction to account for multiple pp collisions within the same or
a nearby bunch crossing (pileup interactions) is estimated on an event-by-event basis using
the jet-area method described in Ref. [30], and is subtracted from the reconstructed jet pt. The
combined secondary vertex algorithm is used to identify (“b-tagged”) jets originating from
b-quarks. This algorithm is based on the reconstruction of secondary vertices, together with
track-based lifetime information [31]. In this analysis the “medium” working point is used.
The working point corresponds to an average b-tagged jets efficiency of 70%, light-quark jet
misidentification rate of 1.5%, and c-quark jet misidentification rate of 20% for jets with a pr
value greater than 60GeV. Jets with pr > 40GeV and || < 5.0 and b-tagged jets with pr >
20GeV and |77| < 2.4 are considered in this analysis.

The particles from the particle-flow algorithm are used to reconstruct the missing transverse
momentum vector ﬁ%ﬁss, defined as the negative of the vector sum of the transverse momenta
of all reconstructed particles. Corrections are applied to ensure consistency between 7™ and
the corrections to jet energies described above. The missing transverse momentum in the event
(piss) is defined as the magnitude of pmiss.

Hadronically-decaying 7 leptons, referred to as 1, are reconstructed using the hadron-plus-
strips algorithm [32]. The constituents of the reconstructed jets are used to identify individ-
ual tau decay modes with one charged hadron and up to two neutral pions, or three charged
hadrons. Additional discriminators are used to separate 7, from electrons and muons. Prompt
T leptons are expected to be isolated in the detector. To discriminate them from QCD jets, we
use a measure of isolation based on the charged hadrons and photons falling within a cone
around the tau momentum direction after correcting for the effect of pileup. A similar isolation
algorithm is used in this analysis to separate leptons (e or i) from tau decays from those arising
from hadron decays within jets.



3 Monte Carlo samples

Events from Z+jets, W+jets, tt, and di-boson are generated using the MADGRAPH 5.1 [33] gen-
erator. Single-top-quark and Higgs boson events are generated by POWHEG 1.0 [34-37]. In the
following figures and tables, the events containing at least one top quark and one Z boson are
referred to as “Top” and “ZX”, respectively. Events from Higgs boson production via gluon
fusion, vector boson fusion or in association with a Z or W boson or a tt pair are referred to as
“Higgs”. The masses of the top quark and Higgs boson are set to be 172.5GeV and 125GeV,
respectively.

In signal samples, a pair of Xi are produced and decay exclusively to the final states which
contain two T, two v; and two neutralinos (5(11)) as shown in Fig. 1 (left). The mediators in the
decay of )’(Vf can be either a T or a V. The masses of the T and the v; are set to be equal and at the
mean value of the )ﬁt and X{l) masses. Thus they are produced on-shell. The two distinct decay
chains in the left diagram of Fig. 1 are assumed to have equal branching fractions of 50%. For
parton shower and fragmentation, all generators are interfaced with PYTHIA 6.4 [38]. PYTHIA
is also used to generate signal events (chargino pair production). To improve the modeling of
T decays, we use the TAUOLA 1.1.1a [39] package.

In the dataset considered in this paper, there were on average 21 proton-proton interactions
(“pileup”) in each bunch crossing. Additional interactions are generated with PYTHIA and
superimposed on simulated events in a manner consistent with the luminosity profile of the
dataset. The detector response in the Monte Carlo background event samples is modeled by a
detailed simulation of the CMS detector based on GEANT4 [40]. On the other hand, in order
to reduce computational requirements, signal events are processed by the CMS fast simulation
[41] instead of GEANT4. All simulated events are reconstructed with the same algorithms as
collision data.

The SM backgrounds are normalized using the most accurate calculations of the cross sections
available in the literature. These cross sections correspond to the next-to-next-to-leading order
(NNLO) accuracy for Z+jets [42] and W+ets [43] events. The cross section of tt simulated sam-
ple at full NNLO accuracy including the resummation of next-to-next-to-leading-logarithmic
(NNLL) terms is used [44]. The event yields from di-boson production are normalized to the
next-to-leading order (NLO) cross section taken from Ref. [45]. The RESUMMINO [46—48] cal-
culations at NLO+NLL are used to calculate the signal cross sections, where NLL refers to
next-to-leading-logarithmic precision.

4 Definition of M,

The Mrt; variable [23, 24] is used in this analysis to discriminate between the SUSY signal and
the SM backgrounds as proposed in Ref. [49]. The variable was introduced to measure the
mass of primary pair-produced particles, decaying eventually to undetected particles (e.g. x9).
Assuming the two primary supersymmetric particles undergo the same decay chain with visi-
ble and undetectable particles in the final state, the system can be described by the visible mass

(mvis()), transverse energy (E¥is(i) ), and transverse momentum (ﬁ?s(i)) of each branch (i =1, 2),

together with the missing transverse momentum (p"'**) which is shared between the two de-

cay chains. The p7"** is interpreted as the sum of the transverse momenta of the neutralinos,
9 .

ﬁ%l(l). However, in practice, in decay chains with neutrinos, p7"'** includes contributions from

the pr of the neutrinos.
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The transverse mass of each branch can be written as

i is(i vis(i) X0 (i —vis(i) - ¥9(i
(mT(l))Z _ (mv1s(z))2 + m%) +2(ET (1)E¥1() — Py (l)‘ pTX?( )) (1)

Using the correct neutralino mass, this distribution has an endpoint at the mass of the primary
particle [50-53]. For a given m 70 the My, variable is defined as

MTz(mXO) = min [max { mT(l), mT(z) }} . (2)
! *X(l)(l) *XN(I)(Z),Hmiss
Pr +Pr =Pt

For the correct value of Mz, the kinematic endpoint of the Mr, distribution is at the mass of
the primary particle, and it shifts accordingly when the assumed Mz is lower or higher than
the correct value. In this analysis, the visible part of the decay chain consists of either the two
hadronically decaying tau leptons (7,7, channel) or a combination of a muon or an electron
with a 7, candidate (¢, channel), so m"*() is the mass of a lepton and can be set to zero. We

also set m = 0.
X1

With our choices of mzo and m¥s() the resulting M, value is close to zero for the back-to-back
topology of 1,7, or /1, events (e.g., Drell-Yan events; QCD di-jets if two jets are misidentified
as Ty, objects), regardless of the values of pTs® and the pr of the tau candidates. This is not the
case for signal events where the taus or leptons are generally not in a back-to-back topology
due to the presence of two undetected neutralinos.

The distribution of M, reflects the scale of the produced particles and is much higher for heavy
sparticles compared to the lighter SM particles. Hence, SUSY could manifest itself as an excess
of events in the high-side tail of the M, distribution.

5 Event selection for the , 5, channel

In this channel events are first selected with a trigger [54-56] that requires the existence of two
loosely identified, isolated T, candidates with pr > 35GeV and |77| < 2.1.

Offline, the two T, candidates must pass the medium working point [32] of T isolation discrim-
inator, fulfill pr > 45GeV and || < 2.1, and be of opposite charge. In events with more than
one T, T, pair, we only consider the pair with the most isolated 7, objects.

Events with isolated extra electrons or muons of pr > 10GeV and |y| < 2.4 are rejected to sup-
press backgrounds from diboson decays. The background from Z — 1,1, events is reduced by
rejecting events where the visible di-7, invariant mass is between 55 and 85 GeV (Z veto). Fur-
thermore, contributions from low-mass Drell-Yan and QCD multijet production are reduced
by requiring the invariant mass to be greater than 15GeV. To reject Z — 1,7, and QCD mul-
tijet events, pTiss > 30GeV and M, > 40GeV are required. The minimum angle A¢ in the
transverse plane between the g™ and any of the 1, and jets, including b-tagged jets, must be
greater than 1. This requirement reduces backgrounds from QCD multijet events and W+jets
events.

After applying the pre-selection described above, additional requirements are introduced to
define two search regions. The first search region (SR1) targets the models with large mass
difference (Am) between charginos and neutralinos. In this case, the My, signal distribution
can have long tail beyond the distribution of SM backgrounds. The second search region (SR2)



is dedicated to models with small Am. In this case, the sum of the two transverse mass values,
Tmy = mr(Tl, pRiss) + mr (12, pTist), provides additional discrimination between signal and
SM background processes.

The two signal regions (SR) are defined as:

e SR1: M > 90GeV;
e SR2: b-tagged jets are vetoed; M, < 90GeV; and Emyj > 250 GeV.

The veto on b-tagged jets in SR2 is to reduce tf events, which are expected in the low Mr;
region. The SM backgrounds are validated with data-driven methods whenever possible and
described in Section 7.

6 Event selection for the ¢7;, channel

Events in the (7, final states (e, and put,) were collected with triggers that require a loosely
isolated 7, with pr > 20GeV and || < 2.3 as well as an isolated electron or muon with |77| < 2.1.
The minimum pr requirement for the electron (muon) was increased during the data taking
from 20 to 22 GeV (17 to 18 GeV) due to the increase in instantaneous luminosity.

In the offline analysis, the electron, muon, and T, objects are required to have pr > 25, 20, and
25GeV, respectively, while tightening the corresponding identification and isolation require-
ments. In events with more than one opposite-sign /1, pair, we only consider the pair that
maximizes the scalar sum of 7, and electron or muon transverse momenta. Events with an
additional loosely isolated lepton with pr > 10 GeV are rejected to suppress backgrounds from
Z boson decays.

Just like for the 7,7, channel, we apply preselection requirements to suppress QCD multijet,
tt, Z — 17, and low mass resonance events. These requirements are: M, > 40 GeV, prT“iss >
30 GeV, {1, invariant mass between 15 and 45GeV or > 75GeV, A¢p > 1. We reject events with
b-tagged jets. The final signal region requirements are Mr, > 90GeV and m7" > 200 GeV. The
latter requirement provides discrimination against the W+jets background. Unlike the 7,1,
channel, events with M, < 90GeV are not used because of the higher level of background.
Table 1 summarizes the selection requirements for different signal regions.

Table 1: Definition of different signal regions. OS stands for opposite-sign pairs.

ThTh ThTh
(1, SR1 SR2
Os /¢ Th ‘ OS ThTh

prss > 30 GeV
Extra lepton veto
Invariant mass of £7, or 1,7, > 15GeV
Z boson mass veto
Ap > 1
Mty > 40GeV
b-tagged jet veto | - | b-tagged jet veto
Mty > 90GeV Mty < 90GeV
m?‘ > 200 GeV \ - Zm? > 250 GeV

Figure 2 shows the My, distribution after the preselection. The data are in good agreement



6 7 Backgrounds

with the SM expectations within the statistical uncertainties. A SUSY signal corresponding to
a high mass difference (m~it = 380GeV, mp =1 GeV) is used to show the expected signal

X
distribution.
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Figure 2: Mr, distributions for events in the sample after preselection, compared to SM ex-
pectation in (left) et, and (right) y7, channels. The signal distribution is shown for Mye =
380GeV, mgz = 1GeV.

7 Backgrounds

The backgrounds are studied in two categories, those with “misidentified” 7, i.e., events where
a quark or gluon jet has been misidentified as a 7,, and those with real 7, decays. QCD and
W-jets events are dominant sources in the first category, while tt, Z+jets, Higgs boson and
diboson events in the second category. Background estimates are performed with data-driven
methods whenever possible. Otherwise data-to-simulation scale factors are used to correct or
to validate the expected contributions obtained from the simulated samples. The estimates of
the main backgrounds are discussed below.

7.1 QCD background estimation in the 7, 7, channel

Events from QCD multijet production can appear in the signal regions if two quark or gluon
jets are misidentified as a 7,7, pair. The isolation variable is a powerful discriminant between
misidentified and real 7, objects. To estimate QCD multijet contribution, a set of 7,7, control
regions (CR) is defined by relaxing the T, isolation requirement (from “medium” to “loose”)
and relaxing the M, or Zm? requirements (from Mty > 90GeV to M1, > 40GeV and from
Zm% > 250 GeV to Zm%" > 100GeV). To reduce contamination from real 7,7, events in the
control regions with at least one loose 7, object, same-sign (SS) 1,7, pairs are selected. Resid-
ual contributions from real 7,7, and W+jets events (non-QCD events) are subtracted based on
Monte Carlo expectations. The control regions and signal region are illustrated in Fig. 3. In
the sample dominated by QCD multijet events (CR1 and CR2), the isolation of misidentified
T, Objects is verified to be almost completely uncorrelated with M, or Zm%. In addition, the
requirement on A¢ is removed to increase the numbers of events in the control regions. The
QCD background in the signal region is estimated by counting events in the control regions
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Figure 3: Schematic illustration of four control regions used to estimate the QCD backgrounds.
SS and OS stand for same-sign and opposite-sign pairs.

with high Mr, or Em7 and loosely isolated SS 7,7, (CR3) and scaling by the transfer factor
to go from loosely isolated SS to tightly isolated opposite-sign (OS) 7,7, which is evaluated in
the low Mr; or Ym{ regions (CR1 divided by CR2). The final estimate of the background is
corrected by the efficiency of the A¢ requirement for QCD events. The latter efficiency is mea-
sured in CR1 and CR2, which are dominated by QCD multijet events. The efficiency is a falling
distribution as the function of the search variable (Mr, or Xmq) and the value of the closest
bin to CR3 (65 < Mty < 90GeV or 200 < Zm%" < 250 GeV) is used conservatively as the value
of the efficiency in CR3.

The systematic uncertainties are associated with the uncertainty on the validity of the assump-
tion that isolation and M, or Zm}" are not correlated and the systematic uncertainties on the
residual SM backgrounds which are subtracted based on Monte Carlo expectations. The lat-
ter includes both the statistical uncertainty of the simulated events and also a 22% systematic
uncertainty that will be discussed in Section 8 assigned uniformly to all simulated events.

The number of data events in CR3 after subtracting the non-QCD events is 4.81 £ 2.57 (8.62 £
3.55) in SR1 (SR2). The transfer factors are measured to be 0.91 4+ 0.12 and 0.89 4+ 0.11 in the
low Mr; and Xmy, respectively, and the correction for the A¢ efficiency is 0.03 + 0.04 in SR1
and 0.15 £ 0.08 in SR2. All reported uncertainties are the quadratic sum of the statistical and
systematic uncertainties.

Table 2 summarizes the estimation of the QCD background contribution in the two signal re-
Table 2: The estimated QCD multijet background event yields in the 1,7, channel. The first two

uncertainties are statistical and systematic uncertainties of the method, the last uncertainty is
the extra systematic uncertainty due to correlation assumptions.

] Signal Region \ QCD Estimation ‘
ThTh SR1 0.13 & 0.06(stat) £ 0.18(sys) £ 0.10(fit)
Th Th SR2 1.15 £ 0.39(stat) £ 0.70(sys) £ 0.25(fit)
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gions after extrapolation from the control regions and correcting for the A¢ efficiency. The
uncertainties due to the statistic of the CR3 is reported as the statistical uncertainty “stat” and
the other uncertainties are shown as “sys”. To evaluate the uncertainties for transfer factor and
A¢ efficiency due to correlation assumptions, different fit models are tested. Fitting the whole
range of the low values of the search variables by a horizontal line or a line with a constant
slope or using the value of the last bin before entering the signal region are examined. The
weighted average of the estimates is compared with the reported values in Table 2 to extract
the uncertainty shown as “fit” in the table.

7.2 Wi+jets background estimation in the t, 7, channel

The contribution of the W+jets background in 7,7, channels is taken from simulated events.
The simulation is validated using a data control sample:

NSR = NBefore Final Selection X €FS- (3)

Here Ngp is the estimation of W+jets events in the signal region. Npefore Final Selection 15 the num-
ber of W+jets events before applying the final selection (Mt, > 90GeV for SR1 and Zm{ >
250 GeV for SR2), but after applying all other selections, including Mr, > 40 GeV for SR1 and

. N(Mp>90 N(Zmyl >250)
40 < Mz < 90GeV for SR2. eps is emy, = Ninvogg) for SRI or €g, 5 = yrioiiy- =gy for SR2.
NBefore Final Selection 1S 31.93£6.40 and 29.13+6.22 for SR1 and SR2, respectively, where the given

uncertainties arise from the limited number of simulated events.

The efficiency of the final selection (ers) is first evaluated in a W+jets simulated sample with
a pair of opposite-sign 73, where the 7, candidates are selected with the same identification re-
quirements as the signal region, but with looser kinematic selection to improve statistics. Addi-
tional signal selection requirements, such as A¢ or lepton veto, are applied one by one such that
two orthogonal subsamples (passing and failing) are obtained. The ers quantity is calculated in
all subsamples. The values are found to be consistent within the statistical uncertainties; their
weighted average is taken as the final estimate for ers with weights corresponding to the size
of the simulated sample at each step. The measured ergs are 0.029 =+ 0.007 and 0.058 + 0.015 for
SR1 and SR2, respectively. The uncertainty of the 1, energy scale is also taken into account in
the uncertainty on ers.

The W+jets simulated sample is validated in data using a same-sign y 7, control sample, where
both the normalization and ers are checked. The ratio of data and Monte Carlo expectation is
found to be 1.05 £ 0.13 (1.02 & 0.09) for SR1 (SR2) which is compatible with unity, within the
uncertainties. For erg, to take into account the difference between the data and Monte Carlo
values, the Monte Carlo prediction in each of the two signal regions is corrected by the ratio of
the two values which is 0.73 £ 0.57 (1.49 £ 0.38) for SR1 (SR2) and its uncertainty is also taken
to be the systematic uncertainty and referred to as “shape”.

Table 3 summarizes the results of the method for different signal regions of the 7,7, channel.

7.3 Drell-Yan background estimation

The Drell-Yan (DY) background yield is obtained from Monte Carlo simulation. The simulated
sample includes decay to different lepton pairs (ee, up and 77). The contribution from Z — ¢/
and Z — 1T — {{ events is found to be very small, because the misidentification probability
for ¢ — T, is significantly low. The dominant events are Z — 17 — {1, and Z — TT — ThTj
decays. The misidentification probability for 7, — ¢ is also low, so the probability to have
contribution from Z — TT — 7,7, events in the /7, channels is negligible. The simulation is
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Table 3: The W+jets estimation results in both search regions. The systematic uncertainty “sys”
comes from the maximum variation of the estimation found from varying the 7, energy scale
within its uncertainty. The “shape” takes into account the difference between the shape of the
search variable distribution in data and simulation.

Signal Region Wjets Estimation
ThTh SR1 0.72 £ 0.11 (stat) £ 0.11 (sys) % 0.56 (shape)
Th Th SR2 2.58 + 0.35 (stat) £ 1.04 (sys) = 0.69 (shape)

validated in a uT, control region obtained by removing the A¢ requirement and by inverting
the Z boson veto and also by requiring M, < 20GeV, 40 < mq* < 100 GeV. The distributions
of invariant mass of uT, system for data and simulated events are in a good agreement. The
transverse momentum of the Z boson system, which is correlated with Mr», is also well repro-
duced in simulation. Table 4 summarizes the DY contribution in different signal regions. For

Table 4: DY background yield expected in four signal regions. Only the statistical uncertainties
are reported.

| Signal Region | DY Estimation |

eTh 0.19 £ 0.04
UTh 0.25 £ 0.06
T SR1 0.56 + 0.07
ThTh SR2 0.81 £ 0.56

{1}, channels, only the contributions from the real lepton + 7, are reported. A separate method
is developed to estimate the misidentified contamination in these channels in the Section 7.4.

7.4 Misidentified 7, in the £7;, channels

This contribution is estimated using a method that takes into account the probability that a
loosely isolated misidentified or real T, passes the tight isolation. If the signal selection is done
using the 7, objects which pass the “loose” isolation instead of “tight”, the number of loose T,
objects (Nroose) is:

NLoose = NReal + NFake (4)

where Nge, is the number of real 7, objects and Ny, is the number of misidentified 1, objects.
If the selection is tightened, the number of tight 7, objects (Nrign,) is

NTight = IReal X NReal T "Fake X NFake @)

where 7rea (TFake) i the real (fake) rate, the probability that a loosely selected real (misidenti-
tied) T, object passes the tight selection. One can obtain the following expression by eliminating
NReal:

NFake X (rFake - rReal) = (NTight — TReal X NLoose) (6)

Here rpake X Nrake is the contamination of misidentified 7, objects to the signal region.
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The fake rate (rgaxe) is measured as the ratio of tightly selected 7, objects to loosely selected
T, Objects in a sample which is dominated by misidentified 7, objects. This is done in a data
sample with same selection as (1, except a reversed pTis® requirement, i.e., pIi® < 30 GeV.
The fake rate is measured to be 0.54 £+ 0.01. The real rate (rgey) is measured in simulated
DY events, and it is found to be rgey = 0.766 = 0.003 and almost independent of Mr,. A
conservative relative systematic uncertainty of 5% is assigned to the central value of rge, to
cover its fluctuations in different values of Mr,. To validate the method, it is applied to a
W+jets simulated sample when the fake rate is evaluated in this simulated sample with the
same method as used for data. The result is close to 7y = 0.54. To cover the difference, a 5%
relative systematic uncertainty is assigned to the central values of the fake rates. The method
correctly predicts the number of /7, background events in this sample, within the uncertainties.
These include statistical uncertainties due to the number of events in the sidebands (loosely
selected T1},) as well as systematic uncertainties. The uncertainties on the fake rate and the real
rate are negligible compared to the statistical uncertainties associated with the sidebands.

The estimates of the misidentified 7, contamination in the two ¢7, channels are summarized
in Table 5. The relative statistic and systematic uncertainties are reported separately. Since

Table 5: Estimation of the misidentified 7, contribution in the signal region of the /7, channels.
The total systematic is the quadrature sum of the fractional systematics. All uncertainties are
relative. rpaie (TReal) is shorthand for fake (real) rate.

] Channel \ Total Fake \ stat \ TFake SYS \ "Real SYS \ Total Unc \
UTh 8.15 56% 18% 5% 59%
eTh 3.30 101% 17% 2% 102%

the fake rate and real rate are in common between the two /1, channels, the total systematic
uncertainties are considered fully correlated between the two channels.

8 Systematic uncertainties

Systematic uncertainties can affect the shape or normalization of the backgrounds estimated
from simulation (tt, Z+jets, dibosons and Higgs boson), as well as the signal acceptance. The
uncertainties are listed below and summarized in Table 6.

o The energy scales for electron, muon and T, objects affect the shape of various kine-
matical distributions. The systematic uncertainties in the muon and electron energy
scales are negligible. The visible energy of 7, object in the Monte Carlo simulation is
scaled up and down by 3%, and all 7,-related variables are recalculated. The result-
ing variations in final yields are taken as the systematic uncertainties. They amount
to 10-15% for backgrounds and 2-15% in different parts of the signal phase space.

e The uncertainty in electron and muon trigger, identification, and isolation efficien-
cies is 2% [57].

e The uncertainty in the 7, identification efficiency is 6%. The uncertainty in the trig-
ger efficiency of the T, leg of the et, and ut, (1,7,) triggers amount to 3.0% (4.5%
per leg). A “tag-and-probe” technique on Z — 77T events is used to estimate the
uncertainties [57].

e The uncertainty due to the scale factor on the b-tagging efficiency and mis-tag rate is
evaluated by varying the factors within their uncertainties. The yields of signal and
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Table 6: Summary of systematic uncertainties that affect the signal event selection efficiency
and the background normalization and their shape. The sources that alter the shape are indi-
cated by (*) next to their names. The shape-altering sources are considered correlated between
two signal regions of 7,7, in the final statistical combination.

Background Signal

ThTh  ThTh Th'Th Th'Th
Systematic uncertainty source f{t, SR1 SR2 lt, SR1 SR2
Ty, energy scale (*) 10% 15% 2-12% 3-15%
Ty id efficiency 6% 12% 6% 12%
Ty, trigger efficiency 3% 9% 3% 9%
Lepton trigger, id, iso efficiency | 2% - 2% -
p?lss (*) 5% 5%
b-tagged jets veto 4% - 4% 8% - 8%
Pile-up 4% 4%
Fast/Full 7, id efficiency - 5% 10%
ISR (*) - 3%
APmin - 6%
PDF (*) - 2%
Luminosity - 2.6%
Total shape-altering sys. 11% 16% 16% | 6-13% 7-16%
Total non-shape-altering sys. 9%  16% 16% 14% 20% 21%
Total Systematic 14% 22% 22% | 15-19% 21-25% 22-26%
Monte Carlo Statistic 22% 13% 70% 3-15%
Total 26% 26% 73% | 15-24% 21-29% 22-30%
Low rate backgrounds 50% -

background events are changed by 8% and 4%, respectively [31].

e To evaluate the uncertainty due to pileup, the measured inelastic pp cross-section
is varied by 5% [58], resulting in a change in the number of simulated pileup inter-
actions. The relevant acceptances for signal and background events are changed by
4%.

e The uncertainty in the signal acceptance due to parton distribution function uncer-
tainties is taken to be 2% from a similar analysis [14].

e The uncertainty on the luminosity is 2.6% [59]. This affects mainly the normalization
of the signal Monte Carlo samples, because for the backgrounds either the data-
driven methods are used or the normalization is found from data.

e The uncertainty in the signal acceptance associated with initial state radiation (ISR)
is evaluated by comparing the efficiencies of jet-related requirements between PYTHIA
and MADGRAPH which is a matrix-element event generator. Using the SM WW pro-
cess which is expected to be similar to chargino pair-production in terms of parton
content and process, we assign a 3% uncertainty in the efficiency of b-tagged jets veto
and a 6% uncertainty in the A¢ requirement. The ISR uncertainty is not considered
for the background samples, due to the usage of matrix- element event generators.

e The uncertainties related to pT*S can arise from different sources e.g. the energy
scales of lepton, T7,, and jet objects and unclustered energy. The “unclustered energy”
is the energy of the reconstructed objects which do not belong to any jet or lepton
with pr > 10 GeV. The effect of lepton and T, energy scales is discussed above. The
contribution from the uncertainty of the jet energy scale (2-10% depending on # and
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pr) and unclustered energy (10%) is found to be negligible. A conservative value of
5% uncertainty is assigned to both signal and background processes based on Monte
Carlo simulation studies [14, 16].

o The statistic of the simulated Monte Carlo samples is also a source of the uncertainty.
This uncertainty amounts to 3-15% for the different parts of the signal phase space
and 13-70% for the backgrounds in different signal regions.

e The performance of the fast detector simulation has some differences compared to
the full detector simulation, especially in track reconstruction [16]. It can affect the
Ty isolation. A 5% systematic uncertainty per T, leg is assigned by comparing the 7,
isolation/identification efficiency in the fast and full simulations.

e For less important backgrounds like tt, dibosons and Higgs boson, the remaining
number of events from the simulation are very small. A 50% uncertainty is consid-
ered for these backgrounds to account for the possible theoretical uncertainty of the
cross section calculation as well as the shape mismodeling.

The systematic uncertainties that can alter the shapes are added in quadrature and treated as
correlated when two signal regions of 7,7, channel are combined. Other systematic uncertain-
ties of these two channels and all of the systematic uncertainties of /7, channels are treated as
uncorrelated.

9 Results and interpretation

The observed data and predicted background yields for the four signal regions are summarized
in Table 7. In all signal regions the observed data are consistent with the predicted SM values

Table 7: Data yields and background predictions with uncertainties in the four signal regions
of the search. The uncertainties are reported in two parts, which are statistics and systematic
uncertainty, respectively. The main backgrounds (W+jets and QCD multijet) are derived from
data as described in Section 7. “VV” is a shorthand for diboson events.

eth UTh ThTh SR1 Th Th SR2
Z+jets 0.19 £0.04 £ 0.03 | 0.25 £ 0.06 £0.04 | 0.56 £ 0.07 £0.12 | 0.81 & 0.56 + 0.18
tt, VV, Higgs | 0.03 £ 0.03 £ 0.02 | 0.19 £ 0.09 £ 0.09 | 0.19 4 0.03 + 0.09 | 0.75 + 0.35 + 0.38
Wjets 3.30 £3.35+0.56 | 8.15+459+1.53 | 0.72 4+ 0.11 £0.57 | 2.58 £ 0.35 £ 1.25
QCD multijet - - 0.13 + 0.06 = 0.21 | 1.154+0.39 £ 0.74
SM Total 3.52+£3354+0.56 | 859 +4.59 +1.53 | 1.60 +0.15 £ 0.62 | 529 4+ 0.70 £1.51
| Observed | 3 \ 5 \ 1 \ 2

within the uncertainties.

Figure 4 compares the data and the SM expectation in four search regions. The top row shows
the Mr; distributions in the ¢7, channels. In these plots, the QCD multijet and W+jets and fake
contribution from other channels are based on the estimate described in Section 7.4 and labeled
“W”. The QCD multijet contribution is very low for these channels and is counted among “W"”.
The bottom row shows the Mt, and Zm% distributions in two different signal regions of 7,7,
channel. The QCD multijet contribution in these plots is obtained using the data driven method
described in Section 7.1. The W+jets contribution in the last bin of the bottom plots is described
in Section 7.2, while the other bins are based on simulated events. The uncertainty band in
these four plots, includes both the statistical and systematic uncertainties.
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Figure 4: The data yield is compared with the SM expectation. In different signal regions, when
a data driven background is available, it is used instead of the pure simulation. For more details
read the text.

There is no excess of events over the SM expectation. We interpret our results in the context of
a simplified model of chargino pair production and decay, which is described in Section 3 and
corresponds to the left diagram in Fig. 1.

A modified frequentist approach, known as the CLs method [60], is used to set limits on cross
sections at 95% confidence level. Combining all four signal regions, the observed limits rule
out xi masses up to 417 GeV for a massless x!. The results on excluded regions are shown in
Fig. 5. This should be compared to the ATLAS limit of 345 GeV [22]. It should be noted that the
ATLAS results are based on 7,7, channel. Figure 6 shows our results in the 7,7, channel, where
the X7 masses are excluded up to 395 GeV for a massless x'. A stringent limit is obtained with
our selection requirements where the SM background events are optimally reduced.

The T searches in the LEP experiments [61] have excluded masses below 95GeV. In Fig. 5
and 6, this region corresponds to the triangle in bottom-left corner. The diagonal line denotes

the boundary for Myt = My + Mo, which is the kinematical boundary of the search. The ex-
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e1,, ut_and 1,1, Combined
50 pp-qg+ NLO+NLL exclusion
% e VT,QT 1= —— Observed + 10
' 400 @_,Ti?i,@ﬁv?; === Expected+ 10

n
o
o

=
o
)

theory

experiment

My (GeV)

350 —f

n - 10
300 —
250
200
150

100

1
IIIIIII|

50

95% C.L. upper limit on cross section (pb)

| T | IIIIIIIIIIIII}\IIIIIrlIIIr\l

00 150 200 250 300 350 400 450 500
mp=mg =0.5mg +0.5m mg: (GeV)
p=my ? v P

H
o
.

Figure 5: Expected and observed exclusion regions in terms of Simplified Models of chargino
pair production with the total dataset of 2012. The bottom-left triangle was excluded by LEP
T searches. The diagonal line denotes the boundary for Mys = Mg+ M. The + 1 standard
deviations of the expected (observed) exclusions introduced by the experimental (theoretical)

uncertainties are also shown.

pected limits and their + 1 standard deviations introduced by the experimental uncertainties
are shown with the red solid and dashed lines, respectively. The observed limits are shown
with a black solid line, while the &+ 1 standard deviations based on signal cross section uncer-
tainties are shown with narrower black lines. The signal cross sections in NLO + NLL order in
s are used to make the exclusion limits. In the whole region, the observed limits are within
one standard deviation from the expected limits.

The results of the 7,7, channels are also interpreted to set limit on the T T production, which
corresponds to the right diagram in Fig. 1. In this simplified model, two T are directly produced
from the pp collision and decay instantly into two T and two XJ. Two /1, channels are not
considered in this interpretation, because they do not improve the results. To calculate the
production cross section, T is defined as a maximal admixture of the left-handed and right-
handed T gauge-eigenstates [48]. As the cross section of direct production of sleptons is lower,
no point is excluded and a 95% upper limit is set on the cross section as a function of the T
mass. Figure 7 represents the ratio of the obtained upper limit on the cross section and the
cross section expected from SUSY (signal strength) vs. the mass of the T particle, when X!
mass is 1 GeV. The observed ratio is within one standard deviation of the expected ratio. The
best limit, which corresponds to the lowest signal strength, is obtained for m; = 150 GeV. The
observed (expected) upper limit on the cross section at this mass is 43 (56) fb which is almost
two times larger than the theoretical NLO cross section.
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CMS Preliminary, 18.1 fb, Vs = 8 TeV
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Figure 6: Expected and observed exclusion regions in terms of Simplified Models in 7,7, chan-
nel. The conventions are same as Fig. 5.

10 Conclusion

A search for SUSY in the 77 final state was performed where the T pair could be produced
in a cascade decay from the electroweak production of X; pair in proton-proton collisions at
/s = 8TeV, collected by the CMS detector. To maximize the sensitivity, event selections are
optimized for 7,7, (small A M), 1,1, (large A M) and /1, channels using My, m}“ and Zm?
variables. Events are consistent with the SM expectations. In the context of simplified models,
charginos lighter than 417 GeV for a massless neutralino are excluded at 95% confidence level.
The upper limits for the direct stau pair production are also provided, but the limits are more
than three times larger than the theoretical NLO cross sections even for a massless neutralino.
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