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Abstract

A search for direct stau pair production with Monte Carlo proton-proton collisions at a center-of-
mass energy of 13 TeV and luminosity of 80 fb? is presented. This process is characterized by
final states with at least one hadronically decaying tau lepton and missing transverse momentum.
Stransverse mass M, and summation of transverse mass ), My are exploited as discriminating
variables. In two hadronically decaying tau channel, a search region with M2 > 90GeV and |A¢(z1,
)| > 1.5 using di-tau+ EMSS trigger is found to have s/+/B ~ 4, indicating a potential
supersymmetry tau discovery region.



1 Introduction

Supersymmetry (SUSY), based on the symmetry between fermions and bosons [1], is a promising
extension to Standard Model (SM). It postulates the existence of a partner state for every SM
particle with same quantum number, except for spin which differs by one half unit. Certain classes
of SUSY models can lead to unification of gauge coupling at high energy [2], provide a solution
to hierarchy problem without fine tuning by stabilizing the mass of the Higgs boson against large
radiative corrections [3]. In R-parity conserving models, supersymmetric particles are always
produced in pairs, the lightest supersymmetry particle (LSP) is stable and considered to be the
candidate of dark matter [3].

In various SUSY scenarios, the lightest SUSY particles of SM lepton families are those of third-
generation, resulting in a stau (labeled as ) rich final states [4]. It plays a role in co-annihilation
with neutrolino leading to a dark matter density relic consistent with current cosmological
observation [4].

Previously search for SUSY particles including charginos (", i = 1,2), neutrolinos ()Z;.’,j =

1,2,3,4) and sleptons (I, %) are described in ref. [1-6]. Production of stau pairs has smaller cross
section compared to )Zi—“)ff and )Z;—’)Zg in pp collision. However, if mass of chargino and neutrolino
are high and inaccessible at LHC. Then the dominant SUSY process should be stau pair production

[7].

In this report, the search for direct stau pair production with Monte Carlo proton-proton collision,
as shown in Figure 1 [1], at v/s= 13TeV 80fb™ will be presented. Stau (7) will decay to neutrolino
()5‘1’ ,LSP) and SM tau (r) with 100% branching ratio. The final state contains at least one

hadronically decaying tau (z) and missing transverse momentum (ERisS), i.e. either two taus decay
hadronically (zamh, channel) or one decays hadronically and the other decays leptonically (/z
channel, I stands for electron or muon). This search will make use of stransverse mass (Mr2) and
summation of transverse mass (). M), which tries to estimate mass of two identical heavier mother
particles when both decay to one visible and one invisible lighter particles. In this search, the
visible particle is reconstructed z lepton and the invisible one is neutrolino.

This report is organized as follows: A brief description of ATLAS detector and event
reconstruction are presented in section 2 and 3. Monte Carlo event generation is listed in section
4. Trigger and event selection are discussed in section 5 and 6. Section 7 outlines background
estimation relevant to direct stau search process. Section 8 is a summary of search results.

My project includes particle kinetic information study, trigger system efficiency comparison and
selection, and finally | discovered a potential supersymmetry tau discovery region for two
hadronically decaying tau channel.
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Figure 1: Schematic pair production of z pairs from simplified model of direct stau production.

2 The ATLAS detector

The ATLAS detector [8] is a multipurpose particle physics detector. It covers a nearly 4= solid
angle, features an inner tracking detector (ID), electromagnetic (EM) and hadronic (HAD)
calorimeters, and a muon spectrometer (MS). ID, surrounded by a 2T superconducting solenoid,
consists of a silicon pixel detector, a semiconductor microstrip detector and a transition radiation
tracker. They cover a pseudorapidity region || < 2.5. The electromagnetic calorimeters (ECAL)
are composed of high granularity liquid-argon (LAr) with lead, copper, or tungsten absorbers and
measures the energy and position of shower within || < 3.2. Hadronic calorimeter is composed of
steel/scintillator tile and measures the shower energy in the region |»| < 1.7 while a sampling
calorimeter is deployed in the end-cap and forward regions spanning 1.5 < |y| < 4.9. The MS
surrounds the calorimeters and consists of three large superconducting air-core toroid magnets,
each with eight coils, a system of precision tracking chambers (|y| < 2.7), and detectors for
triggering (|| < 2.4). Events are selected by a three-level trigger system.

3 Event reconstruction
3.1 Reconstruction of tau

With a mass of 1.777GeV and proper decay of 87um, tau leptons decay either hadronically
(t—hadrons+v:) or leptonically (t—I+vi+v;, where | stands for electron or muon) before reaching
active detecting materials [9]. Therefore, they can only be identified via decay products. For
hadronically decay tau, most hadrons consist of charged and neutral pions. They make up the
visible decay products of tau leptons and are labeled as zhad-vis.

Jets are hadron sprays and are first reconstructed using three-dimensional clusters of calorimeter
cells and anti-k; (see ref. [10]). Individual jets satisfying pr and || requirements will be used to as
seeds for zhad-vis reconstruction algorithm. All the tau candidate tracks with pr > 1 GeV and
satisfying additional requirements on number of hits in ID and angular separation AR around jet
seed direction will be used as inputs for tau vertex (TV) association algorithm (details in ref. [11]).
In events with multiple simultaneous pp collision (pile-up), the tau production vertex returned by
TV association algorithm may not be the real vertex. To reduce pile-up effect, the primary vertex
is chosen to be the one with highest ¥, p7 ,qcrsii-€- the transverse momentum sum of all tracks
associated with TV. For physics analysis with high pr events, such vertex coincides 99% with real
production vertex. TV is used to build new coordinate system for re-calculating the four-
momentum and direction of znag-vis candidates. Additional tracks (jets not associated with primary
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vertex, leptons and photons etc.) are associated with znad-vis if their angular separation AR < 0.2
(core region) with other criteria on pr, number of hits in ID and impact parameter w.r.t. TV. Tracks
in 0.2 < AR < 0.4 around nad-vis are used for calculation of identification variables which will be
used in discrimination against jets from background events [9].

3.2 Discrimination against background jets, electrons and muons

Background jets Background jets are dominated by quarks and gluons’ hadronization. Real zhag-vis
is more collimated and has less associated tracks, which can be exploited to discriminate against
background jets. Discriminating variables including fraction of transverse energy deposited in AR
< 0.1 W.r.t. AR < 0.2 (feent), number of tracks in isolation area (N:32,,) and the highest-pr fraction
w.r.t. the transverse energy sum in core region (firack) etc. are combined in Boosted Decision Tree
(BDT) training to effectively reject znag-vis from background jets. Depending on the tightness of
BDT identification criteria, three different working points, tight, medium and loose, are labeled
corresponding to different tau identification efficiency [9].

Electron veto To prevent electron being mis-identified as 1-track znad-vis candidates, different
algorithm and BDT are devoted to exploit the following variables: transition radiation, more likely
to be emitted by electrons; large AR between znag.vis direction; more energy deposition in
electromagnetic calorimeter compare to total energy deposited in EM+HAD calorimeter etc [9].

Muon veto Muon are unlikely to be reconstructed as znad-vis, as they barely deposit enough energy
in calorimeter. For sufficiently energetic muon, they register a less fraction of energy in EM
calorimeter and have a high track-pr to Et ratio. Low energy muons that are stopped at HAD
calorimeter are characterized by higher energy fraction in EM calorimeter and a low ratio of track-
pr to Et. Simple cut method could already reduce muon contamination to negligible level [9].

3.3 Reconstruction of electron and muon

Electron and muon are identified using specific detector signatures. Electrons are reconstructed by
matching track from ID and an energy deposition in ECAL. Muon are reconstructed by matching
track from ID and its extrapolation to MS [1-5,9].

4 Monte Carlo simulation

Monte Carlo generator are used to simulate target SUSY events and background SM processes.
Only SM processes have similar signatures with final states as SUSY signals are considered.
WH+jets and Z+jets are simulated from Sherpa 2.2.1. tt events are obtained from Powheg (znm
channel) and Pythia8(lz, channel). SUSY events, stau mass 120GeV and 180GeV, are generated
by Madgraph and Pythia8.

5 Trigger selection

In LHC data taking period, only interested events satisfying trigger requirements based on their
kinematics are stored to handle bandwidth limits, time constraints and incomplete reconstruction
of tau at trigger level [9]. In my study, the kinematic behavior of decay products of 7 (180GeV)

and 7 (120GeV) with )Zg(lGeV) differs slightly and the same trigger is applied to both. All possible
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lowest unprescaled triggers are tested for 7 (180GeV) signal acceptance comparison are tabulated
in Table 1.

Table 1: Tau triggers with their corresponding kinematic requirements for 7 (180GeV) )Zg’(lGeV)

hth Channel

Trigger Signal acceptance
pr(71)>120GeV pr(z2)>80GeV 7%
pr(z1)>55GeV pr(r2)>40GeV AR<2.6 10%
pr(z1)>55GeV EMss>100GeV 19%
pr(z1)>55GeV pr(r2)>40GeV ERPIsS>75GeV 20%
pr(z1)>55GeV EMiss>150GeV 6%
pr(z1)>55GeV pr(r2)>40GeV EFiss>125GeV 6%

It Channel

Trigger Signal acceptance
pr(1)>27GeV 73%
pr(7)>120GeV pr(e)>19GeV 6%
pr(z)>55GeV pr(u)>15GeV 28%
pr(z)>40GeV pr(e)>19GeV EFiss>80GeV 11%
pr(z)>40GeV pr(u)>15GeV EXIsS>80GeV 14%
pr(z)>40GeV pr(e)>19GeV EFiss>130GeV 5%
pr(2)>40GeV pr(u)>15GeV EMiss>130GeV 4%

For final states with two hadronically decaying tau (znzh Channel), the best signal acceptance is
pr(z1) > 55GeV, pr(r2) > 40GeV and EXIss> 75GeV. However, EXSSis not fully efficient before
~130GeV where it reaches a plateau. Therefore, to efficient use trigger selection, EMi$needs to be
promoted to ~150GeV, which lead to a huge plummet in signal acceptance. To compensate the
lost data, the trigger lessened requirement for di-tau is used and the final trigger in this analysis is
pr(z1) > 40GeV, pr(z2) > 30GeV and EMSS> 130GeV.

For final states with one hadronically decay and one leptonically decay tau (lzn Channel), single
lepton trigger already demonstrate an excellent performance. To suppress additional backgrounds,
we will also require information on a high pr(z) and EXsS, The final trigger is pr(z) > 20GeV,
pr(l) > 27GeV and EXsS> 50GeV in search region 1 (defined in section 6) and pr(z) > 70GeV,
pr(l) > 50GeV and EXsS> 100GeV in search region 2 (tighter constraint, defined in section 6)



6 Event selection

After passing trigger requirements, events are further selected to reduce relevant background.
Discriminating variables includes work point of BDT tight, medium, loose, charge sign of tau pairs,
b-tagged jets (using combined secondary vertex (CSV) algorithm by exploiting life-time
information) veto, and impact parameter w.r.t TV, angular separation Ae Az between nzh or Iz as
Drell-Yan process have back-to-back tau pairs [3, 9]. To further background events, we will make
use of stransverse mass Mtz [12] which is an extension of transverse mass Mr.

For a mother particle decays to a visible and an invisible particle, T —» ¢ +)22 in our case.
Transverse mass Mr is defined as:

~0 ~0 ~0
M (P% prt; m)??) = \/m% + m}% +2 (E%E%h - P%P%ﬁ) 1)
X _ el 2 2

m,=1.777GeV and myo=1GeV, which are negligible compared to stau mass. The magnitude of
ﬁ¥2 is EMiss  Both hadronic and leptonic decay mode of tau contains neutrino, which carries
additional momentum that will be absorbed in EMMiSS, Besides, the momentum of tau is partially
reconstructed due to our lack of knowledge of neutrino kinematics. But nevertheless, the
distribution of Mt has a kinematic end point at the mass of mother. In this analysis, mother particles
are two tau sleptons produced in pairs and both decay to visible tau and invisible neutrolino.
EMissis the magnitude of vector sum of two invisible neutrolinos plus extra neutrinos. The
variableY, My, a combination of My (t,, piisS) and My (7,, p59), is used and the distribution is
shown in Figure 2(Left). A requirement on high }; M significantly reduces SM background.

As EMissis the momentum summation of all invisible particles. One cannot use ¥, Mrto estimate
mass of mother particle, stau. In such case, M tries to get a handle on the mass of initial pair-
produced particles. It is defined as:

_min (1) 5,2
MTZ _ﬁ-);(l)+ﬁ-);(2)=ﬁ}i~niss [maX(MT IMT )] (3)

Where ﬁi(i)(izl,Z) is the transverse momentum of two undetected neutrolinos which parametrize

our lack of knowledge about true neutrolino momenta. M%l)and M%Z)are calculated by pairing with

all possible combinations of ﬁi(i) which should sum up to EXsS. The distribution of Mt is

presented in Figure 2(Right). A high requirement will greatly reduce background events but also
reduce the signal acceptance for lower stau mass case.

One can clearly observe a high rate when )’ Mt — 0 and M, — 0. This is the case when two taus
are produced back-to-back with almost identical momenta, where no EMSwill be reconstructed
since it is computed as a negative vector sum of all visible tracks associated with tau vertex. This
situation coincides with Drell-Yan process [9].
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Figure 2: Mp,and Y, My distribution. Upper panel is zz channel lower panel is /zn channel

Different search regions are defined to target at heavy and light stau mass for both =z and Iz
Channel, as high requirement on ), My, Mt,will have different discrimination performance for
various stau mass. The search region used in this analysis are:

hth Channel

Search region 1 Search Region 2 Search Region 3
Y Mt > 90GeV 40GeV < M1z < 90GeV 40GeV < M1z < 90GeV
|A@(z1, 72)| > 1.5 Y Mr> 350GeV 300GeV < ) Mt< 350GeV
Emiss> 50GeV Emiss> 50GeV
|A@(z1, 72)| > 1.5 |A@(z1, 72)| > 1.5
Izn Channel
Search region 1 Search Region 2
Mr, > 70GeV Mt > 90GeV
Y M> 200GeV Y M> 400GeV
Ag(z, )| > 15 Ag(z, I)] > 1.5



7 Background estimation

Background from Monte Carlo simulation using production cross section may not coincide well
with data, due to imperfection of modeling. Several methods have been developed to match LHC
data with Monte Carlo simulation.

Background can be characterized as “misidentified” z» candidate, where quark or gluon jets are
misidentified as zn, and “true” z,. After requiring a large transverse momentum pr(z), the dominant
background consists of QCD multijet, W+jets (misidentified z,) and tt, Z+jets and diboson events
(true =) [1-5].

QCD multijet has a large production cross section and contributes 13% to 30% [3] to total
background. They are estimated from data using “ABCD” method due to poor MC model of
misidentification. Three control region ABC is used to estimate multijet events in signal region D.
The idea is (details in ref. [2-5]) to define such four regions in 2-dimensional plane using tau
isolation criteria and kinematic variable e.g. Mr.. Four regions are exclusive and represent different
level of QCD multijet activity. A D region has high requirement on kinematic variable compared
to B C. From A to D and B to C, reconstructed taus are required to pass tight BDT requirements.
The fraction of events passing tight requirements in B or A are found to be independent of
kinetmatic variable. Therefore, number of misidentified tau, i.e. multijet events, in D can be
estimated by a transfer factor Np = Nax Nc/Ng.

WH+jets contributes 25% to 50% to background events [3]. It is estimated by defining a specific
control region which will be used to normalize MC simulation to data (details in ref. [2-5]). The
control region requires minimal contamination from other backgrounds. Events with exactly one
isolated muon and one tau passing tight jet BDT requirements are selected to suppress QCD
multijet events. Invariant mass of two leptons are required to be outside Z mass window to reduce
Z jets contamination. Events with b-tagged jets are veto to constrain top quarks interaction.
Additional requirements on angular separation and E™iSS are applied to further suppress other
background contamination.

Irreducible true =, background including diboson (WW —zvrv and ZZ —tvry), tt and Drell-Yan
(Z/y > tt—mm and Z/y—1r—l) are estimated from MC simulation and validated in data (details
in ref. [2-5]).



8 Results Summary

The distributions of background and SUSY events after selection applied in each search region
are presented in Figure 3 below.
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Figure 3:Mr distribution for signal versus background. lzn has much more background than

In =zh Search region 1, tight require on M2 gives a better signal sensitivity for higher stau mass.

s/VB =~ 4 suggests a potential supersymmetry tau discovery region, however, a tight constraint
lead to fewer MC data for further optimization and background fluctuation may dissembled
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discovery of signal events. Fake tau rate should be checked from data as MC modeling is
insufficient. QCD multijet background needs also to be incorporated to check performance of
current search region

In Izn channel, signal is submerged in large background events even for much tighter search region
2 (WH+jets is dominant). A detailed investigation on current and new discrimination variables
exploiting the topology of W+jets, Z+jets events and recalculation of EXSSto improve the long
tail of M2 distribution could be explored for further investigation.
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