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Supersymmetry (SUSY) as an extension of the standard model

Idea: Introduce a new symmetry transformation 'Q’ with the following property:
Q|fermion) = |boson)
Q|boson) = [fermion)

— Assign each particle in the standard model a supersymmetric partner
o spins differ by 1
(boson <« fermion)
@ Motivation:

@ stabilize Higgs vacuum mass against loop corrections
@ convergence of fundamental interactions’ coupling strenghts (— GUT'’s)
@ obtain a dark matter candidate
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Multilepton signatures in SUSY

Overview: Minimal SUSY particle content

Quarks Gauge Higgs
Bosons Bosons
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(mostly) experimentally observed not observed so far! May be shifted to
higher masses (broken SUSY)

Max Goblirsch (MPI) Multilepton RPV SUSY 14.12.2012 4/28



Multilepton signatures in SUSY

Important concept: R-Parity

Rp — (1)t — +1(particles)
—1(sparticles)

Motivation:
@ protection against rapid proton decay
@ stable, neutral LSP (lightest supersymmetric particle) —dark matter candidate

Consequences:
@ SUSY particles can only occur in even numbers at vertices
@ SUSY decay chains end at the LSP, which escapes the detector
— visible to the analyser as a non-conservation of the transverse momentum

— quantitatively: expect high E'S=| S pr|
Objects
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Multilepton signatures in SUSY

R-Parity Violation:
@ RPV superpotential terms:
Wrev = AikLiLiEx + Ak LiQDk + Ak UiDjDk + kiLiHz

@ non-zero \jx: lepton flavour violating LSP decay
— example: A\p1 > 0: x§ = et ve
@ reduced Ef"Scompared to 'conventional’ SUSY scenarios, as LSP decays produce
visible particles, but high lepton multiplicities

Ve(”u) et
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Multilepton signatures in SUSY

R-Parity Violation:
@ RPV superpotential terms:

Wrev = AikLiliEx + AjxLiQjDk + Ak UiDjDk + kiLiHz

@ non-zero \jk: lepton flavour violating LSP decay
— example: A\p1 > 0: x8 — et ve
@ reduced Ef"Scompared to 'conventional’ SUSY scenarios, as LSP decays produce
visible particles, but high lepton multiplicities

Overview: RPV decays of a ¥3 LSP via a non-zero \jx parameter.
|ij=12 |ij=13 |ij=23
k=1 | eev/eur | eev/erv | epv/erv
k=2 |euw/puuv | epv/urv | puv/urv
k=3 | erv/urv | erv/TTv | prv/TTUL
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Signal models for the RPV analysis

Study Simplified RPV models
@ Bino-like neutralino ( ¥7) LSP

@ several next-to-lightest SUSY particle (NLSP) choices (Winos, Gluinos, Sleptons,
Sneutrinos)

@ all other sparticles decoupled to very high masses (4.5 TeV)
@ generate sets of samples (grids) in the mig/mNLsp plane
@ expect at least 4 leptons + EJ'S

Ve
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The ATLAS detector

Muon Dt Tile C i Liquid Argon Calorimeter
|

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

@ High Luminosity, multi purpose detector at the Large Hadron Collider in Geneva
@ Record p-p-collisions at /s = 7(2011)/8(2012) Tev

Max Goblirsch (MPI) Multilepton RPV SUSY 14.12.2012 9/28



The ATLAS detector

Muon
Spectrometer

Neutring|
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e \ = the detector
Electromagnetic \ A ! i

Calorimeter — Electrons”
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Solenoid magnet R f
Transition
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Tracking  Tracker
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detector

@ High Luminosity, multi purpose detector at the Large Hadron Collider in Geneva
@ Record p-p-collisions at /s = 7(2011)/8(2012) TeV
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Backgrounds

Which Standard Model processes can yield 4 leptons in the final state?
@ Irreducible backgrounds - 4 prompt leptons similiar to those from signal
— ZZ diboson production (and H — ZZ* — 4¢)
— top quark pairs in association with vector bosons (tt + WW /Z)
— ZWW triboson production
@ low cross-sections, but hard to suppress!

14.12.2012 11/28
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Backgrounds

@ Reducible backgrounds, with leptons from secondary decays or fakes
— Z U
— WZ, WW, WWW di/triboson processes
— top quark pairs (tt/tt+W )
— Zt+y
@ can be suppressed more easily, but high cross-sections

Val
(—

secondary
lepton
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Selection of Signal events

Main requirement:

@ At least 4 signal leptons

— Signal leptons: Appear isolated in the detector,
not surrounded by further activity (jets etc)

Suppression of Z backgrounds:

@ reject events with a dilepton pair with an invariant mass in the region
|M|| — Mz| <10

— powerful suppression of ZZ, WZ, Z+jets, ttZ
Selection of SUSY candidates

@ neutrinos from the LSP decays —look for E's®
—» First signal event category (Signal region 1, SR1): EMS > 50 GeV

@ another sensitive variable: Effective mass: mer = >, pr +>_pr + Emis
leptons jets

— Second signal event category (Signal region 2, SR2): met > 300 GeV
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Reducible Background estimation - weighting method

Goal: Estimate the background from reducible processes using data
© Define a control region - signal selection, but require one lepton to fail the
isolation cuts
© Define a background sample of events with non-prompt leptons (example: bb)
@ Measure propability f of a non prompt lepton to appear isolated in the background
sample
@ Use this to scale counts in the control region to expected signal region background

Npek (SR) = % -N(CR) = Nosss N(CR)

Nfail
background sample signal region
pass
Isolation Nucc(SR)
Scale by
measured
factor fake factor
fail
Isolation N(CR)
background sample control region
non-prompt selection  SUSY selection
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Background estimation - 2012 results

Selection SR1 SR2
zz 0.07° %% | 0.997%%
triboson 0.10*9% | 0.087%9%
ttz 0.047%% | 0.0679%2
ttww 0.0179% | 0.007%%
Y Irreducible || 0.2275%) | 1.147%%
Fakes -0.017%7% [ 0.097%%7
Y SM 0.2179%7 1 1.2373%

@ Background expectation dominated by irreducible processes
@ reducible contributions: dominated by WZ (according to MC)
@ SM background almost completely suppressed!

Max Goblirsch (MPI) Multilepton RPV SUSY 14.12.2012 15/28



Background validation regions

Define Validation Regions enriched with certain backgrounds to validate our

description

@ Test background modelling for the different contributions
@ can be checked before looking at signal regions, keeping the analysis 'blinded’

Name Selection
VR1-3LTop 3 signal leptons, no SFOS pair, ET'S > 50 GeV
VR2-3LTop 3 signal leptons, no SFOS pair, Em'$ > 50 GeV, b-jet request
VR4-3LZ 3 signal leptons, Z request, 30< E""$ <50GeV
VR6-4LnoZ 4 signal leptons, Z veto, EMS < 50 GeV, mg < 300 GeV
VR8-4L2Z 4 signal leptons, Z request
MET A 3 Leptons
MET A 4 Leptons
VR1
(VR2) SR1
50 50
VR4 VRS
30
30 VR6
Req.Z Veto
SFOS Req.Z Veto Z
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Background validation regions - examples

top validation regions - 3 signal leptons, no same-flavour opposite-charge pair, high
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Background validation regions - examples

ZZ validation region - 4 signal leptons, Z request
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Observed events on Data

@ Data in agreement with background expectation
— confidence in our understanding of backgrounds
— but no signs of RPV SUSY!

Selection SR1 SR2
2 U R
triboson 0.107991 | 0.08+0:0
tz 0.0475% | 0.067%%
ww || 001%g, | 0007y
¥ Irreducible || 0.227923 | 1.147G%)
Fakes ‘0-01f%"11‘:; 0097017
TSw_| ozt [t
Data 1 >
p0-value (o) 0.14(1.1) | 0.31(0.5)
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Observed events on Data

@ Data in agreement with background expectation
— confidence in our understanding of backgrounds
— but no signs of RPV SUSY!

Distributions of EM(left) and me (right) in agreement with SM background
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2012 Exclusion Limits - Wino grids

@ test expectations for the points in a grid against the observation
@ exclude grid points at 95% Confidence level
— 2D exclusion contours

@ Exclude Wino masses up to 700 GeV

@ results comparable between \jz; (left) and Aiz2(right)
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2012 Exclusion Limits - left-handed Slepton grids

@ Exclude Slepton masses up to 450 GeV
@ results again comparable between \;2; (left) and \qz2(right)
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2012 Exclusion Limits - Sneutrino grids

@ Sneutrinos: Very pronounced loss of efficiency at low LSP masses
— no cascade leptons, rely completely on LSP decay

@ to be improved for Moriond

@ Analysis restricted to m_sp > 50 GeV,

@ exclude Sneutrino masses up to 400 GeV
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2012 Exclusion Limits -

Gluino grids

@ Analysis restricted to m sp > 50 Ge&V
@ high production cross-sections due to QCD couplings allow for strong exclusions
@ exclude Gluino masses up to 1.3 TeV
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Outlook: Inclusion of semileptonic of  decays

@ 7 out of 9 allowed leptonic RPV parameters lead to 7 in final states
@ currently, weak sensitivity - we only pick up the leptonic decays
— next step for the analysis: inclusion of 7 jets

ATLAS Work in Progress

<~ 800F T =
e [C  Change w.r.t 4 (med tau): +1202.68 % +601.56 % m
] F  Change w.r.t 41 tight tau): +958.92 % +363.32 % B
S 700 "N (tight @) ° A
o OE E
£ soofe medium T E
5 600~ -
I} E_ 4 ]
3 fe-tightt ]
500— 3
400 —
300 —
200 —
100 + -
E 1+ ! ! B
0 410t 3l 212t
44.99 + 44.68 54111+ 147.77 270.66 + 91.96
44.99 + 44.68 431.44 + 136.10 163.46 + 77.53
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Outlook: Inclusion of semileptonic of  decays

@ challenging: want to keep a low background level

ATLAS Work in Progress

—~ 4.5F T T T =
;_9 [ Change w.r.t 4l (med tau): +1958.40 % +76.94 % :
— AF- Change w.rt 4l (tight tau): +610.63 % +76.83 % —
o C |
£ 355 medi -
S VF meaiumt B
o E . E

25 =
2 =
15 =
1= =
0.5 =
ot 9 | L 3
4101 3i 2I2t
0.15+0.11 3.01+0.71 0.12+0.12
0.15+0.11 0.94+0.43 0.12+0.12
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Outlook: Inclusion of semileptonic of  decays

@ with 7, will be able to cover the entire range of leptonic RPV with short-lived
signatures
— fit into evolving systematic scan of RPV SUSY at ATLAS
@ first results: Moriond 2013

ATLAS Work in Progress

T 1.4 T I f
£ "7k Change w.r.t 4l (med tau): +1046.80 % +773.11 % -
— [ Change w.rt 4l (tight tau): +748.52 % +561.33% ]
N
= 1.2 —
e L i ]
S fe mediumt ]
o 1— 4 —
3 “he-tightt ] B
0.8— —
[ r .
0.6 —
04— —
0.2 + —
C l+ | | ]
0 4lot 3l 2l2t
0.09%0.09 0.95+ 0.49 0.70+ 0.40
0.09+0.09 0.68+ 0.41 0.51%0.36
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Conclusions

@ RPV SUSY may yield striking multilepton signatures
@ ATLAS search performed using [ Ldt = 13fb~* of data at /S = 8 TeV
@ interpretation in the scope of simplified models
— publication of detailed results allow for easy reinterpretation by theoreticians

@ no signs of SUSY so far, we keep looking...

Thank you for your attention!
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Background estimation - weighting method

Use lepton quality to estimate the background in the SR:
@ define the Fake Ratio F for a fake lepton:

P(reco as 'signal lepton’)

~ P(reco as 'loose lepton’)

@ then we can estimate the number of events with one or two fakes:
Nreg = (Ndata(35igna|lLOOSE) - N,i}'@d'(SSignallLoose)) F

- (Ndata(ZSignaIZLoose) - N,i\}réd'(ZSignaIZLoose)) “F1-F,

@ The fake ratio depends on
9 fake type (conversion / jet)
@ production process (top / boson)
@ signal region (SR1/ SR2)
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Background estimation - fake ratio determination

Reminder - Fake categories

@ Types: conversion/ jet - use index i
@ Processes: top / boson - use index |

Use a weighted average:

@ introduce scale factors sf(i) for each fake type i to relate fake ratios in data and
MC, measured in a control region:

) FData(i)

sf(i) = ——2

() = e
— assume constant between regions and processes

@ define fake fraction R (i, ) as the fraction of fakes in a given region with type i and
process category | from MC

@ Then, we can average over the individual fake ratios F (i, ] ) for each fake type i and
process j:

F :Zsf(i)R(i.j)F(ivJ')
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Object selection

Leptons above pr > 10 Ge&V
@ Medium++ electrons within |n| < 2.47
@ STACO loose muons within |n| < 2.4

AntiKt4 jets above pr > 20 Ge&/
@ 2011: AntiKt4TopoEMJets within |n| < 4.9
@ 2012: AntiKt4LCTopoJets within |n| < 4.5

Overlap removal between identified objects:
@ Discard softer electron if AR(e,e) < 0.1
@ Discard jet if AR(e,j) < 0.2
@ Discard electron if AR(j,e) < 0.4
@ Discard muon if AR(j, 1) < 0.4
@ Discard electron and muon if AR(e, ) < 0.1
@ Discard low mass SFOS pairs with mg, < 12 GevV
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Event selection

separate signal leptons and loose leptons

2011 2012
p_<|:_0ne30 > 0.11 - pT
Signal cone20 ~ 1.6 GeV
gnal pv | py > do) ‘ <3
|zosm(€)| < 1lmm
Loose p fail any cut
cone20 pcone30 >0.16 - Pt
>0.1 T
Signal e Py Pt Econeao > 0.18 - pt
Tight++ |zosm(6)| < 0.4mm
Tight++

Loose e fail any cut

@ 2012 isolation includes 'custom’ SUSY 2nd order pileup correction
@ leptons passing all cuts are regarded as signal
@ all other leptons are labeled as loose.

Trigger

@ 2011: unprescaled single- and dilepton triggers, apply trigger efficiencies on MC
@ 2012: 'OR’ of unprescaled dilepton triggers, use MC trigger simulation +
systematic
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