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Standard Model

Standard particles

Higgs

! Quarks ’ Leptons . Force particles

B Standard Model (SM)

Very successful description of phenomena
at TeV scale, but some shortcomings:

O Hierarchy problem

O Can not unify gauge couplings
Q0 No dark matter (DM)

a ...



Standard Model and Supersymmetry

Standard particles SUSY particles
ud cd t ‘
d S b Higgs Higgsino
) Quarks ’ Leptons . Force particles Squarks Q Sleptons 0 Fs)g%;;grce
B Supersymmetry (SUSY
m Standard Model (SM) persymmetry (SUSY)

Unique extension of Poincare
spacetime symmetry

O Moderate the hierarchy problem
O Grand unification of gauge

Very successful description of phenomena
at TeV scale, but some shortcomings:

O Hierarchy problem

O Can not unify gauge couplings couplings
O No dark matter (DM) 4 Provide excellent DM candidate
o a ...
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New Physics beyond the SM

Big Questions
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Compositeness,
Extra dimensions

Extended
Higgs Sector

Top
Partner

w/zZ

Minimal
Dark Matter

Hidden
Sector

Multiverse

Snowmass new physics working group report

B If SUSY is at TeV scale, it will be produced copiously at LHC
B SUSY search is one of the most hot topic at LHC and beyom:ll1



SUSY Introduction

B A symmetry which unified fermions (matter) and
bosons (forces) —> A fundamental theory

B Conserved R parity (RPC): (originally introduced for
stability of proton)

_ 3(B—L)+2s| ~R=+1 (SM)
R = (-1)*®-D+ R=-1 (SUSY)
— SUSY particles produced/annihilated in pairs
— Lightest SUSY particle (LSP) stable (DM candidate)
— Typical signature: jets/leptons/photons + MET

B Violated R parity (RPV): no Dark Matter candidate

Standard particles SUSY particles
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SUSY Search Strategy

B SUSY search strategy: search §
for deviation from SM

B SUSY sensitive variables: Try to
establish excess of events in
some sensitive kinematic
distribution (E;™iss, Meff, mT ...)

B SM background: SUSY searches
rely on accurate modeling of the
Standard Model backgrounds




SM Background Modeling

B SUSY searches rely on accurate modeling of the Standard
Model backgrounds

_ombined fit of
all regions and
»ackgrounds and
ncl. systematic
2xp. and theor.
incertainties as
uisance
»arameters

Standard Model

Top, multijets
V, VV, VVV, Higgs
& combinations of these

Reducible backgrounds Irreducible backgrounds

Determined from data
Backgrounds and methods
depend on analyses

Validation

Validation regions used to

cross check SM predictions
with data

Signal regions

Dominant sources: normalise
MC in data control regions
Subdominant sources: MC

blinded

blinded



NLO(-NLL) o(pp— SUSY) [pb]

SUSY Search @ LHC

LPCC SUSY 06 WG
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® Most results are based on 13-15
fb-1@ 13 TeV from 2015+2016

® Few of them from 8 TeV (EWK)

Strong production:

Q targeting gluinos and 1st and 2™
generation squarks

O by far largest cross-sections
3rd generation:
O targeting stop and sbottoms

O Should be lowest mass squarks
for naturalness reasons

Electroweak production:

O targeting Electroweakinos,
sleptons

1 Lowest mass sparticles, clean
signature

RPVILL.:

O targeting R-parity violating
models and long lived sparticles

d More exotic models
8



NLO(-NLL) o(pp— SUSY) [pb]

SUSY Search @ LHC

LPCC SUSY o WG
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The results are based on
13-15fb1@ 13 TeV from
2015+2016

Strong production:

Q targeting gluinos and 1st and 2™
generation squarks

O by far largest cross-sections




ATLAS-CONF-2016-078

Strong Production: OL+jets+MET
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Search for gluinos and 15t and 2"9 generation squarks
Final states with jets, MET and no isolated lepton (e/p)
Signal to BG discrimination based on: Meff, MET, RJigsaw

30 signal regions (SRs) defined targeting different search
scenarios and phase space - No significant excess observed
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ATLAS-CONF-2016-078

m)ZT [GeV]

Strong Production: OL+jets+MET

Search for gluinos and 15t and 2"9 generation squarks
Final states with jets, MET and no isolated lepton (e/p)
Signal to BG discrimination based on: Meff, MET, RJigsaw

30 signal regions (SRs) defined targeting different search
scenarios and phase space - No significant excess observed

Excludes gluino (squark) masses up to 1.86 (1.35) TeV for
massless LSP. For gluino decay via N2 model, gluino masses
below 1.9 TeV are excluded for N2 masses of ~ 600 GeV
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ATLAS-CONF-2016-054

Strong Production: 1L+jets+MET

isolated lepton (e/p)

Signal to BG discrimination based on: Meff, MET, mT
10 SRs defined targeting different search scenarios
Gluino (squark) masses up to 1.7 TeV (1.0 TeV) are excluded for

low neutralino masses ( <400 GeV or < 300 GeV)

No significant
excess observed
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ATLAS-CONF-2016-037
Strong Production: SS/3L+jets+MET

B Search for squarks/gluinos via long decay chain in SS/3L
- Sensitive for a wide range of models (4 RPC+4 RPV)

- Very clean channels with only tiny SM bg (mainly top+V, diboson,
triboson) > A good probe for new physics

B 4 RPC+3 PRV SRs defined, targeting specific scenarios =2 no excess
B Gluino mass <1.3-1.7 TeV and LSP mass < 850-1100 GeV are

excluded for gluino pair production. Right-handed down squark
masses are probed up to md ; = 700 GeV in RPV scenarios
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ATLAS-CONF-2016-052
Strong Production: bjets +MET

B Search for gluinos via stop or shottom decay

B Final states with 23b-jets, MET, no or one lepton (e/p)

B Signal to BG discrimination based on: Meff, MET, mT

B 7 SRs defined targeting different search scenarios

B Excludes gluino masses up to 1.89 TeV for massless LSP

No significant
excess observed
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NLO(-NLL) o(pp— SUSY) [pb]

SUSY Search @ LHC
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ATLAS-CONF-2016-077

34 Generation: stop OL

Search for stop with OL+(b)jets+MET (hadronic decay)

Signal to BG discrimination based on: MET, mT(b), HT

~19 SRs defined, targeting specific scenarios and phase space
Exclusion for m(~t1) < ~820GeV for massless LSP

For the models of the associated production of DM(y) with top pairs,

with a global coupling of 3.5, mediator masses up to 300 GeV, and y
masses below 40 GeV are excluded
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ATLAS-CONF-2016-050

34 Generation: stop 1L

Search for stop with 1L+(b)jets+MET

Signal to BG discrimination based on: MET, mT(b), HT

~7 SRs defined, targeting specific scenarios and phase space (~3.30
excess in DM_low SR)

B Exclusion for m(~t1) < ~830GeV for massless LSP

B The maximal coupling of g = 3.5 is excluded @95% CL for a (pseudo-)
scalar mediator mass up to (350) 320 GeV assuming a 1 GeV DM mass.
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ATLAS-CONF-2016-076

34 Generation: stop 2L

Search for stop with 2L+(b)jets+MET
Signal to BG discrimination based on: MET, mT2
~7 SRs defined, targeting specific scenarios and phase space

Exclusion for m(~t1) < ~480GeV for massless LSP
For the models of the associated production of DM with top pairs,
mediator mass < 330 GeV and DM particle mass < 20 GeV excluded
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‘ ATLAS-CONF-2016-048

events
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34 Generation: stop via stau

Search for stop with 21 +(b)jets +MET (GMSB, nGM)

Signal to BG discrimination based on: MET, mT2 f.F -~ a

1 SR defined targeting high stop mass region SO
Masses of the top squark up to 870 GeV and stau| ? |

up to 730 GeV are excluded.
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ATLAS-CONF-2016-038

Events / 50 GeV

Data / SM

34 Generation: stop with Z

Search for stop with Z +(b)jets +MET

Signal to BG discrimination based on: MET, p,'"
3 SRs defined targeting from low to high mass

splitting

Parameter space regions up to m;, < 730 GeV and

LSP < 325 GeV are excluded
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NLO(-NLL) o(pp— SUSY) [pb]

SUSY Search @ LHC

LPCC SUSY o WG
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\ SUSY sparticle mass [GeV]

Generic signatures: low—jet multiplicity +
2 2leptons + MET(2/3/4L, >=2tau)

#events in 20 fb! 8TeV LHC data

Electroweak process benefit less
from the energy increase, while as
luminosity increase they actually
become more and more competitive
and are actually the most
interesting channels for the LHC
upgrade phase - only 4L updated
to 13 TeV, 2-3L and 2taus aiming for
SEARCH CONF

Electroweak production:

O targeting Electroweakinos,
sleptons

1 Lowest mass sparticles, clean
signature

21




ATLAS-CONF-2016-075

EWK Production: 4L+MET

B Search for charginos for chargino production with indirect RPV
decays

B RPV SUSY scenarios can therefore result in signatures with high
lepton multiplicities and substantial MET - 4L (e/y) + MET FS

B Signal to BG discrimination based on: Meff
B 2 SRs defined targeting different chargino mass region
B chargino masses up to 1.14 TeV are excluded for large LSP masses
5 [atias Freiminay @ Zidmsn | _ moRloWmWLigow
g 107 pyarveant o Lot mw o % 1000 . ATLAS Preliminary
2 Al S S ;x [ Vs=13TeV, 133 1b"
2 900,400) GeV' - 4 lepton
g (900490 W ¥ 1000_:::::::p
800
i 2T
600
g e 400
% Z_ _ W 200
R ' N ___ A
ot ] 500 600 700 800 900 1000 1100 1200

0 200 400 600 800 1000 1200 1400

m_. [GeV]
m,, [GeV] %
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EWK Production: 1-4L(e,u,T) +MET (8 TeV)

B Search for sleptons with 2L (e/uy) + MET FS - ~| > 330 GeV
B Search for charginos and neutralinos with 2-3L (e/u/T) + MET FS
- Excludes electroweakino masses up to 350-700 GeV

B Search for charginos and neutralinos via higgs decay (Wh->1I +bb,
vy, ll, Tt1) - Excludes electroweakino masses up to 250 GeV

v/t
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SUSY Search @ LHC

LPCC SUSY o WG
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SUSY sparticle mass [GeV]

Some are already covered at
previous slides

#events in 20 b 8TeV LHC data

RPVI/LL:

O targeting R-parity violating
models and long lived sparticles

O More exotic models
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ATLAS-CONF-2016-057

RPV: multi-jets

Search for gluinos with RPV decays to quarks
Signal to BG discrimination based on: sum mass of jets
4 SRs defined targeting different search scenarios

In the gluino cascade decay model, gluinos with masses up to
1000-1550 GeV are excluded, depending on the neutralino mass

In the gluino direct decay model, gluinos with masses up to 1080
GeV are excluded.
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s 20071 T 3 5w 10g—— e g
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ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Status: August 2016 Vi=7,8.13TeV
Model €M Ty Jets ET [Laam) Mass limit Vi=7.8Tev [§F=13TeV. Reference
MSUGRM::MSSM 03wp-2r 210p4s/3b Yas 203 1507.05525
3.9 ,-g 0 - fg : YY:l 13.3 "‘I',)d:,:;a.u m[1¥ gen gl=m(2* gen.q) nustzur.zmwa
— b1 (com Mmoo 5 3.2 rrid]-mi] <5 Ga 07773
E;' ;-.,,g‘; Freasedd 0 26Gjpts Yes 133 ,,‘:',;.né.v ATLAE-CONF-2016-078
B2 Eoagtt -.,:‘vg‘? 0 Z:jeh Yes 133 ntﬁywoe-v. mi& 105 mik erigl] ATLAS-CONF-2016-078
=g Ce vy 3ep - 13.2 i })<400 Cal ATLAE-CONF-2016-087
o M 2¢p(SS) 03t Yes 132 na':; <500 GV ATLAS-CONF-2016-087
&iaf’n.sn 1-27r4+01¢ 02t Yas 3.2 1807.05979
GGEM (bino NLSP] 2y - Yes 32 cr(NLEP) <01 rren 180509150
GGM (higgsino-bino NLSP) ¥ 16 Yes 203 i1)<050CaV, cr{NLSF)<0 1 mem, <0 1507.05403
GEM mwfm::;gmﬂ ¥ o :m E' 13.3 m ,L;;:io)g;wummmm sl ATLAS-CONF-2016-066
GGM [Hggsino 2ep s 203 150803290
Graviino LSP 0 monojet  Yes 203 @213 % 107 oV, mg)=mpf)=1 5TaV 1502 01518
22, EbEES 0 3k Yes 148 $)-0Gev ATLAS-CONF-2016-062
28, g—iith 01 e gt k Yes 148 .)-ne.v ATLAE-CONF-2016-062
28, - Ol eyt Ik Yas  20.1 112300 CaV 1407 0500
FFy By -oﬂ" 0 2& Yes 32 rii})<100 CaV 1806.03772
Bk By —qt. 2¢,1¢(SS) 16 Yas  13.2 mg;',mso:::v, ml:.'): mii]]+100Ga¥ ATLAS-CONF.2016-087
Nf, ik 020 125 Yas 47133 rrid 3] = 2mAT), mid )=55 CaV 1209.2102, ATLAS-CONF-2018-077
Qi .-.wz:houﬂ’ O-2ep 0-2j1s1-2¢ Yas 47133 .-.a':);u eV ! 1506 08516, ATLAS CONF-201 6077
L6 J 0 moncrjet Yas 3.2 rrify)erid )5 GaV 1804.07773
1,0, (natural GMSB) 2eplz) 16 Yes 203 rrii})>150CaV 1408 5222
Db, i+ Z 3eplz) 16 Yas 133 rii3)<300 CaV ATLAS-CONF-2016-038
iafs, 2=y th lep Gltss2b Yas 203 mii})-0GeV 1508 02516
fnlix It 2ep 0 Yes 203 rii =0 GV 14085204
f, g. . g. —hiem 2ep 0 Yv:' 203 :ﬁ;::n CaV, m|t.v7=ns¢wdm:|m<;";n :g%
) . —vmm 2r - s 203 V=0 Ga¥, mi#, #1=05|mii; oS ])
§i$ 0. Ed o 2t 0l L ik} i), mid )0, . 9120 5{mié i) B
) e - s 203 o} |=miiS), midt =0, £ decaupled .
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3 f..; _'M':sm . 4 0 t- 203 miESrmiL miET1=0, mi H=0 SimiZ pemiE)) 1406 5068
GGM (wino weak pro it . Y - s 203 creimm 1507.05403
GGM [bino NLSP) weak prod. 2y s Yas 20.3 ereimm 1507.05403
Direct £1 ) prod., long-lived ¥ Disapp.trk  1jet  Yes 203 i’y |-mi]] <180 MaV, (83 )=02 ra 13103575
Direct £1F; prod., long-lived i‘ dEidx irk - Yes  1B4 rdd 3 |-mi¥]| 160 MaV, #(¥1 3215 na 150605332
Stable, n;ps i ‘Rr-hadren 0 15t Yas 279 i )=100 Ga¥, 10 pm<x(2)<1000 2 13105584
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LFV PVt X, Vr—seplerur AT HT - - 32 24,=011, 243310 20=0.07 1807.02009
Bilinear RPV CMSSM 2e,1(S8) 03b Yes 203 rridl=mi2). mizr<t mm 1404 2500
£ t'k""n Bieev gy $ep - Yas  13.3 300GV, Aye0 = 1.2) ATLAS-CONF.2016-075
ﬁ BB =W Eimrny, e, Bepsr - Yes 203 rrE a0 2rmid 3], LyeerD 1406 5068
R By 0 a5lageRjets - 148 BA((=BRH=ER()=0% ATLAS-CONF-2016-067
22 E—gat1. B3 - a9 0 4SlageRjets - 148 i )=200 GaV¥ ATLAS-CONF-2016-057
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Summary

B ATLAS developed a vast program to search for SUSY
— No significant excess seen so far

- More PUB results @here

B In canonical scenarios, sensitivity is achieved to ~1.9
TeV gluinos, ~900 GeV stops

— More (EWK) results will be ready for SEARCH CONF

H ~30 (100) fb-1 data at this year (end of run2), which is
very challenging years for SUSY in front of us!

Thanks for your attention!
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events / 30 GeV

31 Generation: stop 1L

Signal region DM_low
Observed 35 g f(}‘,)
Total background 17.26 +2.18
73 4.18+1.32 ~
W+jets 3.09+1.50 ¢/a
Single top 1.91£0.90 "'<
ti+V 6.44 £ 1.37 X
Diboson 1.49 +0.58
zjets 0.16+0.14 8 t(b)
t7 NF 0.90+0.17
W+jets NF 0.94+0.13
Single top NF 1.36 = 0.36
ti + W/Z NF 1.47£0.22
po (o) 0.0004493 ( 3.32)
Nlimit exp. (95%CL)|  11.48*3-9]
Nlimit  obs. (95% CL) 28.28
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ATLAS-CONF-2016-066
Strong Production: photon +jets +MET

Search for gluinos with photon +jets +MET FS (GGM)
Signal to BG discrimination based on: Meff, MET
2 SRs defined targeting different search scenarios

Excludes gluino masses up to 1.8 TeV for for a large
range of neutralino masses, increasing to 2 TeV in
the case of a high mass neutralino
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Strong Production: Z(lI)+MET

Search for gluinos with a Z + jets + MET

signature

q
There is an excess (30) at ATLAS Runf
(not at CMS): obs. 29, exp. 10.8+-2.2

Check it with Run2 using run1-like SR:
Z (Il), 2jets, MET>225 GeV, HT>600 GeV

a mild excess seen in Run2: obs. 21,

exp. 10.4+-2.4 (2.20 in intermediate
MET)

Excludes gluino masses up to 1.1 TeV

ATLAS-CONF-2015-082
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Long-lived highly ionizing particles

B Gluino (charged) R-hadrons: Phys. Rev. D 93, 112015 (2016)

® stable (lifetime>50ns, escape detectors)
® metastable (lifetime ~ns, detection in Pixels with dE/dx)

B Two SRs for stable/metastable long lived particles
—> Stable gluino R-hadrons excluded below 1570 GeV

= Gluino R-hadrons with lifetime > 0.4 ns exclusions given for 100
GeV LSP, lower mass limits 740-1590 GeV
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10° ATLAS Preliminary
E {s«13TeV, 133 M0

RJigsaw

RJR-SRG3ab
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e Data 2015 and 2016

e SM Total 1
Mot jet '
B Wejets

[ ]H(+EW) & single top
(] Zejets

/////

the complementary search using the Recursive Jigsaw Reconstruction (RJR)
techniques in the construction of a discriminating variable set (‘RJR-based search’). By
using a dedicated set of selection criteria, the RJR-search improve the sensitivity to
supersymmetric models with small mass splittings between the sparticles (models with

compressed spectra).

Recursive jigsaw reconstruction
* based on assumption of decay tree

* fix set of rules to resolve combinatorics and unknowns in invisible system
» can form set of variables in the rest frame of each level in the decay tree
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For the 13 TeV ATLAS searches, we utilize each of these classes:

e Missing energy-type:
o Missing transverse momentum: E™* and pr™
o Missing transverse momentum significance: ET° /\/Hy

o RlJigsaw H-scale for 1 visible, 1 invisible state: H}"| (Similar to EX5%)
@ Energy scale-type:
9 Eﬂ.ective mass: Meﬁ‘ B ZP’]‘ + Z +E-¥~uss (also considering only first 4 jets)
jets leptons

o Scalar sum of visible momenta: Hr,

o Transverse mass: mr = \/ 2pLERIS (1 — cos(AG(PT™*,£))  (b-quarks can also repiace the lepion)

o RJigsaw H-scale: H2 1s HPP (Similar to Meg)

o RlJigsaw ISR pr scale: |pISR (sum pr of ISR jets
@ Energy structure-type:

o Jet multiplicity: Njet, Np—jet

o Total jet mass: MJE = E mjet (also considering only first 4 large-radius jets)
e Angular distributions: Ad)ijun = min(|Pany—jet — _'mlss|) > 0.4 (for all O selections)
o Aplanarity: A = (3/2))3

) QCD ET 5 alignment: AQCD (signed asymmetry between 1#““ and jet azimuthal directions)
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Long term prospects [anruvsrus2012.010

B ATLAS studied long term prospects for the (HL-)LHC with 300, 3000 fb"!@14 TeV

B Discovery potential up to 2.5 TeV gluinos, 1.3 TeV squarks/sbottom and 800
GeV Electroweakinos
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