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Everyday life (and particle physics) are described by the Standard Model
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Quarks

B Higgs boson observed, SM is complete.
ulclt
SM fits the experimental data very well
=» big success in EW scale

@ The Nobel Prize in Physics 2013
Francois Englert, Peter Higgs

Léptohs
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B P. Higgs at CMS
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Unfortunately, th re is a problem w1th the Higgs!
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: \) P. Higgs at CMS
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B While has problem in Planck scale:
— Naturalness and “hierarchy”
problem
S B — Unification of gauge coupling
— Dark Matter

Unfortunately, thi:re is a proble

m with the Higgs!
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B Need a more B While has problem in Planck scale:
fundamental theory — Naturalness and “hierarchy”
of which SM is only problem
a low-energy 2 B — Unification of gauge coupling
approximation =» — Dark Matter
New Physics —

Unfortunately, th re is a problem w1th the Higgs!
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X P. Higgs at CMS
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Mrs. SUSY

SUSY camn do help ?

15-8-16



New Physics beyond the SM

Big Questions

Compositeness,
Extra dimensions

Extended
Higgs Sector

Top
Partner

Wiz

Minimal
Dark Matter

Hidden
Sector

Multiverse

Snowmass new physics working group report

— Higgs AIE, FEREBAMRETHALHCERT—AKE
20ME A AR |



Outline

B SUSY Introduction
B The LHC and ATLAS
B SUSY search strategy

B Overview of SUSY search
results

B Outlook and Summary
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SUSY Introduction

OUR WORLé... NEW WORLD?

Spin 1/2 | " o Spin O L
d | | u c t
quarks < 7 d [ S [ b E> squarks < /_'de' S b= .
> V4 g 4 ( > - 7~
e U -t e 4 T
leptons § 7 q { sleptons § - (
i V, V. Ve V. V.
O J J 4 y ___ J 7 4
Spin 1 Spin 1/2
7z w gk auno{ 3
1 ~0
Neutralinos { Zl Zz x3 X4
Spln 0O ~+ 7 ~+
= (P ——(EE
bosons

Bosons Fermions
Q |boson> = |fermion>
Q |[fermion> = |boson>

(Julius Wess and Bruno Zumino, 1974)

B A symmetry which unified fermions (mater) and bosons (forces)

Each particle has a super-partner
Number of elementary particles doubled

|ldentical gauge numbers and couplings

Spin differs by 2 between SUSY and SM particles

B A more fundamental theory: compatible with SM in EW scale,

“*solve most problems in Plafick°scale
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SUSY Introduction

O Solve hierarchy problem without " Mrs. SUSY
“fine tuning”

- Fermion and boson loops
contribute with different signs to
the Higgs radiative corrections

- Supersymmetric partner
contributions to Higgs mass cancel
SM contributions

\

Fermion loop S
f ,/"\\
| 1
_H___O____ H v _
Boson loop
M, =M,,.+AM,;  SM:AM, ~A*;  SUSY:AM, ~m; ,log(A/m,,) 18




SUSY Introduction

O Unification of gauge couplings
— New particle content changes running of couplings

— requires SUSY masses below few TeV

= SM - SUSY
- 80 N, 80 Jia,
40 K| 40 :
/ la, ¥
T, >
20 20 e
71, e,
0 0
0 o 10 15 0 o 10 15
log,,(Q/GeV) l0g,,(Q/GeV)
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rovide Dark Matter candidate - - e ﬁ/;/}.

100 | W
- R R v -

ii# %ﬁ}}r&‘%‘, ﬁ. t”/f& | e v »/}._v_a\‘\\ fe:g:;:}acted
= : T~ luminous disk
X—#5AERMAERL g e
5 (AR R o '."-44-.";. - . 10 R (kpo)
| — L SS GoAoae . M33 rotation curve

¢ Provide perfect dark mater |
_candidate - WIMP (lightest neutralino |
~in R-parity conserving models)
a stable
Q electrically neutron
Q same density as DM

B 0.094 < O,h2< 0.136 (95% CL)

— @iES#HSUSY, ATLA
RALEINUESE ! »



Outline

B SUSY Introduction

B The LHC and ATLAS

B SUSY search strategy

B Overview of SUSY search
results

B Outlook and Summary
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Collisions at LHC

Proton-Proton
Protons/bunch 10"
Beam energy 7 TeV (7x10'2 eV)

Luminosity 103 cm? s
Bunch
Event rate:
Proton N =L x o (pp) = 109 interactions/s
Mostly soft (low p;) events
Parton Interesting hard (high-p;) events are rare

(quark, gluon)

Particle Selection of 1 in

10,000,000,000,000

15-8-16 ISTEP2015 -> very powerful detectors needed
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ATLAS and CMS detector @ LHC

ATLAS and CMS: two multi-purpose detectors

LHC

rA Toroidal LHC ApparatuS

-42mx22m, 7000 ton

- Solenoid + Toroidal magnet (2T)
- Fine granularity liquid Ar/Tile
calorimeters

15-8-16 iSTEP2015

~ | Large Hadron Collider
. .(LHC):
- Proton-Proton synchrotron

.~ World’s highest and largest

Compact Muon Spectrometer
-21Tmx15m, 125000 ton

- All silicon trackers, 4T
solenoid magnet

- PbWOA4+Tile calorimeters

A

24




15-8-16

ATLAS and CMS

CMS is 2 times smaller,
but 2 times heavier!

iSTEP2015
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Chinese muon chambers installed in the ATLAS detector

iSTEP2015




Outline

B SUSY Introduction
B The LHC and ATLAS
ﬂ B SUSY search strategy 1

B Overview of SUSY search
results

B Outlook and Summary
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Where do we start?

Huge parameter space, but guiding principles «

B Early analyses dominated
by broad and inclusive
searches for gluino and
squark production

B Increasing luminosity
gave access to rare
production channels.
Additional motivation
from Natural SUSY
paradigm

W If 15t and 2" squark and
gluino 1s too heavy, EWK
SUSY production may
dominant in LHC

15-8-16

10

q 9
S

7

e
e

trong SUSY <G

production

u @
w '

d Electroweak N;
SUSY production

SUSY searches strategy driven by cross
section and luminosity

iSTEP2015

o, [pb]: pp — SUSY

VS=8TeV |

Strong

production
(1+2 gen. squarks,
and gluinos)

600

800

1000

1200 1400 1600
m [GeV]

average
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How do we start? - SUSY Signature

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

- SUSY particles produced/annihilated in pairs

— Lightest SUSY particle (LSP) stable (DM
candidate)

— Typical signature: jets/leptons/photons + MET
(key signature: large MET)

Standard particles

SUSY particles /\
Q \1 23,4
o )< Neutralmos

X1
\_/\/\_)J\d/ 12

Charginos

15-8-16 iSTEP2015 29



How do we search for SUSY?

B Not like general particles with peak in

2 mass spectrum ®
E pw ¢ Jhp
210°F p' Y(1,2,39)
(]
>
w10°
E::ﬂ [ss]
10¢ [cc] [bb]
10° ~1960 1974 1978
Se U
107 & 9 %
CMS Preliminary (I‘s. C4 h’@
10 }.’ ’6,.
\s=7TeV, L =40pb’ [1983 ¢
1 —
1l L ba g el 1 poao g sl
1 in . 102 ,
S - ~ u'n mass (GeV/c?)
15-8-16 iSTEP2015 30



How do we search for SUSY?

B SUSY search strategy: search for

deviation from SM from the tails SUSY

/

Q.

O SUSY sensitive variables: Try to
establish excess of events in some
sensitive kinematic distribution

Cut &
Cowrt

miss
E. T

1 SM background: the discovery of

new physics can only be claimed SM “backgrounds”- the big picture
when SM backgrounds are P - —ATLAS P
understood well or under control : |
- SM bgs understood very well © : e
— No hints for new physics ® - A R e
— Slightly overshoot in WW cross °E B
section, but consistent with NNLO 10 o ]
Xsec. § I T TN O A N

15-8-16 iSTEP2015 31



Events / 10 GeV

Data/SM

Events / 15 GeV

Data/ SM

SUSY Sensitive Variables

miss
ET
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JLdt*—

— T T
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%45 SM Total
3 Multi-jet
B W+jets
O Z+jets
=) Diboson
. i

gingle top

—T——
Internal

20.3 fb”

SUSY Ref. Point 1
«+== SUSY Ref. Point 2
++» SUSY Ref. Point 3

SR-C1C1-highMas

Ervl o Hllllﬁo ERTIT EARTTT MRTI |

10°

ET™ [GeV]

\s=8TeV

ATLAS Preliminary -®-Data
203f" — Total SM [l Single top

T
B Wijets

tt Other
m(T, T4, = (250,0) GeV

PRI RIS ATRATTT M
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5 o _
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my [GeV]
15-8-16

250

Events / 10 GeV

Data/SM

Meff

SR-DS-lowMass
T

> L B e
8 4 ® Data [CJoiboson

o10® %4sMTotal [l Top quarks

N [JMulijet (Mo M) = (250, 100) Gev
2 J CJWsjets -o.. (T, M) = (250, 50) GeV
e 2 3 d N

o0 . Dlzeiets (MM, = (127,0) Gev
w 1

ATLAS
Vs=8TeV, 20.3 b’

10
= : 20y
n1.5¢ - /"Afy 27 %
S e o
st MM

100 150 200 250 300 350 400
Mg [GeV]
SF channel

10°..,|u,...||y.,...,y..[...,y..,.”,y..

. = ATLAS, /s=8TeV,203 "
10 @ Data [_] Non-prompt leptons

. [ z#jets [ Higas
10 %"_"W 2 B0 Unet ) 0) cev
10° -';'/W' o (mlm®)=(251,10) GeV
102

20 40 60 80 100 120 140 160 180 200
m,, [GeV]

iSTEP2015

E.™ss from escaping LSP, to
suppress bg from mis-
measured jets and oth. SM BG

Related to the sparticle
mass scale, like effective
mass (M)

AT
+Vjets )
et.f

N
Mg= Y 5+ Y pre
i=1 i=1

mT, mT2 (stransverse
mass): suppress BG with
Ws

1 2
mr2 = 1N |mu.\ (""r( Py . qr).m(py. pt
qr

4+ E_rrniss

~qn))|

B Many others ...

32



How do we search for SUSY?
-Analysis Procedure

1. Be aware of SUSY signature, design signal grid

15-8-16 iSTEP2015



Wide SUSY Signatures

Strong production: gluino pair,

gluino-squark and squark pair

(include 39 generation) production |

1) Generic signatures :

Multi -jets + n_lepton/n_photon(n=0,1, 1

>2) + large E-™ss (OL,1 L, >=2L)

2) large xs, but heavy SUSY mass scale | -

o, [pb]: pp — SUSY

tot

VS =8 TeV

Strong
production

15-8-16

(1+2 gen.
squarks, and
luinos)

| ‘ | | | ‘ | | | ‘ | ‘ [ | ‘ | | ‘ | | |
10
200 400 600 800 1000 1200 1400 160

SUSY particle niass. [CeV]
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Wide SUSY Signatures

Strong production: gluino pair,
gluino-squark and squark pair
(include 39 generation) production

1) Generic signatures :

Multi -jets + n_lepton/n_photon(n=0,1,
>2) + large E-™ss (OL,1 L, >=2L)

2) large xs, but heavy SUSY mass scale

o, [pb]: pp — SUSY §

tot

VS=8TeV _

Strong i
production

Weak production: direct

gaugino/slepton production

1) Generic signatures:

low—jet multiplicity + = 1 leptons + large
E miss (1/2/3/4L, >=2tau)

2) low xs, but small SUSY mass scale

15-8-16 iSTEP2015

(1+2 gen.
squarks, and
luinos)

N\

‘ | | | ‘ | | | | | | | | |
800 1000 1200 1400 160

200 400N 600 |
SUSY particle niass. [CeV]
()
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SUSY models: good sale in market

B Simplified Models:

B Not really a model (Br~100%, most masses fixed at high
scales)

B [Important tool for signal region optimization & interpretation

B Phenomenological models:
O pMSSM: captures “most” of phenomenologic features of R-
parity conserving MSSM

- 19 free parameters: M1,M2,M3 ; tan 3, y and m,. 10 sfermion
mass parameters; A, A, and A,

- Comprehensive and computationally realistic approximation of
the MSSM with neutralino LSP

O GGM (gravitino)
B Complete SUSY models: mSUGRA, GMSB ...

15-8-16 iSTEP2015 36



One example JHEP04(2015)116

average

1 I 1 | T l | T | | T 1 I E w 9 I nu
o, [pb]: pp — SUSY § W 9 qq
VS=8TeV
Strong f
production _
(1+2 gen. squarks,
and gluinos) E Squal‘ks
< . .
- 4 ’fl or gluinos
3 ’ 2 W decaying via
] 1 _ ! | charginos and
i _ %
L I 1 ] L 1 1 1 1 1 1 1 1 1 l 1 1 L
200 400 600 800 1000 1200 1400 1600 S\ . sleptons
Pren O NG

P

Final states:
> 1 lepton + multi-jets + large E,™'ss

15-8-17 iSTEP2015 37



How do we search for SUSY?
-Analysis Procedure

1. Be aware of SUSY signature, design signal grid
2. Pre-selection: select good objects (e, mu, tau, jet, ...),

15-8-16 iSTEP2015
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Reconstructed Objects

Photons: no track but
energy in el-m (and not in
the hadronic) calorimeter

Electrons: track and
energy in el-m (and not in
the hadronic) calorimeter

Muons: track in inner
tracker and muon
chamber

Jets: cluster in hadronic
calorimeter

15-8-16 iSTEP2015

photons
——
et
muons

s

<
e,
_)p

n
 ——

Mucn
chamber

Tracking Electromagretic Hadron
chamber calorimeter caarimeter

... Outermast Layer

e

Innermest Layer...
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MET: Missing Transverse Energy

B At the LHC an unknown electron
proportion of the energy of the muon

colliding protons escapes down| jet
the beam-pipe N /
B Invisible particles (neutrinos, :

neutralinos?) are created their
momentum can be constrained in|
the plane transverse to the Jet

Missing

Transverse
Energy

beam direction \

15-8-16 iSTEP2015 40



How do we search for SUSY?
-Analysis Procedure

1. Be aware of SUSY signature, design signal grid

2. Pre-selection: select good objects (e, mu, tau, jet, ...),
apply trigger depending on analysis, remove bad events
(bad runs, not from pp collisions, in transition region ...)

15-8-16 iSTEP2015 41



Triggering on Physics

15-8-16

LHC collisions

N
:}F Ty "
¢ »

e
I

B s
\ =

N

;U’ |

Hardware trigger ©

40MHz

~100kHz
B Apply trigger depending on analysis

HLT

Software trigger

~1kHz

B Only pick up what we are interested events
B Single lepton or di-lepton trigger used here

Final states:
> 1 lepton + multi-jets + large E;Mss

42



How do we search for SUSY?
-Analysis Procedure

1. Be aware of SUSY signature, design signal grid

2. Pre-selection: select good objects (e, mu, tau, jet, ...),
apply trigger depending on analysis, remove bad events
(bad runs, not from pp collisions, in transition region ...)

3. SR definition and optimization
- Define signal regions based on decay topologies occurring

In generic models
Set final cut on discriminating variables (e.g. Meff) to
optimize sensitivity to reference models with appropriate

mass scale

15-8-16 iSTEP2015
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SR definition and optimizagi%pomm)116

Single-bin (binned) hard single-lepton

3-jet 5-jet 6-jet
Ny 1 electron or muon
pT [GeV] > 25
Lepton veto pTzndlepton < 10 GeV
]Vjet Z 3 Z 5 Z 6
pr'[GeV] > 80, 80, 30 > 80, 50, 40, 40, 40 > 80, 50, 40, 40, 40, 40
Jet veto T5thjet < 40 GeV TethjEt < 40 GeV —
ET"™ [GeV] >500 (300) >300 >350 (250)
mt [GeV] > 150 > 200 (150) > 150
EmIss [pexel > 0.3 — —
mi [GeV] > 1400 (800) > 600

Binned variable

( incl :

meg in 4 bins)

(ET"™° in 3 bins)

Bin width

(200 GeV, 4™ is inclusive)

(100 GeV, 3" is inclusive)

B According to signal signature, select interested final states objects:
number of jets, leptons requirement
B Require lepton and jet pt cut due to triggers or optimization

15-8-16

iSTEP2015
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SR definition and optimizagi&pqmm)116

Single-bin (binned) hard single-lepton

3-jet | 5-jet | 6-jet

Ny 1 electron or muon

pT [GeV] > 25

Lepton veto pTzndleptoI1 < 10 GeV

Niet >3 > 5 > 6 ,

Pt [GeV] > 80, 80, 30 > 80, 50, 40, 40, 40 | > 80, 50, 40, 40, 40, 40 p é w

Jet veto (pr” 7 < 40 GeV) | (pr®3 < 40 GeV) _ > T3
| B2 [GeV] >500 (300) >300 >350 (250) T %

mr [GeV] > 150 > 200 (150) > 150 g ? w

s Jpexc > 0.3 - - ’

miy [GeV] > 1400 (800) > 600

Binned variable (m2" in 4 bins) (ET"™° in 3 bins)

Bin width (200 GeV, 4" is inclusive) (100 GeV, 3" is inclusive)

B Suppress background using SUSY discriminating variables
B The cuts are from optimization with signal significance

15-8-16

iSTEP2015 45



How do we search for SUSY?
-Analysis Procedure

1. Be aware of SUSY signature, design signal grid

2. Pre-selection: select good objects (e, mu, tau, jet, ...),
apply trigger depending on analysis, remove bad events
(bad runs, not from pp collisions, in transition region ...)

3. SR definition and optimization
- Define signal regions based on decay topologies occurring

In generic models
- Set final cut on discriminating variables (e.g. Meff) to
optimize sensitivity to reference models with appropriate

mass scale
4. SM Background estimations (data-driven + MC)

15-8-16 iSTEP2015
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SM Background Estimation

SUSY searches rely primarily on the understanding of the SM
BG

Standard Model

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

Reducible backgrounds Irreducible backgrounds

Determined from data Dominant sources: normalise
Backgrounds and methods MC in data control regions
depend on analyses Subdominant sources: MC

Validation blinded

Validation regions used to
cross check SM predictions
with data

. . blinded
Signal regions

47



SM Background Estimation

B Multijet background: “ABCD
method” or jet smearing

method

Reducible backgrounds flavour jets determined with
Determined from data “matrix method” in different-
Backgrounds and methods purity samples using “real” and :
depend on analyses . ’s reln [

fake” probabilities measured |

1n data.

1
1
1
1
:
Fake leptons or heavv-i
1
1
1
1
1

B Charge flip rate measured in
Z events

48



SM Background Estimation

Normalise MC prediction in SRs
using dedicated CRs — transfer
factor: T

Irreducible backgrounds

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

49



SM Background E

Normalise MC prediction in SRs
using dedicated CRs — transfer
factor: T

50
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Ys=8 TeV, 20.3 fo'
. Hard lepton(s) Validation Regions
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How do we search for SUSY?
-Analysis Procedure

1. Be aware of SUSY signature, design signal grid

2. Pre-selection: select good objects (e, mu, tau, jet, ...),
apply trigger depending on analysis, remove bad events
(bad runs, not from pp collisions, in transition region ...)

3. SR definition and optimization
- Define signal regions based on decay topologies occurring

In generic models
- Set final cut on discriminating variables (e.g. Meff) to
optimize sensitivity to reference models with appropriate

mass scale
4. SM Background estimations (data-driven + MC)

5. Compare SM predictions with data

15-8-16 iSTEP2015
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. Hard Sin.g]e-lepton > 70_| LA B R B LA B B L —— T T ]
. .3-_|et ‘ B .5-Jet . 8 T ATLAS —+— Data ]
Single-bin  Binned  Single-bin  Binned 8 60:— \s=8 TeV, 20.3 fb_1 “iscs Standard Model _:
Observed t. 9 75 5 16 N - -
served events 9 d N - hard 1L e/u |:] To!a Quarks ]
Fitted background events 85+14 825+72 73+17 17.7+40| 2 50 3.et SR B Vjets —
> C [ ] Fake Leptons ]
TT05 350%02 48<L1p 123%41 > o i ]
tt 2. L0 30, . - . . . T L [ pibosons ]
Other top quarks 0.79+0.35 7.6+3.0 0.71+0.18 2105 QU N 56 1-stop, M@, 7, )=
V-jets 25+04 244+36 080+028 1.8+0.6 (77777 1025 54; o5 ’G1;, L.
Diboson 29410 143+43 096069 1510 30 (1025,585,69) GeV -
Fake leptons 0.0975-2%  12%13  0.00700) 0.007509 £ — .
Expected background events before the fit 10.1 104.4 9.5 23.2 20 - —:
tf 3.1 49.3 6.5 16.5 .
Other top quarks 0.79 7.6 0.7 2.1 10 L ‘ Ja
V—jets 3.3 32.0 1.3 3.1
Diboson 2.9 14.3 0.96 1.5
Fake leptons 0.09 1.2 0.00 0.00 800 900 1000 1100 1200 1300 1400 1500 1600

mne [GeV]

B No significant excess ... JHEP04 (2015)116

Data/SM
Signal regions comparisons

53



How do we search for SUSY?
-Analysis Procedure

1. Be aware of SUSY signature, design signal grid

2. Pre-selection: select good objects (e, mu, tau, jet, ...),
apply trigger depending on analysis, remove bad events
(bad runs, not from pp collisions, in transition region ...)

3. SR definition and optimization
— Define signal regions based on decay topologies occurring

In generic models
— Set final cut on discriminating variables (e.g. Meff) to
optimize sensitivity to reference models with appropriate

mass scale
4. SM Background estimations (data-driven + MC)

5. Compare SM predictions with data

6. If no excess, interpret results in different SUSY models
54
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squarks/gluinos via full hadronic decay

OL+2-6 jets + MET
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squarks/gluinos via stop/shottom decay:

0-11 + 3 b-jets +MET
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SS2L/3L+jets+MET

squarks/gluinos via long decay chain:
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Inclusive search for squark and gluino

production Summarx
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Light stop and sbottom is 'S i 4

motivated by nature SUSY >11\?

W strong physics case for third :
generation squarks.

LI | I UL I LI I L
O, [pbl: pp — SUSY ]

Generic signatures:

- VS=8TeV |
® n_lepton(n=0,1, =2) + multi-jets oo ]
(2 1 b-jets) + large MET production

and gluinos) =

i 1 l 1 | 1 1 1 1 1 l 1 1 1
800 1000 1200 1400 1600
ma\'cr age [Gev]

SUSY particle mass

15-8-16 iSTEP2015 61



1-lepton stop search: 2/3/4-body decay
to LSP JHEP 11 (2014) 118
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Direct stop pair production Summary
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Search for electroweak (EWK) SUSY
below the TeV scale is motivated by
naturalness arguments.

EWK production has a low cross-
section compared to strong
production

B Very challenging searches

B But leads to multi-lepton signatures
with very low SM background.

If strong production is suppressed,
EWK processes could be the
dominant SUSY production at the
LHC. (EWKino < 1 TeV)

T I T T T l T T T I T 1 7T E
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production
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and gluinos)
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Generic signature: >=1 lepton(s) in the final state
arising from the decay of charginos/neutralinos
via sleptons/sneutrinos, gauge bosons or Higgs.
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Electroweak production — Wh
[direct C1N2 production via higgs]

C1N2 via Wh, 1Lbb C1N2 via Wh, 1Lyy C1N2 via Wh, SS2LL | C1N2 via Wh,3L
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ElectroWeak Production Summary

400

300

200

100

15-8-16

ATLAS Preliminary

20.3 fb™, {s=8 TeV

Stat

us: ICHEP 2014

— X%
~F ~—

— %X

[ —
—_— X%

~F —~—

— X
— X%
X%

~x~(

I X1 X2

via
via
via
via
via
via
via
via
via

1

/¥, 3l, arXiv:1402.7029
T/¥,  2elu, arXivi1403.5294
(A 31, arXiv:1402.7029
T /v, =271, arXiv:1407.0350
T /v, =27, arXiv:1407.0350

WZ, 2e/u+3l, arXiv:1403.5294

Wh, e/ubb, ATLAS-CONF-2013-093
Wh, 3l, arXiv:1402.7029
WW, 2e/u, arXiv:1403.5294

- >
o T -

o
ot

- = = = Expected limits
— Observed limits

All limits at 95% CL

ot

ot

Wt

ot

ot

69



Outline

B SUSY Introduction

B The LHC and ATLAS

B Overview of SUSY search
results on run-1 data

B Outlook and Summary
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Outlook and Summary

B ATLAS developed a vast program to search for SUSY
B No significant excess seen so far
B All public results:

B In canonical scenarios, sensitivity is achieved to ~1.2
TeV gluinos, ~700 GeV stops and ~400 GeV for EWK-
Inos

B The reach with SUSY is expected to increase
significantly at run2 and run3 ©
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: July 2015 \Vs=7,8TeV
Model & T,y Jets ED™ [Ldim) Mass limit V5=7TeV  s5=8TeV Reference
T T T T T T T ' T T T T T
MSUGRA/CMSSM 0-3e,u/1-27 2-10jets/3b Yes 20.3 4,8 1.8 TeV m(3)=m(g) 1507.05525
d, q_>q,\7" 0 26jets Yes 203 |g 850 GeV m(¥})=0 GeV, m(I* gen. d)=m(2" gen. g) 1405.7875
& 43, G—qX; (compressed) mono-jet  1-3jets  Yes 20.3 q 100-440 GeV m()-m(¥})<10GeV 1507.05525
£ a.q-alll eoYat 2e,p(oft-Z)  2jets Yes 203 |§ 780 GeV m(¥))=0 GeV 1503.03290
§ 85l 0 26jets Yes 203 |& 1.33 TeV m(¥})=0 GeV 1405.7875
O 33, 5oqgki 5qqWEL) 0-1e,p 2-6jets  Yes 20 2 1.26 TeV m(¥})<300 GeV, m(¥*)=0.5(m(¥})+m(z)) 1507.05525
2 2z, gaqg([[/[v/vv)\/? 2e.pn 0-3 jets - 20 |z 1.32 TeV m(¥))=0GeV 1501.03555
= GMSB (£ NLSP) 1-27+0-1¢ 0-2jets Yes 20.3 g 1.6 TeV tang >20 1407.0603
8 GGM (bino NLSP) 2y - Yes 203 |2 1.29 TeV c7(NLSP)<0.1 mm 1507.05493
Tc) GGM (higgsino-bino NLSP) Y 1b Yes 203 |z 1.3 TeV m(¥})<900 GeV, cr(NLSP)<0.1 mm, 4<0 1507.05493
= GGM (higgsino-bino NLSP) Y 2 jets Yes 20.3 g 1.25 TeV m(t})<850 GeV, ct(NLSP)<0.1 mm, 1>0 1507.05493
GGM (higgsino NLSP) 2e,u(2) 2 jets Yes 20.3 g 850 GeV m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 20.3 F'/2 scale 865 GeV m(G)>1.8 x 107 eV, m()=m(g)=1.5TeV 1502.01518
S5 & 3—bbi) 0 3b Yes  20.1 g 1.25 TeV (¥7)<400 GeV 1407.0600
o 3, g_mj?o 0 7-10jets  Yes 203 |2 1.1 TeV (¥9) <350 GeV 1308.1841
- IE 22, g—)ﬂ/\/] 0-1e,pu 3b Yes 20.1 z 1.34 TeV m(¥})<400 GeV 1407.0600
10 gz g—biX| 0-1ep 3b Yes 201 |2 1.3 TeV (¥))<300 GeV 1407.0600
S blb], bl —>le 0 2b Yes 20.1 by 100-620 GeV m(¥})<90 GeV 1308.2631
§ [ bibi, by —>tX1 2e,u(SS)  0-3b Yes 203 |5 275-440 GeV m(F5)=2 m(X,) 1404.2500
g% iy, f—bXy 1-2epu 1-2b Yes 4.7/20.3 | 71/110-167 GeV 230-460 GeV m(FT) = 2m(E}), m(¥))=55 GeV 1209.2102, 1407.0583
S Af, Wbt or i) 0-2e,u 0-2jets/1-2b Yes 20.3 7 90-191 GeV 210-700 GeV m(t))=1GeV 1506.08616
s % fify, -k 0  monojet/ctag Yes 203 | & 90-240 GeV m(7)-m(¥])<85GeV 1407.0608
:” © #i7i(natural GMSB) 2e,u(2) 1b Yes 203 |§ 150-580 GeV m(¥))>150 GeV 1403.5222
B By, hof +Z 3e.(2) 1b Yes 203 |& 290-600 GeV m(¥?)<200 GeV 1403.5222
L rOLR, AN 2e,pu 0 Yes 203 |7 90-325 GeV m(¥})=0 GeV 1403.5294
RV, X =Tty 2e,p 0 Yes 203 |A} 140-465 GeV w?) 0 GeV, m(Z, 7)=0. S(mp?f)mm’)) 1403.5294
- )?1“’ X —tv(r7) 27 - Yes 203 | X 100-350 GeV m(¥1)=0 GeV, m(%, /=0 (m(F7 em(fi)) 1407.0350
S Q OO, (LG Be,u 0 Yes 203 )?,*,)?g 700 GeV m¥T)=m(E3), m(¥})=0, m(Z, #)= . S(m(/\’l )+m(E?)) 1402.7029
W= pi-wihze) 23epu  0-2jets  Yes 203 | EKR 420 GeV M(EE)=m(E2), m(¥})=0, sleptons decoupled | 1403.5294, 1402.7029
X*,\/g—)(‘)d//\/]h/\(], h—bb/WW/tt|yy €KY 0-2b Yes 20.3 /\:fa,/\-’z 250 GeV m(¥T)=m(¥3), m(¥})=0, sleptons decoupled 1501.07110
XoX3, X5 —lrt 4epu 0 Yes 203 |X; 620 GeV mE3)=m(3), m(¥?)=0, m(Z, 7)=0.5(m(¥3)+m(¥})) 1405.5086
GGM (wino NLSP) weak prod. Tepu+y - Yes 203 |w 124-361 GeV cr<imm 1507.05493
Direct Y] ¥ prod., long-lived /ﬁ Disapp. trk 1 jet Yes 203 | 270 GeV m(¥T)-m(E))~160 MeV, 7(¥])=0.2 ns 1310.3675
- Direct ¥1X| prod., long-lived Xt dE/dxtrk - Yes 184 | & 482 GeV m(ET)-m(¥)~160 MeV, 7(¥7)<15 ns 1506.05332
Q @ Stable, stopped g R-hadron 0 1-5jets  Yes 27.9 g 832 GeV m(¥})=100 GeV, 10 us<7(3)<1000 s 1310.6584
< G Stable g R-hadron trk - - 19.1 b4 1.27 TeV 1411.6795
25 GMsB, stable 7, 2@ ey 124 - - 19.1 ;23 537 GeV 10<tanf<50 1411.6795
3 Q GMSB X1—>yG long-lived /\’? 2y - Yes 20.3 /\H 435 GeV 2<T(A7|)<3 ns, SPS8 model 1409.5542
gg,)(]—wevr{eyv/yyv displ. ee/eu/pp - - 20.3 i% 1.0 TeV 7 <cT(X,)< 740 mm, m(z)=1.3TeV 1504.05162
GGM 33, X|—ZG displ. vix +jets - - 203 | X 1.0 TeV 6 <cT(¥))< 480 mm, m(z)=1.1 TeV 1504.05162
LFV pp—¥r + X,V —ep/et/ut efL,etT,uT - 20.3 Vr 1.7TeV  45,,=0.11, di32/133/233=0.07 1503.04430
Bilinear RPV CMSSM 2¢,u(SS) 030 Yes  20.3 q.2 1.35 TeV m(g)=m(g), ctrsp<1 mm 1404.2500
X, X WS W —eev,, euve depu - Yes 203 |Xf 750 GeV m(¥))>0.2xm(¥t), 4121 %0 1405.5086
S LG sWH W stve,eti, Bep+T - Yes 203 |5 450 GeV m(E))>0.2xm(¥7), 1330 1405.5086
Q3 §—>qqq 0 6-7 jets - 203 |z 917 GeV BR()=BR(b)=BR(c)=0% 1502.05686
« 33, g—>qX1,X1 - qqq 0 6-7 jets - 203 |2 870 GeV m(¥})=600 GeV 1502.05686
23, g—)z‘]r fl—bs 2e,1 (SS) 0-3b Yes 20.3 2 850 GeV 1404.250
fify, fi—bs 0 2jets+2bH - 20.3 f 100-308 GeV ATLAS-CONF-2015-026
i1, fi—bl 2e,p 2b - 203 |7 0.4-1.0 TeV BR(f —be/p)>20% ATLAS-CONF-2015-015
Other Scalar charm, E—m?? 0 2¢ Yes 20.3 490 GeV m(¥7)<200 GeV 1501.01325
1 L L il il 1 1 L l 1 il L 1 L
107 1 Mass scale [TeV]

Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o~ theoretical signal cross section uncertainty.
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2015-2017: 100 fb', ~1* 1034 cm's? (LS1)... 2=

LHC roadmap 2020-2022; 300 fbor!, ~2* 10 3 cmls (LS2) 7/ \___

2009
2010
20
2012
2013

LS1
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023

2024 S8

2025
20357 .

2026-2035: 3000 fb-!, ~ 5* 10 3 cm- stk (kS3)- ”Z[\\
LHC startup, Vs 900 GeV

Vs=7+8 TeV, L~6x10“cm?s", bunch spacing 50ns Run 1
~25 fb’

Go to design energy, nominal luminosity - Phase 0

Vs=13~14 TeV, L~1x10*cm™?s", bunch spacing 25ns Run 2
~75-100 fb"
Injector + LHC Phase | upgrade to ultimate design luminosity

Vs=14 TeV, L~2x10*cm?s”, bunch spacing 25ns Run 3

HL-LHC Phase |l upgrade: Interaction Region, crab cavities?

Vs=14 TeV, L~5x10*cm?s”, luminosity levelling
~3000 fb

| Fréfh'tHCC Open meeting, 03.12.20 137 74



Excesses seen so far (Exotics, SUSY)

For a more detailed review, see the physics plenary talk (July 18th) by T. Golling
Mono-jet CDS link
- ~1.706/ 2.46 excess above BG in the two highest MET SRs
— High MET SRs dropped for paper (very low stat in CR)

3 d i
B VV-JJ CDS link i ‘“g"-~ M’“"’j
— Mass of fat jets each consistent with W,Z mass ' : G o ;
— No 1ssue found in cross checks "’f 8 | T 3
B Same-sign leptons / 3-leptons + b-jets CDS link il ==
— No issue found in cross checks, being made public Z\,Lf?ffﬁ-@? S W TN
B 3-leptons + 3 b-jets CDS link i o s
— ~3.50 1n a validation region of the 3-lepton search P —————

— No issue found, but will not be made public as not a SR
— Plan a dedicated SR for run2

Z+jets + MET CDS link
— Peaking at Z mass, BG dominated by non-Z (tt)

— No issue found in cross checksE alreadE Eublic ’l = S——

onkes /20 Gev
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Discovery and exclusion

* P-value=probability that result is as/less compatible with the

hypothesis

DISCOVERY:

o« The null hypothesis H,

describes background only
— If the p-value of H_is found

below a given threshold, one
can consider looking for a
better model

- In HEP, Z > 5 is conventionally
required to claim a discovery

o The alternative hypothesis H

describes signal + background
- The alternative hypothesis is
supposed to fit the data very
well for claiming a discovery

iSTEP2015

EXCLUSION:

o The null hypothesis H
describes signal + background

- One is interested into setting
an upper limit to the intensity
of the signal alone

e The alternative hypothesis H.

describes background only
- No real need to test for it

- The background-only model
becomes important only in
case of discovery

~



Interpretation strategy

Based on the number of
observed, expected
events in all regions with
all uncertainties:
Probability density
function (PDF)

Likelihood function: L(u,0)
y: signal strength (POI);
©: nuisance parameters(NP)

Profile Likelihood: constrain
uncertainty (NP) as part of a
likelihood fit

Construct test statistics
1, based on likelihood
ratio A:

Lwb@)
L(p.0) -

Lbw)
L(0,6(0))

15-8-16

From the constructed
distribution of test statistic
for s+b, find the p-value of

the observation

o= [ Ftlwd,

t/.L.obs

Construct the PDF of test
statistic t,. generate toy Monte

Carlo or using asymptotic formula

Find the observed
test statistic for

tested p: T, 0bs

iSTEP2015

If CLs<0.05: the value
of signal is excluded at
95% CL.........

The above check has been
done for each signal grid
points on the SUSY model.

The line can be drawn for

the area where points are
excluded

3 - cooawWW 3, x-12
T
ATLAS Preliminary
1-lemo(|4}ets~E:_




- Background estimates in SRs are obtained by a simultaneous fit in each
channel based on the profile likelihood method. Three dedicated fit for
different purpose...

* Background-only fit
* Fit for all CRs, excluding SRs.

* Also extrapolate to VRs (non used in fit, only for cross-check) and SRs.
* Discovery fit
* Fit for all CRs and SRs.

- Signal contamination is turned off in CRs and set as a dummy number 1 in SR (so, the fitted
non-SM signal strength = the excess in Nevents of SR)

* Exclusion fit
* Fit for all CRs and SRs.
- Signal is turned on in all regions, according to model-dependent prediction.

- The basic strategy is to share background information in all regions
(CR,SR,VR). The background parameters are predominantly constrained by
CRs with large statistics, which in turn reduces the impact of uncerts in
SR.



Data-driven background esti

“"ABCD"
Method

One approach to data-driven bg estimation is to use uncorrelated
model-independent variables to extrapolate the background from a
background-dominated control region to the signal region.

Normalization
Other \ariable

Region

Nbg in signal region D = (A/B)*C,

— 7

Normalize Factor

\

A(bg)

B(bg)

/ ETmiss

Key points:

* The two variables should have good discrepancy
and uncorrelated

* Normalization region selection:
enough statistics;lower susy contamination;
flat ratio(A/B) distribution with ETmiss
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Background Estimation Strategy

W/Zittbar background (dominant)
Semi-data driven approach
Normalize MC to Data in W/T-CR

Extrapolate to SR using MC:
assuming shape is described
correctly

Extrapolation done in simultaneous

fit.

QCD background (small bg)
Fullly-data driven approach

Measure real and fake
efficiencies in QCD-CRs

Apply Matrix Method to get
contribution in SR

QCcbBgG= — .
1/ €take — 1/ €real

Npass: Events passing the signal selection
cuts (tight)

Events satisfying relaxed lepton
isolation criteria but not passing the
signal selection cuts
(loose-but-not-tight)

Naii :

Ntil

ATLAS-CONF-2013-062

SUSY
SIGNAL
REGION

L el

Npred (MO, SR)
Npred(MCI, CR;)

C Ri
data

CR;

(N other bkg)

N

CR'-
data —

CR;

(N other bkg) * C,CR,-—>SR

N

1/€real — 1
1/€take — 1/ €real

Probability 1 (S8 L vent
passes alsc i

Probability liat a wuse wuw svein
passes also the tight selection cuts

- Npass

€real-




A Toroidal LHC ApparatuS
-42mx22m, 7000 ton

* Inner Detector (2T solenoid,
In|<2.5):
o, /p, 1 0.05%/GeV xp, ®1%

* Calorimetry:

* electromagnetic, |n|<3.2 \>
o. /E 010 %-/GeV /JE ® 0%

* hadronic (central, |n|<1.7)
o. /E 150 %-~/GeV /JE ®3% q

* hadronic (endcaps, 1.7<|n|<3.2) \
0. /E 260 %-/GeV /JE ®3%

* hadronic (forward, 3.2<|n|<4.9)
0. /E 1100 %-/GeV /JE ®5%

* Muon system (~4T toroid, |n|<2.7): -

Barrel Tbroid

o, /p, 110% forp,(u) =1 TeV/c

» Inner Detector: Highly segmented silicon
strips, determine very accurately charged
particles trajectories

»Solenoid Magnet: Solenoid coil that
generates a 2T magnetic field in the region of the

Inner Detector

> Electromagnetic Calorimeter: Electron
and {Jhoton energies are measured through

19-8-16 . iSTEP2015
electromagnetic showers

:’ﬁ: Detector characteristics
Muon Detectors Electromagnetic Calorimeters ) i Width: 44m

/N
N\

YK Solenoid !\ CERN AC - ATLAS V1997

Diameter: 22m
: ﬁ Weight: 7000t

\ \\ Forward Calorimeters
N\ \ W\ /! End Cap Toroid

Inner Detector B oldi
Hadronic Calorimeters Shielding

Hadronic Calorimeter: Hadrons

interact with dense material and produce a
shower of charged particles

Toroid Magnets: 8 toroidal coils that
create a 0,4T magnetic field in the area
of the Muon Spectrometer

Muon Spectrometer: Muons traverse
the rest of the detector and are measured
in its outer layers 81




The Higgs mechanism, an analogy... P

arik F . ¢ ::‘

The Higgs field fills all space

A ‘particle’ that moves in
the Higgs field ...

... moves slower the more it
attract attention (interacts with
the Higgs field, generating its
mass, the larger, the stronger
its interactions...)

15-8-16 iSTEP2015 82



The Higgs particle, an analogy...

Somebody whispers a rumour into

the room...

... and the field starts to get excited
and interact with itself giving birth

to a massive particle

83
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