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Why SUSY?

5. Backup

The SM fits the experimental data very well. However, few
problems remain, e.g.:

e dark matter

e the hierarchy problem

e unification of forces at the GUT scale
SUSY was created to remedy these problems.
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1. Why SUSY?
2. What is SUSY? Dark matter
3. SUSY event topology Hierarchy problem
4. Searches for SUSY with the LHC Unification of forces at the GUT scale

5. Backup

Dark matter

Astrophysicists observe that the gravitational lensing effect and
rotational speed of a galaxy suggest far more mass than
expected by the visible mass of the galaxy. This suggests new,
unobserved particles.

Atoms Dark Qbserved vs, Predicted Keplerian
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Figure: left - from: http://wmap.gsfc.nasa.gov/universe/uni_matter.html, right
- from: http.//www.astronomy.ohio-state.edu/ thompson/1144/L ecture40.html|
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Hierarchy problem

Why is the electroweak force 1032 stronger than gravity?
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Why is the electroweak force 1032 stronger than gravity?

Why are Higgs mass and W mass so much lower than the
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1. Why SUSY?
2. What is SUSY? Dark matter
3. SUSY event topology Hierarchy problem
4. Searches for SUSY with the LHC Unification of forces at the GUT scale
5. Backup

Hierarchy problem

Why is the electroweak force 1032 stronger than gravity?

Why are Higgs mass and W mass so much lower than the
Planck mass?

The SM so far has no explanation.
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1. Why SUSY?
2. What is SUSY? Dark matter
3. SUSY event topology Hierarchy problem
4. Searches for SUSY with the LHC Unification of forces at the GUT scale

5. Backup

Unification of forces at the GUT scale

Theoreticians have always tried to unify all forces. The SM as it
is makes this impossible, however.
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1. Why SUSY?
2. What is SUSY? Dark matter
3. SUSY event topology Hierarchy problem
4. Searches for SUSY with the LHC Unification of forces at the GUT scale

5. Backup

Unification of forces at the GUT scale

Theoreticians have always tried to unify all forces. The SM as it
is makes this impossible, however.
Unification possible in SUSY models:

§ 10 42z 14 16 18
Logm(Q/GeV)
Figure: The evolution of the inverse coupling constants of the interactions
with energy for the SM (dashed lines) and SUSY (solid lines) [1]
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1. Why SUSY? R-parity

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC

SUSY symmetry breaking
Minimal SUSY Standard Model (MSSM)
Minimal Supergravity (NSUGRA)

5. Backup Free parameters of the MSSM

What is SUSY?

A new symmetry between fermions and bosons is enforced.
This results in a new set of particles:

Standard Model particles SUSY particles

spinl2 |, Spin 0 Lo
u ct u c t

quarks 7’?’? squarks "5'”;'7
—_—— ) Y il ot

j )] ASEOES

leptons. V. V. v sleptons Vi VW
— —— i —

Spin 1/2

2z aeld
T T B2 B

o { 20 3 25 T
Spin 0 A i b

I P
v (OBEE - (L
bosons e

Figure: Particles according to SUSY [2]
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1. Why SUSY? R-parity
2. What is SUSY? SUSY symmetry breaking
3. SUSY event topology Minimal SUSY Standard Model (MSSM)
4. Searches for SUSY with the LHC Minimal Supergravity (NSUGRA)
5. Backup Free parameters of the MSSM

R-parity

Due to new interactions, lepton and baryon numbers can be
violated. To remedy this problem, in many, not all SUSY models
a new symmetry is introduced, called R-parity:

R = (—1)3(B-L+25 _ +1 SM particle
—1 SUSY particle

Due to R-parity SUSY particles can only be produced in pairs
and the lightest SUSY particle cannot decay any further.

Thorben Swirski SUSY phenomenology and inclusive searches 10 of 72



1. Why SUSY? R-parity
2. What is SUSY? SUSY symmetry breaking
3. SUSY event topology Minimal SUSY Standard Model (MSSM)
4. Searches for SUSY with the LHC Minimal Supergravity (NSUGRA)

5. Backup Free parameters of the MSSM

SUSY symmetry breaking

unbroken SUSY = SUSY particles have same mass as SM
counterpart

Thorben Swirski phenomenology and inclusive searches 11 of 72



1. Why SUSY? R-parity
2. What is SUSY? SUSY symmetry breaking
3. SUSY event topology Minimal SUSY Standard Model (MSSM)
4. Searches for SUSY with the LHC Minimal Supergravity (NSUGRA)

5. Backup Free parameters of the MSSM

SUSY symmetry breaking

unbroken SUSY = SUSY particles have same mass as SM
counterpart

No observation = symmetry must be broken
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1. Why SUSY? R-parity
2. What is SUSY? SUSY symmetry breaking
3. SUSY event topology Minimal SUSY Standard Model (MSSM)
4. Searches for SUSY with the LHC Minimal Supergravity (NSUGRA)

5. Backup Free parameters of the MSSM

SUSY symmetry breaking

unbroken SUSY = SUSY particles have same mass as SM
counterpart

No observation = symmetry must be broken

This gives limits on the masses of the SUSY particles.
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1. Why SUSY? R-parity
2. What is SUSY? SUSY symmetry breaking
3. SUSY event topology Minimal SUSY Standard Model (MSSM)
4. Searches for SUSY with the LHC Minimal Supergravity (NSUGRA)

5. Backup Free parameters of the MSSM

Minimal SUSY Standard Model (MSSM)

The new SUSY gauge bosons mix to create mass eigenstates
(SUSY is broken):
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Minimal SUSY Standard Model (MSSM)

The new SUSY gauge bosons mix to create mass eigenstates
(SUSY is broken):

Charginos {i,: mixture of charged fields W=, Hy, H,

Neutralinos %9, , ,: mixture of neutral fields B, W3, H?,
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1. Why SUSY? R-parity
2. What is SUSY? SUSY symmetry breaking
3. SUSY event topology Minimal SUSY Standard Model (MSSM)
4. Searches for SUSY with the LHC Minimal Supergravity (NSUGRA)

5. Backup Free parameters of the MSSM

Minimal SUSY Standard Model (MSSM)

The new SUSY gauge bosons mix to create mass eigenstates
(SUSY is broken):

Charginos {i,: mixture of charged fields W=, Hy, H,
Neutralinos %9, , ,: mixture of neutral fields B, W3, H?,

The lightest Neutralino (usually called LSP- lightest
supersymmetric particle) is a prime candidate for dark matter.
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Minimal Supergravity (IMSUGRA)

SUSY is a global symmetry = introducing 3/2 field to localize
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Minimal Supergravity (IMSUGRA)

SUSY is a global symmetry = introducing 3/2 field to localize

This particle can be interpreted as gravitino. Gravity, however is
not fully implemented.
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2. What is SUSY? SUSY symmetry breaking
3. SUSY event topology Minimal SUSY Standard Model (MSSM)
4. Searches for SUSY with the LHC Minimal Supergravity (nSUGRA)

5. Backup Free parameters of the MSSM

Minimal Supergravity (IMSUGRA)

SUSY is a global symmetry = introducing 3/2 field to localize

This particle can be interpreted as gravitino. Gravity, however is
not fully implemented.

The neutralino can remains LSP, else the gravitino is chosen.
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Free parameters of the MSSM
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1. Why SUSY? R-parity
2. What is SUSY? SUSY symmetry breaking
3. SUSY event topology Minimal SUSY Standard Model (MSSM)
4. Searches for SUSY with the LHC Minimal Supergravity (NSUGRA)

5. Backup Free parameters of the MSSM

Free parameters of the MSSM

the full MSSM contains 105 free parameters = too many, we
need to simplfy
PMSSM: fixing mass hierarchies of the SUSY particles to
gain sensitivity to certain decay chains and topologies (22
free parameters)
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1. Why SUSY? R-parity
2. What is SUSY? SUSY symmetry breaking
3. SUSY event topology Minimal SUSY Standard Model (MSSM)
4. Searches for SUSY with the LHC Minimal Supergravity (NSUGRA)

5. Backup Free parameters of the MSSM

Free parameters of the MSSM

the full MSSM contains 105 free parameters = too many, we
need to simplfy
PMSSM: fixing mass hierarchies of the SUSY particles to
gain sensitivity to certain decay chains and topologies (22
free parameters)

cMSSM: Assumption of unification of masses at the GUT
scale leads to 5 remaining parameters.
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC

5. Backup

R-parity

SUSY symmetry breaking

Minimal SUSY Standard Model (MSSM)
Minimal Supergravity (NSUGRA)

Free parameters of the MSSM

free parameters of the MSSM (cont.)

pMSSM

cMSSM

e sfermion masses
e gaugino masses
e proportionality factors
of the trilinear couplings A¢
e squared Higgs boson masses
e tang

e unification of scalar masses my
e unification of gaugino masses m,

o unification of the trilinear couplings A

o the sign of the higgsino mass factor
e tang

with tan 5 = tan % Vi, Vo vacuum expectation values of the Higgs

field.

Thorben Swirski
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SUSY event topology
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC

5. Backup

SUSY event topology

The different types of SUSY events are very diverse, reaching
from pair production to multistage decay cascades.

Figure: some examples of SUSY events [3]

Events typically have large amounts of missing E7, multiple jets
and 0-2 leptons.
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS

4. Searches for SUSY with the LHC Search using the variable o and b-quark multiplicity by CMS
5. Backup

Section 4

Searches for SUSY with the LHC
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable o and b-quark multiplicity by CMS

5. Backup

2-6 jets + 0 leptons search by ATLAS

Search for squarks and gluinos with the ATLAS detector in final states
with jets and missing transverse momentum and 20.3 fb™! of Vs = 8 TeV
proton-proton collision data

phenomenology and inclusive searches 19 of 72



1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC
5. Backup

2-6 jets + 0 leptons search by ATLAS
2-6 jets + 1-2 leptons search by ATLAS
Search using the variable o1 and b-quark multiplicity by CMS

definition of signal regions

Channel
Requirement A @jets) B (3ots) Cétjer) | DGy [ Ejew
L™ H M| T M [T - LM
EP™[GeV] > 160
Pi(j1) [Gev] > 130
pi(j) [GeV] = 60
Piis) [GeV] > - 0 0 ) 60
Piljis) [GeV] > - - 60 60 60
Piis) [GeVl > - - - 60 60
piljo) [GeV] > - - - - 60
Dot EF ) > || 041G = (1,2, B ifpe(ja) > 40 GeV))) 0.4 = (1,2,3]), 02 (pr > 40 GeV jets)
[ e vy > 02 [ =« [ o3[ oa 025 [o2s | 02 015 | 02 [ 0as
| meatincl) 1Gev1> || 1000 [ 1600 [ 1800 [ 2200 1200 | 2200 [ 1600 1000 | 1200 | 1500

(a) For SR A-medium the cut on EJ/mer (N j) is replaced by a requirement E27/ yHy > 15 GeVI 72,

Figure: definition of signal regions in [4]

mege = scalar sum of pr of the N highest pr jets (or all for incl.)

miss
and ET
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC
5. Backup

2-6 jets + 0 leptons search by ATLAS
2-6 jets + 1-2 leptons search by ATLAS
Search using the variable o1 and b-quark multiplicity by CMS

definition of signal regions (cont.)

Figure: mes (incl.) distribution for SR C and D in [4], the red arrow denotes

the cut

events / 100 GeV
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable o and b-quark multiplicity by CMS
5. Backup

major backgrounds

Four different backgrounds were identified as important for the
analysis:

o Z (— vv)+jets (modelled by ~v+jets samples)
e multi-jet QCD backgrounds

o W(— fv)+jets

e tt and single-t (modelled by tt — bbgq'(v)
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology
4. Searches for SUSY with the LHC

5. Backup

2-6 jets + 0 leptons search by ATLAS
2-6 jets + 1-2 leptons search by ATLAS
Search using the variable o1 and b-quark multiplicity by CMS

Signal Region A-loose  A-medium  B-medium B-tight  C-medium C-tight
MC expected events
Diboson 428.6 15.0 4.3 0.0 25.5 0.0
Ziy +jets 2044.4 83.1 20.6 23 119.4 2.6
Wjets 2109.0 58.8 16.4 2.1 88.7 1.0
Hi(+EW) + single top 785.9 8.2 2.0 0.3 45.9 0.3
Fitted background events

Diboson 430 + 190 157 43+2.0 - 26+ 11 -
Z[y* +jets 1870 + 320 57+11 16+5 02+05 80+29 0.0°05
Wjets 1540 + 260 a2+11 10+4 16+12 55418 07+09
1I(+EW) + single top 870 + 180 78+28 22+20 0607 5011 09+09
Multi-jets 33+33 - 0.1+0.1 - - -
Total bkg 4700 + 500 122+ 18 33+7 24x14 210+£40  16+14
Observed 5333 135 29 4 228 0
{ear)y [b] 66.07 2.52 0.73 0.33 4.00 0.12

5% 1341.2 513 14.9 6.7 81.2 2.4
8% 1135073537 427777 17.0448 5870 729430 3371
o (Z) 045(0.1)  027(0.6) 050(0.0) 034(04)  034(04) 050(0.0)

Figure: results of the analysis in [4]
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable o and b-quark multiplicity by CMS
ackup

results (cont.)

Signal Region D E-loose  E-medium E-tight
MC expected events
Diboson 2.0 55 1.7 0.0
Z]y +jets 8.5 19.6 6.3 1.9
W-jets 4.8 23.1 5.2 0.8
1H(+EW) + single top 5.0 67.3 16.8 1.5
Fitted background events
Diboson 20420 355+21 1.7+0.8 -
L]y +jets 3825 12+7 29+26 04x06
W-jets 33+25 18+7 49+27 07+05
1(+EW) + single top 5.8 +2.1 76+ 19 206 1.7+14
Multi-jets - 1.0+10 - -
Total bkg 15+5  113+21 30+8 29+1.8
Observed 8 166 41 5
(ea i, [TD] 0.77 4.55 1.41 041
5% 15.5 924 28.6 8.3
85, 13651 57.3'%0 214'7¢ 6.579
Po (Za) 0.32(0.5)  0.03 (1.9) 0.14 (1.1)  0.22 (0.8)

Figure: results of the analysis in [4]
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable o and b-quark multiplicity by CMS

5. Backup

exclusion limits

MSUGRA/CMSSM: tanf = 30, A = -2, >0
T T T

T T
ATLAS - Prelimina

G-lepton combined |

—— Gbsarved it (41

=221 Expacted it (£16,,)

[ swutse ||~

o S

thais 1 L I 1 |
1000 2000 3000 4000 5000 6000
m, [Gev]

Figure: exclusion limits for the CMSSM of the analysis in [4]

This gives limits to mg 2 2000 GeV and myz 2 1200 GeV
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable o and b-quark multiplicity by CMS

5. Backup

exclusion limits (cont.)

Gprodcton: i a0, @prodeton %, 35901, mcoo
s T T T s T T
& 1400 [ ATLAS Proliminary & ago [ ATLAS Proliminary
1400 F-
laptoncontiad Dptoncombired
1000 - E| 1200 F- E
a0 3 1000 F- E
a0 E
500
sof-
a0
w0 E
200 e E
200 40 G0 @0 1000 1200 1400 1600 1800
my[GoV) my(GeV]

Fiprocion; -+,

& 700 - ATLAS Preliminary
¥ o b J1aemont Gt
St - mtir
soof- El
wof- * 3
wof- 3
200/ |
£ A
o E
o A
200500 H0 B %0809 800 T ~Tim

my(GoV)

Figure: exclusion limits for three decay chain models of the analysis in [4]
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable o and b-quark multiplicity by CMS

5. Backup

2-6 jets + 1-2 leptons search by ATLAS

Search for squarks and gluinos in events with isolated leptons, jets and
missing transverse momentum at +/s = 8 TeV with the ATLAS detector

Thorben Swirski phenomenology and inclusive searches 27 of 72



1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable o and b-quark multiplicity by CMS
5. Backup

isolated lepton

A lepton is only accepted, should it be either closer than
AR = 0.2 or further away than AR = 0.4 from a jet.
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable o and b-quark multiplicity by CMS
5. Backup

isolated lepton

A lepton is only accepted, should it be either closer than
AR = 0.2 or further away than AR = 0.4 from a jet.

In the case that AR < 0.2, the jet is discarded and the lepton
kept. The lepton is then called isolated.
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable o and b-quark multiplicity by CMS

5. Backup

decay chains (examples)

4%
Xll Xll)

l-avé%
qa ,

70000,
\ v S0

Xi X1

'j/,\\e i AR i A
! 7

q W

Figure: example for decays analysed in [5]
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable o and b-quark multiplicity by CMS

5. Backup

definition of signal regions

inclusive (binned) hard single-lepton

‘ 3-jet | S-jet | 6-jet
Ny 1 (electron or muon)
pL(GeV) >25
T (GeV) <10
Niat >3 =5 >6

| pr(GeV) > 80, 80,30 | > 80, 50, 40, 40, 40 | > 80, 50, 40, 40, 40, 40
T CGeV) | — (< 40) — (<40 —
ER™ (GeV) >500 (300) >300 >350 (250)
my (GeV) > 150 > 200 (150) =150
ENS e > 0.3 - -
m'LFn"" (GeV) > 1400 (800) = 600

Figure: example for definitions of signal regions in [5]
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable o and b-quark multiplicity by CMS

5. Backup

definition of signal regions (cont.)

> P T T T T  TT TTT T > ULLAREA RN R R AR R AN ARRRN AR AR
® > L ]
G | ATLAS Preliminary e Dana 2012} B G | ATLAS Preliminary —e— Daa (012 ]
E | [Ln-208m" E=sTev = 1 g Ldt = 2031b", ¥5=8 Tev =
S = | V5=8 Te! [ Weirs S w0k = 2 fs=8Te [ Weies: -
P . [ misid. lpton > L [ misid. lepton i
£ | hadtelectons Sjets B sinciorop 1 2 hard 1-muon - 5 jets B singiotop
S | signalregion ) oiwosons ] S I signalregion ) owosans 1
oo v i w [ v 1
L . zies | . s i
- gluino(t145.785,425) GoV s - glino(1145.785.425) GoV
10— ]
[ [ SIS
TR MW . J i o I i
%0 900 1000 1100 1200 1300 1400 1500 1600 %0 S0 1000 1100 1200 1300 1400 1500 1600
mis [GeV] mi [GeV]

Figure: m (incl.) distribution for SR hard 5 jets in [5]
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS

4. Searches for SUSY with the LHC Search using the variable o and b-quark multiplicity by CMS
5. Backup

Major backgrounds are:
e tt (CR)
e W+jets (CR)
e lepton misidentification (e.g. in Z — vv+jets)
e single-top, dibosons tt + W and tt + Z from theory
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable o and b-quark multiplicity by CMS

5. Backup

Signal channel (er)25 [1D] 5% 5%, CLy Pls=0)

soft single-lepton one b-jet channels

low-mass 0.43 (0.42) 8.8(8.6) 69706973 076(0.71) 026 (0.27)

high- 039 (0.38) 79(1.7) 6. 3*' 8 15 079 (0.75)  021(0.22)
soft single-lepton two b-jet channels

low-mas 066 (0.62) 13.4(12.7) 13 2%; (131755 052(046) 050 (0.50)
high-mass 026(024)  53(49) 537455128 050(040) 050 (0.50)
soft single-lepton channels

3jet 0.40 (0.39) 8.1(8.1) 7. 3*1 T (e- 873 }) 067 (0.66) 036 (0.31)
5-jet 035 (0.33) 7.1(6.8) X 0.15(0.15) 050 (0.50)

soft dimuon channel ~ 0.57 (0.54)  11.5(11.1)
binned hard single-lepton channels

098 (0.92) 001 (0.02)

3-jet (electron) 097(0.98)  19.8(19.9) 20 2:2 @0 7* é) 047 (045 050 (0.50)
3-jet (muon) 057(052) 11.6(10.6) 15655 (158')  0.13(0.12) 050 (0.50)
5-jet (electron) 063 (0.60)  127(12.1) |2,6t;§ [¢ 2 ‘, 050 (0.49) .50 (0.50)
S-jet (muon) 038(036)  1.7(12) 74 ﬁ*% 4 053 (049) 050 (0.50)
6-jet (electron) 033(034)  66(68) 78531 032(0.37) 050 (0.50)
6-jet (muon) 035 (0.35) 7.1(7.1) AHG 41‘ 3 0.50 (0.46)  0.50 (0.50)
inclusive hard single-lepton channels

3-jet (electron) 030028)  60(G.7) 577IG6" 056 (0.51) 048 (048)
3-jet (muon) 038(037)  1.7(15) 1*%" . 1’£ 089 (0.82)  0.13 (0.13)
5-jet (electron) 030029  6.0(59) 5 4*%; (5. s*l‘i) 0,60 (0.56) 043 (0.43)
5-jet (muon) 022(021)  46(4.2) 4 7*i 7; @7 0.44 (0.41)  0.50 (0.50)
et (electron) 023(022)  46(44) 4450 e :) 0.56 (0.49) 050 (0.50)
6-jet (muon) 0150.12)  3.0(2.5) 4 1*: 13850 013(016) 050 (0.50)

Figure: results of the analysis in [5]
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC
5. Backup

exclusion limits

2-6 jets + 0 leptons search by ATLAS
2-6 jets + 1-2 leptons search by ATLAS
Search using the variable o1 and b-quark multiplicity by CMS

MSUGRA/CMSSM: tanf = 30, A = -2my, p>0

800 g

75

=
]
g
=
3

70i
65i
600
550
500
450
400
350

T
Ldt=2081", fs=8 Tev
Preliminary g f-jepton + jets + EM**

i Obsserved limit (+1 uﬂ;;p =

S~ Expected fimit (+16,,)

[ swuse

Allimits at 95% CL

1 1
1000 2000

I I 1 =
3000 4000 5000 6000

m, [GeV]

Figure: exclusion limits for the CMSSM of the analysis in [5]
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable o and b-quark multiplicity by CMS

5. Backup

exclusion limits (cont.)

§5 > aaaaWWR T, x=1/2
S E T T T T
8 ATLAS Preliminary PRD 86 (2012) 092002
£ 800 £~ H-lopton + jots + E7™ o4 Observed fimit (hard lepton)
. s Expected limit (hard loplon)
800 J- Ldt=2031" fs=8Tev <= " % ——— Observed imit softleplan)
s Observed fimit (105257 -7 -~~~ Expected limit {soft leptan)
700 ) eosy 2 04z oz
o 0%

UL LAY LA LARARRARRS LRRRN LLLRY LAY

Numbers give 95% GCL exclugsd mogel cross sections [b]

200 oot
abr 001
100 oot o
. \ P [ [ T
400 600 800 1000 1200 1400
my [GeV]

Figure: exclusion limits for one of the decay chains of the analysis in [5]
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable a7 and b-quark multiplicity by CMS
5. Backup

Search using the variable o+ and b-quark multiplicity
by CMS

Search for supersymmetry in hadronic final states with
missing transverse energy using the variables at and
b-quark multiplicity in pp collisions at /s = 8 TeV

Thorben Swirski SUSY phenomenology and inclusive searches 36 of 72



1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable a7 and b-quark multiplicity by CMS
5. Backup

variable definitions

following variables not familiar to everyone are used in this
analysis:

Mr

Mr = \J(E} + E2)2 — (o] + pE)? — (p) + P32

njel )
Hr=> E}
i=1

njet

Hr =3
i=1

ar =
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable a7 and b-quark multiplicity by CMS
5. Backup

generalization of ar

aT1 can be generalized to more than 2 jets. All jets are summed
up in such a way, that their Hr are as close together as
possible (difference: AH7T):

H, — AHy

N

ar =
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable a7 and b-quark multiplicity by CMS

5. Backup

definition of signal decays

Model Production/decay mode Reference model
M parent Misp
[GeV]  [GeV]

DL pp > & > qfiak; 600 250

D2 pp — bb* — bVbi? 500 150
D3 pp —» it - ) iy} 400 0
G1 pp — 88 — q9Xqgx] 700 300
G2 PP —* B8 bb,ﬁ'bb,f? 900 500
G3 pp — g5 —+ tiy! ttx) 850 250

Figure: definition of signal decays in [6]
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable a7 and b-quark multiplicity by CMS

5. Backup

definition of signal regions

Analysis bin  Trigger thresholds  Trigger efficiency [%]
Hy [GBV] Hy IGEV] oy 2< Mgt <3 Mjet >4

275-325 250 0.55 89.1'0% 8370
325-375 300 0.53 987102 9g2'0d
375-475 350 0.52 99.010% 997102

>475 400 0.51 100.0709 1000708

Figure: definition of signal regions in [6]
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable a7 and b-quark multiplicity by CMS
5. Backup

major backgrounds

Major backgrounds are:
e Z+jets and W+jets for n, =0
e tt and single-top for np, > 1
e QCD multijet is surpressed by cuts
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable a7 and b-quark multiplicity by CMS

5. Backup

Hy bin [GeV]
Me M, 275325 325-375 375475 AT5-575 575675 675775 775875 875-c0

+100 +60 134 +14 +11 134 +2.3 +1.7
SM 23 0 6235110 2000'% 195503 ssetlt aselll 51303 21203 1611
Data 23 0 6232 2904 1965 552 177 58 16 25

sMo 23 1 162ty 481t} sat]? 8e7ti2 24828 72t 33%7 21192

Data 23 1 1164 473 329 95 23 8 4 1

sDM 2—3 2 ;;;t{i ‘fﬁ'ft;: :z,otiﬁ };.st{'z 30752 ?,s:g—g g 1401 3,1’:3‘:
ata = 5

SM >4 0 101013 4art? o oae0f}? 2s0%) ') 53345 185'3F 194'%3

Data >4 0 1009 452 375 274 113 56 16 27

sM =4 1 5217 23l 188t 106tE  42ath) 179732 98ty est)?

Data >4 1 515 236 204 92 51 13 13 6

sMo =4z 20877 103t 8s9f75 m7HEE 199430 estld 174 1314

Data >4 2 204 107 84 59 2 5 1

sM o z4 3 253090 wrtl ezt a9ME 23708 12707 03t 0at)]

Data >4 3 25 13 4 2 2 3 0 0

SM >4 >4 09'05  03%%  06')F - - - - -

Data >4 >4 1 0 2 - - - - -

Figure: Confrontation of SM and data in [6]

42 of 72



1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable a7 and b-quark multiplicity by CMS
5. Backup

exclusion limits

to interpret the result, each model was given a channel:

Model Mjet Ny
D1 2-3 0
D2 2-3 1,2
D3 >4 1,2
Gl >4 0
G2 >4 2,3,>4
G3 >4 2,3,>4

Figure: Channels used for exclusion by model [6]
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1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable a7 and b-quark multiplicity by CMS

5. Backup

exclusion limits (cont.)

- 0z o
$ 0 e dih a— s mErm@) g3
A R Expected Limit +10 exp. s = -
5 700, 5 3 NLOILE 31 th
£ | guomi g theory 1z € A
500 g e H CMS, 117 1%, (5= 3 Tev
sool-— =~ 1, only H
cms, 1.7 115" 13
[Lcms, 107
W0 -8 Tev M
102
E
IS8.. \ P18l .
0 600 700 800 900 1000 10 300 400 S0 600 700 600 900 O
Mg (GEV) Mo (GEV)

xpected
GHLONLL 2

o
NI E=8Tev 1

400 600 800 1000 1200 1400 |
M (G6V)

Figure: exclusion limits for three of the decay chains of the analysis in [6]

44 of 72



1. Why SUSY?
2. What is SUSY? 2-6 jets + 0 leptons search by ATLAS
3. SUSY event topology 2-6 jets + 1-2 leptons search by ATLAS
4. Searches for SUSY with the LHC Search using the variable a7 and b-quark multiplicity by CMS

5. Backup

exclusion limits (cont.)

T T T
~— — ~ Median Expected Limit + 1o exp.
T oMONY({T)t th, unc.

——— Observed Limit (95% CL)

o {pt)
@ (pb)

— —— Median Expected Limit + 1 exp.

GHLONLL({T) & th, unc,
———— Observed Limit (95% CL)

107 CMS,L=1.7fb",/s=8TeV
pp—oiii— lif:; m@>>m{®
M= 0GeV

107 CMS,L=11.71b",/s=8TeV b |
E o ppoTLi— i m@sem()
F m.=50GeV
L e b e Lo il
7

103l |
300 400 500 6500 700 00 300 400 500 600
m, (GeV)

@ m (Ge%ﬂ

Figure: exclusion limits for the production cross section of stop pairs given in

(6]
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3. SUSY event topology

4. Searches for SUSY with the LHC
5. Backup

Fehling-Kaschek, M.: Search for Scalar Bottom and Top
Quarks with the ATLAS Detector at the LHC, dissertation,
Uni Freiburg, 2013

Jakobs, K.: Searches for Physics Beyond the Standard
Model at the LHC, talk, Les Houches, 2011

Jakobs, K.: Search for Supersymmetry at the LHC, talk,
Les Houches, 2011

ATLAS Collaboration: ATLAS-CONF-2013-047, note, 2013
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology
4. Searches for SUSY with the LHC

5. Backup

cut study (ATLAS-1)

events / 100 GeV

DATA/MC

T T T T > T T T T Bl
10° ATLAS Prolminay [, g0 ] ATLAS Proliminary [, .01
j Al i
SRA-2jels o Daaz0t2 (5-8Te) o 10 SRA-2jets o Daaz0r2(5s-8ToV) E|
= 3
10* Q-850,m)-100 Z ]
(15400 2 10°}
@ E
10° 8
& singlo top 10° 1§ & singlo top =
102 I Dicoson I Oicoson
10
10
1 1
2 T Q  2sF
2 T s 1
15 n = -
05 pancs el BN 15 o et e 1l 3
] 500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
myyincl.) [GeV] myy(incl.) [GeV]

Figure: a study of me (incl.) in [4]
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events / 100 GeV

DATA/MC

1. Why SUSY?

2. What is SUSY?

3. SUSY event topology
ches for SUSY with the LHC

5. Backup

T T 7 > E T T T T 3
ATLAS Preliminary [, 01" 18 ATLAS Proliminary [, 4031
SRB -3 jets ® Data 2012 (5 -8 ToV) =4 o L SAB - 3jets o Data2012 (15 -8ToV) ]
— SMTotal ERR=] 1%k — SMTotal
0 m(§)-1.04m(@-1425.m(})-628 E - 1.04am(@)-1425, ()£
10° - m(G)=1.04m(@=1612,m(37)=37 g - (@)=1.04m(@=1612,m(10)=
E Mutiet 16 Matiet
. Zijts 13 . . Zijts
Wajets 10° Wejets
i &single top . E i &single op
B Divoson E| F I Diboson q
10
1
2. Q 2
2| + + = 2
Il - . 1 PR el ]
Sete eete t bt
od Wit | 15 o = :
506 1000 1500 2000 2500 3000 3500 4000 50 1000 1500 2000 2500 3000 3500 4000

myglincl.) [GeV]

Figure: a study of me

(incl.) in [4]

m,y(incl.) [GeV]
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC

5. Backup

cut study (ATLAS-1)

> T T T T T > T T ™ T
8 ATLAS Preliminary Il.dv-amlb‘ (05 ATLAS Firehmmary Itm-zoam‘
o SRE -8jets @ Data2012(fs -8 TeV) 1 o 102 SRE - 6 jets o Data 2012 (fs = 8TeV) -
3 3 E|
° ©° MTotal N
3 > 6 mi-1065,m(E)-785.m(5)-504
2 2 -+ 5 m(3)=1265,m(x!)-865,mix) 4
S S Mot
3 3 .o
L Wrjts i
i & single top - 10 i & singlotop 3
E| I Diboson
s i
s — - . - — = —
o Q 2
= s E +
g 2 deestt 1 =
= < osf 2 |
500 1000 1500 2000 2500 3000 3500 4000 4! 500 1000 1500 2000 2500 3000 3500 4000 4
m,y(incl.) [GeV] mqincl) [GeV]

Figure: a study of me (incl.) in [4]

SUSY phenomenology and inclusive sea 49 of 72



cut study (AT

1. Why SUSY?

2. What is SUSY?

3. SUSY event topology
4. Searches for SUSY with the LHC

5. Backup

> e LRAAR RS TT T T
8 £ ATLAS Preliminary ,[Ld' -203M" E|
o r SRE - 6 jets o Data2012 (f5-8TeV) 1
© r — SMTotal -
~ r -3 m{§):|DSS‘m(;€;):785‘m(x?):50‘
2 F ==+ GG m(@)=1265,m(x")-865,m(x")-464
€ ) i
[} Multjet
3 100 . Zies B
E Wajets E|
£ 1T & single top 1
r [ Diboson 1
1 E
Q asfF = = =
s %E E
< 1.5 .
g 0.5E- S
500 1000 1500 2000 2500 3000 3500 4000 4

mg(incl.) [GeV]

Figure: a study of me (incl.) in [4]
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC

5. Backup

cut study in control region (AT
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Figure: a study of me (incl.) in [4]
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC

5. Backup

cut study in control region (ATLAS-1)
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Figure: a study of mes (incl.) in [4]
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC

5. Backup

exclusion plots (ATLAS-1)

MSUGRA/CMSSM: tanp - 30, A = -2y, >0

= T T T
2 r : ATLAS Preliminary
%5000 - ILdt=203fb"‘ (s-8Tev —]
€ L 1
x o 0-lepton combined —
= o ]
34000 [~ \ —— Observed limit (+1055")]
r ¢ === Expected limit (+10,,) |
I I3 ,
r £ StauLSP ]
3000 |- ¢ B ]
L £ ]
13

r L 1
2000 [— =
1000 | .

EL e e e b e e e

800 1000 1200 1400 1600 1800 2000 2200
gluino mass [GeV]

Figure: exclusion plot taken from the analysis in [4]
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC

5. Backup

exclusion plots (ATLAS-1)

Squark-gluino-neutralino model

L ISR e e e e
——— m(x;) =0 GeV Observed limit (+1 o351

==== m(F}) =0 GeV Expected limit (£15,,,]

7TeV (4.716") m@;) = 0 GeV Observe

[ A S A

E !
C 1 PNV N AT IR | PRI .
s0%00 1000 1200 1400 1600 1800 2000 2200 2400

gluino mass [GeV]

Figure: exclusion plot taken from the analysis in [4]
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC

5. Backup

exclusion plots (ATLAS-1)
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Figure: exclusion plots taken from the analysis in [4]
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC

5. Backup

exclusion plots (ATLAS-1)

m, [GeV]
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Figure: alternate form of an exclusion plot shown before [4]
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC

5. Backup

definition of signal regions (ATLAS-2)

soft single-lepton one b-jet | soft single-lepton two b-jets

‘ low-mass | high-mass | low high |

Ne 1 (electron or muon)

PLGeV) [10,25] (electron) , [6,25] (muon)

P (GeV) < 7 (electron), < 6 (muon)

Njet =3 =2

Pr(GeV) > 180,40,40 | > 180,25,25 > 60,60

P (GeV) = <50

Np 1a = 1, but not the leading jet 2

ET™ (GeV) =250 ] >300 | >200 [ >300

niy (GeV) > 100 -

EFS mid >0.35 —

ARuin(jet, £) >1.0 -

Adin - > 04

mer (GeV) - =150 >200

Hya (GeV) - <50 -

Figure: example for definitions of signal regions in [5]
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC

5. Backup

definition of signal regions (ATLAS-2)

soft single-lepton soft dimuon

3jet | S-jet 2-jet
Ne 1 (electron or muon) 2 (muons)
plGeV) [10,25] (electron) , [6,25] (muon) [6,25]
pr*® ¥ (GeV) < 7 (electron), < 6 (muon)
my, (GeV) [ - | — ‘ >15 and |y, — my| > 10
Nit [3.4] ER [ >2
pr"Ine I (GeV)y > 180 \ >70
p,rhuhlqun_g |DIN( ch) =25
Nb—l:lg [ - | - ‘ 0
E.'I“i"‘ (GeV) [">400 | =300 =170
my (GeV) > 100 > 80
E_ulmxx /"?l.l'l;_'.l ~03 =
ARpin(jet. £) > 10 | — > 1.0

Figure: example for definitions of signal regions in [5]

Thorben Swirski

phenomenology and inclusive searches

58 of 72



1. Why SUSY?

2. What is SUSY?
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definition of control regions (ATLAS-2)

[ soft single-lepton one b-jet
| low-mass | high-mass | low-mass | high-mass
13 W + jets

N¢ 1 (electron or muon)
PL(GeV) >25
%% 7 (GeV) < 7 (electron), < 6 (muon)
Niet >3
pri(GeV) > 180,40,40 [ > 80,2525 | > 180,4040 | > 180,25.25
N;,_mg > 1, but not the leading jet 0
ET™ (GeV) >150 >250 >300
mr (GeV) > 100 [40,80]
ARpin(et, £) > 1.0

Figure: example for definitions of control regions for W+jets and tt in [5]
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2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC

5. Backup

definition of control regions (ATLAS-2)

\ [ soft single-lepton two b-jet
| | Tow-mass | high-mass [ low-mass | high-mass |

I [ W+ jets
N 1 (electron or muon)
PHGEV) >25
P19 T (GeV) < 7 (electron), < 6 (muon)
Niet >2
P (GeV) > 60
P10 IR Gev) <50
letag 2 | 0
E7™ (GeV) >150 [ >200 [ >300
Admin > 04
mer (GeV) >150 [ >200 [ >150 [ >200
Hyp (GeV) <50 ‘ - | <50 | -

Figure: example for definitions of control regions for W+jets and tt in [5]
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC

5. Backup

definition of control regions (A

soft single-lepton soft dimuon
3-jet | S-jet. 2-jet
Wejets / it I

N¢ 1 (electron or muon) 2 (muons)
p%(GsV) [10,25] (electron) , [6,25] (muon) >25,6
pr¥ T (GeV) < 7 (electron), < 6 (muon)
my, (GeV) - ] - >15 and |my,, — mg| > 10
Nit 34] | >5 >2
preTne B (GeV) > 180 >70
prbieading 5 (GeV) > 25
Np-tag 0/>1 > 1
ET™ (GeV) [180,250] > 170
mt (GeV) [40,80] <80
ARpin(jet, £) >1.0 ‘ - >1.0

Figure: example for definitions of control regions for W+jets and tt in [5]
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC

5. Backup

definition of control regions (ATLAS-2)

\ hard single-lepton
\ Jjet | 5-jet \ 6-jet
Wjets /[ tf

N 1 (electron or muon)
PL(GeV) >25
P 7 (GeV) <10
Niet >3 >5 >6
Prei(GeV) > 80, 80,30 | > 80, 50, 30, 30, 30 | > 80, 50, 30, 30, 30, 30
P IS Gev) <30 <30 -
Np-uag 0/>1
ET™ (GeV) [150,300] [150,250] / [100,200]
mr (GeV) [80.150] | [60,150] [40,1507 / [40,80]
mine (GeV) > 800 > 600

Figure: example for definitions of control regions for W+jets and tt in [5]
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background cut study (AT

2 (L ATAS Preiminary | Dattzorz) 2 \pEATAs Pomnany | baizorz) 3
° | - E . -
2 F [uoom mon B8 Wi 2 F [laoom mony B
5 0F = 3 swf 3
2 H s ton
wE feing | 0% =y E
. 5 O consion = Otorconvton
10° Sop 15014120 GV 107 S 155140190 G
b vt ] 0 s to ]
Tof 4 1of E|
ik - | ik E|
107 I 10
32 32
R - g1 = =
0GB bZ 05 04 05 05 07 05 03 00 G020 0405 0% 07 05 09
Eime EFimg
8 oEATLAS Prosminary | o Datazora) 8 ATLAS Protminay | o Datazora) E|
> 10/ . - k| 10 | -
B F oo’ maoy B 2 F [laoom! oo BB
§ 10f 4 sk =h E
H i aton H 5 s spton
Wi = 4 Yoy =mE
5 Oeronitusion 5 Otororviion
oF Sop e GV oF S 030017 GaV 3
[T . s apon. b3
wp of E
° nrems cosomsrogen © [Prestinmiini s
10 19
ik 4 1 4
10tk 3 w0k, 4
31 P E—
g + L T
8 = e 8 ;
B T L L
Efimy T MM

Figure: background study for the analysis in [5]
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Figure: background study for the analysis in [5]
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Figure: background study for the analysis in [5]
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Figure: illustration of regions in for the hard lepton analysis in [5]
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC

5. Backup

definition of validation regions (ATLAS-2)

hard single-lepton
3jet S-jet Gjet

E7™ reglon | my reglon | Ef reglon | my reglon | Fp reglon | my reglon
Pr(Gev) > 80, 80, 30 > 80, 50, 40, 40, 40 > 80,50, 40,40, 40, 40
P FE(GeV) <40 <40 -
Np1ag -
ET™ (GeV) 1300,500] [ [150,300] [ [300,500] [150,3001 [250,500] | [150,250]
my (GeV) [60.150] | [150320] | [60,150] | [150.320] | [60,150] | [120.320]

Figure: definition of validation regions in [5]
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binned hard single-lepton
Siet

et 6rjet

electron muon electron muon electron muon
Observed events 45 2 12 7 7 7
Fitted background events 46480 38.1+58 122252 T1+16 97+20 74x17
Fitted i7 events 238464 200+50 74%33 56+15 80+19 56415
Fitted W+jets events 154455 107440 3122 04+04 01'93 0303
Fitted diboson events 44£23 33417 09206 04402 05+03 0.06+003
Fitted misidentified lepton events 04705 0807 001508 0008 00708 0802
Fitted other background events 23408 33+1L1 07£03 06+02 10£03 0601
MC expected SM events 5484103 430471 141463 7016 10.1£19 79417
MC expected i events 233£37 197426 71430 5312 84+17 60413
MC expected W+jets events 244473 16151 53+34 0605 02£02 05405
MC expected diboson events 45£23 34417 09:06 04:02 06+03 007003
data-driven misidentified lepton events 04705 0807 001708 0098 0.07:0% 0803

MC expected other background events 2.1 +0.8 3.1+12 0803 07+02 1.0:03 0602

Figure: definition of validation regions in [5]
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Events / 100 GeV.
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1. Why SUSY?

2. What is SUSY?

3. SUSY event topology

4. Searches for SUSY with the LHC

5. Backup
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Figure: a study of mcr in [5]
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Figure: a study of me (incl.) in [5]
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