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Standard Model Triumph:

» 2012: Discovery of a Higgs boson
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and what now?

ATLAS SUSY Searches* - 95% CL Lower Limits
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and what now?
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Electroweak vacuum stability / Hierarchy Problem

» Most recent analysis: Metastable vacuum with lifetime longer than the
age Of the Universe Degrassi et al., arXiv:1205.6497
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Electroweak vacuum stability / Hierarchy Problem

» Most recent analysis: Metastable vacuum with lifetime longer than the
age Of the universe Degrassi et al., arXiv:1205.6497
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» What generated/stabilized the hierarchy?




Supersymmetry
Spin-Statistics: My stabilized to all
orders

connects space-time & gauge
symmetries
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Search for New Particles

Decay products of heavy particles: g
> high-pr Jets
» many hard leptons g
Production of colored particles w
weakly interacting particles only in decays i B
Dark Matter <> discrete parity (r.r. xx) Pl o)

» only pairs of new particles = high energies, long decay chains
» Dark Matter = large missing energy in detector (£r)

0 evt/10 GeV
E JL£=100 7"

Different Models/Decay Chains — same signatures

4th generation SsusY technicolor

+Universal extra dimension, little Higgs with T-parity|




Search for New Particles

1
Decay products of heavy particles: Lj 4
T -0
[1? X1

» high-pr Jets
» many hard leptons

Production of colored particles
weakly interacting particles only in decays \\\_\ <
Dark Matter < discrete parity (r 7, xx)

» only pairs of new particles = high energies, long decay chains

» Dark Matter = large missing energy in detector (£r)

Different Models/Decay Chains — same signatures

4th generation SsusY technicolor

+Universal extra dimension, little Higgs with T-parity|




Search for New Particles

14
Decay products of heavy particles: q ql/_‘//_/ 4
> high-pr Jets N

-~ in X1
» many hard leptons ar /
Production of colored particles S In 2
weakly interacting particles only in decays gy ™ qw <
Dark Matter < discrete parity .. xx) ’
» only pairs of new particles = high energies, long decay chains
» Dark Matter = large missing energy in detector (£r)

Mass of new particles: end points of decay spectra
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Search for New Particles

/4
Decay products of heavy particles: q QL//_/ 4

> high-pr Jets -7

- / X1
» many hard leptons i

Production of colored particles S i 2

weakly interacting particles only in decays gy ¢

Dark Matter < discrete parity z . xx) /

» only pairs of new particles = high energies, long decay chains
» Dark Matter = large missing energy in detector (£r)

Spin of new particles: Spin of new particles: angular correlations, ...
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LHC Warm-Up: Sbottom Production g, sro 72 e ossoos

1000

b, production with subsequent decay b; — ¥%b

Process A; As — P™) — F| Fy,
Narrow Width (NWA)

Breit-Wigner

Full matrix element

3 different steps:

U(A1A2 — P) X BR(P — F1F2)

O'(AlAQ — P) X
U(A1A2 — F1F2>

e
evt/10 GeV

fL=100" 3

1000 H

— T
evt/10 GeV
J£=100fH" 3

100 200 300 400

pr(b/b) [GeV]

500

100

100 200 300
missing pr [GeV]

400

MZETZ
(s—M7)?+T%

MIQD X BR(P — FlFQ)

pp — bbYIY

Main background:
gg — bbvv

Signal jets harder




LHC Warm-Up: Sbottom Production g, sro 72 e ossoos

b, production with subsequent decay b; — ¥%b

Process A; A — P™) — Fy Fy,

Narrow Width (NWA)
Breit-Wigner
Full matrix element

3 different steps:

U(A1A2 — P) X BR(P — F1F2)

O'(A1A2 — P) X (
O'(AlAQ — F1F2>

6000 . :
evt/5 GeV  q 1x10* —
w  JL=1000H7" A
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2000 —

I
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[L=100fH"" ]

MZT2
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PS: Harder jet more central

Off-shell effects (bbZ*):
only for low pr, — cut
out

Not generally guaranteed




ISR: Bottom Jet Radiation Hagiwara/.../JRR/..., PRD 73 (2006) 055005
g — bb-Splitting, b-ISR as combinatorial background

pp — XIx9bbbb: 32112 diagrams, 22 color flows, ~ 4000 PS channels

alpp = bbAXY) = 1177 —  o(pp — bbbLYIYY) = 130.71b
1A1

Forward discrimination of ISR and decay-b jets difficult:
L ey e e |
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Only the most forward b jet is softer




ISR: Bottom Jet Radiation

Hagiwara/.../JRR/..., PRD 73 (2006) 055005

g — bb-Splitting, b-ISR as combinatorial background

pp — XIx9bbbb: 32112 diagrams, 22 color flows, ~ 4000 PS channels

a(pp — bbXIXY) = 1177t — o (pp — bbbbY)YY) = 130.7 fb

Only small differences in p7 5, PDF: maximum at a smaller value
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shifted to smaller pr: light particles balance out the event




WH I ZARD Kilian/Ohl/JRR: DESY/Freiburg/Siegen/Wiirzburg, hep-ph/0102195, EPJC 71 (2011) 1742 %

» All simulations in this talk done with WHIZARD

» Multi-Purpose event generator for collider physics
» Fast adaptive multi-channel Monte-Carlo integration
» Very efficient phase space and event generation

» Optimized/-al matrix elements
uses the color flow formalism Kilian/Ohl/JRR/Speckner, JHEP 1210 (2012) 022

» Recent version: 2.2.8 (22.11.2015) [2.3.0 will come 07/2016]
http://whizard.hepforge.org/

» Parton shower (kL-ordered and analytic)  kilaniuRR/SchmidtWiesler, JHEP 1204 (2012) 013
» NLO QCD for lepton and hadron collisions

» 2.2 Features: ME/PS matching, cascades, top threshold matching

» Upcoming: general Lorentz structures, UFO support etc.

» Interface to FeynRules & SARAH Christensen/Duhr/Fuks/JRR/Speckner, EPJC 72 (2012) 1990
» Versatile input Ianguage: SINDARIN



http://whizard.hepforge.org/

|: Off-Shell Effects




Confusions from Off-Shell Effects: Fat Gluinos

» SUSY: weakly coupled + discrete parity = Narrow resonances
» Exception: some Higgses ... and Gluino

» Width-to-mass ratio v :=T'/M ~ few to 15-20 %
Theoretical upper limit v ~ 32% (without invisible or exotic decays)

» Example realization: GMSB

» Plan: scan over “fat gluinos” in “full” simulation
» Comparison between SUSY vs. UED
» Generic scan over 5 values: v € {0.5%, 2.5%, 5%, 10%, 15%}

» Look for impact on mass and spin observables




Gluinos beyond factorization
e Standard Gluino Cascade: 2 — 10  Numerically challenging (PS!!!)
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Gluinos beyond factorization
e Standard Gluino Cascade: 2 — 10  Numerically challenging (PS!!!)

Bl i
e Factorization in Narrow-Width-Approximation (NWA)

——gways
—

e Trade-off accuracy vs. speed

=
=

» Simulate production and first decay with full matrix elements
» Factorize additional decays with NWA




Simulation Setup

>

>

Parton level studies with WHIZARD Kilian/OhI/JRR, EPJC 71 (2011) 1742 aL

Investigation of ISR, combinatoris, detector effects later

Pietsch/JRR/Sakurai/Wiesler, JHEP 1207 (2012) 148

For each point (UED and SUSY) normalized sets (5k events)
Corresponds roughly to event numbers for 300 fbo™*

To study statistics vs. systematics some samples for 25k events

M, | M, Ms Ay Ay A; W Ma | my | ms,
150 | 250 | 1200 | 4000 | 4000 0 1500 | 1500 | 1000 | 1000
my, | My | ma, | mg | may | mga | mg, | my, | tanf

200 | 1000 | 1000 | 1000 | 1000 | 1000 | 4000 | 1000 | 10

and similar datapoint for UED (for spin determination)

Setup of (exclusive) decay chains g - bb; — bbx§ — bbI*IE — bHIIFY
g2l —ddp — ddy}

pMSSM19 benchmark scenario




Mass determination and "fat" gluinos
e Decay chain: g[1] — bb; — bbx3 — bbI*1F — bbI*IT Y

e Far b jet not affected, but the near one! viack: 0.5% red: 2.5%, green: 5%, bive: 10%,
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Mass determination and "fat" gluinos

e Decay chain: g[1] — bb; — bbx3 — bbI*1F — bbI*IT Y

e Far b jet not affected, but the near one! viack: 0.5% red: 2.5%, green: 5%, bive: 10%,

e  T——
o Mass edges: ...two bjets ...or ...two bs, two leptons
(mppar)? = TaTmIONTG) _ 630 GeV (mpar)? = 1093 GeV
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Mass determination and "fat" gluinos
e Decay chain: g[1] — bb; — bbx3 — bbI*1F — bbI*IT Y

L] Fal' b ]et nOt affected, but the I"leal’ One' black: 0.5%, red: 2.5%, green: 5%, blue: 10%,

e  T——
o Mass edges: ...two bjets ...or ...two bs, two leptons
(migery2 = "D T) 630 GeV (mpyeF)? = 1093 GeV

b

3
3

o
E F T T T

400 - s

as0f L
E a0

300

20 300

200

wE 2000

wof [F oo

50 ;I“J\ T
E e ) 0 s sk Bl

W0 a0 60 800 1000 1200 1400 W0 a0 &0 o oo 20 40

» Uncertainties of several hundreds of GeV




Numerical Endpoint Estimation: Edge-to-bump
method

» Trying to find edges by fitting lines very human-biased and error-prone
» |dea: do a naive kink fit @(1000) times

» Edge-to-bump method Curtin, 2012
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» Trying to find edges by fitting lines very human-biased and error-prone
» |dea: do a naive kink fit @(1000) times
» Edge-to-bump method Curtin, 2012

» Turns edge-localization into a bump search

min gy / min / min,,, ‘endpoint distribution
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Numerical Endpoint Estimation: Edge-to-bump
method

» Trying to find edges by fitting lines very human-biased and error-prone

» |dea: do a naive kink fit @(1000) times
» Edge-to-bump method

Curtin, 2012

» Turns edge-localization into a bump search

min gy / min / min,,, ‘endpoint distribution

oss8gEEEEEEY

» Analyze resulting distribution of fit values

» Distribution of values measure/estimate for uncertainty




More Examples
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> mi%%, my,?": two endpoints in my,
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More Examples

low high. ; ;
> myly, my,; - two endpoints in meye
Mybtiow
ol A
ol .
ol .
s E
Oy el oo
Endpoint distribution
o[
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300~ é
s E
s .
O

black: 0.5%, red: 2.5%, green: 5%, blue: 10%,

Mo pigh

g
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LSk
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e, | 7
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Endpoint distribution
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» Endpoints severely degraded (at parton levelll)




Spin Determination (1)
e Method I: Shape asymmetry of my, Alves/Eboli/Plehn, 2006

T T T Ty
SUSY 0.5%

do /dmpe+ — do /dmy,- = L. SUSY 15.0%}
+ bt be

A = oot 3 L uEp

] do [dmye+ + do/dmye- . !

e e sm w0 S0 s fae  mm
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Spin Determination (1)
e Method I: Shape asymmetry of my, Alves/Eboli/Plehn, 2006

do [dmye+ — do [dmy,-
+ _ be bl
A [mbd o dO’/dmbg+ —+ dﬂ/dmbg—

- )
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Spin Determination (1)
e Method I: Shape asymmetry of my,

do /dmpe+ — do /dmy,-
A* =
[med] do Jdmypr + do /dm,-

=

Alves/Eboli/Plehn, 2006
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Spin Determination (1)
e Method I: Shape asymmetry of my,

do [dmye+ — do /dmye-
A= =
[med = 25 Jdmuyes + do iy,

=

Alves/Eboli/Plehn, 2006

T e Bm a0 S e Toe

2 = 28
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=0
[=-I T Y
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En

T00 800
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> Shage asymmetry not affected bx fat gluino!
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Spin Determination (II)

e Method II:
and asymmetries

Angular correlations

. Anjj
oS 9”- = tanh <T

Moortgat-Pick/Rolbiecki/Tattersall, 2011

L L L L
02 G4 08 08

1
O g

| Adu, = [6(b1) — 6(b2)] |

Alves/Eboli/Plehn, 2006
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Spin Determination (II)

e Method Il:  Angular correlations
and asymmetries

Anis
cos 6’% = tanh (%)

Moortgat-Pick/Rolbiecki/Tattersall, 2011

At N(|cosb;,| <0.5) — N(|cosb,,| >0.5)
ct = * *
N(Jcosf;,| < 0.5) + N(|cos0;,| > 0.5)

2. [Adw =1o(r) — 9(b)]]

Alves/Eboli/Plehn, 2006

+ _ N(Agy, <7/2) = N(Ady > 7/2)
¢ N(Agp < 7/2) + N(Agpy, > 7/2)

A

SUSY 0.5%
SUSY 15.0%
UED
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Spin Determination (II)

e Method Il:  Angular correlations
and asymmetries

Anis
cos 6’% = tanh (%)

Moortgat-Pick/Rolbiecki/Tattersall, 2011

UED

SUSY 0.5%
SUSY 15.0%

L T
56 oA D2

St N(|cosb;,| <0.5) — N(|cosb,,| >0.5)
<t N(Jcosf;,| < 0.5) + N(|cos0;,| > 0.5)

ql ql

!
Lol

2. [Adw =1o(r) — 9(b)]]

Alves/Eboli/Plehn, 2006

L _ N@ow <7/2) = N(Ady, > 7/2)

¢ N(Agp < 7/2) + N(Agpy, > 7/2)

sample | Sk
AZ (std) | 0194 £0.015 |
AZ (ofs) | 0125 +0.014 |
A% (ued) | 0,003 £0.014 |
0014 £0.014 |

1.5: .

A7 (std)

Ag (ofs) | -0.047 £0.014
| A% (ued) | -0.042 +0.014 |

T& (\
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[I. Combinatorics




Generic Backgrounds

e SUSY backgrounds

» Simultaneous production: Gluinos and squarks
» Inclusive decays/multiple jets from diff. origins
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Generic Backgrounds

e SUSY backgrounds

» Simultaneous production: Gluinos and squarks
> Inclusive decays/multiple jets from diff. origins

Genuine combinatorial backgrounds

» Large signal jet multiplicities = Plethora of combinations
» Initial State Radiation (ISR): additional source of jets

e False assignment distort endpoints

° CombinatoriCS can be reduced Rajamaran/Yu, 2010; Baringer/Kong/McCaskey, 2011;

Choi/Guadagnoli/Park, 2011
e Some methods require dijet endpoint measurement
o Dijet itself suffers a lot from both backgrounds

e Motivation: Study fully inclusive dijet measurement
Pietsch/JRR/Sakurai/Wiesler, JHEP 1207 (2012) 148
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» Sleptons, Higgsinos, third generation decoupled

» Higgs at 125 GeV = heavy scalars, light gauginos

» Gauginos fix, vary squark masses in three scenarios

ms

My

i,

Scenario

A

[

i
1200 GeV | 40

0 GeV

200 GeV g

1300 GeV | 1900 GeV | 10000 GeV

» Three-body gluino decay into light gauginos:

bino edge

m

m

mazx
27
max
27

(’lI)) = mg — My
(b) = mg —my

= 800 GeV
= 1000 GeV
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v
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v

v

o maag
O >
v

Squarks decoupled
Pair production only

v

v

Two signal gluinos

Lowest combinatorial bg

J
<

_J




Technicalities

» Fully inclusive event samples from WHIZARD/Herwig++

Kilian/Ohl/JRR, 2007; Bér et al., 2008




Technicalities

» Fully inclusive event samples from WHIZARD/Herwig++

Kilian/Ohl/JRR, 2007; Bar et al., 2008
A: 108,000
» Samples with B: 27,000 events (NLO xsec. @ 14 TeV & 300 fb—1)
C: 16,000




Technicalities

» Fully inclusive event samples from WHIZARD/Herwig++

Kilian/Ohl/JRR, 2007; Bér et al., 2008

A: 108,000
» Samples with B: 27,000 events (NLO xsec. @ 14 TeV & 300 fb—1)
C: 16,000

» DELPHES fast detector simulation (CMS setup) Ovyn/Rouby, 2009




Technicalities

» Fully inclusive event samples from WHIZARD/Herwig++

Kilian/Ohl/JRR, 2007; Bér et al., 2008

A: 108,000
» Samples with B: 27,000 events (NLO xsec. @ 14 TeV & 300 fb—1)
C: 16,000

» DELPHES fast detector simulation (CMS setup) Ovyn/Rouby, 2009
» Checked against CMS full simulation




Technicalities

» Fully inclusive event samples from WHIZARD/Herwig++

Kilian/Ohl/JRR, 2007; Bér et al., 2008

A: 108,000

» Samples with B: 27,000 events (NLO xsec. @ 14 TeV & 300 fb—1)
C: 16,000

» DELPHES fast detector simulation (CMS setup) Ovyn/Rouby, 2009

> Cheoked/ agaitist/ M@/ fll Bidilation




» Fully inclusive event samples from WHIZARD/Herwig++

Kilian/Ohl/JRR, 2007; Bér et al., 2008

A: 108,000

» Samples with B: 27,000 events (NLO xsec. @ 14 TeV & 300 fb—1)
C: 16,000

» DELPHES fast detector simulation (CMS setup) Ovyn/Rouby, 2009

> Chetked agaitist/ CMS/ il Bitiulation
Jet setup: anti-k7 algorithm Cacciari/Salam, 2008
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Technicalities

» Fully inclusive event samples from WHIZARD/Herwig++

Kilian/Ohl/JRR, 2007; Bér et al., 2008

A: 108,000
» Samples with B: 27,000 events (NLO xsec. @ 14 TeV & 300 fb—1)
C: 16,000

v

DELPHES fast detector simulation (CMS setup) Ovyn/Rouby, 2009
> Cheoked/ agaitist/ M@/ fll Bidilation

» Jet setup: anti-k7 algorithm Cacciari/Salam, 2008
e anti— kr,R=05
e pr > 50 GeV
e |n] <25

» Baseline selection CMS-SUS-10-005

o Hr > 800GeV
o Emiss 5 900 GeV
Ad(j1,2, EF%) > 0.5
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Event topologies

%f:*/ |\
3 4 o,
B R

e Counting number of visible decay products (parton level)

{ONLY edges in 8-9 partons]
» Use selection criterion

< 4 particles <«— bino edge
> 8 particles  +— edge




Parton-Jet Correspondence

» This was parton level? What about hadron level?
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Parton-Jet Correspondence
» This was parton level? What about hadron level?

A B C

partonic jets vs Njets partonic jets vs Njets

partonic jets vs Njets
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= Substantial correlation of parton and detector level jets
» Refine selection criteria

(Bino: 4-5 jets lepton veto)

>

» Fewerijets = less combinatorics
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Origin of Jets

» Abundances of jet origins in the ith hardest jet

sbundance of types in ith hardest jet abundance of types in ith hardest jet abundance of types in ith hardest jet
45000
P L gluino 12000)
000 i i squark 10000
30000 i .
oo wino 8000
20000 ISR 6000
15000 | 3 4000
10000
2000

5000

2 4 6 8 0

|

» Gluino jet very likely in the first 3 bins
» Severe squark contamination for i = 1 in scenario A & B

e Define new variables Mming = Ming_1.2msk

minis3 ming j—1,2,3 M; j
j

e min procedure reduces

impact on combinatorics Mingss = MM, ;j=2,3,4 M j




Compare to existing methods

» Hemisphere method CMS TDR 2007

1. Hemisphere algorithm to divide event
2. Combine two hardest objects from each side

1/2

» Topology method (for exclusive 4 jets + MET) Bai/Cheng, 2011

e Dijet variables for identification of topology 3+1 or 2+2

F3(pl,p2,p3,p4) = my,, foreijrm #0 and maxy s=1,....4a {mrs}

Fu(pl,p2,p3,pd) = min; j=1,....a {max(m;,j, mr1)}, € 70
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e Bino selection: clear endpoints, slight underestimation

: solid kinks, only few events beyond true endpoint

e all variables promising, good control of backgrounds
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Numerical Endpoint Estimation PitschURSaoraiWisio JHEP 1207 (2012) 145

endpt. ‘ miniss ‘ mingsa ‘ ming; ‘ 7TL§12) ‘ rrL%) ‘ F3 ‘ F4
scenario A

bino 1106 + 52 570 + 14 1125 £+ 106 822 + 21 1012 + 104 686 + 33 1191 £ 132

wino 908 + 83 665 + 34 948 + 99 932 + 31 780 + 26 794 + 33 1031 £+ 53
scenario B

bino 986 + 36 773 + 147 1028 + 34 1010 + 6 794 + 49 766 + 25 1046 + 66

wino 895 + 23 748 + 68 892 + 18 958 + 10 819 + 47 911 £ 51 928 + 37
scenario C

bino 812 + 24 545+ 8 921 + 37 816 + 29 721 £ 90 708 £+ 22 894 + 57

wino 778 + 23 577 £ 19 804 £ 6 769 £+ 47 764 + 14 708 + 38 793 +£7

» Accurate estimates in all scenarios possible
» slight underestimation for bino in scenario A

» Very important to choose the correct variable!
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» Fake combinatorics: Wrong underlying model assumptions
» Prime Example: Grand Unified SUSY models based on g

Kilian/JRR, PLB 642 (2006) 81; Braam/Knochel/JRR, JHEP 1006 (2010) 013

» Chiral Exotics with lepton and baryon number: scalar leptoquarks,
SUSY partners: leptoquarkinos
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Mass Edges for Leptoquarkinos RRYWisier, PRDG (2011 015012

» Mass edges clearer due to missing spin correlations
Myl,high = max{mql-l- 3 mql— } Myl low = min{mql-l- 3 mql— }
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Mass Edges for Leptoquarkinos RRYWisier, PRDG (2011 015012

» Mass edges clearer due to missing spin correlations

Mgl ,high = max{mql"' yMg1— } Mql,low = min{mql-l- s Mg1— }

oo VAN WSS Dsbon of @ ]
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My g, LQINOS My LQINOS

600

# Events / Bin
# Eve%ls 18in
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g 1GeV] g 1GeV]

» Combinatorial background: combine softest jet and hardest lepton:
m?, = m(ming{q1, g2}, maxg {I*,17})

Invariant Mass Distribution
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Discrimination from standard SUSY AR Wisler, PRD 2011

e Dilepton spectrum: standard SUSY =- same cascade, leptoquarkinos
= different cascades

e Cut on kinematic edge in standard dilepton spectra

[ Invariant Mass Distribution of (I,]) ] Invariant Mass Distribution of (q,]) ]
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e S/B estimate, 100 fo~!, 2 OSSF, 2 hard jets, £+
| my | #N(LQino) & N(SUSY) | #Ncwe | S/VS+B |

D
400 8763 5061 54
600 1355 540 15
800 684 102 4
1000 594 24 1
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New Physics motivated by Hierarchy Problem/Vacuum Stability

SUSY cascades as standard candles at LHC

Combinatorial background and smearing from

ISR/FSR

Combinatorics through presence of two cascades
SUSY backgrounds (“signal backgrounds”)
Off-shell (and threshold) effects

Wrong model assumptions

vVYyvYVvVYy

Full analysis including all channels/backgrounds with Whizard
Generally trade-off between precision and speed
Waiting for a signal ...

First time in 50 years with only one high energy machine!
Will the LHC be the first hadron machine to find the unexpected ?




One Ring to Find them ... One Ring to Rule them Out




One Ring to Find them ... One Ring to Rule them Out



	Why New Physics?
	Search for New Particles

	Simulations: WHIZARD
	Summary/Conclusions

