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...and it’s not dead yet
Searching SUSY with ATLAS

Steffen Schaepe
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Searching SUSY in 8 Steps

- Find interesting model

- Find selections to isolate your model

- Figure out what the SM would look like

- Estimate how little you know about the SM
- Look into data

- Find nothing

- Draw fancy picture

- (Optional) Repeat with more data
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Typical Result
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Let’s take one step back
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What Is SUSY?

How To Search For SUSY?
What Can We Learn From That?
Recent ATLAS SUSY Results

...And Why lIt’s Still Not Dead!



What Is SUSY?




The Standard Model (SM)
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The Standard Model (SM)

Standard Model Production Cross Section Measurements
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atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM

Big Questions of the 215 Century

- Dark Matter?

- Dark Energy?

- Unification of Forces?

- Matter-Antimatter Symmetry?
- Light Higgs?

- Have to be answered by particle physics!
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- Dark Matter? SUSY!
- Dark Energy?

- Unification of Forces? SUSY!
- Matter-Antimatter Symmetry? SUSY?
- Light Higgs? SUSY!

- Have to be answered by particle physics!
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Supersymmetry (SUSY)

Standard particles SUSY particles
Py Ay
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particles

« Copy of all SM particles with different spins
- All other properties identical
- No new parameters!
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Broken SUSY (The MSSM)

- SUSY not seen so far = Has to be broken!

- We have no clue how SUSY breaking
happens

- Write down all possible ways of SUSY
breaking (within mathematical constraints)

- 105 new parameters
- B, L and flavor conservation violation
- Neither predictive nor testable
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Protecting Symmetries

Introduce R-parity to restore SM symmetries
= There is a SUSY quantum number!

< pN

The lightest SUSY particle
(LSP) is stable
SUSY particles can only be U
oroduced in pairs LSP must be ngutral a.nd at
max weakly interacting

4

Dark Matter candidate
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Simplifying SUSY
Number of parameters has to be reduced to get
usable predictions

v N\

Assume some breaking Ignore everything but a few
mechanism particles
4 4
“Phenomenological Models” “Simplified Models”
4 4
Full spectrum of particles, Limited Spectrum with strong
Realistic couplings and BRs assumptions and 100% BRs
Y 4
Limited set of “High Scale Masses of particles as
Parameters” parameters
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Phenomenological Model
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How To Search For SUSY?




Categorization
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Categorization

2O Highest cross section

sl Mass pot. out of reach

%'

Mass / GeV

RS
T

a0l Still large cross section

Often sig. lighter ’ b

Now: Strong Production SUSY with Tau Final States
6ol Small Cross Section

Much lighter
1200 - .
Il_%IO H* L 1)
800 - oL br|\ Xz
400 - R 4
0
0 K
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Phenomenological Model

1000
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Phenomenological Model

;1

- Invisible particles g
leading to missing
transverse energy £t

- Multiple taus

- Multiple quarks and/or
gluons in the cascade
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Simplified Model

- Essentially one decay

qg q ve/T mg and m.o as free
T/Vr X
. parameters
X1

- Masses of {5/%3 and
w7 /U degenerate

/v, * Masses of intermediate
¢ q r/v,  particles fixed

FN

1
: |

NI

O ——
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Run 180400, Event 58989646, 2011-04-28 03:57:31 CEST

Example Event

P = 214 Gev

B = 203 GeV

pf' = 66GeV

atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2011-18


atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2011-18

Backgrounds

Standard Model Production Cross Section Measurements Status: May 2017
3 A olotal (x2) L
S 10" Eoao nemsic ATLAS 5’rel|m|nary Theory
5= v,
O 165 an Runi12 '5-7,813T&/ e pp Y7o
d°( BBl Data 45-490 1
jets
1 0.3<mgsw v
o LHCpp 5=8Te&/
pr>25Ga/ \
AN Data 2031
oy on =0
© V.
LHC pp '5=13Te/
20
10 ooz e N DS ol Fo BBl D22 00836171
Pr>100Ge/ n; 220, =1 Aoy W
10? o o oo T W
W2, o Ao o
10t g Wy agF
24 & O H>Ww w
! 7 7 Wy
N schan w %
1 s e e o
o " zv
=7 VB 8 m;>500GeV
101 o HWw 5 o
=8 o
] [ [ w
2 Hoyy my>1Tev
w
w H;]ZZaAl . o~
w W
3 I B
10— I wz
PPjas Y w z tt t W YW H WV Vy twtiz iy Wjj  Zjj ww ZyyWyywwy 2yji wij
R-o0 o ek b Ewk ek
fd. fd. fd. fd. tot. tot. fd. fd. fd. fd. tot. tot. fd. fd. fd. tot. fd. fd. fd. fd. fd. fr—

atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM

Institute Semi Géttingen, June 9™ 2017 Searching SUSY with A



atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM

Backgrounds

Standard Model Production Cross Section Measurements Status: May 2017
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Backgrounds

0 [pb]

Standard Model Production Cross Section Measurements

Status: May 2017
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Data Driven Analysis
A

SR

CR

Another Variable

One Variable
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Data Driven Analysis
A
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One Variable

(2& Institute Seminar, Géttingen, June 9™ 2017 Searching SUSY with ATLAS



Backgrounds
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Results
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Results

Nothing Found!
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What Can We Learn From That?




Limits on Model Parameters

GMSB: M,,,,=250 TeV, N=3, >0, C__ =1
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Limits on Masses
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Limits on Cross Sections

9g production, g - qqrvg/qqng/quvg
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Model

Independent Limits

17 channel Compressed SR Medium-Mass SR High-Mass SR
Data 47 11 1
Total background 49.2 +6.2 15.0 + 2.4 57+1.2

95 95 6.9 3.5 2.1
Sobs (Sexp) 16.7 (18.47%:%) 7.5(9.773%%) 3.8(6.17%%)
(ovis) 3B [tb] 5.19 2.34 1.17
Clg 0.41 0.23 0.02
27 channel Compressed SR High-Mass SR GMSB SR
Data 4 0 0
Total background 4.2+ 3.0 3.2+1.2 0.69 + 0.24

Sabs (S2xp)
(ovis)gps [fo]
Clg

+2.1
8.2(8.0731)
2.55
0.53

+1.4
3.4(4.8754)
1.07

0.12

+0.5
3.4(3.7%5)
1.07
0.53




Recent ATLAS SUSY Resulis




Elektroweak 27

vy /T
T/,

- First tau-search published with full
2015+2016 dataset

- Targets events with two hadronic OS 7
leptons

- ATLAS-CONF-2017-035
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Elektroweak 27
Dominant backgrounds:

diboson, multijets and W+jets

Multijets estimated purely from data,
W+jets data-driven

VR-F (lowMass)

> T T T T T
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vi - =Y = b " .
Q 10° gis=13Tev, 3611 [OMuttijets | w-iets g 10 fo=13Tev. 36110 [Omulti-jets | Wejets
@ 10° W z+jets [l Top Quark; 2 M Top Quark [l Z+jets
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o 10? - - Reference point 1 w - - Reference point 1
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g W\\\\\\W. £,
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Elektroweak 27

ETmiss,
My,
M(v,;T,),
AR(%%) T=C/B
CR-A )
VR-E =CF,
CR-B

Used for nominal
ABCD method

Used for validation
and systematics

SR-D

VR-F

CR-C

Institute Seminar, Géttingen, June 9" 2017
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Elektroweak 27

SR-lowMass SR-highMass

g ATLAS P‘relim‘inary+ Data  SM Total E 10* EATLAS ‘Prelimi‘nary* Data N\ SM Total
10°% Vs=13TeV, 361" - ) Vs=13TeV, 36.1 fb* - .
S 0 [OMulti-jets” w+ets 5 . [Omutti-jets w+ets
P W z+jets M Top Quark g 10 M z+ets M Top Quark
§ 10° Diboson E Diboson
w - -~ - Reference point 1 w102 - -~ - Reference point 1
L - - Reference point 2 - - Reference point 2
10

Data/SM

Data/SM

230
m'rz [GeV]

my, [GeV]

- Two SRs based on various mass variables,
Fr and p7
No Excess observed in any SR

Institute Seminar, Géttingen, June 9™ 2017




Elektroweak 27

Limits substantially improve previous
results

Extension to direct 7 production planed

?E’ ~ 2 x5 - 2 x i 22 R;P:(Gb) er(Gb) i n(vv&f 2;: 2 x ) 2 x i

= B = P A

8 ATLAS Preliminary ~ SR-highMass 8 r ATLAS Prellmmaw SR highMass / SR-lowMass B

£ V5=13 TeV, 36.1 fb Observed lmit (+10325%) £ 0 G3Tev, 36.1 b Observed limit (+1.05257) B

mEmmz Expected imit (+10,) [omsmpemz S Expected limit (+10,5) B

m=ms Observed limit 2t anxiv1407.0350 SO0 mozmg, Observed limit 2t aniv1407.0350 |

Al a96% CL. I ep2 R a0as cev) E Animis atsssct I ep2f aoss cey) E

. 400 - 4

300 - -

200 - -

o P I A I IS 1 N ol il

100 200 300 400 500 600 700 100 200 300 400 500 600 700 800 900

m; [GeV] M [GeV]
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Stop-Stau

- Based on 13.2fb
of 13 TeV data

[ _Fo--
>*’ ’ “ - Signal model
e T & inspired by
t < gauge-mediated
SUSY

- Targets events with one hadronic = and
one light lepton

- Dominant background: tf with a fake 7

- ATLAS-CONF-2016-048
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Stop-Stau

i) T T T
§ 10 ATLAS  Preliminary ¢ Data W + jets
® V's = 13TeV,13.2/fb I (fake 1) 1 (true 1)
- diboson single top
o Zijets [tV
10°
10 { {
[ D
1 =
s
o 2
3 0 —
&
&2
L @ 2 3 T = £ 3 &
5 : £ g g : £ g ?
w - ] 4 =
= « 2 3
z 5 S ‘% % < £
© 2 °
« +
> H
«
£

- Datad-riven estimate of tf and Wijets

- Extensive validation
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Stop-Stau

> T T T T T T )
8 10° = A7LAS Prefiminary o Data %% TotalSM §
8 E s=-13Tev,13.2/p M (fake o) I+ V @
2 SR : single top Z+jets
8 107 1 (real 7) diboson
° E W +jets [N tH

10,

=

107

2 =
@» 7]
g Jud
i T
a a

ES [GeV]

T
ATLAS prei?mina,y o Data 4% TotalSM
Vs = 13Tev,13.2/f I ti (fake 7) [N ti+ V
SR s_ing\e top Z+ijets
H tt (real 1) diboson
W +jets [N tH

m(f, 7) = (700, 540) GeV ]

3
Nbjets

- One SR based on various mass variables,

Zr and Nojet
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Stop-Stau

T, production, BR(, ~ Bbv) =1, BRE - 16)=1

ATLAS Preliminary
. T T T

>

1000 —
& [ == Observed limit +10p/0"
D':H [ ====: Expected limit (+10,,)
k=4 r [ ATLAS8TeV,20.3/fb

800 [ [ LEP limit
F Is=13TeVv,132/fb

600

400

200

b b b b P 1

LU L

0]
400 500 600 700 800 900 1000
m(t,) [GeV]

- Previous exclusion substantially improved
- Extension to full 2015+2016 dataset in

ireiaration



1/ + many jets

t

P t
: Aﬂé b
- -0 S

1"
- Xi,2 Az23

~o_ X1 Mg g
AN
g q 1 b
- R-parity violated = LSP instable = no F+
- Signature:
1/+>8—-12jets + 0/ > 3 b-jets
- Very different to “normal” searches

- arXiv:1704.08493, submitted to JHEP

/I N
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1/ + many jets

T T T T T T T

o7 ATLAS —— jetp,>40Gev ® Data multi-jets
Vs=13TeV _jetp,>60Gey © Dataviets

0.6] 1 1 T A MC Wsjets
358 nb™" - 36.1 fb

—— letp,>80GeV ¢ NC Zijets

- Background simulation
difficult

- Normalize in low Nig
CRs

- Extrapolate from low Nig
to high N slices

-~ Parameterized scaling

1(j) Z+jets r(j) W+jets  r(j) y+jets  r(j) multi-jets

6/5 76 8/7 9/8 10/9 11/10 12111
(N_+1)N
jets jets
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1/ + many jets

@ S T T T ] T T T ™
£ 20 ATLAS -o-Data ATLAS -e-Data
a>) [ B Wt + jets Rl T+ jets
i e E=13Tev, 36.1 b =W jets | E:jaTev, 36.1fb W jets ]
[ [+212]ets (p,r > 40 GeV) W2+ jets 1+8jets (pT > 60 GeV) W7+ jets ]
[ - m(@=2TeV,m(;) =500 Gev [l Multi-jet < m(@) = 2 TeV, m(7)) = 500 Gev [ Multi-jet
10F Others | Others |
ot Z ] ]
0 b
g 1.4] T T 7y T \15% > 12‘ T T T T ‘15g
o 1.2 ] o ; ", Rele)
S 1 /// /W // %/ 1 2 e, ey ///j/y///// 12
3 0.8% ; 2 ZiZizg g O AR 050
© S . 53
8 0.6b—y t i i | a - i I i |-
0 1 2 3 >4 0 1 2 3 >4
N brtags Nb-lags

- 18 SRs binned in Nigt and N jet for 3
thresholds in jet-pr
- No Excess observed in any SR




1/ + many jets

Limits in various models
Exclusions up to mz > 2TeV

< 2500 = S e e e
© [ §-ti% —tiuds ATLAS ] 8 r tﬁtx /bx ATLAS B
g [ V5-13TeV,36.1 " = Obs. limit(:1635) ] = roa,- s, 7, BB T :::Il:::::ﬁi‘ o ]

%3 20001 - ] °l>< 1500? [5=13TeV,36.1 fb" —— obs.timit(=1 ]
1S £ T Exp. limit (£1 05) | E L = Exp. limit (£ 1 0,,,), BLSP

[ Al limits at 95% CL ] L Al limits at 95% CL
1500 7 I ]
i 1 1000~ A
1000[- . |
500 1 500 y
L R | L] i L]

0 1500 2000 600 800 1000 1200 1400

m(g) [GeV] m({) [GeV]
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Displaced Vertices + £t

- Signature: High-mass
(mpy > 10 GeV),
multi-track (Nyack > 5)
vertices at large radii +

[ ATLA‘S Simu‘lation Prz‘eliminary‘ ‘ ] |arge ET
120 E=13Tev ]
r Spit-SUSY Model, § - a7 X, P 1
1= R-hadron: m(g) = 1200 GeV, m(X’) = 100 GeV, 1 = 1 ns ] T g t t - t bl
« | - Targets meta-stable,

neutral particles
|« Special tracking needed
e 0« ATLAS-CONF-2017-026

I 2 aty 9o ovestd
0 50 100 150 200 250 300
Roy [mm]

Vertex reconstruction efficiency
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Displaced Vertices + £t

Number of vertex pairs / mm

.y [ o - No irreducible
background
- Mainly hadronic inter-

B | S
0 -200 -100 0 100 200 300

actions and merging of
close-by vertices

- Veto events from areas

e e of high mass density
- Study merging

] probability in control
B studies

Vertex Pair 3D Distance [mm]

Institute Seminar, Géttingen, June 9" 2017 Searching SUSY with ATLAS



Displaced Vertices + £t

_ (my, My, T5)=(1400 GeV, 100 GeV, 1 ns) - = 10t g 3
S = E i 3
3 .8 = F ATLAS Preliminary . m, = 1400 GeV (= 10,,1]
= 5 3 Vs=13TeV,L=327 " m; =2000 GeV (+ 10,,,)]
ED 10 2 2 —— Observed 3
° s ~aa %, M, =100GeV  --oeee Expected ]
K] 3 102 ' -
£ 5] E 3
S c E 1400 GeV gluino-pair production 3
2 E e A B a
5]

1 - E
5 £ ]

L 2000 GeV gluino-pair production
o] T T T -
=) N\ 3
107" ) — ]
4ad 10_1 E. | | | | E|

2 3456 10 20 30 1072 107 1 10

DV Nriaeks 7 [ns]

No candidate event observed
Stingent limits set



All ATLAS SUSY Results

ATLAS SUSY Searches* - 95% CL Lower Limits
May 2017

ATLAS Preliminary
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The Limits of the Limits

- All limits rely on more or less restrictive
assumptions

- How “universal” are they?

- At the end of Run I, published large scale
study on pMSSM (JHEP 10 (2015) 134)

« pPMSSM = only minimal assumptions, 19
parameters

- 22 analyses evaluated
- > 500 Million signal points sampled
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Questions

- How powerful are analyses for different
final states?

- How rigid are our exclusions?

- Which type of signatures did we miss so
far?
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Different Analyses

ATLAS

. HIA ST T
Long-lived sparticles
I, electroweak
Dlsappeann? Track
4-leptons
3—Ieftons, electroweak
-taus, electroweak
2-leptons, elecjroweal
tb,+E2 ,stop
Stop with Z boson
Monojet, stop
2b-jets
2-leptons, stop
1-lepton, stop
0-lepton, stop
(/) + jets
SS/3-leptons + jets
Monojet
1-lepton + jéts
0/1-lepton + 3 b-jets
O-lepton + 7-10 Jets
O-lepton + 2-6 jets
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Hard and Soft Limits
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What We Missed
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Summary

- SUSY well motivated extension of the SM
.. that could solve some open issues

- Searching for SUSY requires looking in
many corners!

- LHC and ATLAS ideal tools for searches
- No signs of SUSY observed (so far)

- More and stronger exclusions put SUSY
under severe stress

- But there is still plenty of room where
SUSY could be hidden!
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