SUSY searches with the ATLAS detector

Jeanette Lorenz

Ludwig-Maximilians-Universitat Mlnchen
Excellence Cluster Universe

Excellence Cluster
|Universe

12.12.2014 / GDR Terascale@Heidelberg



Supersymmetry (SUSY)
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Supersymmetry: symmetry relating
fermions and bosons

® Only possible extension of Poincare
space-time symmetry.

® Minimal Supersymmetic Standard Model
(MSSM): each Standard Model particle
receive a supersymmetric partner.

® Extended Higgs sector required.

Motivations for Supersymmetry (selection):
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Can provide a dark matter candidate. SUSY particles not too high. Unification of gauge couplings
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Production of supersymmetric particles at the LHC

Strong production of quarks
(1st and 2nd generation) and

10 = T L L L O B B ; gluinos
o,,[pbl: pp > SUSY 7 — high cross section if masses not
1  too high
R VS=8TeV _| o
F 3 — Expected limits ~ 1.2 (0.7) TeV
F 1 for gluinos (squarks)
-1 [ b
10 = = . A
& 3 Strong production of third
r 1 generation squarks
10 7Y - — Expected limits up to 0.7 TeV.
10'3mem‘ NN
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Myerge [G€V] 5 might be most copiously
[Prospino, http: //www.thphys.uni-heidelberg.de/~plehn/ produced at the LHC if squarks and
includes/prospino/prospino_lhc8.eps] gluinos heavy but electroweakinos

light.
— Expected limits ~ 0.2 -0.5 TeV
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Categorization of SUSY events

R-parity

— Forbid baryon and lepton number violation by requiring R-parity conservation:

R-parity = (—1)3(B-D+25 —

B: baryon number, L: lepton number, S: spin

+1 for Standard Model particles
—1 for SUSY particles

— Distinguish different categories: R-parity conserved, R-parity violated and long lived scenarios

If R-parity conserved: ATLAS search strategy
® SUSY particles produced in pairs and
decay until lightest supersymmetric particle Prompt
(LSP) reached.
® | SP stable, only weakly interacting, neutral R-Parity-Conserving
— dark matter candidate.
° ; miss
LSP escapes detection — (large) E7"°°. Strong e
st 2nd 3rd gen.
gen. stop, FWK'
squarks, sbottom inos,
gluinos sleptons
[https:
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Long-
Lived
R-Parity Violation
Various
RPC RPV ranges of
prod. prod. lifetime

RPV RPV
decays decays

//indico.cern.ch/event/352689/material/slides/0.pdf]
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Searches for strong production

v/l
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= Final states with (many) jets, possibly leptons and a (more or less) high E{“iss
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ATLAS
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Analyses (selection): A ' o bmmadoor ]
2 f —swwa
0-lepton + 2-6 jets [JHEP 09 (2014) 176] 2 o et
. o) E Multi-ets |
0 or 1-lepton + 3 b-jets [JHEP 10 (2014) 024] i WHH E
. L B Ziets ]
2 same-sign leptons/3-leptons [JHEP 06 (2014) b - o ]
035]
® 1 or 2 soft or hard lepton(s) + jets (to be published L ]
soon,
https://indico.cern.ch/event/352689/) 9 2sF f
= 1.5] |
° B ool Teestilt
L 1 500 1000 1500 2000 2500 3000 3500 4000
All searches use the full 2012 statistics of ~ 20 fb™ ' collected by the ATLAS m(incl.) [GeV]
= detector in pp collisions at 8 TeV. [JHEP 09 (2014) 176)
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Four different analyses, requiring 1 or 2 electrons or muons:

Signal discriminated wrt background by requirements on jet multiplicity, mr, E{”iss, Meg

Searches in final states with

https://indico

® A ‘soft’ lepton (6/7 < pr(e/p) < 25 GeV)
— compressed scenarios

® A ‘hard’ lepton (pr> 25 GeV)

— medium to large mass splittings
® Two hard leptons

— longer decay chains

®  Two soft muons
— specialized to minimal Universal Extra Dimensions

Initial predicted Normalized Background extra-
background background polated to SR o
k] 22
s
CR1 cg | CR1 Transfer | SR1 | ER
S5 factor c3
23 S
ocoo ES|efp o000 e ocoo0 52
=
]
e [
=z
Transfer
factor
VR 1 | I Signal |

Validation of extrapolated & & o

background fit result
[arXiv:1410.1280]
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one or two leptons
.cern.ch/event/352689/
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(Example from the soft 1-lepton analysis)

Major backgrounds (tf, W+jets, Z+jets)
estimated by:

® Defining control regions
dominated by backgrounds to be
estimated.

® it background model
simultaneously to data in all
control regions.

® Extrapolation to validation and
signal regions.
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Searches in final states with one or two leptons

Results in agreement with
Standard Model
expectations.

https://indico.cern
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Gluino masses 2> 1.2 TeV/squark masses > 700 GeV excluded for massless LSP, independently of the specific model.
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Interpretations also provided
in full phenomenological
models, e.g. in
cMSSM/MSUGRA (4
parameters plus 1 sign):

® my (unified scalar mass at

Mgur)

my /2 (unified gaugino
mass at Mgyr)

tan 8

Ao (unified tri-linear
coupling at Mgyr)

sign of p

Interpretations in cMSSM/MSUGRA

MSUGRA/CMSSM: tan(B) = 30, Ao =-2my, 4>0

Status: ICHEP 2014

Gluino masses below 1.3 TeV excluded for all mg values.

— Analyses nicely complementary.

m
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In ‘natural’ SUSY models: stop masses to be below ~ 1

TeV and gluino masses below ~ 2-3 TeV.
(If stops and gluinos heavier, significant fine-tuning required and SUSY
cannot provide a full solution to the hierarchy problem.)

— Search for direct and gluino-mediated stop

production.

Gluino-mediated stop production: Busy final state with

four top quarks and EMss

m; > myg: Gluino masses up to 1.4 TeV excluded
(depending on the LSP mass).

m

MU
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600

200 —

Four b-jets in the
final state.

Analyses requiring

b-jets particularly 3E
sensitive - as the F
analysis (|n 700
turquoise) requiring 600
3 b-jets in final states j‘;‘o’
with 0 or 1 lepton. w0
200

5(

SUSY searches with the ATLAS detect:

400

Gluino mediated stop quark production

gg producion, G- i, m@ >> m@), Vs = 8 TeV. ICHEP 2014
= ANanaasanas
& 1000 — ATLAS
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800 Expocted 25573 eptons. 023 biets [L, =203
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Searches for direct stop production

Often long and
complicated decay
chains.

Usually final states with

°3 m‘WY"HOO

Compressed scenarios:

™0 200 300 m(7,) 1GeV]

7

many b-jets

Can exploit final states with 0- 2 leptons

— mono-jet searches

— soft lepton analyses

Jeanette Lorenz (LMU)

e Usage of complex discriminating variables

e e.g. exploit boosted topology to reject top background

SUSY searches with the ATLAS detector 12.12.2014
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Two examples for stop searches

Search for stops in final states with 1 lepton + 3-4 jets + Es

< fﬂpmj:j:;l«DH‘ZT/EAWU‘Z?W‘AVZ? — - -

3T T ommencd i 1 ]

JHEP11(2014)118 2T flamulfew  cees BpecedimiGiog ]
300~ 1-lepton + j . Al limits at 95% CL. —

® 15 signal regions covering many topologies: a0 .
direct stop to LSP decay, 3- and 4-body decays,... 200 5

e Using a large collection of dedicated variables, °7 1
including soft leptons and boosted jets. i 1

® Sensitivity to stop masses up to 650 GeV. CA A

m. [GeV]

Constraints from precision measurements of the ttbar cross section on light stops

51 45— ATLAS | ! E
2 "t (s=7Tev, 461
Eur.Phys.J.C74 (2014) 3109 % 35F s=8TeV,20.3fb" B
] 3;‘:' Expected limit +10,,, 3
® Most searches have no sensitivity to stop masses B o Observed Iiumiulc.iii' E
close to the top mass. s v X )= Gy E
® Can access this region through precision LS E
measurement of the tt cross section. 8 T
0.5F 3
® Exclude stop masses below 180 GeV. 170180190 200 21620330

m; [GeV]
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Summary on stop searches

T, production, { - b 1%}/ T» ¢ 7} A>Wb 7 /T>t%,  Status: ICHEP 2014
0

;‘ T 1T I L I L I L I L I L I T
8 ATLAS Preliminary L, =201 s=8 Tev Ly =47 0" V5=7 TeV
= 450 mmiy 0L [1406.1122] 0L [1208.1447)
ey =miot 7 1L [1407.0583] 1L[1208.2590]
S 4 ot 2L [1403.4853] 2L [1209.4186]
00 = el b i“ 1L [1407.0583], 2L [1403.4853]
Estoc Z‘ 0L [1407.0608]
Embffy 0L [1407.0608], 1L [1407.0583]

— Observed limits ===
All limits at 95% CL

Expected limits

N
B

L, =47f"

int

m; [GeV]

— Searches sensitive up to stop masses of ~ 700 GeV

& il Jeanette Lorenz (LMU) SUSY searches with the ATLAS detector

Various analyses to
cover gaps at top (and
W) mass (difficult to
access):

tt cross section
measurements.

Search for &, with Z
in final state. —
Eur.Phys.J.C (2014)
74:2883
Measurement of ~ _
spin correlation in tt
events. —
ATLAS-CONF-2014-056

12.12.2014
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Searches for directly produced electroweakinos

— Direct chargino/neutralino/slepton production can dominate at the LHC if
squarks/gluinos much heavier.

Clean signatures with: leptons (including taus), W/Z bosons and Higgs bosons +
ET"**, low jet multiplicity

E.g. searches in:

e 3leptons (e,u,7) + EM [JHEP 04 (2014)169]
e 2leptons (e,u) + EMS [JHEP 05 (2014) 071]
e 2taus + EMMS [JHEP 10 (2014) 096]

4 leptons + EMS [Phys.Rev.D.90, 052001]

m
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Searches for electroweak SUSY with a Higgs boson

earches in 3 different channels:

® 1-lepton + 2 b-jets
® 2 same-sign leptons

® 1-lepton + 2 photons

iscriminating variables:

\\
P h Tb
b
miss
ET™®, mr, met, mpp

Combining the three searches + 3-lepton search:

>
2 [ AT Preliminary (5 - 87 Tev, 203
?t; == Observed limit (+ 16,5%)
c 10 | === Expected limit (+ 1 uexg) |
S r All'limits at 95% CL ]
E [ Combination ]
=R ]
2
o L 1
3 1 iy E|
£ #bbobserved limit
L — *¢* observed limit]
L — ¢yyobserved limit |
%, T, - W h;. M —UGEV —3¢ observed limit
10" I I
150 200 250 300 350
m.._:[GeV]
% )
m
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miss,rel
ET

[ATLAS-CONF-2014-062]

, Megf, maximal
my, My, My

EF'SS, mr(W)),
AW, h)

T T
[ ATLAS Preliminary
1205 =8 TeV, 20.3 f"

[ Combination
ol

m. [GeV]

2 Onsenved i 416327 ]
77777 Expected it (+10,0)

3¢ observed limit

#¢* observed limit

Zyy observed limit
bbobserved limit
Al mits at 95% CL

Limits up to 250
1 GeVonthe

E electroweakino
] mass for
massless LSP

SUSY searches with the ATLAS detector
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Status of searches for electroweakinos

ATLAS Preliminary

20.3 fb™, /s=8 TeV

Status: ICHEP 2014

600 -
% bo— ?;E‘Z’ via 1/ % 31, arXiv:1402.7029 = - = - Expected limits
O, — XX via I/ ¥ 2ely, arxiv:1403.5294 —— Observed limits
jua —_— ?Eﬁ via PLIF‘ 31, arXiv:1402.7029
£ 500 —— ;}Eﬁ’ via W76, 221, aniv:1407.0350 All limits at 95% CL
—— XK via B0, >2r, anivi407.0350
— @ via WZ, 2e/u+3l, arxiv:1403.5294
400 @% via Wh,  e/jibb, ATLAS-CONF-2013-093
via Wh, 3|, arXiv:1402.7029

300 mTL’FJ‘F O,S(mp: +m Q;)

200

100 =

—_— ;}EE via WW,  2e/j, arXiv:1403.5294

AV SN I SRR AR

o B
200 200 300 400

600 700
mg (=m ;:) [GeV]

(Be aware that in this plot many different simplified models are shown

together.)

A Jeanette Lorenz (LMU)

SUSY searches with the ATLAS detector

e |f decays are mediated
by sleptons: limits up to
720 GeV.

e If via WZ: limits up to ~
450 GeV.

e Little or now sensitivity
to compressed
scenarios.
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R-parity violating Supersymmetry

If R-parity violated:

® Condition: either lepton or baryon number
conserved.

® | SP can decay (thus no dark matter candidate).

® No large E?“iss as signature, but usually high
object multiplicities.

4-leptons Phys.Rev.D. 90, 052001 (2014)
Pp - G - aaK, adx; X - VI
18001 )
% | ATLAS ~7
O,1600— . - - . L
£k Jra=zaw’ etev ] ® Analysis requiring 4 leptons, Z-veto
1400~ —— ), == Observed (+ 16™) .~ - H
[ — x]z;z --Ex;:g:a U/ E and hlgh Megs.
1200:7 — 20 7: )
1000 = *m*0 7 E ® Backgrounds depending on
£ Alllimits at 95% CL ] . P . . .
800 - E 7-multiplicity in final state:
600 E > lrreducible for 0 7: ZZ, VVV, t1Z , Higgs
B ] » Reducible for 1-2 7: Z+jets, tt, WZ
400 - .. . .
F 3 ® Limits reachingupto ~ 1.4 TeV in
200 1 E the gluino mass — comparable to
0500800 1000 1200 1400 1600 1800 RPC searches.
ms [GeV]
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Searches for long-lived particles

Long-lived particles appear in different cases, e.g.:
® Small RPV couplings.
® RPC: compressed scenarios.
® RPC: meta-stable and long-lived gluinos due to heavy squarks.
o RPCl:.Iong-Iived sleptons/neutralinos due to small coupling to
gravitino.

Result in distinctive signatures depending on lifetime:

7" decaying into %"+

Badly misme:

ed in p, due to.a wrong

reconstructed track
true particle track

® Displaced vertices, disappearing or kinked tracks. Fiel
® | eptons/photons not pointing to the primary vertex.

® Delayed decays of massive particles, ...

Heavy long-lived particles

® Predicted by Split SUSY, GMSB, LeptoSUSY etc.

® | ong-lived sleptons, gluinos, squarks and charginos in the
final state.

® Significantly slower than light.
— m = p/B~ used as discriminating variable.
® Main background: high pr mismeasured muons.

Jeanette Lorenz (LMU) SUSY searches with the ATLAS detector
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[Phys.Rev.D 88, 112006 (2013)]

[arXiv:1411.6795]

-
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T T T
ATLAS
(5=8TeVv,19.1fb"

ReHadrons
full-detecor gluina

B tneory prediction

Cross-section [fb]

B expected mit 2 10
- expected mit 220

—— observed imit

TSR P N .
400 600 800 1000 1200 1400 1600
Gmass [GeV]
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Limits on:

® Giluinos: ~ 1.2-1.3

TeV

First two generation
squarks: ~ 800 GeV

Stops: ~ 700 GeV
Electroweakinos:
~ 400 - 700 GeV.

... in the most extreme cases
only!

Limits much weaker in
certain scenarios:
Compressed models,...

Summary

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary
Status: ICHEP 2014 \i=7,8TeV
Model AT Jets ERT [Lann) Mass limit Reference
SUGRACHSSH o 2ok w3 [ax
e 3sjs w3 |i s Sonr arsas
5" e w3 |z at
,E o 2sjes w3 |7 oot
=3 |
§ 203 |& . yrin.V 0 S o) ATLAS-CONF-2013-062
o3 | ¥ LAS Sone oraces
47— 1208,
@3 (5 s or
203 LS SonE steson
H

(GGM (igasine bino NLSP)

s
v
e
e
e
e
e
-
e
-
-
GO (vagsio NLSP) k4 LS SoNF a1z 152
Gravina 5P, 5 o e kS CoNF 12147
0 s s 25Tev i a0Gey o
0 nidles ve 3 14TV it sncey Tam 00
oles ab Y 21 1T et 700
1o 35 Yes 201 1.3Ted ) <300Gev. 1407.0¢
0 2w wr 100620 Gev’ Tz
2059 03p e 23 275440 Gov. s ot 2500
Teew  Y2b Y 47 noTGE ‘eon05, a0 2102
Zoi  Ozjs Ve 203 30210 Gav H s
e 781, 2eh 2es e m3 s sy
Sy 155 PR YR i
" tew  ib e
2 e
0 monaeiciag You
2en b e
sennl b e Voacees
Ze 0 e g
zen 0 e Tiocena
2v e bty
r(m G Sew e et o oo
2Sop 0 v pr 1529 1402029
e e RS ConF 015080
e e B o
o by} Ovgp s xS conr o1z
e
s

Jeanette Lorenz (LMU)

& GMSB‘ stable ¢, /‘Avv muv w 12w ATLAS-CONF-2013-058
e
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o L e o a b
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g T —— S .
i et T e 23 —— o
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" !
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Expectations for Run 2 and the HL-LHC

Extrapolations to 13/14 TeV HL-LHC [ATL-PHYS-PUB-2014-010]

@
@

PR
Cross section ratios: 14 (13) TeV /8 TeV production, § - :‘q 1,

T T T
ATLAS Simulation Preliminary Og = 10

L dt=300,3000b", 's=14TeV
0-lepton combined

Minimum bias | -
zZ |
WH 1
t (s-channel) |
H (ag) |
H (VBF)
t (t-channel) |
it |
ttH |
stop pair (0.7TeV)
Stop pair (0.9 TeV) | S 16 (or 13Tev 8Tev: 12) 1000
Sluino pair (1.5 TeV) | S S 72 (or 13 TeY/Tev:6)
gluino pair (2.5 TeV) | 5700 (13/8:2700)
7'S5M (3 Tey) | S 13 [ .
Q' (4Tev) ::77
QBH (6 TeV) e = 12000
' 10 100 1000 10000 100000 o

— Expect to be sensitive to yet unexplored SUSY territory
with few fo =11 — Discovery reach up to 2.5-3 TeV

2500

s

m.. [GeV]

And: pp — H#(500) + X: 14 TeV/8 TeV ~ 7 2000

1500

11 (for13Tev/aTev:8.4)

500 1000 1500 2000 2500

Looking forward to Run 2!
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ATLAS detector

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

LAr electromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet
Semiconductor fracker

Transition radiation tracker
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Also exploit the longitudinal information of an event.

« Both sparticles are pair-produced, the initial heavy
sparticles are assumed here to have the same masses or
to be at the same mass scale

— Both decay chains are symmetric if going into the frame
where the initial heavy sparticle is at rest

— Can group all visible particles of one decay chain into a
mega-jet; both mega-jets should have the same energy

Variables to benefit from this configuration:

o Characteristic mass of the event:
Mg = \/U1.E +i2,6)2 — (4,0 + Jo,L)?

Razor variables

aq

LsP

J

1
!
v

LSP

q

(E: energy, L: longitudinal component, j; and j>: four-vectors of the two mega-jets)

« Transverse information of the event:

MR — |EMS| |y 71+ o, 71)+EMSS- () 1+]2,7)
T 2

i Jeanette Lorenz (LMU) SUSY searches with the ATLAS detector
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Variables used in the different analyses

Selection...
Effective mass: miie'= 3" p' 4 plePton . grmiss
Transverse mass:
mr = \/2 - EMss . pr(lepton) - (1 — cos A¢(EMss, Br(lepton)))
. _ by b \2 =by 7b2\2
Cotransverse mass: mer = \/(ET + E?)?2 — (P — P7?)
Emiss,rel — E;_niss A¢ > 7T/2
T ETsSsinA¢p Ap < /2
Jeanette Lorenz (LMU) SUSY searches with the ATLAS detector 12.12.2014 23



Gauge Mediated SUSY Breaking

— Further possibility to break SUSY.

GMSB:

Breaking of SUSY via messenger interactions.

SM flavor symmetry naturally protected.

Gravitino lightest supersymmetric particle.

Detector signature determined by nature of NLSP (can be i?, 7, 7,;)

NLSP decays to LSP (G) and the SM superpartner of the NLSP.

Parameters for minimal GMSB: A (SUSY breaking scale),Ns (# messenger fields), tan 3, sign of 1, Cgray (G mass scale
factor), Mmes.-

General Gauge Mediation (GGM):

® No specific SUSY mass hierarchy for (un)colored states — any MSSM sparticle can be the NLSP.
® Nature of neutralino depends on My, Mo, 1 and tan 3.

Natural Gauge Mediation:

® All sparticles not related to fine-tuning of Higgs sector decoupled.
® Stop and gluino only light colored sparticles.

[See also: M.Tripiana, SUSY13, http://cds.cern.ch/record/1596518/files/ATL-PHYS-SLIDE-2013-496.pdf]

m
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Selected results in GGM models

4-leptons [Phys.Rev.D. 90, 052001 (2014)]

The RPV 4-lepton analysis also
interprets in GGM models.

T T T T
J‘Ldl:QﬂJlb.kaT&V

FT T
[ | ATLAS

GGMan =15

700 mi,) (GeV]
| I

200 300 400 500 600 700 800 900
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Monophoton

[arXiv:1411.1559]

5 Events with only a mono-photon appear in various
. Y
q X Sscenarios: a W
® |arge extra spatial dimensions. a.
® Direct production of weakly interacting massive particles N 1&'1]
through interaction with quarks via a heavy mediator. q \< ’
X ® Very compressed SUSY scenarios, e.g. with pair-wise . q
q ’ produced squarks and direct decay to LSPs. (Masses of 1
squarks and LSPs then very close.)
Interpretations
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