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Outline

B
13,8 BILLION YEARS AGO, RINEIZ===) |l o2
e LHC and ATLAS/CMS A FEW SEGONDS BERORETHE i)

CREATION OF OURUNIVERSE Lets fire upthis
- Large Hadron Particle

‘ Collider and see

what happens! 1

e Standard Model and its
shortcomings

e Searches for EWK SUSY

e Searches for Dark Matter

e« Where to go next

[CERN theory common room]

Disclaimer: I'll not talk about long-lived particles and results by LHCb, although both are
important in this context too.
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Excellent performance of LHC and detectors

. [https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2]
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Month in Year

Month in Year

e Proton-proton data taking in Run 2 finished.

e 158 fb! proton-proton data delivered by the LHC 2015 -2018.

o About 140 fb* available for analyses.

 Significantly more data than in Run 1

e Most searches only use 2015 + 2016 data so far, few also 2017 data = much

more data to analyze!

26.02.2019

J. Lorenz, SUSY and the collider DM picture



What can we measure?

B
proton - (anti)proton cross sections
e Predictions for processes of the 10 ey 107
Standard Model 10 | o 4+ J0
(cross section is measure on how o b Tevaton  LHGC 41
frequent a process occurs) [ | -

e Need to run complex algorithms

£

10° ¢ Jiwo~, 3

10° | -4 10* %

e Higgs boson productions: oF 1 £
1 Higgs bosons in about 10%° 2 F 1% E
collisions w0y 310 3
(e.g.in 2017: about 3 million collisions o 3
per second) 2 140 §
E

B

S

§

aﬂ
o
a
i
mn

[
v
=
o
2

events / sec for £ = 10* cm?s

during data-taking to filter processes ; N
we are really interested in.... L Gev{ ERd
% trigger 10'5 E_WJ82012 ] 10‘5
Y e— T

Maybe unknown physics down there? —
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Precision measurements of the Standard Model

B
Standard Model Total Production Cross Section Measurements status: July 2018
w
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Completing Standard Modell: Higgs boson

[Phys. Lett. B 716 (2012) 1-29,ATLAS-CONF-2017-047]
CMS | E =7 Te‘\". L=5.1 b'Vs=8TeV,L=531"

> [ I T 1 T ] =
(uDJ i > Daa ATLAS i 8 E ‘Unweighle‘d
©0 251 [l Background 2Z" Ho7Z0sal 5) i 121500
2 E.Eackgrnundb]el;s,ﬂ E 1500 =
geop DI e ool 1 Discovery of Higgs £
L /fg YSLUNC, i . = L
v it 4 1 boson in Run 1 data W1000] i |
1505 = 7 TeV:[Ldt = 48 b . 0 B My, (GeV) |
(5 =8TeV:/Ldt =5.8 fb” ] (4 JuIy 2012) % i 1
10F ‘ = 5001 *
L . @ i ﬁ;il Component
‘-0?’ | @ +20 |
& O o0 130 140 150
m,, (GeV)
100 150 200 G %‘3[}
my [e = LA DL L L L L L L BN L L AL BN L L L B
8 ool ATLAS Preliminary  —o, , m,=12509Gev ]
% [ AHoyy 0H-ZZ'>4 QCD scale unlcertainty ]
b%" 80_— ¢ combined data B Total uncertainty (scale ® PDF+a,) 1
. . | | systematic uncertainty ]
Since then searches for Higgs bosons % :
turned into measurements - =
compatible with predictions of ]
Standard Model?
. e i Vs=7TeV, 451" ;
— So far no deviations o f-eTov, 23> ]
B s=13TeV, 36.1 fb" B
A

Vs [TeV]
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More Higgs bosons?

B
Many extensions of the Standard Model predict more than one Higgs boson:

« E.g. 2HDM models predict 5 Higgs bosons: two neutral CP even (h, H), one CP odd (A) and
two charged Higgs bosons (H*)

o Can reinterpret measurements of the Higgs boson found in these models
« Can search for additional Higgs bosons

[ HA->t
Ys=13TeV,36.1 1"
JHEP 01 (2018) 055
i H -
Ys=13TeV,36.1 1"
JHEP 09 (2018) 139
o H -t
Vs =13 TeV, 36.1 o™
arXiv:1808.03599 [hep-ex]
/3 H- ZZ— 4l/iivy
Vs =13 TeV, 36.1 fo'
Eur. Phys. J. C (2018) 78: 293
gg— A— Zh
Ys=13TeV,36.1 1"
JHEP 03 (2018) 174

.. | 3 H— WW— v
ATLAS Prellmlnary— Vs =13 TeV, 36.1 1"

o, imi = Eur. Phys. J. C 78 (2018) 24
hMSSM, 95% CL limits | e 1 s 4b,

— Observed — bb yy/tr,

| — WWyy
--- Expected \s=8TeV,203"

Phys. Rev. D92, 092004 (2015)
A Hsnhsboyy
Ys=13TeV,3.21"
ATLAS-CONF-2016-004
----- === h couplings [k, Ky, K]
Vs =13 TeV, 36.1-79.8 o'
ATLAS-CONF-2018-031

~

P |
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Is there anything else?

SUPERSTRIN G
M-theory heterotic)

& Grand s'uts)
Uni€ication

Mat ter

SM not perfect:

« No explanation for Dark Matter
(DM)

e No explanation for matter-
antimatter asymmetry

Plenty of ideas to solve
at least some of them

Lots of possibilities to
look for

THOVUGHT OfF
[lllustration by Hitoshi Murayamal]
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One solution: Supersymmetry (SUSY)

e Symmetry between fermions and bosons

« Supersymmetric partner particles to every Standard Model
particle

— roughly doubling of
number of particles wrt
Standard Model in the
Minimal Supersymmetric
Standard Model

Extended Higgs sector necessary

Supersymmetric partners of W, Z
and Higgs bosons mix to charginos
and neutralinos

Minimal Supersymmetric Standard Model (MSSM)

B
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Motivations

e Inverse of
gauge
couplings
could be
unified in the
MSSM

e Supersymmetry can offer a Dark
Matter (DM) candidate

...If R-Parity conserved

 Higgs mass might get stabilized

s
- T S
~— Minimal
\\ supersymmetric
011\~ extension of
\\Standard Model
Oz o

T T T T | T T T 1 | T ! T T T I T T T
1 10° 101 10" 1 10° 16/ 10"

Energy, GeV Energy, GeV
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But not the only candidate for Dark Matter!

[https://www.nature.com/articles/nphys4049/figures/1 from
Nature Physics volume 13, pages 224-231 (2017)]

Some dark matter candidate particles

1074 Many extensions beyond the SM
] provide DM candidates, not only SUSY.
10'\5 .
ny ol — Comprehensive search program by
106 - ¥ different experiments, and using
Ly different methods necessary (besides
107 Neutrinos == vy rpg; 5 the searches for SUSY).
’j:C; 1076 Neutralino B E
L H§P - KK photon = -
& 1072 4 branon = E
105 T g LHC
lgﬁ Ll - - collider X
10724 - Axino —
10727 Supjr WIMPs: § f X«
10-30 i o [
o= |12 M o 2 - XENONAT,
o ! i 3 LUX, Panda-
PP I A S A R 9 < X, Picasso...
ST LT LT L L L O L PP OO 2
Mass (GeV) E f Xv

indirect

Fermi-LAT, MAGIC,
Planck, H.E.S.S. ...
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https://www.nature.com/articles/nphys4049/figures/1

Dark matter models at colliders
I

d X q

Dark matter

particles invisible
to LHC detectors

B S this signature >

cannot directly be

detected

q X q

Initial state emission —
recoils against dark matter
particles

Generic model good for

Or detect dark sizable cross-sections, a
matter particles in priori no assumptions on
decay of other new specific model

particles

— specific

models/extensions
of SM (like SUSY)
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Dark matter models with mediators
I

?
q X d X
—————
Mediator
particle
d X d X
Mediator particle can be SM particle (Z or H) or a new particle - either spin 1 or O -

vector-like particle or scalar-like, or
Two-Higgs-Doublet Model

q y
q q W,Z
v H
V B Zf
q , X
. q X

26.02.2019 J. Lorenz, SUSY and the collider DM picture 14




Supersymmetric models

Usually only
look at a
specific decay
chain

A 4 ~,0
—— X1

In case of MSSM 124 free
parameters!

We cannot deal with that many

free parameters!*
*but sometimes we at least look at
certain reductions, like the pMSSM
with 19 parameters

Simplified model

+
P ) 4%
q =0
P - Xl
—— >X T
~ oF
RSP ~
g X1
p -
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Many different simplified models

+

=> Very different experimental signatJFes to look for!*

* We can get back to complete SUSY model by combining different simplified
models/signatures.
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Searches for supersymmetric particles

Typically organize
searches from 'easy' to
'more challenging’

— Cross section

=]
(%]

—— 8 TeV
------ 13-14 TeV

Cross Section [pb]
ERJ

T T T =T TLIHT T TILI

e High cross section for 1,
production of gluinos
and squarks if not too
heavy -

— early searches in
Run 2, many results I -
Gva”able, not the [http://inspirehep.net/record/1326406]
focus of this talk

*y
®
*
#
Yy
.

e Smaller cross section for chargino and neutralino production
— but obtain sensitivity by using much more data statistics
— profit significantly from the full Run 2 statistics

26.02.2019 J. Lorenz, SUSY and the collider DM picture 17



Example signatures

.
E. g. strong production:

\\\\\\\\ mnmu,,///
(/

2 Possibly leptons

Lightest supersymmetric
particle (LSP): stable in R-

0
parity conserving theories
— missing transverse
momentum

— Jets + leptons + E.™*

Gluino-mediated stop quark Direct stop quark production Chargino production + RPV decay

production

26.02.2019 J. Lorenz, SUSY and the collider DM picture 18



Common to all searches in this talk: E_ ™

Invisible particles to the detector (like
neutrinos or dark matter particles) result
in a momentum imbalance in the
transverse plane to the proton-proton
collision

=> missing transverse momentum (E_™) s

pipe

Calculated using the x- and y-
components:

pmiss _ pmissy | pmisse | pmissy | pmissT Emlw,Jetq 4 missso
x(y) x(y) x(y) x(y) x(y) x(y) x(y)

The soft term is composed of all tracks or energy
deposits not associated to a reconstructed
particle.

ETmiSS can also arise from mis-

measurements or pile-up = important
to minimize this!

ATLAS Preliminary
Z — ee Selection

Vs =13 TeV, 140 fb™

MC Stat Errors

[/€0-6T0C-INLIN/SLOTd/SIISAHA/S

dNOYD/SeIv/Yo ulad gamse|ie//:sdny]
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Distinguish signal from background

Use kinematic variables to

discriminate signal from _
background. SM (background)

Erigger threshold

Some analyses just use simple “signal region
combination of cuts on kinematic SUSY
variables — ' cut-and-count', but also
more and more shape analyses or
analyses using more sophisticated
techniques, e.g. machine Iearnmg M= p,+ > prEN
% E L I B e B B B B B B 7 E jets LePEOV\S
0] [ ATLAS Preliminary _* gna2hoen e 7
o :
S 10°k V(s=13TeV, 133 10" I W-jets = \/ mzss ->| —>miss
X E Meff-4j-2200 % g(:eEt‘;V) & single top . m 2 p T (1 COS ([ A q)(p T Pr )] ))
[72] r + n —
= - [ Diboson T % ATLAS . Data -W+ ets 3
2 102 3 I Vultijet = g 10° Vs=13TeV,36.1 b 8 TotalSM thvj J
w E "- 99 irect, ] o 0 SR1Lbb-High Wi MDiboson 3
L m(g. x,)=(1800. 0) i B ; \:ISmgIe top [l Others B
10 _ é § 10° M /RH)=(55075) GeV 3
E 1o o Bl M@ )-(6250) GV N
F 4 N 10 my > 200 GeV = @
1 E x
_.‘.. % nn O
1 f ._E S L= T g I IR S SERECERELLE g
= WRER 3
% 2 I = é 107! s
155
= 15/ % /_JI,__, i, 77 ; = % 1.5 >£
8 f o , | = 5 OQ-EE&N
1000 1500 2000 2500 3000 3500 “F |

| | I 1 | 1 i
meff(inc| ) [GeV] 50 100 150 200 250 300 350 r:OI[Q)Ge\4/]50
T
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Essential to estimate the backgrounds
I

e Reducible backgrounds: backgrounds with
another final state in comparison to the
Signa' reducible

 Irreducible backgrounds: backgrounds
show the same final state as the signal

AN

l

irreducible
q 7

Standard Model
Top, multijets

vV, VWV, VYWV, Higgs
& combinations of these

Combined fit of Reducible backgrounds Irreducible backgrounds
EQCLZ%]::; daS":n d Determined from data Dominant sources: normalise
incl. systematic Backgrounds and methods MC in data control regions
exp. and theor. depend on analyses Subdominant sources: MC

uncertainties as
nuisance
parameters

Validation

Validation regions used to
cross check SM predictions
with data

s blinded
Signal regions
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Focus on chargino/neutralino production - possible decay modes [ /&

v/l
Gl

B

Decays of charginos/neutralinos/sleptons often studied in multi-
lepton signatures + E_™: 1

— 2,3 or 4 leptons
— rather clean signatures

But not only!

e Main backgrounds:
e Irreducible: mainly diboson production, sometimes tt (+ X)

— estimation using control and validation regions
e Reducible: fakes = data-driven background estimation

« Often suppression of top backgrounds by (b-tagged) jet veto

26.02.2019 J. Lorenz, SUSY and the collider DM picture 22



Higgsinos searches

B
Naturalness arguments requires light higgsinos with similar masses.

Scenario 1 Scenario 2: Scenario 3:
GMSB higgsino NLSP higgsino LSP ultra-compressed higgsino LSP
9D A
g W*/Z* — undetected fermions W*Z* — leptons W*/Z* = undetected fermions
Am i & Am % ¥
HT tewGev $ v v i:] ~few GeV i V¥ x:] ~3g§ oy ¢ : %
h/Z
4 G
b
P h/z ,L b
o
i f/g o ’
p ' b
N, o
hh/hZ/ZZ +MET soft £+¢- + jet(s) + MET disappearing track
[B. Hooberman, SUSY17]
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Compressed higgsinos/sleptons

I [Phys. Rev. D 97 (2018) 052010]
. . . . % 0-3_"'|"'|"'|"'"'"'|'~"|"'|"'|"'|"'_
Significant lower invariant mass m, for Q| Amas simuiaion MG AMEENLO s Medsei)
. . . ; 025__V§= 13 Tey = =memeees m(%z)xmﬁ‘)<0 (EPJC 52, 743) —
models with Higgsinos 2 E =100, 60) Gev 5 (Gs aGONLO + asssi)
. o o > [ _
— analysis requiring extremely low & 02 ]
energetic leptons and low m, § o015 =
— using electrons down top, =4.5GeVand & E
muons down to p_=4 GeVand m =1 GeV - .
. . 0.05— .
— huge progress in reconstruction of low - :
energetic leptons R B S TV R T B VR T T o
m, [GeV]
S [ amas  4oms  roisgeos
E?) 10 Vs=13TeV, 36.1 fo' 3 Total SM -E(ib_:s’g;jets
; SRit-m, Fake/nonprompt Others
< 10? -
GC) == == H:m(z,. %) = (105, 100) GeV
L|>J = === H:m@, %) = (110, 100) GeV

Two searches: - o T
« Direct production of higginos using m_ o B F TE B
. Direct production of sleptons using m_, A R R N R T .~
= 1Al e *
g \$ [ ] B N
— key is estimation of fake backgrounds! %0 10 20 30 40 50 60

26.02.2019 J. Lorenz, SUSY and the collider DM picture 24



Compressed higgsinos/sleptons
B [Phys. Rev. D 97 (2018) 052010]

ATLAS % Total SM Fake/nonprompt . Z(—tr)+ets Others -:
Vs=13TeV, 36.1 fb"

Events
>
2

No significant excess seen.

¢ Data tf, single top Diboson

SRee-m, [GeV] SRup-m, [GeV] SRee-mi% [GeV] SRuu-m‘TgO [GeV]

=~ N7 — T — 60 ——— ——— — 1
® L === Expected limit (+10ep) %) C === Expected limit (+10exp) ]
O, i 222 Observed limit (£10wmeory) O 50l 222 Observed limit (£10wmeory) ]
= 40 - LEP ¢# excluded . = [ ATLAS 8 TeV 7 g excluded ]
Too L i Too = LEP ég excluded 9
A i ATLAS 1 > 40L ]

o s
1< L = —1 ] = C ]
e 30 F VS =13TeV, 36.1 fb . g - ATLAS ]
+ ee/ ., my shape fit E r _ —1 N
< i All limits at 95% CL 1 30 - \/f - 1ioTiV’ 3?'1 fo 1
20 1 0cE 000 Cros (Higgsi i L €e/uji. mrp’ shape it ]
: L) Xm}f/%?( fogeino) o0k Allimis ai 6% CL ]
i m(g5) = [m() + m(i3)]/2 ] C PP lilim = (G L€ len] ]
10 ] 10F S .
0 L L L ! L L L 1 L L L L 1 ] 0 L — T I ! L L -|---|-- L L L | L L L L ]

200 250 100 150 200 250

m(x3) [GeV] m(7,.r) [GeV]
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Disappearing tracks
B

Long-lived chargino decaying
to invisible + pion
— disappearing track

Addition of IBL in LS1
allowed reconstruction of
smaller minimal track
lengths down to 12 cm A

. — A L B
- plxel-only traCkletS % 50 B 2¢ compressed, SUSY-2016-25, m(x3) = m(x?) + 2Am(Y7, X9) B
(D L Disappearing track, PUB-SUSY-2017-01, m(Y3) = m(x%)
j —_ 20 | LEP2 x7 excluded |
6‘1\_ =+ Theoretical prediction for pure Higgsino
p 101 _
~ H— E
X = 5L .
S -
-0 < 5 -~ ATLAS Preliminary
Xi N X i J/S=13TeV, 36.1 fo
P . 1L pp = X3X1, X3X9 XiX7, Xi X} (Higgsino)
+ C All Iimitsoi;tQS%dClL t
w C — served limits
05 B - Expected limits ]
superseded first time at LHC. 80 100 120 140 160 180 200

m({7) [GeV]




Searches for Winos + Binos: 2 or 3 leptons

B [arXiv:1803.02762]
Three categories:
e 2leptons +0 jets
— direct or indirect production of sleptons
e 2leptons +>=2 jets
— chargino/neutralino decays mediated by
gauge bosons
e 3leptons

— chargino/neutralino pair production

Separation (depending on channel) via

. €1 €2 _ miss i
= min |max {mr(py, q1), mr(PrY,PT —4qr) miss
m_=mi T TPt , M, ET » P,
(third lepton)
> g1 ——— 77— 7 1 g5 > T T T T Tpam
2 ATLAS ¢ Dam = & F ATLAs . e
o Vs =13 TeV, 36.1 fb" #4444 Total SM . w 10 Vs=13TeV, 36.1 fb [
Z 10 SR2-SF-loose . - jets = ~ SR3-slep-c,d,e
W E - VWV
2 i = £ 10 _— v
S B Top m o Higgs
o 10 gte:“”b'e = - Reducible
R m@;)r - (400.1) GeV 3 Wy ST e m(x/10)=(1000,600) GeV
10 m#) = (500,1) GeV 1 e ML/ 1,%;)=(800,600) GeV | =
1 L A s 107
107" 1072

=
E . T pz - N 2 -
5 2F L/}/L /ﬁ//‘& '/5/ 2 /% / 7 S T/ L 2
~ E 7 [ I «
o] ) / V « T 7. 7,

5 TR0 / Z / a e E
° o E G 2020 2 % 40 60 80 100 120 140
100 150 200 250 300 350 400 ks

m.,, [GeV] Py [GeV]
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2 or 3 leptons

. [arXiv:1803.02762]
. . . "‘IE) 105 IATILAISI T 1 1T 11T I“Da‘tal T I;flé;+0tla| ISI\]/| T 1T
No significant excess seen. g F E-raTevein W T
L 10 Bl Z+jets Reducible
VVV Other
10° [ 1Y% Higgs

Signal regions fitted simultaneously to 02
derive limits. ' 5 i

e Limits on sleptons reaching up to 500 GeV.

 Limits on charginos/neutralinos with gauge- g 2T / R
. . = Ozz//,y/,,///'/zy/// ///// 77, / L //// //// 3
mediated decays reaching up to 580 GeV. Ry Ty e
ST L S 3 3 3
=2===2=2=
Ti RTT R—>|i7c°|+x° + 0 W 0 7 0
s 450 FTr T R ; SusY 5 — 500 _X: X.Z_.> : X|1 .x1. — — —
Q - ATLAS = =550 Observed limit (+1 o-Theory) m % - ATLAS _ Observed limit (+1 G.?}:J:Iy) 3
9. 400 , Expected limit (+16ey) E G 40T Expected limit (1 6,,.) E
W 350 & 513 TeV, 361 10 ATLAS 8 TeV arxiv:1403.5294 S 400 |- Vs=13TeV, 36.1 fb” ATLAS 8 TeV arXiv:1'2103.5294 .
300 i_ All limits at 95% CL _E \E/ 350 E_ All limits at 95% CL _i
200 |- \ = 250 £ E
- \ E 200 - =
150 \ — = =
- i E 150 & =
100 : = E E
= i ] 100 = E
50 ;_ \" = 50 = =
O : L L : : I L : . : | : L ! ! | L L L L .: :'I . I\l L . I: O E 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 }I 1 E: ;. I 1 1 1 1 E
100 200 300 400 500 600 100 200 300 400 500 600 700
m(l) [GeV] m(x,)/m(X;) [GeV]
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Alternative to conventional search: Using RJigsaw variables
B [arxiv:1806.02293]

e Assume pair-production of
particles with specific decay
trees

e Sort all visible and invisible
particles in the event into
these assumptions

o (For invisible particles some
minimization algorithm at works)

O Lab State
O Decay States
@ visivle states O Decay States (OLabst
. Invisible States . Visible States ODecay States
@ mmvisible States @ visivie staes
‘ Invisible States
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Construction of variables

e [arxiv:1806.02293]
o Using the decay trees, construct kinematic e A T ebm 3
. . . . () 1 ers n
variables within the defined rest frames. 0q0tf 5=13Tev, 361167 QUYL Sncert
; 3( Standard Preselelgy_c_).r]l [mJ m 1=[500,0]GeV ]
5103 _eme . /h1 ] [200.100]GeV
] A ]

— F |
n m Z lﬁus :l + Z |f‘ mv, ; 10?1

— Scale variable!

e Examples: ;g:?g
« H, PP: scale variable in the rest frame of © 200 300 400 500 6°°pr [7(;32\/]
both initial particles = behaves similar to =
Mg S ?T ,1433 Tev, 36.1 fo! [ Z+jets AL

e E 2/ Standard Preselection Ow @Bkg Uncert.
by min]=[500,0]GeV
7

e H PP/H PP :provides additional
1,1 4.1
information in testing the balance of the \
two scale variables - like ET"“SS/ m_ provides

discrimination against unbalanced events -
used as Z+jets rejection in some of the 2-
lepton regions

0 01 02 03 04 05 06 07 08 09
PP /14PP
Hy H,
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Analysis design
I

Number of events

Different signal regions depending on mass difference
between LSP and chargino/neutralino2 + requirements of 2

or 3 leptons
— 8 signal regions

Preselection on conventional variables like jet multiplicity,
lepton and jet momenta, m_and m,, then series of Rligsaw

variables

Main backgrounds Z+jets and diboson

Excess in 4 low mass/ISR signal regions, highest one 3 sigma

10* T o WWg—T——T 7T 7T T T T T T T T T T
ATLAS —e—Data 5] ATLAS —e— Data O wtet
> )
10° Vs=13TeV, 36.1 fb” CJw [Cotner 3 el E=13Tev, 361 1" %l icms %;iheru
- VWV Xj Bkg. Unc. g . g. Unc.
]
1 02 —ﬂwk.k—»—%%{‘ g
=
10
]
1
107"
A T D A e e S e T e s
2= S H H H H H H H .
0 = { i ‘
-2 g 5 i i 5 ; : ; ; : ; ; i i :
O SO ¢SOOSO PO PP SORPPRPROUN N AURPROPPROOS SUPURPRPRNPY ISPRPRRPo < E : ; : ; ;
Cf?é'/ Tow V/??/ 70 C/?E/ w 92/ w /72/ & VQ?/W Lo c/??/’ /SHHQ/ lsﬁgfé /S';,lfi lsI/;HQ/ R

Wory, Bty O
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Results & cross checks

I
e Given the excesses multiple cross-checks

[arxiv:1806.02293]

performed - in particular background Signal region ~ SR20.Low  SR2¢ISR
estimations and modeling - validation — 0 (4523.9) 3 (1.2L1.2)
regions show good agreement. pip 10 (3.942.6) 8 (1.5£1.5)
Signal region SR3{_Low SR3{_ISR
° Sp'lt in Iepton flavor studied. cee 6 (3.5+£0.7) 3 (1.1£0.3)
eep 6 (2.0+0.4) 3 (0.9+0.3)
 Limits thus weaker than expected, however puppe I ggigg 4 E(l) Zig ‘11;
in a region that is excluded by conventional s S
2/3-lepton analysis. The analyses share
however no events.
P ~1 SWE v/ T Z- X
> 30— LI B B B B > 30— ."500: L L L B ]
2 EATLAS ® Daa 8& EATLAS ® Data 5 450~ ATLAS — RJR analysis —i
e 25 __‘E= 13 TeV, 36,1 fb DVV DOther ] 2 25 T‘E= 13 TeV, 36.1 fb” DVV DOther : f*r 400;— Vs=13TeV, 36.1fb"' —— arXiv:1803.02762 —i
% 20 E_SRN—LOW -vvv @Bkg. Uncert. _: % 20 iSRSt)—ISR .VVV @Bkg. Uncert. ; 350;— - - Expected limits All limits at 95% CL —;
- e M, M ]<[200,100) GeV] @ TTF - [, _.m ]-[200,100] GeV] 300 — Observed limits =
* 15 o T | . 250/ E
] - . 2000 . E
104 . - : 150 ¥ B
4 ] : - 1001 4 =
I od ] | = D
otz = A R o200 300 400 500 g;oo' [58\7/?0
2 2 1 — 2 2 —- md 5
= $ht = Mpope
g et [ o] < 2%a,limié.a.@@iﬁé# SRR
g 1 [ aialetololols sussccccd - ) KRR
20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
my [GeV] my’ [GeV]
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Searches for neutralinos with decays to a Higgs
I

Search for pair-production of chargino and
neutralino

Chargino decays to W and LSP, neutralino to
Higgs and LSP.

Different signatures depending on decay of

120 <m,,/GeV < 130
\:| Non-peaking

~0 ~0,

e m(F/7;)~(150,0) GeV

+,~0 ~0.

....... m('i;/xz,x1)=(250,1 00) GeV

&

Higgs: hadronic, 1 e/p + bb, two same-sign l
leptons, 3 leptons, 1 e/u+ vy P v
— different searches %0
> I A < Y
8 5 ATLAS o‘Data ; h S e
iy {s=13TeV,36.1 fo" X TotalSM P \N 7
— SRiLyy-a [l Peaking Wh
@ 4 [l Other peaking v
[
(O]
>
L

E.g. search for 1 e/u + yy:

e Profit from clean signature.
e Estimate non-Higgs-backgrounds from
side-band.

Y
II\\lIIIIlIIIIlIIIIlI

w
|I||I|\\lllllllllllllllll

1 ® \%
« Higgs backgrounds from MC
110 120 130 140 150 160
m,, [GeV] Small excess seen.
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Searches for neutralinos with decays to a Higgs
I

Nice complementarity of the different searches:

1 e/u + bb covers
bulk of the plane.

o 00 Strong limit since
xx, > Whix .
= T : small uncertainties.
Same-sign 3 ATLAS —
analysis = {5=13 TeV, 36.1 flo™, All limits at 95% CL g ams :
o, 0 ~— — O:_ 250F 5=13 TeV, 36.1 fb™", All limits at 95% CL -~
sensitive to T3 0lbb ---- Expected - E
lower masses (S — 1lbb — Observed © 1B ]

and smaller ‘

mass splittings.

100F

=
-2

50F .-

0

I I I I Lon i
200 300 400 500 600 700
m(¥;/%) [GeV]

IIII|IIII|IIII|IIII|IIII|IL

P
‘rr—l:\'::(f\j(
1

f 4 4
4 v 1
11 I 10 den | 1 I 1 11 1 I 11 1 1 I 1

200 300 400 500

Hadronic analysis
A TH\ covers high

600 +7E))O 800 | heutralino/
m(x./x,) [GeV] chargino masses.

No exclusion due
to small excess
for 1 e/u +vyy.
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Search for charginos decaying to WW

B [ATLAS-CONF-2018-042]

Extremely challenging signature due to very low cross-sections
(58.6 +- 4.7 fb for a chargino mass of 400 GeV) and high SM
backgrounds (diboson)

— Selection of two oppositely charged leptons, which may be of different
flavor

— Use of all of 2015 - 2017 data

— rejection of top background by veto on b-tagged jets

— four signal regions binned in m_: same + different flavor, O or 1 non-b-

tagged jet
— shape fitinm_, No excess seen.
42 50__' LA DL LA I L LR I L R I L R I R L L B '_— ; 200_| lex |X‘|X1| | ——— | ——— | —— | ——— | —
g C ATLAS Prellmlnary %;:\;Ple . Et(t?thers ] © 1 80 :_ ATLAS Prellmlnary — EXpeCted Limit (+1 o, ) _:
oo Vs =13 TeV, 80.5 b Bz Ewz = S, " Vs =13 TeV, 80.5 fio! === Observed Limit (+1 cfh”S;) ]
C mww 3! Standard Model ] ?;v— 160:—A” limits at 95% CL ATLAS 8 TeV, arXiv:1403.5294—
r ¢ Data - ~ C 7
1] M 10)=(200,1) GeV — € 140K 3
T LU LT m(x* x?) =(250,1) GeV 1202_ =
N N 1:10)=(300,1) Gev E 7
] 100 —
— 80 E
e peneend PR 60;— —;
S oF S = 40F 3
(2 1_5 ............................................................ \L .............................................................................. ] - .
s 1 i\k\\ S R \*x ------ \\\\\\\\\\\\\\\\% 20 —
8 05 ....................... ¢I .................. e I I .................. I ................................. . P: ol I-l I I n
cfoo 120 140 160 180 200 220 240 260 00 150 200 250 300 350 400 450

My, [GeV]

26.02.2019 J. Lorenz, SUSY and the collider DM picture 35



Chargino/neutralino production with different decays
B [JHEP 03 (2018) 160]

CMS combined different EWK searches

CMS pp — X5X3  35.91bT (13 TeV)
;‘ B T 1T T | T T T | T T 1 I T T T | T T T | T I_
o 300 — >3/ (WH)  —2/0n-Z(W2) ...Expected -
O, - — 120 (WH) —2¢50ft(W2)  —(Qpserved 1
E& 300k H— yy WH) — 37 (W2) E
/ & S . - z
B & o ]
i 250 K i o ol
L : ,gw cMs;ggs%z\{om N P B R
P R A % 200f : 1 i‘”\\?
) o B BT LAy- ] X1 - -
» ii g i N ] w
1 \\ 1501 E
W:t : : .
100/ 1 Searches with 2 or 3
Differentdecay @/ . g7 AT 1 leptons
modes of H - 50 E
different final states i
% l Iepton + 2 b-jets 0 “ % J | | | | I 1 1 :l | Ii L1 1 1 | | I:
— 2 photons 100 200 300 400 500 600
— 3 leptons _
My, = My, [GeV]
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Loopholes? Analysis of electroweak searches by Gambit { ]

3 2(0H0)

600 ATLAS_RJ 3lep

= 1500

o ¥ op = 5
= c = .
400 5 i &
B : — 1000
E . 3
40 500
| 4 v [Mev
0 200 400 600 0 200 400 600
m.+ (GeV) mgn (GeV)
X1t / i
400 400
A W — i 200 O — 5
X3
Z =
-z e g
£ 200 < 200} X —
E E2 =0 Vol
= o . = X2 X1
Ho— X - B ==
100 100}
N —
Xt

0

Due to little excesses at different places two
interpretations:
o Potential model that could result in the
excesses,
« Shortcomings of current searches.
Conclusion is that current searches are not
sensitive to longer decay chains.

[arXiv:1809.02097]

Likelihood combination of various LEP,
ATLAS and CMS searches for
electroweakinos:
— using best possible signal region in case
of the multi-bin signal regions in cases
where no information on correlations
provided, else approximation of full
likelihood of search.

- ng:} production, with e.g.
X5 —>_Z + XWX oW W
- X%Xz_ production, with e.g.
o o WELY > WE+Z+ 1
_ ):éf;’ ])1‘3)4(_111(:t~i(;n,~‘:;~fith e.g. . y
}:ijﬂ +)§1-. XS_—>Z+XZ—>Z+Z+X1
_ }fi X3 produ{:’tﬂlunz ‘Wltli e.g. h
Xo = WHE+XE - W* 4 Z + X1,
oW+ 5 = W+ W gy
_ }:é):r{ prf)—iiuctjgn; Wit]i e.g. o y
{Liju +3§2—>I"1’ “+Z4+xXL X122+
— X3 X3 production, with e.g.
X 2R+ SR WEL R, K 24+ 1
- XT }:2 production, with e.g.

T oOWELRL Qo W+ % = W+ W+ 10

X = Z4+XF 2 Z+WE 4+,
N=h+ 0 =2h+2Z24+9
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Searches for dark matter with mono-X searches

B
X Pure production of dark matter
particles invisible, need some
& other SM particle the dark
\ matter particles are recoiling
against.

Can also search for

ETmiSS Two possibilities: decays of mediator

« Radiation in the initial state. E particle to SM
e Emission of SM particle from : particles.
mediator. :
g 9V X Lo g f
: 71
g 7
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Search for mono-photon

[arXiv:1810.00196]

—Searching for production of DM via a mediator
particle ¢, for EWK-DM effective interaction or for
extra dimensions (ADD model).

1isolated photon with p_> 175 GeV, E™*> 170 GeV + various

other criteria to reject lepton backgrounds (Z/W+y), and
background from beam halo or mismeasurements.

Results complementary to direct detection experiements.

q
. 35.9fb' (13 TeV 35.9 fb' (13 TeV)
C\'.|_|10 T III| T T T T Trrrr c\"—' r T T T T T TTIT l“lllllll T T T T 11T
510 5107k \ E
=1 0¥ = - CMS
S 10 107
Rl S F
107 C10°%°E
2 107 N
10 CRESST-II =10 ; N
B 443 — CDMSLite an F — PICASSO
10 PandaX-Il o - = SuperK(n)
10 — LUX 10 i \ E
s — XENONAT = loeCube(®) :
10 o H
107 107 e -
107 Vector, Dirac, g =0.25,g =1 Frem™ Axial vector, Dirac, g =0.25,g =1
48 q DM 43 q DM
10 —— Observed 90% CL 107 Observed 90% CL =
10 e Median expected 90% CL e Median expected 90% CL E
10—50 1 Il 1 Illl\l 1 1 1 IIIII| L 1 1 11 111 10—44 1 Il 1 \Illll 1 1 L IIIII| IIIII|
1 10 10 10° 1 10 10? 10°
Moy [GeV] Moy [GeV]
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Mono-H

Search for dark matter produced in association
with a SM Higgs boson decaying to bb

 Signal regions for the resolved (two small-R jets) and
merged regime (one large-R jet)

Merged Regime

Signal region without leptons, control regions with 1

. I . 60T e e
(W+_’et5, tt) or 2 leptons (Z+jet5). E‘ - ATLAS Preliminary ;g:‘fvh .
« Binned in b-jet multiplicity and E_™ to increase S O img)p e op E
e e o . . . . -~ C e s eV L] Zvjets ]
sensitivity, simultaneous fit in mass of Higgs candidate. £ 0 zbes"" S
5 sl A i E
Niopons & - o e a0
2 ET*[GeV] 20: y N _;
Simultaneous Coe ]
5 fit to I S == _ E
1 chondique 0 T I I T e e S, ; !
A L N R E
0 HH No excess seen. s 1g++ S \\\%&w&\%
80-5;...._+_.. |..—+—.m..|ﬁ§

Nh -tags 50 100 150 200 250
m, [GeV]
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Improvements: E_™* Significance

B [ATLAS-CONF-2018-039]
E.™ Significance S provides information on how likely the measured E_™* is due to a resolution
fluctuation. Emiss

— formerly used for this S =

vHr

New development: Object-based Significance: s E“’“SS

Z \2 ) E'I-Eliss)
!E%nisslz

=> §=—0— Covariance Matrix for each object
7L (1 - pLT)

Depends on longitudinal variance and the correlation between longitudinal and transverse measurements.

— depends on input objects to E_™* and their uncertainties; good discrimination between real
and fake E.™*°

ATLAS Preliminary -4~ Data

oy . MISS i
o 01 02 03 04 05 06 07 08 09 Object Based £7™" Significance

‘T’m 1 Z — ee Selection Wz-ee E 8
- i 5=13Tev, 140" [ (LA
<C>f L Aoy [C]Diboson QQ
o2 o8 AL . . ZAMC Stat E S0
I N Object-based Etmiss e st Eror 23
- . . . . ‘A\ . . . 1
'§ oel Svimulatlon Prellmlnary \\\ Slgnlﬁca nce ShOWS Q g
= L s=13TeV A . = ¢
2 2 btag, Resolved SR superior performance. M3
@ - _ Y Z>
B 04 —m— Object-based E:'ss Significance A s )
% i miss Qi it \‘\ 1 I h I o {
= [ —e— Event-based EI* Significance . First results show also S 2
— L ) | . o 1. <y
02~ . e good modeling for full ¢ - . s &
0: o Run 2 data. % 24 6 8 10 12 14 16 18 20 b%
S

Signal Efficiency (eg)

AN
AN
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Improvements: VR track jets

I [ATLAS-CONF-2018-039]
> A L L L AL i
c 4= ATLAS Simulation Preliminary ]
2 - Vs=13TeV | i
. . 2 L -¢-- FR 0+1+2 b-tag —¢— VR 0+1+2 b-tag |
For the merged signal region = " Z.2HDM i _
. . ; . 0.8 - FR1btag ~ —# VR1b-tag _
improvements for high Z' masses in the x L ma=B00GeV bt b VR2 biag i
identification of the two-b-tagged jets by c [ Merged SR ‘ i
using variable radius track jets s %60 T ]
s i i
P 0.4 —
R — Rei(pr) ® — S A ]
PT _ i
0.2 87
with p =30 GeV, Ryin = 0.02 and Ry, = 0.4 i _4 | | | 5
0= 1000 1500 2000 2500 3000

) ) m,. [GeV]
Instead of using two small R=0.2 track jets.
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Mono-H

Limits set on mass of mediator (Z') and boson A. Dark
matter mass fixed, as well as coupling strength and mass

of other Higgs bosons.

;I 1000 | T I T T T T | T T T T | T T T T | T T T T | T T T T | T ]
- 0 §
@ - ATLAS Preliminary Observed 95% CL .
O, 900F g i3 1ey 7081 | = Expected 95% CL (+10)—
< - » 15 —-- PRL 119, 181804 ]
€ 800 — h(bb) + EMmiss; Z'+2HDM simplified model —
E tang =1, g-=0.8, m, =100 GeV, my = my: = 300 GeV E Improvements
700 —
- 1 | due to use of
600~ 14 VR track jets.
, 500 =
Region - < ]
where 400/ -
object-based - o
P =/ L —
E, ™ / 500 1000 1500 2000 2500 3000
significance mz [GeV]
gets relevant.
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Summary of searches for non-SUSY dark matter

[ATLAS-CONF-2018-051]

s 16 - ' ™ E= Dijet
o = ol 7 4 -1
= 3 ¥s=13TeV,37.01b
= ~ATLAS [Prel 4 P 7 A PRD 96, 052004 (2017)
g 14 nay .7 | — DietTLA
- 4 e e Vs =13TeV, 203 1™
B 7 L =1 PRL 121 (2018) 0818016
12 — ~ Dijet + ISR
g Q;‘q" 4 {s=13TeV, 155 1b™
—‘" ‘\’b 3 -1 ATLAS-CONF-2016-070
S < @ — = ttresonance
F ,e\\’ @(‘0 ] 15 =13TeV, 36.1 o
8 ™ 4 EPJC 78 (2018) 565
0.8 IR —| BE Dibjet
B ] 5 -13Tev, 36,1 1"
N i PRD 98 (2018) 032016
0.6)= N - 7 E7%+jet
R i} 5= 13TeV, 361 b
S .Q\ . JHEP 1801 (2018) 126
S — mi
04k & 1=
N ]9&?_.-’ Er T ] Vs =13 TeV, 36.1 fo"
S juss mediator, Dirac DM Eur. Phys. J. C 77 (2017) 393
0.2 —abb ET 2y d %d ;to_ ; ac M - E_rplssy_‘_z(")
3 iss_,_v(qq (kT ] ¥s=13TeV, 36.1 b
i ") CL i - PELE;T:gézow{)/m .
i I L T+V(aq)
0 0.5 1 15 2 25 3 35 forrensetnt Y N
m,. [TeV] frsmaTEes c LT ATLAS Preliminary _.tJt:I}EP 09 (2017) 088
s oo, Vs=13TeV, 36.1 fb”'
NN Limits at 95% CL
““ ““ — Observed _E_TIT_liSS+2(”)
s -~ Expected {  PLB776(2017) 318
% i  2HDMsa, Dirac DM
. m,=10GeV,g =1 miss —
_ : - 1huev. g, —E"h(bb)
q g/v/V X 9 f P Ma=My=m, = 600 GeV PRL 119 (2017) 181804
1 sing=0.35
1 H H ]
| Pl ] =Er=+hiyy)
i anf=1 1 pRDos (2017) 112004
i 4 _i_—,__—-/__-—’_'
A A : _
5 ecooOmoT { TEFH
PEESE0000NDEoDaEORO00EEES EPJC 78 (2018) 18
x . JHEP 06 (2018) 108
q X 49 f 4 2 : I'/m, > 20%
f Y / i / / . 7 - =h(inv) f5=7.8 Tevi4.7,203 10"
100 150 200 250 300 350 400 450 500 550 JHEP11(2015) 208,
m, [GeV]
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Comparison to non-collider dark matter searches

For specific models
and parameter
assumptions
comparison between
collider and direct
detection
experiments possible

— collider
experiments cover
lower dark matter
masses

o, (x-nucleon) [cm?]

[ATLAS-CONF-2018-051]

10_37 ) | : B """I\ T T L | _g_DIJet

107 SATLAS) Preliminary \
107 ;

— \tt resonance
‘ CRESST Il E¢iss+x

——
S
Dijet

Dijet fs = 13 TeV, 37.0 fo”!

PRD 96, 052004 (2017)

Dijet TLA s = 13 TeV, 203 b
PRL 121 (2018) 0818016

Dijet + ISR s = 13 TeV, 15.5 b
ATLAS-CONF-2016-070

—tt resonance
fs=13TeV,36.1 fo"
EPJC 78 (2018) 565

BB Dibjet
fs=13TeV,36.1 1"
PRD 98 (2018) 032016

L ErTn 54X
ET*+y fs = 13 TeV, 36.1 fb”
Eur. Phys. J. C 77 (2017) 393
ET4jet fs = 13 TeV, 36.1 fb”!
JHEP 1801 (2018) 126
ET**+Z(ll) fs = 13 TeV, 36.1 fb”
PLB 776 (2017) 318
ET®4V(had) Is = 13 TeV, 36.1 fb”!
ATLAS-CONF-2018-005

— CRESST Il

arXiv:1711.07692

— XENON1T

arXiv:1805.12562

DarkSide-50

\_/

107
107%

107

Vector mediator, Dirac DM
—47
10 gq=0'25’gl=o’gx=1
ATLAS limits at 95% CL, direct detection limits at 90% CL
10—48 N | . MR | . Lyl arXiv:1802.06994

= PandaX

PRL 117, 121303 (2016)

== DarkSide-50

10 102 10° LUX

PRL 118, 021303 (2017)

Vector mediator, Dirac DM
g, = 0.1, g, = 0.01, g = 1

ATLAS limits at|95% CU direct detection limits aff 90% CL

mX [G eV] Phys. Rev. Lett. 116, 161302 (2016)

Comparison only valid for a very specific
model with specific parameters!
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New directions

So far no dark matter particles discovered (although fluctuations present in
SUSY searches), but may hide in more difficult scenarios!

o Comprehensive search program for DM - be aware of the model
dependency!

« Only getting now sensitive to difficult SUSY EWK scenarios
— Most of Run 2 data not yet analyzed
— Ultra compressed scenarios for Higgsino searches
— Not many results on stau production yet A
— Not sensitive to longer decay chains at the moment

02t \ . . I . B
80 100 120 140 160 180 200
m(iy) [GeV]

Am(x7, 19) [GeV]

" ATLAS Preliminary
Vs=13TeV, 36.1b~"

« Using sophisticated modern techniques helps!

— Separate signal from background better by using shape differences
— Machine learning, boosted jets, multi-bin/shape fits

e Not covered in this talk, but comprehensive search program: long-lived
particles
— E.g. disappearing track searches
— Also new particle experiments proposed
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Where we may go to with HL-LHC

e [ATL-PHYS-PUB-2018-043, ATL-PHYS-PUB-2018-048]
;‘ L T ‘ LI | L ‘ T T 17T | T T T %f%z % W_" %? h %:) % 1 e/u + bE + E_rl‘[]iSS
8 1400__ ATLAS Simulation Preliminary | ;‘ C LA (L S R N B e B N e By N B e B L S B N B B B B B B
E 8 \/§-= 13 TeV, 3‘ ab’ exp. sys. x1, th. sys. x1 (31 000 - ATLAS Simulation Preliminary === 95% CL exclusion (1 o,,,) ]
1200 Aalecor tedaer exp.sys. X112, thsys. 2 $¥ [ Vs=14Tev, 3000 === 5o discovery i
- Dirac Fermion DM = gook Al limits at 95% CL
1 000 9= 0.25, 9= 1 exp. sys. x1/4, th. sys. x1/4  _| S - -
- 95% CL limits - jamm ~
800:_ Projection from Run-2 data N 600_— /"—‘ “ —
600} . 400 A - : .
4007 - 200:_ 'v':-/ ' : —
200/ ] et . , ]
O ( L'I 1 1L I 1 1 1 I 1 1 1 I 1 1 1 | LN 1 I 1L %l 1 I 1 1 1
O L 11 1 | ‘ L1 1 1 | 11 1 | ‘ 11 1 | | 11 1 | l |l B | ] 200 400 600 800 1 OOO 1 200 1 400 1 600
0 500 1000 1500 2000 2500 3000 M) [GeV]

m, [GeV]

e Expected to reach limits up to ~1200 GeV for specific
chargino/neutralino decays for HL-LHC

o Dark matter searches also reaching limits in 2.5 - 3 TeV ballpark (on the
mediator)

e Searches not only profit from higher statistics, but also from
improvements in techniques, like machine learning
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Summary

I
ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

July 2018 W5=7,8,13TeV
Model &L Ty Jets ET™ [Lanm) Mass limit VF=7,8TeV  7=13TeV Reference
T
55, §—gk (] 26jEts Yes 361 1.55 m{E%)<100 Gel 17202852
e b G5 % 2 [ —r— iy it ot
B, g_.ﬂ‘? 1] 248jElz Yes 36.1 B 2.0 200 GeY [hd F =
B Forbidden 0.95-1.6 =00 Gel 12022
& Foaqienf Beu 4 jats - 31 | ¥ 1.85 <800 GeV 17060373
g ! £, 2 jets Yes 361 & 12 mig}mi ',...ma.v 180811281
B, ﬁmn' a TA1jets  Yes 36.1 i 18 <400 Gel 1708.02754
a L ; Sep 4 jets - 36.1 I 0.86 milg}-miT] =200 GaV 1706037
B foedts L ENT 3k Yes 361 | F 20 <00 Gel 1711018010
Tep 4 jets - 361 | & 1.25 ml|-m{Fy =00 GeV 17080873
By, By —bsFY T Multipis 1 |k Forbiddesn 0.8 miE =300 Ga, BR(KE =1 TR 8EE, 1711.05801
Muliple 361 |B Forbigden 0.58-0.62 T ) =300 GeV, BRLTT)=BRAHT =08 1 OB O6EES
Muhipie 36.1 f. Forbidden 0.7 i 7)=200 GV, miF} j=200 Gal, BR(FF] j=1 17060373
Byby, fify, My =2 x My Muttipie 81 |6 0T mpE b0 GV 170604183, 1711.1 1820, 1708.03247
Muttiple 36.1 f Forbidaesn 1] mil =200 GeV 1F0SLO4183, 171111820, 1708 03247
R, fi—WhEY ar 6] 02ep 0-2jo12F Yes 361 [& 1.0 w5 GeV 160608518, 1708.04183 1711.11820
i fifi, F LGP Multiple 381 | h 0.4-0.8 =180 GaV, mi{F? J-miF] p-saw,;. wiy 17008183, 171111820
i Multiple 36.1 i Forbidden 0.5-0.8 -ama..\;.ﬁ‘ Lyl G, iy o 1Ta0e18a, 171111820
E z fiil, Well-Tempered LSP Multiple 36.1 i 0.48-0.84 miE)= 180 Gell, miF{ -mif] =8 Gal, iy = 17004182, 171111820
RR, Gl 22 Eoralh [i] 2c ¥ee 961 | 0.85 mifS =0 GeV 1808.01642
i 0.46 iy Z]-mi¥; B0 GeV 1808.01643
1} monojel  Yes 361 | A 0.43 mir, "B GaV 1711.0830
fuly, By—i) +h 1-2ep db Yee 361 & 0.32-0.68 miE =0 G, mif;)-mifl)= 180 GeV 170603688
RS via wZ 2dep & Yes 361 | B 0.6 mES=n 140 S204, 1806 0228
ee, iy =1 Yee 381 |AMD 047 gm0 Gev 1T1Z.08118
A via wh L yyith = Yes 203 | ENES 0.28 miESj=n 150107110
TR 1, B —tvirn), Fimsirivi 2r - Yes 361 | EAES 0.76 miET}=0. i, =0 Bim{Et el ) 170807875
Eg iyl 022 o E8}108 Gl . P B o) 17080775
A Zep 0 Yez 381 |F 0.5 =0 1802.02762
aiae Zep | Yes 361 [F o.18 m{f-miF] =8 Gev 1Ti208118
AR, A—hiGZ6 a =3k Yee 361 | W 0.13-0.23 0.29-0.68 BRYE) — b1 1806.04030
dep 0 Yee 34 | & 0.3 BR(E — 261 180402602
Direct 1, prod., long-iived 7} Disspp i 1je Yee 381 | & 0.46 Purs Winc 1T2.02118
i P oaas Pure Higgsino ATL-PHYS-PUB-2017-018
= Stable 7 R-hadron SMP - - 3z |& 1.6 1608.08122
E Metastabis & R-hadron, §—+qgt Muttipie 328§ (B =l00ns02e) o 18 2.4 m{F{}=100 Galf 1710.04801, 1604.04520
GMSB, §]—14G, long-ived 7] 2y g Yee 203 | F} 0.44 1<rif)3 ns, SRS medsl 16098642
B e fepv gy digpl. cefepfup - - 203 |§ 13 B <erfii< 1000 mem, mif] j=1 TeV 1504.08182
LFV pp—#: + X, Fe—vapferipr LT T = = 32 e 1.8 Agy =000 L gy =0T 150700078
AR 1T — WWELE Lt de, pz Yee 364 miF] =100 GeV 180408602
B Fagt . — qg &5 lar?;-ﬁjun - 3 A 1a04.0a568
§ 36.1 mif} =200 G, bino-like KTLAS-CONF-2018-003
B F — tha | ol ) s it Mutiple 36.1 miE}=200 GaV, bing-like ATLAS-CONF-2018-008
1T, =i, 5 — thr Muhipie 361 i }-200 GaV, binc-lise ATLAS-CONF-2018-008
Ry, f—bs 0 2Jels+2b - 367 1MOOTTH
fiil, fi—b Zep 2k b 36.1 BIRT, —tbe B 20% 1T10.08844
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.



Backup
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ATLAS detector

= \—‘ /
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Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiafion tracker
Semiconductor tracker



ATLAS and CMS detector




More RJigsaw variables
R [arxiv:1806.02293]

After partitioning the visible objects, the remaining unknowns in the event are associated with the two
collections of invisible particles: their masses, longitudinal momenta and information about how the
two groups contribute to the ﬁTmi"‘". The RIR algorithm determines these unknowns by identifying the
smallest Lorentz invariant function of the visible particles’ four vectors that ensures the invisible particle
mass estimators remain non-negative [14]. In each of these newly constructed rest frames, all relevant
momenta are defined and can be used to construct a set of variables such as multi-object invariant masses
and angles between objects. The primary energy-scale-sensitive observables used in the search presented
here are a suite of variables denoted by H. As shown in Eq. (1), the H variables are constructed using
different combinations of object momenta, including contributions from the invisible four-momenta, and
are not necessarily evaluated in the lab frame, nor only in the transverse plane.

n m
F =+F F
Hﬁl,il] = Z |P\rig‘ r'l + Z |I}"|]11~r1 )lll {]]
=1 =1

The H variables are labeled with a superscript F and two subscripts n and m, H}':_m.

The F represents the
rest frame 1n which the momenta are evaluated. In this analysis, this may be the lab frame, the proxy for
the sparticle-sparticle frame PP, or the proxy for the rest frame of an individual sparticle, P. The subscripts
n and m represent the number of visible and invisible momentum vectors considered. respectively. For
events with fewer than n visible objects, the sum only runs over the available momenta. Only the leading
n — ny jets are considered, where n; 1s the number of reconstructed leptons in the event. An additional
subscript T denotes a transverse version of the variable, where the transverse plane 1s defined 1n a frame
F as follows: the Lorentz transformation relating F to the lab frame 1s decomposed into a boost along the
beam axis, followed by a subsequent transverse boost. The transverse plane 1s defined to be perpendicular
to the longitudinal boost. In practice, this 1s the plane transverse to the beam-line.
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More RJigsaw variables
R [arxiv:1806.02293]

o H lﬁp /H fIP: provides additional information in testing the balance of the two scale variables. This
provides excellent discrimination against unbalanced events where the large scale 1s dominated by
a particular object pr or by large Efr“i“. Behaves similarly to the E,Tr“"““,-"mcﬁ. Utilized solely in the
2{ low mass signal region to mitigate the effects of Z+jets backgrounds, in cases where one high
pr jet dominates.

. ;}!l‘,'t;,Pf (p!l‘,";jp + HTPE:_J): compares the magnitude of the vector sum of the transverse momenta of
all objects associated with the PP system in the lab frame lfj}rl["-ﬂ;;,l}) to the overall transverse scale
varlable considered. This quantity tests for significant boost in the transverse direction. For signal
events this quantity peaks sharply towards zero while for background processes the distribution 1s
broader. A test of how much a given process resembles the imposed PP system in the decay tree.

. HTP': H ﬁpz a measure of the fraction of the momentum that lies in the transverse plane.

. rniu{Hfi“l,Hi“l),-"miu{H;“l,H;“l): compares the scale due to one visible object and Efl!""““ {Hf‘_“J and
Py

Hr,ll in their respective production frames) as opposed to two visible objects (H;“I and H,7)). The
numerator and denominator are each defined by finding the minimum value of these quantities.
In the three-lepton case this corresponds to the hemisphere with the Z boson as 1t 1s the only one
with two visible objects, and the variable takes the form Hf,ll ,I’Hgf‘l. This variable tests against a
single object taking a large portion of the hemisphere momentum. This 1s particularly useful in
discriminating against Z+jets backgrounds.

. ﬂ(ﬂﬁ: the azimuthal opening angle between the visible system V in frame P and the direction of the
boost from the PP to P frame. Standard Model backgrounds from diboson, top and Z+jets processes
peak towards zero and m due to their topologies not obeying the imposed decay tree while signals
tend to have a flat distribution 1n this variable.
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Signal region definition in 2/3-lepton RJigsaw

I [arxiv:1806.02293]

. £1.,¢ i1 .7
Reglon TNleptons Nj(_;;SR N_jset Njets Mp-tag pTl 2 [GeV] pJTl 72 [GeV]
CR2¢_ISR-VV € [3, 4] > 1 > 2 > 2 =0 > 25 > 30
CR2¢_ISR-Top =2 > 1 =2 e [3} 4] =1 > 25 > 30
VR2/(_ISR-VV € [3, 4] > 1 > 2 > 3 =0 > 25 > 20
VR2(_ISR-Top =2 >1 =2 € [3, 4] =1 > 25 > 30
VR2¢_ISR-Zjets =2 > 1 > 1 € :3, 5: =0 > 25 > 30
SR2/_ISR = 2 > 1 = 2 € :3, 4: =0 > 25 > 30
Region mz [GeV] my [GeV] Aqb%\éjl Risr p%hfSR [GeV] p%l\f [GeV] pf[j\M [GeV]
CR2(ISR-VV € (80, 100) > 20 >20 € (0.0,0.5) > 50 > 50 < 30
CR2¢ISR-Top € (50,200) € (50, 200) > 2.8 € (0.4,0.75) > 180 > 100 < 20
VR2/ISR-VV € (20,80) > 20 >20 € (0.0,1.0) > 70 > 70 < 30

or > 100

VR2(ISR-Top € (50, 200) € (50, 200) >28 € (0.4,0.75) > 180 > 100 > 20
VR2(_ISR-Zjets € (80,100) < 50 or > 110 - - > 180 > 100 < 20
SR27ISK € (80, 100) € (50, 110) >28 € (0.4,0.75) > 180 > 100 < 20

. £q £o £3
Region Nleptons Njets Np-tag pp [GeV] pr [GeV] py [GeV]
CR3/(_ISR-VV =3 > 1 =0 > 25 > 25 > 20
VR34_ISR-VV =3 > 1 =0 > 25 > 25 > 20
SR37ISK =3 €[L,3 —0 > 25 > 25 > 20
Region mee [GeV]  mYy [GeV] Aqb?sl\é,l Risrn  po¥sgr [GeV]  p$Y [GeV]  pEM [GeV]
CR3(ISR-VV € (75, 105) < 100 >2.0 € (0.55,1.0) > 80 > 60 <25
VR3¢(_ISR-VV € (75, 105) > 60 >2.0 € (0.55,1.0) > 80 > 60 > 25

SR3/ISK € (75, 105) > 100 >20 € (0.55,1.0) > 100 > 80 < 25
26.02.2019 J. Lorenz, SUSY and the collider DM picture 54



Signal region yields in 2/3-lepton RJigsaw

. [arxiv:1806.02293]
Signal region SR2{_High SE2{ Int SR2f Low SR2{ ISR
Total observed events 0 I 19 11
Total background events 1.9+0.8 24+09 84+58 27428

0.12 1.07 £0.33

chcr i 0.02 £0.01 0.05% 05 0.02% 15 0.06 00
Fit output, Wi + 17 0.00 £+ 0.00 0.00 £ 0.00 0.57+0.20 0.287 ¢
Fit output, V'V 1.8+0.7 24408 1.5+£0.9 23+1.1

: ate 0.78 0.74 +2.58
Z+jets 0.07"5 5 0.00% 50 6.3+£58 0.10%570
Fit input, Wt + 1t 0.00 0.00 0.63 0.28
Fit input, VV 1.9 2.6 1.6 2.4
Signal region SR3{_High SR3{ Int SE3f Low SR3f ISR
Total observed events 2 1 20 12
Total background events L1 +00.5 23+0.5 10+2 39+1.0
Other 0.034)40 0.04 £0.02 0.02*533 0.06*)
Triboson 0.19 £ 0.07 0.32 +£0.06 0.25+0.03 0.08 £0.04
Fit output, VV 0.83 £0.39 1.9+ 0.5 10+2 38+£1.0
Fit input, VV 0.76 1.8 9.2 3.4
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2/3-lepton Rjigsaw: more kinematic plots

B [arxiv:1806.02293]
‘_. 18 T T T T T T T T | T T T T | T T T T | T T T T T T T |_ 1 . : . . . . . . r r . r r . r r . r
o 16:_ATLA p e Data E E SE IATLASI | .| Data | ]
2 1O (s=13TeV,36.110" mzijers WesT ; o 18 Vs =13TeV,36.1 1" [7,crs [ttt e
m [ ] - -
o 14 SR2¢_Low [CJvv  [[]Others ] P 14-SR2(_ISR [CJvwwv  []Others E
12~ KX Bkg. Uncert. § 12F KX Bkg. Uncert.
F wimim [m, _,m_]=[200,100]GeV] @ F wein [M,_m_]=[200,100]GeV]
10— Ea - 10 A .
81 - 8 -
6F - 6 =
4k = 4t =
) A ; i l ke
X E O_Q%%X.er%m O I e s cas rn T WD S
0 04 05 06 07 o8 59 180 200 220 240 260 280 300
P Py Pa P pM [GeV]
mln(H1 1,H1 1)/mln(H2 1,H2 ) TISR
> 10:' o | P o | T | T | l T | T | T rrT I: ~ 14 TTTT TTTT LU TTTT L TTTT TTTT TTTT TTTT TTTT
& gf—A‘r "AST Vst = s famas' " e'Data ]
8 oF S=}3 oV, 36117 Evv [ JOthers E 2 12[-s=13TeV, 361 16" [Jw [ JOthers =
2 SR3/_Low VWV EXBkg. Uncert. & [ SR3¢_ISR BV EXiBkg Uncert |
c — — - — ] L - |
s 't M. MyeI=1200.1001GeV 10 ciomuie [, ,m_]=[200,100]GeV-
LU 6__ 2 1 1 — : 2/ ; X‘ :
st o ]
4l E o .
2 ¢ & s .
° 3 a- 7
28 P4 r ]
1; < 2 wmemnn —_
E T B ol PTAR % kit 0% Y R X g
T g X X I N B e B e 0 0
250 300 350 400 450 500 550 600 650 855 055 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
HEY [GeV] R
’ ISR
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2/3-lepton Rjigsaw: significance

B [arxiv:1806.02293]
Signal region (€a)™ . [fb] S S oxp po (Z)
SR3¢_ISR 0.42 15.3 6.9731 0.001 (3.02)
SR2¢ ISR 0.43 15.4 9,738 0.02 (1.99)
SR3¢_Low 0.53 19.1 9.5f‘;§ 0.016 (2.13)
SR2¢ Low 0.66 23.7 16.1*%3 0.08 (1.39)
SR3¢_Int 0.09 3.3 44733 0.50 (0.00)
SR2¢ Int 0.09 3.3 4.6%39 0.50 (0.00)
SR3¢_High 0.14 5.0 3.9fi;§ 0.23 (0.73)
SR2{_High 0.09 3.2 40123 0.50 (0.00)

26.02.2019 J. Lorenz, SUSY and the collider DM picture 57



Starting with one very clean decay mode: 4 leptons

. [Phys. Rev. D 98 (2018) 032009]
Lightest neutralino decaying to SM
particles in RPV scenarios — potentially
high lepton multiplicity in final state

p

o >=4|eptons, O - 2 hadronically decaying taus

o 6 different SRs to gain optimal sensitivity to
different models

o Cuttingon m__or E_"™* and veto or

requirement on Z bosons
e Main backgrounds: 7Z, ttZ and fakes

. . .
« No significant excess seen
% IIAI1LLAIé|II'IH'III,‘]DIaItia|IVV|I.IﬁIZII'I|III > E"'I"'|'"f'"I"'l"'l"‘["_‘T"'\"' > UL L L |
o Tev ' ZTowlSM BB 8 F ATLAS ¢ Data Mtz & ATLAS ¢ Data Mtz
8 ol S 13Tev.364b7 7 Total S 908 8 L 's=13Tev, 361" ZTotalSM [HHiggs ] o 10'E \s-13TeV,36.1b" %Total SM [ Higgs
2 4L, Z-veto Reducible = VWV 2 E 3L1T, Z-veto Reducible ~ VVV 2z 4,7z Reducible ~ VVV
s mzz . Other 3 E mzz Other g 10° mzz Other
I [ = RPV Wino i, #0 4 o1tE RPV Wino 2,0 E u PO GGM ZZ m(7,) = 400 GeV
m(X,, X,) = (900,400) GeV g . m(if, 'Xf) - (500, 200) GeV -
10 3
291;7 T | 1S i 00 T — H
7 e SR § "j . 1 é E
10" - 10_1l % o ) ' .............
st bed o L, SR Ai...|...|..|...|‘.H.|...|.
= F ] = E| s £
‘D F E @ 2 Z
a E v a 1 ¥/ 8 E /%// / 1
PAR 00 oROAI AN g 5 ieamens I e N
6 200 400 600 800 1000 1200 1400 1600 1800 2600 0 200 400 600 800 1000 1200 1400 1600 1800 2600 6 50 700 150 200 250_
My [GeV] My [GeV] EMss [GeV]

26.02.2019 J. Lorenz, SUSY and the collider DM picture 60



Intermezzo: sensitivity to strong production

[Phys. Rev. D 98 (2018) 032009]

Signatures with 4 leptons in the
final state also possible for strong

gg — qqqglllivy

roduction modes = IR DU I T
p 8 2000 - ATLAS All limits at 95% CL i
. . . . et C Vs=13TeV, 36.1 fo" Pl ]
— this analysis is sensitive to a £ T 4 lepton . T _
variety of different SUSY production 2000 17 s Observed ¢ 1637 e 3 E
. - ===s Expected (+ 10 S 1 —
modes by means of a relatively E—— o e ! 1
simple analysis (just requiring 4 1500 [— #8420 ' —
leptons + m_) ¥
1000 = i —
500 [ ,," .
- 1 lM‘l—‘ ‘1| I I T i

1000 1200 1400 2400 2600
m; [GeV]

Limits depending on the RPV coupling
61
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4 |leptons

T T T T T

T
> Total SM

Example limits: 5 " s B o

Bt fs = 13 TeV, 36.1 fb™ mz
£
2 10

Gaugino

production - o

with RPV » - RS S [ .
‘?m ) S

decay o d T i i i e

VRO
VR1
VR2
VRZ
SROA

p Z/h

w*/z*

T/ — WW/hllit

SRoB
SRoC
SROD

SR1
SR2

¢ General gauge mediated:
e Compressed Higgsino states
« 4 leptons from x°,

to gravitino

= A B e e
('D — — e ~
O, 1600 = ATLAS Al limits at 95% CL — Higgsino ¥, 7.4, %, > 2 G
DZN— : E=13 Tev’ 36.1 fb'1 ‘: '@' T T T T I T T T T r T T T T T I/II T T T T T T T T T_]
€ 1400 — — = ? 3
[~ 4lepton » ] 5 90 0 =
[ s Observed (£ 10juur) PR ] 'R ol E
1200 [— «==» Expected (+ 1 Corp) L)\Q@e\‘j/,‘\-"/ E IlI ] T 80 // _f
C == #0 -5 R I| . W S E
1000 |— &1, #0 e - 5 70 ’ =
C . 3 ] : =
800 |— i - 60 A ; E
- - = /, .
600 r - 50 _:-\ /', —
C ] = “\\ P ATLAS =
400 :_ —: ; > 4 lepton ;
r . 30 = V5=13 TeV, 36.1 fb” =
200 [~ - 20 & & Observed limit (1 oyoor) ]
L — : | | < | . E === Expected limit (+15,,) E
600 700 800 900 1000 1100 1200 1300 1400 1500 1600 10 = Alllimits at 95% CL B
m.. . [GeV] E. | | | | | | 3
X‘/Xz 1 L1 L L1 L1 L1 L1 L1
150 200 250 300 350 400 450 500
m... .. [GeV]
%%,
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Higgsino searches with 4b
I

Final state with 4 b-jets
— key to separate from high hadronic background

2 different sets of SRs: >= 4 jets of which >= 3 b-jets
+E miss
.
— low mass, targeting low p with low E ™
— high mass, targeting high u with high ET’”"SS

3‘ ~ ~
= ATLAS = NLO+NLL HH prod. + 1o
® T T T T T T T S Vs=13TeV, 24.3-36.1 fo! ——— Observed limit
c e Data [ Single top = ---- Expected limit
Qi ATLAS 32 Total background [T + X B 10 + 1p
w Vs=13 TeV, 36.1 fb™ =t 8 Diboson o [ e
[ W+jets [ Multijet g + 205
[ Z+jets o 10° .
10 S All limits at 95% GL
N 10 7
1 N 1
potb Lo o Ly v L L L L s 1 | IR
10 200 300 400 500 600 700 800 900 1000
= = m(H) [GeV]
— 3 - 2 T
Sis
8 : ‘ : H 8 1.6
% 2._.....................................................: ..................................... E...................: .................. _ .............. — = 1 4
S | — H . —_| Skt
= 0 " — L A —
C%’ D [ LTS FPPCTTRPPRPPOLRR R — b 0.8 _—
H H 1 H 0.6
SA. SR. SR. SR. SR. SR. SR. SR. 0.4 ;
3b., - 4 :
ety oMz Mg e e Mer, e UO % - ;
C
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But not only W and Z bosons! Decays via Higgs bosons

I [JHEP 03 (2018) 160]
. . . . . Z H
Full statistical combination of various L
searches by CMS - extend searches by Ny tONe T 38
decays of neutralinos to LSPs by b \\ b \
emission of Higgs + also covers e e
challenging scenarios where mass . . ;
difference between second lightest .o L L
R p Xl,.-" ........ G p Xl‘ﬂﬂi ........ G p Xl"',.( ,,,,,,,, G
neutralino and LSP at Z mass e e
p e G p e G p R S G
—covering very different final states: ~ 2 ™~ 2 e
1Lbb, 2Lsoft, 2L on Z, 3L, yy, 4b
CMé 35.9fb" (13 TeV)
_g FrT1r1r1r17171TT1T1TT T T T T T T T T T TTTT T T T T T T T T T T T T T T TITITITTT |W|Zz|:0|!ric=0r| TTTTI IE
Ij>j 10 = @Y N :gg?awzmoonom —
Hy (GeV) gl ¢ s § I-ZI L ;é’—>WZ(350/250) =
108 ’ ’ g =g§?£r°"_'p‘e/‘“ Z‘—Z, Signal topology
5o f e S omw |3 Search | WZ WH ZZ ZH HH
102 g 9: : gx’gTotal bkg. unc. i 1;? 2b ‘/
: % 1 75-105 4b i
; : 26on-Z | Vv v
2¢ soft v
>3/ “ A A o
H(77) v v o v
g E
S E
E =
© +&
< :

Search region
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Categorization of stop searches

I
7\ ) ] Decay pattern depend on the
. & __tubs __ __tu(by) type of the LSP
2 — for higgsino LSP masses
H L of charginos and neutralinos
e X1, X close
2, e o o — low energetic leptons
0 )2002?:7)20 X1 X2 X3
et X3 — o
X1
a) pure bino LSP b) wino NLSP  c¢) higgsino LSP  d) bino/higgsino mix
>
S 4
. Am =mj — M50
Allowed decays of the ks - s N
stops depends on the 2 8 os
available phase space:  _ | mg <mgo  ° N R
e 4-body - largemass =1 o "‘IQ:” ',;@ o o
difference between R /‘|0~\’ xfi o @*Iﬁ RN
stop and LSP AU N LR AN ” X
. 04 4 L4
e 3-body - medium R 7 , 7 Re A ,
mass difference R A A ¢
e 2-body - small mass Rt Rt R
ifferen o * e} . + ‘ >
difference 0 100 200 300 my [GeV]
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Stop 1-lepton

. [arXiv:1712.02118]

Different search channels for different mass differences between stop and LSP and
for different LSP types

—> use different techniques depending on search channel

D W
I i‘,év X4 . t /‘4,{ e
Two-body: >x:i\ ) >} o
« Select events with 1 lepton + S T ) f% %
w

>= 4 jets and high m_

[P ~ ~ ~
Pure Bino LSP model: t t, production, tﬁbff‘%?, t1—>Wb)~(?l,’ tﬁt%?
e For m(~t) close to m(LSP) + , ,

i i ATLAS —— Observed limit (+105,")
mét;’)’lpo)drg?BCB{BeU{SeeaJnmg Is=13TeV,36.1 fb" -..- Expected limit (1 0,,,)
mi o
b imit at 95% CL ATLAS HL 13 TeV, 3.2 fb"
TR ATLAS 8 TeV, 20.3 fb!
104* - [JW+jets [ Single top

[ Diboson E

[ —-m@x) = (450,277) Gev T P T e L Y S e e mmme

DS
----
P .
.....
u
a
taw

-
.....

Three-body/four-body: A N I TR |l“. i
« Using shape differences in key 600 800 1000 1200
variables to fit distributions m- [GeV]
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Summary of stop searches
I

[GeV]

M_o

=< 700
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!

Status: Dec 2017

—

T, production, = b f % /T~ c X, /T> Wb X, /T~ t%,

I_-I 1 I | | | | | | L | | | | I | L | I | I__I_
— ATLAS Preliminary {s=13 TeV, 36.1 fb” §
[ BET-tx/i-wby oL [1709.04183] g
Tt} [T Wb, /T bffy 1L [1711.11520] .
- ET-t% T WbR /T b 2L [1708.03247] =
- WT-cx /T-bify Monojet [1711.03301] s
-~ {s=8Tev,20fb" Run 1 [1506.08616] N
~ = Observed limits =---- Expected limits All limits at 95% CL —
L £ _

4 e ]
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