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» Strong evidence for Dark Matter
from astronomy and observational
cosmology

» What is it made up of?
We don't know.

» Can we produce it at the LHC?
(Planck: 1502.01589)



Theory
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A brief introduction to Supersymmetry

SUSY can solve these problems
» Could explain Dark Matter
> Alleviates hierarchy problem

> Allows for gauge coupling unification

How?

» Generalization of SM: symmetry
between force and matter particles

> Introduces sfermions and gauginos
= doubles particle content wrt SM

Sfermions: q,f <— ¢,/
Gauginos: e.g. g +— g

But. ..
» With ~100 free parameters = wide

range of possible exp. signatures

So, SUSY is theoretically appealing,
phenomenologically rich, and therefore
experimentally challenging

— 8 TeV (arXiv:1411.1427)

------ 1314 TeV

Cross Section [pb]

run 1 limit

T T T

tor N
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8 TeV — 13 TeV = o(SUSY) grows:
> o(§3) x 30 for my = 1.4 TeV

> o(it) x 8 for m; = 700 GeV

> o(xx) x 4 for mg = 500 GeV

In contrast: o(tt) X 3.3 = S/B boost

Early Run Il priorities:

» Optimize for discovery, keep analyses
simple and robust

» Target strong production of § and ¢,
then EW prod. with increased [ Ldi .,


http://arxiv.org/abs/1411.1427

ATLAS Run Il 13 TeV dataset

The LHC performed extremely well in 2016 pp run!
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ATLAS Run Il 13 TeV dataset

The LHC performed extremely well in 2016 pp run!

2015 2016 (so far)
Lo F T T T T T ] - £ T T T T T T 3
2 - ATLAS Online Luminosity  /s=13Tev - £ 50 ATLAS Online Luminosity Vs=13Tev -
2 S [ LHC pelivered 3 -E r [ LHC Delivered ]
2 r []ATLAS Recorded 1 2 4o [C]ATLAS Recorded _
% 4 :7 Total Delivered: 4.2 fb™! ] % [ Total Delivered: 38.9 fo” 4
L Total Recorded: 3.9 fb™ 1 I Total Recorded: 36.0 fb™ 1
B r . B 30 ]
s 3 | = L ]
2 N ] ;5; r ]
£ or E £ 20— -
s ] s f .
RS 4 SRS
E 1 I L 1 0: ol R P IR B B
24/05 21/06 19/07 16/08 13/09 11/10 08/11 19/04 17/05 14/06 12/07 09/08 06/09 04/10 01/11
Day in 2015 Day in 2016

> Used for all 18 results shown today:

JLdt = 13-18fb " at /s =13 TeV
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ATLAS Run Il 13 TeV dataset

The LHC performed extremely well in 2016 pp run!
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> Used for all 18 results shown today:

JCat

13-18 fb ! at /s = 13 TeV

» Pileup increased with luminosity
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The ATLAS detector in Run Il

Barrel Inner Tile
. Calorimeter _—
Toroid Solenoid Detector Liquid Argon
Calorimeter

25m

Trigger/DAQ:
- Level1:75 > 100 kHz
- Now 1.1-1.5 kHz to disk

Offline software:
- Reconstruction speed-up
- New analysis model/format




Detector performance with 13 TeV data
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Detector performance with 13 TeV data

Missing transverse momentum: Eiss is crucial, strong discrimination
. power for R-parity conserving SUSY
miss iss iss . . .
Er™ = \/(EQ“M)Q + (Ejpiss)?2 with stable lightest SUSY particle
' (LSP) escaping detection (DM cand.)
miss __
where E05 = — >~ Eqy(yy) summed
over all calibrated e, ~, i, 7 and jets Most searches | show today use a
plus a track-based “soft” term (TST) E'*-based trigger (plateau: 200 GeV)
PR e e ey s ST
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Variables describing event-level kinematics and topology:

incl —
Ht = Ejets,z pT mi‘f‘;‘c ) — Ejet:;,l pr + BRIsS m = \/prrE%nsb(l — cos[A¢(l, Eiss)])
= R=1.0
My =3 mj mTz == min [max (mr (T, ar), mr(pF, PT - ar))]
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/MissingEtTriggerPublicResults

Run: 266919
proton-proton collisions at Event: 19982211
13 TeV centre-of-mass energy 2015-06-04 00:21:24

Candidate tt event!
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Turning every stone

R-parity conserving R-parity violating

o

v/t

(Not today: long-lived SUSY particles...)

Background modeling: SUSY signals:
- Sherpa: V/y+fjets VV Wr - Simplified models
- Powheg: tt Wi VV - MG5_aMC@NLO+Py8

Pythia8: Multijet
MadGraph: tV tty V + jets



General strategy for Run II: typical workflow

» Define selections for targeted signals

» Optimize for S/+/B using variables

describing topology & kinematics

» Can't rely on perfect modeling in
MC out to tails in distributions
= extract normalization from data

in signal-free region

Variable 2

Validation
region

Control
region

Signal
region

Validation
region

Variable 1

For main irreducible BGs (tt, V+jets):

1. High-purity control regions (CRs)
= simultaneous fit of MC to data
= normalization factors

2. Test extrapolation using

validation regions (VRs)

3. Predict yields in blinded

signal regions (SRs)
Considerations:

» Extrapolate along reliably
modeled variables

» Uncertainties: trade-off
between stat and syst.

Reducible backgrounds measured in
data, for example:

> “Fake” EF™°, ¢

» Charge mis-identification for £
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New results:

inclusive ¢/g production

Gross Secthn [po]
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14 + jets + Errfniss search ATLAS-CONF-2016-054

o 200+ ey

Target: final states with jets, exactly g 1800 '?L’,Z.:f;i:?"gﬂary E

one isolated e/u, and significant E7"° € ol | otieptonziet E
10 VR my s
120 E
100"
80 .

F | cR VR ET

601 E
a0F .

v e b e b e by 1
oo 300 400 500 600 700

. ET*™ [GeV]
Design of SRs:

. . : - 2-jet
» Defined using Ex: soft-lepton 2-je

miss incl
Njets, ET y T Meefy

» Regions split by requirements
> 6 for gg, 4 for Gq prod. on EX"™ and mr
» Most for large Am(Xi,X7), 2-jet > tt CR: > 1 bjet

soft-¢” SR for compressed spectra > Wtjets CR: no bjets

Backgrounds: tt and W +jets dominate Simultaneous fit for tt & W CRs
= normalize MC in CRs = normalization factors
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-054/

14 + jets + E;Fniss: results ATLAS-CONF-2016-054
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-054/
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Brand new search for § RPV decays in 1/ + jets NEW! ATLAS-CONF-2016-094
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ot e
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» R-parity violated = no sign. E}'*° ol
> >1e/p, >(8-10) jets, (0-4) b-jets e
> First look for SUSY in this final state! : YE E
o o
Background estimation S e — 3
£ 4 | =
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= measure in data z I N ]
g == -
» Assumes P(additional jet) constant Y osE g T = 1
. Number of jets -]
= extrapolate from n to n + 1 jets ]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-054/
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Brand new search for § RPV decays in 1/ + jets NEW! ATLAS-CONF-2016-094
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-054/

00 + 4-6 jets + EMSS search
Target: Fully hadronic § and §

q
p
a el
\F‘\ -0
q X1
p i
q

Two categories of SRs:
> 26 jets (no ¢!), subdivided in m.q

» New: Recursive Jigsaw Reco (RJR):
creates full-kinematics hypothesis for
each event using assumption on
decay topologies incl. invisible
particles (1607.08307)

Backgrounds:
» W +tjets, tt from CRs
> Z(vv)+jets from y+jets, VV in MC
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-078/
http://arxiv.org/abs/1607.08307

0¢ + 8-10 jets + B search
q q

w

Uses multijet trigger
= looser 1'% req.

a q w

SRs for gg with two-step decays:
» > 8-10 jets (pr > 50 GeV)
» M7T > 340 or 500 GeV

miss _- . . pmiss
> Ex"° significance: —L— > 4 Gev!/2
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NEW! ATLAS-CONF-2016-095
Multijet bg estimation:

> ERiss /) /Hr ~indep. of njets
» Extracted templates in 6] CR
= validate in 7j region
= predict in 8-10j SRs

> Top and W from 14 CRs with

(NJets 1) jets to improve stats

No significant excess =
mg < 1.6 TeV excluded
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-095/

0¢

L 810 jetg L F‘gﬂss search
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New RPV multijet result:
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-095/

3-4 b-jets + 0-1 ¢ + Effniss search ATLAS-CONF-2016-052
> SR design:
> 02 (b, ) and 12 ({)

> Subdivided in ERSS, mq,
Gtt SRs use mezl'o

» Backgrounds

Target: Gtt & Gbb scenarios: § — tty

=i =
ey

> All SRs dominated by tt+jets,
measured in low-mT CRs

» Other BGs from MC
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q:) ATLAS Preliminary ., S Total background . .
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-052/

Candidate 3b event: jets with 774, 436, 312, and 180 GeV pr, ERis = 508 GeV, meg = 2.2 TeV

EXPERIMENT
Run: 300800
Event: 2418777995
2016-06-04 03:47:03 CI




20 same-sign/3( + E* search
G/q with leptonic £/x/W decays

v
oy

oy
oy

Sensitive to many types of mass spectra!

9 SRs (3 optimized for RPV):

> Object multiplicity: ¢, b-jets, jets

> Event: E& meg, £ charge config.
Backgrounds

> Real: SS/3¢ from ¢tV, VV
» Fake backgrounds:

> Fake leptons relevant, measured in
data
> Charge mis-id => measured in Z — ¢/
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Z(00) + jets + ESS search

Target: gg or g¢q with Z — €0 in decay

Background estimation:

> tt, WW, Wt: flavor-symmetric
(1:1:2 ratio for ee:pp:ep), estimated
from ey data:

Nbg est. _ %NEC;LR NG

ee/pp ee/pp

» WZ, ZZ, ttV from MC,
checked in VR

> Z-+jets: estimated from ~y+jets
events in data

ATLAS-CONF-2015-082

Excess in 8 TeV Run | search:

> ee: 30, pu: 1.70

S

-
o

[ arXiv:1503.03290

Events / 2.5 GeV
N

82 84 86 88 90 92 94 96 98 100
m, [GeV]

Reproduce Run | SR:

» SFOS ee/uu with
81 GeV < mye < 101 GeV

» 2 jets with A¢mm(Em’SS

L —e— Data

[ ATLAS 44 Standard Model
[s=8Tev, 203" [ Flavour Symmetric
g |:| Other Backgrounds ]

-+ M(§)1=(700,200)GeV_]
e m(G)1=(900,600)GeV ]

j)>04

> ERSS > 295 GeV, Hr > 600 GeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-082/
http://arxiv.org/abs/1503.03290

Z(00) + jets + Emiss.
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results from 2015

Final event yield for 2015 data:
> Expected: 10.3 £ 2.3 events
» Observed: 21 (10 ee, 11 pp) events

= 2.20 excess

ATLAS-CONF-2015-082
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-082/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-15-011/index.html

Z(%) + jets + E;Fniss: results from 2016 NEW! ATLAS-CONF-2016-098
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Final result for 2015+2016 data:
» 2016: 43.5 expected, 43 observed events
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New results: direct /b production



Direct ¢t production in 0¢, 1¢ and 2/ final states

If ¥ accessible:

Covers several decay chains for different Am(Z, X°)
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Direct #f production in jets + EM5 channel ATLAS-CONF-2016-077

Flexible search for all fully hadronic decays

>

(tX1)

Small Am =
resolved t decays

Boosted t — tX°: classify events using
mass of two Iarge—R jets:
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Direct ¢t

production in jets + EMiS 4 17 channel

single-top, W +jets from CRs:

mr [GeV]

7 SRs for tX°, bx™ and DM+tt
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Direct tt production in jets + E;Fniss + 2/ channel ATLAS-CONF-2016-076

» 3-body decay highlighted here, also by™ with had. mr2, dedicated DM SRs
> Selection: 2¢ + 2 b-jets + Fiss
» Backgrounds: tt and Wt, normalization extracted from CRs

» Super-razor variables (1310.4827) used to identify events with two heavy
particles decaying into a set of leptons and invisible particles (shown in CRs)
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Summary of t — tx° exclusions

=1

T, production, T b % /T~ ¢ 7] /T~ Wb ¥ /T~t%,  Status: ICHEP 2016
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Targeting specific topologies for direct ¢t production
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-084/

New results: electroweak production of y* and/or "




Direct EW production in 2¢ OS and 3¢ channels ATLAS-CONF-2016-096
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Direct EW production in 2¢ OS and 3¢ channels

ATLAS-CONF-2016-096

Observed yields consistent with predicted background levels = exclusion limits
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Direct EW production in di-tau channel
Signal region definition:

ATLAS-CONF-2016-093

> > 27404 (0S), ERS > 150 GeV
> Z veto, b-jet veto
> mr2 > 70 GeV

ATLAS Preliminary—- Daa

>
8 o
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’ If only 7 accessible in X°/X* decay,
Background estimation: hadronic T final states gain sensitivity!

» Fake 7: multijet from data (ABCD), W+jets from MC norm. to CR
» Real 7: VV — 77w, Z+jets, top (¢ + jets/V, Wt) from MC
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EW production in 4¢ channel ATLAS-CONF-2016-075

» SRs defined by Z veto, meg cuts
» Reducible backgrounds:
> WZ, WWW, ttW + 1 fake £ (MC)
> tt, Z+jets + 2 fake £ = from data
using fake-factor method
» Irreducible backgrounds:
> ZZ, ttZ, ...
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Global summary of excluded mass ranges

ATLAS SUSY Searches* - 95% CL Lower Limits

Status: August 2016

ATLAS Preliminary
Vs=7,8,13TeV

Model emTY Jets ET [ramm™ Reference
MSUGRACHSSM 03eu2r 210jis3b Yos 203 708525
.47 2615 Yes 133 mvmdum‘x\l g ATLAS-CONF-2016-078

§ @ onesey monojet  13jets  Yes 32 i< 160407773
5 i 0 26es Yes 133 im0 Go\ ATLAS-CONF-2016-078
S —— 0 26kts Ye 133 i caone esv )0 Sm(E @) ‘ATLAS-CONF 2016078
8 gg, gaqq(mmrf' 3en 4 - 132 m(T)<400 Ge\ ATLAS-CONF-2016-037
& u. 24(55) 03jets  Yes 132 i) <so0an ATLAS-CONF 2016037
2 t2r+01¢ O2jets  Yes 32 1607.05070
3 EGM 1bw NLsP» 2y S Yes 32 CT(NLSP)<0.1 mm 1606.09150
2 higg: 7 b Yes 203 137 TeV. mii4)<850GeV, cr(NLSP)<0.1 mm, <0 1507.05493
= 4 2els Yes 103 ()60 eV, cr(NLSP)<0.1 mm. >0 ATLAS-CONF-2016-066
2ep(n 25 Yes 203 mINLSP)>430GeV 3290
0 monojet Yes 203 mG18x 10 oV, mig)-m(=1.STeV 150201518
§% ) 36 Yes 148 im(i)=0 Gov ATLAS-CONF-2016-052
u§ Otew 3 Yes 148 imié)-0 Gov ATLAS.CONF 2016.052
£ Otey  3h  Yes 201 m(i?)<300Gev 14070800
o 25 Yes 32 miE}<100GeV 2
£5 2ew (ss) T Yes 13 mih<ts0Gel mi= o0V ATLAS.CONF-2016.037
§§ 12b  Yes 47133 (e} 2m(E), mie) 1209.2102, ATLAS-CONF 2016.077
o 2 e 02j6ts/1-2b Yes 47/133 )1 Gov 1506.08616, ATLAS-CONF-2016-077
i mono-jet m{7)miE)=5 GeV
g 26, ,, @ b Yes 203 [@ mit})>150GeV 222
3 s Seu® 1b s 133 |@ i) <300Gev ATLAS-CONF-2016-038
Teu Bfels2b Yes 203 |@ mit}=0Gev 08615
2eu 0 s 203 |7 14035294
2en 0 Yes 203 i 140475 GV 14035204
2c S ves 203 [& v 14070350
=5 3es 203 [ 715 Gov 14027020
& iz 28eu O2fels Yes 203 [Ehib 425 Gel 14025204, 14027029
s -WX‘hX‘, hobb Wty €BY 025 Yes 203 |h 270 Gev 150107110
FU e Yes 203 |ihy v 1405.5085
M (WhoNLSP) weakprod.  Teiry - Yeo 203 | W 115370 Gev 150708453
GGM (bino NLSP) weak prod 2y S ves 203 |W Gev. 150708453
Difect {7 prod. ong-ved /{  Disabp. e 1Jet  Yes 203 [y 270 Gev 13103675
dEdxik - s 184 B 495 GeV 150605332
& 0 Siets Yes 279 |& 850 GeV. e gy rio0s 13106584
28 Siable t Rhadron P - - a2 160605120
LS isioe Rragon www o 3 (RSN o oo o]
B8 ousesdor tire e 124 a1 537.Gov T omores
3% Guss tlc ono ved 2t 2 < ves 203 [# 440 Gev e spssm 14095542
88X sceyfens displ. ec/efn - < ows |8 10Tev. 150405162
GaM g, Tl displ vix +jols - - 03 @ 10Tev. 150405162
LRV ppsve + Xvoenferfur emwerar - < a2 160708079
Bl PV CliSSH 2e4(89) 03b  Yes 203 |dE 1,45 Tev 04 250
W Do oy 4o : s 1as ATLAS-CONF 2016075
o i oW e, S - 203 [ 450 GeV 02X, 4140 05 50
a 0 4SlageRiets - 148 BR()-BA()-BR()=0% ATLAS-CONF 2016057
= 0 45lageRicls - 148 = ATLAS CONF-2016.057
204(69) 035 Yes 132 mi)<750GeV ATLAS.CONF 2016037
o “2b - isa 80510 Gev ATLAS GONF-2016.022, ATLAS-CONF-2016.084
2en - 203 [a 04-10TeV. BR(he/>20% ATLAS-CONF-2015-015
Other Scalar charm, z-+cf} 0 2c  Yes 203 510Gev miE)<200Gev 150101325
L
*Only a selection of the available mass limits on new 10! 1

states or phenomena is shown.

Mass scale [TeV]
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Summary & conclusions

>

In the past months, 18 new results from searches for SUSY have been made
public by ATLAS, using 13-18 fb~! of 1/13 TeV data from 2015+2016

Eight analyses are new in Run I, and many improvements have been made
for the nine that were also released in March

In general the data agree well with the background expectations
= significant increase in excluded SUSY particle mass ranges

The 14 £ search observes a modest excess
= the rest of 2016 data will show if this persists or goes away.

Increased integrated lumi = several analyses becoming affected by
systematic uncertainties (e.g. MC modeling of tt, Wt, ttV vs tty)
= work ahead for results with full 201542016 dataset

Technically challenging signatures (e.g. long-lived particles) now higher
priority!

Enormous thanks to the LHC for a very successful 2016!

The 2016 pp data-taking is now over - many more fb™*
to analyze for the winter conferences!
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Run | SUSY results

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: July 2015 Vi=7,8TeV
Model Ty Jets Ep fraam™ Mass limit _ V5=8TeV Reference

eSS 08 eqfi2r 210j3b Yos 203 [k T e ey 150705525
A jets  Yes 203 i 850 GeV GeV, mu gev\ Q=m(2" gen. q) 1405.7875
2 et (comprossec) monoet  1-3jets  Yes 203 |7 100-440 GeV. 1507.08525
§ qaq\u v ft) 2ep(oft-Z) 2jets 203 q 780 GeV' 1503.03200
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23 L) 3en o Yes 203 [ 700 GeV. i 91-05(m(k: me))
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2e.u(SS)  03b Yes 203 1.35TeV kq m(@), crisp<1 mm 1404.2500
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a 0 67 jets. - 203 917 GeV. BR( \(b)=BR(c 1502.05686
= 67jets - 203 870 GeV. mm =600 Gev 150205686
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o ziesezh - 208 100308 GeV ATLAS-CONF 2015025

2ep 2h - 203 0.4-1.0 TeV. BR(7, —be/)>20% ATLAS-CONF-2015-015
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10! 1

“Only a selection of the av

ble mass limits on new states or phenomena is shown. Alllimits quoted are observed minus 1c- theoretical

Mass scale [TeV]

nal cross section uncertainty.
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Sensitivity of inclusive strong production searches to ¢gg, § — quXb
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Stop 1/ details

3.30 excess seen in SR_DMlow (35 events observed, 17+2 expected):
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Many checks done on background estimates, no obvious problems found.

More data already collected, will tell us whether this is a background fluctuation
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Stop 1/ details
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Figure 12: Expected (black dashed) and observed (red solid) 95% excluded regions in the plane of m;, versus m o

for direct stop pair production assuming b X7 decay with a branching ratio of 100%. The chargino mass is assumed
to be twice the neutralino mass (left) or close to the stop mass, Mye = my, = 10 GeV(right). The excluded regions
(gray shaded area) from previous publications, stop search in the one-lepton channel at 8TeV (left) [24] and ATLAS
stop search at 8TeV (right) [25], are obtained under the hypothesis of mostly-left-handed stops, while new results
are obtained with an unpolarized signal assumption.



Summary of tt+DM exclusion limits

Similar limits for DM+t for 0¢, 1¢ and 2/ stop searches:
» Scalar mediator up to ~ 350 GeV

> ...and for a pseudo-scalar mediator up to ~ 350 GeV
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Direct ¢ coverage for the five new results
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