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Strong SUSY at the LHC
 SUSY: additional symmetry on top of SM

- Results in many partner particles,
ideally at an LHC-reachable scale

* Many desirable properties

- R-parity conserving SUSY— LSP is a
dark matter candidate

- Stops cancel divergences in Higgs
boson mass loops

- High scale gauge coupling unification

 LHC is the only place for direct searches
for for new heavy particles
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections

ATLAS SUSY Search Strategy
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Generally searching for events
with jets, missing transverse
momentum (MET), and sometimes

other high momentum objects.

Today: highlights from recent searches for strongly
produced SUSY (squarks/gluinos) using full Run 2
dataset: bb+MET, stop to staus, photon+MET

We make use of mass scales, MET, event kinematics,
etc. to design Signal Regions (SRs)

Predict backgrounds based on data where possible
with process enriched Control Regions (CRs)

- and validate with nearby Validation Regions (VRs)

Interpret with simplified models and perform additional
model-independent tests

high-p_r regions ATLAS

“Control Region”
with orthogonal
requirements
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Also includes DM and LQ

bb+M ET JHEP 05 (2021) 093 mer(v1, v2) = [ET(v1) + Er(v2)]* = [pr(v1) —PT(Vz)]% interpretations

* Final state with b-jets and MET, no leptons
- Trigger on MET (require > 250 GeV)
 SRA-C defined for large to small mass splittings
- SRA: endpoint variable (m_,) to reject ttbar

- SRB: BDT based selection (most important: min m_(jet1

see J. Bossicg
g

-4,MET), and jet1-3 p.) ~ see Y. Afik_n

LQ5 v,
- SRC: Require ISR jet and make use of soft b-tagging improvements >)ZI:\ .
ATLAS-CONF-2019-027 to target compressed region E N
* Tags displaced vertices down to 5 GeV .
E oo o e mie atias G ERE
wf fopmuee Mggew-oi J SRC: 1 lepton = ML
SRA/B - an: cna: CRC CRD CRS for ttbal’ H H : Good
2 lepton o and W+jets agreement
CRs for in VRs
Z+|ets 10g
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http://dx.doi.org/10.1007/JHEP05(2021)093
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-027/
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Events

Significance
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More data, but especially new
technigues lead to substantial
Increase in sensitivity
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Stop to staus

m(ty)
[GeV]

0l

50

ATLAS-CONF-2021-008

b-jets, hadronic taus, MET, no e/mu

— Trigger on MET (require MET>280 GeV)
>21721b, 1t=2b channels

Use endpoint variables and scalar sum (s;) of tau+jet1+jet2 p;

ttbar and tW are most important backgrounds (one or two real taus)
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One Tau

Also includes LQ
interpretations

see Y. Afik t?t
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https://cds.cern.ch/record/2759282

Entries / 30 GeV

Stop to tau results
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PhOtOﬂ(S) + jetS + MET New result! . Gluino pair Manyjets  ~50/50% Z/y:
i ATLAS-CONF-2021-028 : production Light LSP

* General Gauge Mediation (GGM) inspiration
* High pT photon >145 GeV (Trigger on photon) - 7
« MET> 250 GeV, H; > 1600 GeV \Q G
« Jets and MET, but no leptons 1% Higgs
3 SRstargeting small to large mass splittings, optimized y =
for full dataset Z G
e ¢!
B10°E amas  Ey+jets Elesvlety 3
8 s=13Tev,36.1 10" [EZy Owy ]
S10°e SR! ity vy Wyy/Zyy <
g ¢ 4 SM Total ¢ Data
:>j102 my = 1974, m;, = 442
- "M S22 previous search
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== = resulted in 2.360
i 7Z local excess 10% Higgs
s 2 T LT e T
E 1%/%///// % //////// ///
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Phys. Rev. D 97 (2018) 092006  ET* [GeV]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.092006
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-028/

y Backgrounds Electrons faking photons

* Backgrounds arise from processes with real and fake MET * Misid rate measured
or real or fake Photons with _Zee/ey events
*  Primary background processes from MC normalized to CRs * Applied to control
. : sample selecting high p
- yHets: invert Ad(jet, MET) _ T
~ Wv: >=1 leptons. 0 b-iets electrons and vetoing
y- 7=1 leptons, photons

- tty: >=1 leptons, >=1 b-jets

0 10° b !
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Results
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{s=13TeV, 139 b March 2021
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-019/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults

Conclusions

 ATLAS searches for strongly produced SUSY cover a wide array of scenarios
- Expanding and updating searches with full Run 2 dataset (139 ifb)
— Pushing sensitivity past 1 TeV in many cases
— Probing complex final states

e Continued consistency with Standard Model expectations

* Preparing for LHC Run 3 in parallel

Muon
spectrometer

endcap upgrade NN el Stick around for Stefano
new ‘small’ wheel B gLy © = \ and Michael’s talks on
‘ ATLAS EWK and RPV
SUSY Searches, as well
as our CMS colleagues
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

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

June 2021 Vs =13TeV
Model Signature  [Ldt[fb"] Mass limit Reference
T T r —
3, -q% Oe.p 26jets  Epe 139 1.85 m(¥})<400 GeV 2010.14293
» mono-jet  1-3jets EF™ 361 | [8xDegen] 0.9 m(@)-m(¥})=5GeV 2102.10874
o :
5 Oe,u 2-6jets  EP™ 139 | % 23 m(E))=0 GeV 2010.14293
& z Forbidden 1.15-1.95 m(¥})=1000 GeV 2010.14293
3 1eu 2-6 jets 139 |2 2.2 m(¥})<600 GeV 2101.01629
o ee, pup 2jets  EMS 361 |# 1.2 m(g)-m(t})=50 GeV 1805.11381
3 Ocu  7-1jets ENS 139 |z 1.97 m(E}) <600 GeV 2008.06032
3 SSe.pu 6jets 139 |2 ji15 m(z)-m(¥1)=200 GeV 1909.08457
= Olep  3b EM 798 |2 2.25 m(¥?)<200 GeV ATLAS-CONF-2018-041
SSeu 6 jets 139 = {1225] m(z)-m(¥})=300 GeV 1909.08457
biby Oe.p 2b EpS 139 by 1.255 m(¥})<400 GeV 2101.12527
by 0.68 10 GeV<Am(b, ¥})<20 GeV 2101.12527
- AN 0e,u 6b Eps 139 | By Forbidden 0.23-1.35 1908.03122
E 9 27 2b EP™ 139 | by 0.13-0.85 ATLAS-CONF-2020-031
§§ Wi, Bt Otenu  21jet EMS 139 |7 1.25 2004.14060,2012.03799
cs i, = Whts 1ep 3jets/1 b EP™ 139 |4 Forbidden = 0.65 2012.03799
= 5 i, i—>%1by, 11 -7G 127 2jetstb EP™ 139 |4 Forbidden 14 ATLAS-CONF-2021-008
s 8 if, hiodk) /e, eock) Oep 2¢ EPS 361 |& 0.85 m GeV 1805.01649
s Oc,u  monojet EPS 139 |7 0.55 (7,25 Gev 210210874
71, iiotly, ¥a—Z/ht) 1-2e,p 1-4b  EPS 139 | @ 0.067-1.18 m(E9)=500 GeV 2006.05880
by, h—h +Z 3epu 1b Epis 139 | & Forbidden 0.86 m(¥1)=360 GeV, m(7;)-m(¥})= 40 GeV 2006.05880
XS viawz Multiple ¢/jets . ER 139 0.96 m(¥})=0, wino-bino 2106.01676, ATLAS-CONF-2021-022
ee, >1ljet  EPS 139 0.205 m(¥})-m(¥})=5 GeV, wino-bino 1911.12606
TV viaww 2epu EPs 139 0.42 m(#)=0, wino-bino 1908.08215
XS via Wh Multiple ¢/jets EPS 139 Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894, ATLAS-CONF-2021-022
= 5 XX vial /v 2eu 139 | ¥ 1.0 m(7,7)=0.5(m(¥})+m(E})) 1908.08215
DL o) 27 139 | # [FL R .U IN0HE0] 0.12-0.39 me?)=0 1911.06660
- AR 2epu 0jets 139 |7 0.7 m()=0 1908.08215
e, >1jet 139 |7 0.256 m(®)-m(¥})=10 GeV 1911.12606
A, A-hG|ZG Oe,p >3b 361 | it 0.13-0.23 0.29-0.88 1806.04030
dep 0 jets T 139 | @& 0.55 2103.11684
Oepu >2largejets EF 139 | 0.45-0.93 ATLAS-CONF-2021-022
Direct ¥1%; prod., long-lived ¥} Disapp. trk ~ 1jet  EP™ 139 "i 0.66 Pure Wino ATLAS-CONF-2021-015
T o 7 0.21 Pure higgsino ATLAS-CONF-2021-015
$ g Stable g R-hadron Multiple 361 |z 2.0 1902.01636,1808.04095
2 Metastable g R-hadron, g—qq7} Multiple 361 |& E@s=toms020s) 20524 m(¥1)=100 GeV 1710.04801,1808.04095
5 3 7, 106 Displ. lep Eps 139 |& 0.7 ) 2011.07812
& 0.34 (f) 2011.07812
XTI, i —ze—eee 3eu 139 Pure Wino 2011.10543
TEXT VS - wwjzeettvy dep Ojets  EP™ 139 1.55 m(9)=200 GeV 2103.11684
2, 3-qa¥), &) > qqq 4-5 large jets 36.1 19 Large 1/, 1804.03568
S 7o) X o ibs Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& if, i—bX7, X7 — bbs > 4b 139 Forbidden m(¥i)=500 GeV 2010.01015
i, f1—bs 2jets +2b 36.7 1710.07171
hh, h—-qt 2epu 2b 36.1 0.4-1.45 BR(7—be/bu)>20% 1710.05544
1u DV 136 1. BR(7 —qu)=100%, cosf,=1 2003.11956
X 133100, 10, —tbs, X} —bbs 12eu  26jets 139 | &) 0.2-0.32 Pure higgsino ATLAS-CONF-2021-007
s s L P | s L s PR
*Only a selection of the available mass limits on new states or 10! 1 Mass scale [TeV]
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bb+MET SRs and Uncertainties

E;n05:IIIII\II\IIIII\\IIIII\II\\IIII:
‘T 045 = ] Total =
t TE —— MC statistical =
) - - ]
Variable \ | SRA | CRzA | VRJST | VRGP | VRYST | VRYZ® 8 0.4 ATLAS = = = CR statistical —
Number of baseline leptons 0 2 0 o] - Vs =13 TeV, 139 fb"l """ Experimental 3
Number of high-purity leptons - 2 SFOS - @ 0.35—  aeees Theoretical —
pr(6r) [GeV] - >27 - = - -
pr(l) [GeV] - > 20 _ Es- = . . . E
mr(ph, ps) [Gev] | - > 20 - o e SRA : SRB : SRC SRD -
meg [GeVl | - | [81,101] - o 0.25 = : :
Number of jets € [2,4] E H
Number of b-tagged jets 2 - H
J1and j, b-tagged v 0.2 ; H —
pr(i1) [GeV] > 150 - : =
pr(s) [GeV] > 50 0.155 -
pri/s) [GeV] <50 - -
min[A¢(p",, PT™)] [rad] > 0.4 0.4E
Emiss [GeV] | >250 | < 100 >250 -
Fmiss [Gev] | - 250 - 0.05F=
ESS i1 >025 - -
E?ms/mcﬁ - >0.25 - 0 :
2T Y? IS LRREEIYRYISISLIYTISIYDY
s ol e TR o] o sosso i AR st it it )
) ) sa8d88g3Fp 58&5% 2228
Mes [GeV] > 500 [500, 1500] > 1500 EEEEEEEEE
Variable | SRB | CRzB | VRzB Variable \ | SRC-2b | SRC-1blv | SRC-Oblv | VRC-2b | VRC-1blv | VRC-Obly
1
- N Number of jets €1[2,5]
Number of baseline leptons 0 2 .
- . J1 not b-tagged v
Number of high-purity leptons - 2 SFOS Number of baseline leptons 0
PTE?; {gezi - > ;g Number of b-tagged jets >2 1 0 ‘ > 1 0
prit2 € - >
mee [GeVl | - [76, 106] N Gev) 2 2 (1) ] 2 } 5 2 2 (1) . 2 : S
m( [, miss [GeV] _ > 20 My € > 0. > 1. > 0. > 1.
1(Pr-PT™) Y [GeV] - >3 >5 - >3 >5
Number of jets €[2,4] -
Number of b-tagged jets ” pr(jn) [GeV] | > 500 > 400 > 400 < 500 > 400 > 400
pr(j1) X [GeV] > 100 E,'F“'"'“ [GeV] | > 500 > 400 > 400 < 500 > 400 > 400
’)T (’_i) (Gev] > 50 Hrs Gevl| - <80 <80 - <80 <80
- ’“A o mise it o A >080 | >0.86 - [0.8,0.9] | >0.86 -
min[Ad(p,_,. p7)] [rad] >0. m;; [Gev] | >250 | >250 - [150,250] | > 250 -
Ji not b-tagged -l v - AG(j1, b1) [rad] - >22 - - 03 _
Emiss [Gev] | »250 < 100 Ad(j1,vix) [rad] - - >2.2 - - <22
E%\iss [GeV] _ > 250 [7vx] — < 1.2 < 1.2 — >1.2 > 1.2
mer [Gev] | < 250
WXGB | >0.85 | [03,063] | >0.63
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bb+MET Model Independent Tests

Table 7: Left to right: SM expectation from background-only fit for the model-independent regions, 95% CL upper

limits on the visible cross-section ((60‘)235), on the observed (SggS ) and expected (ngp) number of signal events.
The last two columns indicate the CL g value, i.e. the confidence level observed for the background-only hypothesis,

and the discovery p-value (p(s = 0)) capped at a value of 0.5.

Signal channel ‘ Obs. SM exp. ‘ {ecr)ggs [fb] Sggs ngp CLp p(s=0)(2)
SRAmCt250i 552 555+75 0.94 131 1334 048  0.49(0.03)
SRAmC(350i 104 120+ 16 0.17 24 324 0.19 0.5 (0)
SRAmCt450i 23 27.1+3.8 0.06 8.7 12373 017 0.5 (0)
SRAmCt550i 7 104+1.7 0.04 56 8155 014 05 (0)
SRAmMCt650i 8 5.6+ 1.4 0.06 85 675 073  0.24(0.72)
SRB 22 20.6+4.6 0.11 153 14875 054 0.40(0.26)
SRC-2b 58  444+538 0.22 303 20.77%, 088  0.09 (1.33)
SRC-1blv 43 51+10 0.13 176 21.2"%% 028 0.5 (0)
SRC-0blv 151 148 + 25 0.37 51 50*13 0.54  0.48(0.2)
SRD-low 497  381+76 1.8 250  155*% 091  0.07 (1.48)
SRD-high 320 242+ 66 1.4 195 140*7, 082 0.13(1.13)
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Soft b-tagging ATLAS-CONF-2019-027

0.2 stop m(t x) (450 430) GeV
> . T T T [ T T T
[3) - 4
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5 0'35:_ ATLAS Simulation Preliminary = § [ — Trackjet-based b-tagging 5-15 GeV .
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- 1 g |
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Stop to stau SRs

Table 2: Preselection of the di-tau and single-tau channels.

Di-tau preselection

Ei;‘i“-triggcr fired and Ei}‘i“ > 250 GeV
No light leptons (e/p)
At least two jets
At least one b-tagged jet

Single-tau preselection

At least two hadronic tau candidates  Exactly one hadronic tau candidate
At least two b-tagged jets

Variable CRtr(2realt) CRtr(lrealt) VRier(2realT) VR 7 (1real 1) SR
EMS — — — — > 280 GeV
0S(11, 1) 1 — 1 — 1
mra (11, 12) < 35GeV < 35GeV [35,70] GeV [35,70] GeV > 70GeV
Hiyis (T1,T2) > 50 GeV > 50GeV — — —
mr (1)) > 50 GeV < 50GeV > 70 GeV < 70 GeV —
Variable CRf (1 real7) CRsingletop VR (lreal 7) VR single top SR
E%‘i“ > 280 GeV > 280 GeV > 280 GeV > 280 GeV > 280 GeV
ST [500, 600] GeV — > 600 GeV — > 800(600) GeV
Ymy(by2) [600,700] GeV > 800GeV  [600,700] GeV > 800 GeV > 700 GeV
my(7) — < 50GeV — [50,150] GeV > 300(150) GeV
pr(T) — > 80 GeV — > 80 GeV — (binned)

July 26th, 2021 (EPS 2021)

Jonathan D. Long (UIUC)
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Stop to Stau Uncertainties and Model Independent Tests

a

—

Systematic uncertainty  Di-tau SR Single-tau one-bin SR Single-tau multi-bin SR

Total 25 % 17 % 17 %
Jet-related 19 %o 4.2 % 3.9 %
Tau-related 4.7 % 5.5% 4.3 %
Other experimental 3.7 % 1.0 % 0.8 Fo
Theoretical modeling 13 % 17 %o 19 %
MC statistics 12 %o 7.5 % 4.4 %
Normalization factors 8.8 % 15 % 16 %
Luminosity 0.8 % 0.5 % 0.4 %

: 95 95 95 —
Signal channel (Aea)p ] S5 S5, CLy p(s=0)(2)
Di-tau SR 0.03 4.1 5.3*%% 0.18 0.50(0.0)
Single-tau one-bin SR 0.06 8.2 5.1*1% 091 0.08(1.37)

July 26th, 2021 (EPS 2021)
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Photon+Jets+Met Signal Regions and Uncertainties

SRL SRM SRH

Nphotons > 1 > 1 > 1
dney >145GeV  >300GeV > 400 GeV
Nleptons 0 0 0
Niets >5 >3 >3
Agp(jet, E%“SS) > 0.4 > 0.4 > 0.4
Ap(y, ET™) > 0.4 > 0.4 > 0.4
ELUS >250GeV  >300GeV > 600 GeV
Ht > 2000 GeV > 1600 GeV > 1600 GeV
R} < 0.90 < 0.90 -

SRL [%] SRM [%%] SRH [%]
Total (stat. + syst.) uncertainty 28 25 17
Statistical uncertainty 20 15 12
Jet energy scale and resolution 18 19 4.1
b-tagging calibration 3.2 4.3 3.6
Jet fakes 2.1 25 2.3
MC theory 3.6 3.1 10
Electron fakes 1.4 1.9 <1
Electron/photon energy resolution and scale 5.5 1.1 4.1
Muon reconstruction and identification 2.6 1.8 <1
Photon ID and isolation 2.6 2.1 1.1
Pile-up reweighting <1 1.2 1.0
E%‘iss soft-term scale and resolution <1 <1 <1

leadi i
by = p;é\ " + Zjets p'II‘

A(ﬁ(jet, E_I_miss) — min(Agb(jl, ETmiSS), Ad)(jg, ETmiSS))
* b
Rfll_ Z,,

Y

July 26th, 2021 (EPS 2021)
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Events / 200 GeV

Data / MC

Jets+MET JHEP 02(2021) 143

« Several jets and MET, no leptons (Trigger on MET)

e Traditional multi-bin fit and BDT for models with
intermediate charginos

— Single bin regions for model independent tests
(binned in N jets and m.g)

* Major backgrounds normalized to control regions
- Zvv from y+jets (y treated as MET)
- Multi-jet from regions with jet close to MET

Significance Data/SM

- ttbar and W+jets from one-lepton regions with
or without a b-tag

> > >
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10t I W+iets 1 £ [ {(+EW) & single top 2 —J tt(+‘EW) & single top 2 I Weiets
. [ H4EW) & singletop 3 L%’ 0 Z+jets L‘;u’ :E:E‘S 2 ) Z+jets
o [ Diboson E [ Diboson [ Diboson [ Diboson
o 2 o 2 o 2
LEEmmme | < B ok
~ 1 b 1 ,ﬂ/r (247300 o dars ‘ﬂ p Sl f /;5»7 s 1 :n e "
7 §05 ///// Z /»//// §0.5 Sl ff%’ 805 F R ) )
E A 0.
%1000 1500 2000 2500 3000 3500 4000 4500 5000 ° “4500 2000 2500 3000 3500 4000 4500 5000 °1ooo 1500 2000 2500 3000 3500 4000 4500 5000 1000 1500 2000 2500 3000 3500 4000 4500 5000
m,; GeV mg, GeV mg, GeV My GeV

July 26th, 2021 (EPS 2021) Jonathan D. Long (UIUC) 21


https://links.springernature.com/f/a/YZm7KHa4-Hz-M7Oc3NFs0g~~/AABE5gA~/RgRiHAvlP0QwaHR0cDovL3d3dy5zcHJpbmdlci5jb20vLS8wL0FYZmwzVWFKRjJmd1B0OVNXalB0VwNzcGNCCmA3Zdg6YNu04t5SGmF0bGFzLnB1YmxpY2F0aW9uc0BjZXJuLmNoWAQAAAbn

Results

B Multi-jet

——
¢ Data
ATLAS ~<— SM Total
Vs=13TeV, 139 fb E’ ﬁjgtts
+ets
Skifor ME:GGa ] f(+EW) & single top
[ Diboson

July 26th, 2021 (EPS 2021)

10
10
1
107!
=15 =
n =
8 7
8 3
05 _1 T T T T T T T T T T =
8 2F i 3
S o b— e =
8 — — —— [
€ -2F , N A — N .3
e e e B e e B o e
> ey g ey ey ey ey ey
®» gedgedgedgedgedged
G 3 s 58 FE8®8 3755 FF 1
S-S 3dddaays s oI IS
2iegz2fgaggagzaz==>
myq [TeV], ET**/fH; [Gev'?]
£ 10° 1 ] N
[ 5 ~— SM Total
L|>J10 [ Z+jets
[ W+ijets
5 [ fi(+EW) & single top
10 [ Diboson
102 - Multi-jet
10
1
107"
=15
2" E t E
g 1E . . ] e
05 = =
8 2 3
S o I I
o
= -2 !
= = Y] [<2) < = Y] [P) <
% ° ° °© = Q o o o
9) O] O} O} 9) (O] (O] (O]
) S 0] (O} ) S (©) S

m(x)) [GeV]

) [GeV]

m(x

1600

1400

1200

1000

800

600

400

200

RS AR B RS R R AN SRR A S AT
2500/ ATLAS = = = Exp. limit (£10,y,)
F V{s=13TeV, 139 fb™!
[ 0-leptons, 2-6 jets Obs. limit (£1 "iﬁ;)
2000 [ Alllimits at 95 % CL OL obs. 36 fb!
[arXiv:1712.02332]
1500

1000

500

qq production, B(q — q z?):mf)%
—

— ATLAS
- (s=13TeV, 1391b"
[ O-leptons, 2-6 jets

[ Alllimits at 95 % CL

T T T T T T T T

= = = Exp.limit (£10,,,)

—— Obs. limit (1 o3 %)

OL obs. 36 fb”!
[arXiv:1712.02332]
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