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LHC Run 1 Legacy: The Higgs
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Naturalness with SUSY

With the discovery of a 125 GeV Higgs, BSM physics is very well motivated!

Searches for (supersymmetric) top-partners are critical!
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Natural SUSY: Direct Production
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I Since the stop does the
work of canceling top
loops, stop production is
a good place to look for
natural SUSY

I Strong limits on direct
production! But still lots
of room for light stops

Where else can we search for signatures of naturalness?
How stable is Mrs. SUSY’s footing?
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The Role of Gluinos
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I Stop is a scalar: natural mass value of stop itself set by gluino mass
I “Gluinos suck” (Savas)

I Naturalness implies a light gluino as well as light stops
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The Status of SUSY After
√
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MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.055251.8 TeVq̃, g̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 20.3 m(q̃)-m(χ̃

0
1 )<10 GeV 1507.05525100-440 GeVq̃

q̃q̃, q̃→q(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ (off-Z) 2 jets Yes 20.3 m(χ̃
0
1)=0 GeV 1503.03290780 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃01 0-1 e, µ 2-6 jets Yes 20 m(χ̃

0
1)<300 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) 1507.055251.26 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20 m(χ̃
0
1)=0 GeV 1501.035551.32 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.6 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 cτ(NLSP)<0.1 mm 1507.054931.29 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<900 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.054931.3 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 20.3 m(χ̃
0
1)<850 GeV, cτ(NLSP)<0.1 mm, µ>0 1507.054931.25 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290850 GeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518865 GeVF1/2 scale

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<400 GeV 1407.06001.25 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV 1407.06001.34 TeVg̃

g̃g̃, g̃→bt̄χ̃
+
1 0-1 e, µ 3 b Yes 20.1 m(χ̃

0
1)<300 GeV 1407.06001.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.3 m(χ̃

±
1 )=2 m(χ̃

0
1) 1404.2500275-440 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7/20.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, 1407.0583110-167 GeVt̃1 230-460 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3 m(χ̃
0
1)=1 GeV 1506.0861690-191 GeVt̃1 210-700 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃01 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+
1
χ̃−
1 , χ̃

+
1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃

0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1407.0350100-350 GeVχ̃±

1

χ̃±
1
χ̃0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1
, χ̃

0

2

χ̃±
1
χ̃0
2→Wχ̃

0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1
, χ̃

0

2

χ̃±
1
χ̃0
2→Wχ̃

0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1501.07110250 GeVχ̃±

1
, χ̃

0

2

χ̃0
2
χ̃0
3, χ̃

0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086620 GeVχ̃0

2,3

GGM (wino NLSP) weak prod. 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493124-361 GeVW̃

Direct χ̃
+
1
χ̃−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1310.3675270 GeVχ̃±

1

Direct χ̃
+
1
χ̃−
1 prod., long-lived χ̃

±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332482 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃

Stable g̃ R-hadron trk - - 19.1 1411.67951.27 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795537 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 2<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542435 GeVχ̃0

1

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.051621.0 TeVχ̃0

1

GGM g̃g̃, χ̃
0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.051621.0 TeVχ̃0

1

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 20.3 λ′
311

=0.11, λ132/133/233=0.07 1503.044301.7 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃

+
1→Wχ̃

0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121,0 1405.5086750 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+
1→Wχ̃

0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133,0 1405.5086450 GeVχ̃±

1

g̃g̃, g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% 1502.05686917 GeVg̃

g̃g̃, g̃→qχ̃
0
1, χ̃

0
1 → qqq 0 6-7 jets - 20.3 m(χ̃

0
1)=600 GeV 1502.05686870 GeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.250850 GeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 20.3 ATLAS-CONF-2015-026100-308 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 20.3 BR(t̃1→be/µ)>20% ATLAS-CONF-2015-0150.4-1.0 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325490 GeVc̃

Mass scale [TeV]10−1 1

√
s = 7 TeV

√
s = 8 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: July 2015

ATLAS Preliminary√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.

Strong limits already exist, but room yet for gluinos and stops!
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Where to Look First?

I New
√
s = 13 TeV data

means exciting new
prospects!

I Cross-section for
higher-mass particles
grows dramatically

I Lighter particles, like
third-gen squarks and
electroweakinos, see a
much smaller increase

25th November 2015 - P&P week

A lot ongoing…
• The last SUSY plenary was on September 9th.

• In between then and now we have had: 


• five SUSY analysis approvals


• 16 Full Analysis Reviews


• Additional analysis walkthroughs for EW and 3rd gen 
analyses


• In short, we went deep into run 2 analysis mode…

3
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Strong production  
Good sensitivity

Third gen.  
Marginal

EW 
No sensitivity

• with 3.3 fb-1 of collisions, mostly sensitive 
to production of gluinos and (to a lesser 
extent) squarks 

• Prime focus of the analyses using 2015 
pp collisions

I. Vivarelli

Not only are gluinos required for naturalness, their production rate
grows enormously during Run 2!
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New to ATLAS: The Inner-B-Layer
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Huge improvement in track
d0 resolution!

I b-tagging and vertex identification benefit greatly from this upgrade
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New to ATLAS: The Inner-B-Layer
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Factor of ≈ 4 gain in light
jet rejection!

I b-tagging and vertex identification benefit greatly from this upgrade
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Natural SUSY Signatures

g̃

g̃
p

p

χ̃0
1

b

b

χ̃0
1

b

b

I Look for pair-production of gluinos
I Highest cross-section particles, pair production guaranteed by R-parity

I Gluinos cascade decay to third generation SM particles and LSP
I Assume presence of off-shell stop and sbottom

I Study “Gtt” model with 0 and 1 ` final state, “Gbb” with 0 `
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Some Features of Signal Regions

Gbb 0`

I 0 leptons

I ≥ 4 jets

Gtt 0`

I 0 leptons

I ≥ 8 jets

Gtt 1`

I ≥ 1 lepton

I ≥ 6 jets

I Trigger on Emiss
T > 200 GeV

I Look for spectacular signatures with
high Emiss

T and meff = HT + Emiss
T ,

and ≥ 3− 4 b-jets (at 85% efficiency)

I Define multiple (single-bin) signal
regions to better target “compressed”
and “boosted” regions ) [GeV]g~m(
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) [
G

eV
]

0 1χ∼
m

(

0

200

400

600

800

1000

)0
1χ∼

) < 2m(t) +
 m(

g~m(

)g~) >> m(q~, m(0
1
χ∼+t t→ g~  production, g~g~ =8 TeVs, -1 = 20.1 fbintL

0 and 1 lepton + 3 b-jets channels

All limits at 95% CL

ATLAS
expσ1 ±Expected limit 

theory
SUSYσ 1 ±Observed limit 

 

Target with
≥ 4 b-jets

Target with
tighter cuts
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Signal Discrimination
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I Huge amount of power from
Emiss

T and meff

I Especially in “boosted”
regions, these provide great
signal acceptance and
background rejection

I b-tagging clearly provides
significant power as well
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Boosted Objects

I Quarks from signal have
generally been assumed to be
well isolated

I But with many top decays in
one event, can produce particles
with huge boosts: quarks from
decays become highly
collimated

I If we can identify nearby (or
overlapping!) jets, can easily
reconstruct top candidates

I Removes combinatoric
challenge from low boost

Low energy

Wide angle

Higher energy

Low angle
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Multi-b: Top Tagging
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I Identify top-candidates with
re-clustering approach

I Run a clustering algorithm on
already-reconstructed jets, but
with large size (R = 1.0)

I Naturally groups jets close to
each other

I Require mass of grouped jets
to be > 100 GeV

I Loose tag sufficient to suppress
dominant semi-leptonic tt̄
backgrounds

I Both 0L and 1L regions use
this very effectively!
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More Variables: Transverse Mass mT

µ ETmiss,ν

b

bj

j

` and Emiss
T aligned:

background like

Ev
en

ts
 / 

25
 G

eV

1

10

210

310

410
ATLAS

-1 = 13 TeV, 3.2 fbs
 1 lepton≥Pre-selection with 

Data 2015
Total background
tt
Single top
 + W/Ztt

Z+jets
W+jets
Others

 100)× = 1700, 200 (0

1
χ∼

, mg~Gtt: m

) [GeV]miss
T

 (lepton,ETm
0 100 200 300 400 500 600

D
at

a 
/ S

M

0

1

2

µ

b

bj

j

ETmiss, !

` and Emiss
T unaligned:

signal like

mT =
√

2p`T (1− cos(∆φ(Emiss
T , `)))

I Provides excellent discrimination in 1` events
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More Variables: Minimum Tranverse b-jet Mass mb,min
T
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I Provides excellent discrimination in both 0` and 1` channels
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Background Estimation

I After high b-tagging and Emiss
T

requirements, tt̄ is the main
background

I Even in 0 ` channels, “missed”
leptons contribute to Emiss

T

I Use 1` control region to model this
background (flip mb,min

T cut in 1`
SR’s)

I Derive scale factor for tt̄ in control
region: use to normalize in signal
region

I Use dedicated validation regions to
check each CR extrapolation
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Multi-b: Results
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I Data compatible with the background estimate, with some tendency
as being on the low side

I Not as bad as it looks: all regions are strongly overlapping/correlated,
so combined significance of underestimate is low

I Related to modeling of tt̄ + bb̄ backgrounds: exploring improvements
here for the future
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Multi-b: Results
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I Examples of b̃ and 0/1L t̃
regions here

I No signs of excesses over SM
expectation in any signal regions
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Multi-b: Limits
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I Limits expand significantly Run 1 sensitivity

I Combinination of 0`/1` channels in Gtt regions improves sensitivity
by 100 GeV relative to individual channels
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Conclusions

I
√
s = 13 TeV is here, but SUSY is not (yet!)

I First searches optimized for discovery have not yet observed any
significant deviation from the SM

I Run 2 has just begun, though: 2016 promises 10x the data, and even
more coming in 2017!

I 10 fb−1 or more likely available for ICHEP, in just a few weeks
I g̃ sensitivity will likely extend to 2 TeV and beyond

I New techniques and signal models coming in new results: lots of
room left to optimize and explore

I SUSY could still be right around (one of many) corners!

Thank you for your attention!

SUSY-2015-10
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Backup
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And Now,
√
s = 13 TeV

Breaking its own energy records!
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Luminosity

I Challenging start to LHC operations: simultaneous transition to
higher

√
s and smaller bunch spacing (50→ 25 ns) was difficult!

I Large dataset delivered to experiments: 3.2 fb−1 usable by ATLAS
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The ATLAS Detector
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Multi-b: t̃ SR Definitions

Criteria common to all Gtt 0-lepton regions: pT
jet > 30 GeV

Variable Signal region Control region VR1L VR0L

Criteria common
to all regions of the

same type

Lepton 0 signal = 1 signal = 1 signal 0 signal

∆φ4j
min > 0.4 − − > 0.4

Njet ≥ 8 ≥ 7 ≥ 7 ≥ 8

mb−jets
T,min > 80 − > 80 < 80

mT − < 150 < 150 −

Region A
(Large mass splitting)

Emiss
T > 400 > 250 > 250 > 200

mincl
eff > 1700 > 1350 > 1350 > 1400

Nb−jet ≥ 3 ≥ 3 ≥ 3 ≥ 2

Ntop ≥ 1 ≥ 1 ≥ 1 ≥ 1

Region B
(Moderate mass splitting)

Emiss
T > 350 > 200 > 200 > 200

mincl
eff > 1250 > 1000 > 1000 > 1100

Nb−jet ≥ 4 ≥ 4 ≥ 4 ≥ 3

Ntop ≥ 1 ≥ 1 ≥ 1 ≥ 1

Region C
(Small mass splitting)

Emiss
T > 350 > 200 > 200 > 200

mincl
eff > 1250 > 1000 > 1000 > 1250

Nb−jet ≥ 4 ≥ 4 ≥ 4 ≥ 3
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Multi-b: t̃ SR Definitions

Criteria common to all Gtt 1-lepton regions: ≥ 1 signal lepton, pT
jet > 30 GeV

Variable Signal region Control region VR-mT VR-mb−jets
T,min

Criteria common
to all regions of the

same type

mT > 150 < 150 > 150 < 150

Njet ≥ 6 ≥ 6 ≥ 5 ≥ 6

Nb−jet ≥ 3 ≥ 3 = 3 = 3

Region A
(Large mass
splitting)

Emiss
T > 200 > 200 > 200 > 200

mincl
eff > 1100 > 1100 > 600 > 600

mb−jets
T,min > 160 − < 160 > 140

Ntop ≥ 1 ≥ 1 ≥ 1 ≥ 1

Region B
(Moderate to small
mass splitting)

Emiss
T > 300 > 300 > 200 > 200

mincl
eff > 900 > 900 > 600 > 600

mb−jets
T,min > 160 − < 160 > 160
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Multi-b: b̃ SR Definitions

Criteria common to all Gbb regions: ≥ 4 signal jets, ≥ 3 b-jets

Variable Signal region Control region Validation region

Criteria common
to all regions of the

same type

Lepton Candidate veto = 1 signal Candidate veto

∆φ4j
min > 0.4 − > 0.4

mb−jets
T,min − − < 160

mT − < 150 −

Region A
(Large mass splitting)

pT
jet > 90 > 90 > 90

Emiss
T > 350 > 250 > 250

m4j
eff > 1600 > 1200 < 1400

Region B
(Moderate mass splitting)

pT
jet > 90 > 90 > 90

Emiss
T > 450 > 300 > 300

m4j
eff > 1400 > 1000 < 1400

Region C
(Small mass splitting)

pT
jet > 30 > 30 > 30

Emiss
T > 500 > 400 > 400

m4j
eff > 1400 > 1200 < 1400
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Comparisons to Other Results
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I Multi-b limits exceed all other
limits from ATLAS on gluinos

I b-tagging and top-tagging
provide unique and powerful
handles: dramatic final states
we are very sensitive to!
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 (13 TeV)-1), 2.3 fb
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 (13 TeV)-1), 2.3 fbT2SUS-15-003, 0-lep (M
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 (8 TeV)-13-lep, 19.5 fb≥SUS-14-010, 0+1+2+

I ATLAS also beats CMS by
≈ 200 GeV in models with tops

I Slightly more data, but 0/1`
combination and unique-top
tagging and kinematic
variables
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