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Introduction Run I achievements with boosted objects

Run I of the LHC saw an unprecedented evolution in
boosted objects
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All of these analyses use boosted objects
(top, W/Z/h, even g̃) in some way.
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Introduction Run I achievements with boosted objects

We have already reached the TeV scale
Limits on massive particles that decay to W/Z/t/h are at or above the
TeV-scale...and have been for some time.

CMS Exotica Physics Group Summary – ICHEP, 2014
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Introduction Run I achievements with boosted objects

We have already reached the TeV scale
Limits on massive particles that decay to W/Z/t/h are at or above the
TeV-scale...and have been for some time.
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ADD GKK + g/q − 1-2 j Yes 4.7 n = 2 1210.44914.37 TeVMD

ADD non-resonant ℓℓ 2e,µ − − 20.3 n = 3 HLZ ATLAS-CONF-2014-0305.2 TeVMS

ADD QBH→ ℓq 1 e,µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 20.3 n = 6 to be submitted to PRD5.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 1.5 TeV, non-rot BH 1308.40755.7 TeVMth

ADD BH high ∑ pT ≥ 1 e, µ ≥ 2 j − 20.3 n = 6, MD = 1.5 TeV, non-rot BH 1405.42546.2 TeVMth

RS1 GKK → ℓℓ 2 e,µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK →WW → ℓνℓν 2 e,µ − Yes 4.7 k/MPl = 0.1 1208.28801.23 TeVGKK mass
Bulk RS GKK → ZZ → ℓℓqq 2 e,µ 2 j / 1 J − 20.3 k/MPl = 1.0 ATLAS-CONF-2014-039730 GeVGKK mass
Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/MPl = 1.0 ATLAS-CONF-2014-005590-710 GeVGKK mass
Bulk RS gKK → tt 1 e,µ ≥ 1 b, ≥ 1J/2j Yes 14.3 BR = 0.925 ATLAS-CONF-2013-0522.0 TeVgKK mass

S1/Z2 ED 2 e,µ − − 5.0 1209.25354.71 TeVMKK ≈ R−1

UED 2 γ − Yes 4.8 ATLAS-CONF-2012-0721.41 TeVCompact. scale R−1

SSM Z ′ → ℓℓ 2 e,µ − − 20.3 1405.41232.9 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 ATLAS-CONF-2013-0661.9 TeVZ′ mass
SSM W ′ → ℓν 1 e,µ − Yes 20.3 ATLAS-CONF-2014-0173.28 TeVW′ mass
EGM W ′ →WZ → ℓν ℓ′ℓ′ 3 e,µ − Yes 20.3 1406.44561.52 TeVW′ mass
EGM W ′ →WZ → qqℓℓ 2 e,µ 2 j / 1 J − 20.3 ATLAS-CONF-2014-0391.59 TeVW′ mass
LRSM W ′

R → tb 1 e,µ 2 b, 0-1 j Yes 14.3 ATLAS-CONF-2013-0501.84 TeVW′ mass
LRSM W ′

R
→ tb 0 e,µ ≥ 1 b, 1 J − 20.3 to be submitted to EPJC1.77 TeVW′ mass

CI qqqq − 2 j − 4.8 η = +1 1210.17187.6 TeVΛ

CI qqℓℓ 2 e,µ − − 20.3 ηLL = −1 ATLAS-CONF-2014-03021.6 TeVΛ

CI uutt 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 14.3 |C | = 1 ATLAS-CONF-2013-0513.3 TeVΛ

EFT D5 operator (Dirac) 0 e,µ 1-2 j Yes 10.5 at 90% CL for m(χ) < 80 GeV ATLAS-CONF-2012-147731 GeVM∗
EFT D9 operator (Dirac) 0 e,µ 1 J, ≤ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1309.40172.4 TeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 1.0 β = 1 1112.4828660 GeVLQ mass
Scalar LQ 2nd gen 2 µ ≥ 2 j − 1.0 β = 1 1203.3172685 GeVLQ mass
Scalar LQ 3rd gen 1 e, µ, 1 τ 1 b, 1 j − 4.7 β = 1 1303.0526534 GeVLQ mass

Vector-like quark TT → Ht + X 1 e,µ ≥ 2 b, ≥ 4 j Yes 14.3 T in (T,B) doublet ATLAS-CONF-2013-018790 GeVT mass
Vector-like quark TT →Wb + X 1 e,µ ≥ 1 b, ≥ 3 j Yes 14.3 isospin singlet ATLAS-CONF-2013-060670 GeVT mass
Vector-like quark TT → Zt + X 2/≥3 e, µ ≥2/≥1 b − 20.3 T in (T,B) doublet ATLAS-CONF-2014-036735 GeVT mass
Vector-like quark BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet ATLAS-CONF-2014-036755 GeVB mass
Vector-like quark BB →Wt + X 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 14.3 B in (T,B) doublet ATLAS-CONF-2013-051720 GeVB mass

Excited quark q∗ → qγ 1 γ 1 j − 20.3 only u∗ and d ∗, Λ = m(q∗) 1309.32303.5 TeVq∗ mass
Excited quark q∗ → qg − 2 j − 20.3 only u∗ and d ∗, Λ = m(q∗) to be submitted to PRD4.09 TeVq∗ mass
Excited quark b∗ →Wt 1 or 2 e,µ 1 b, 2 j or 1 j Yes 4.7 left-handed coupling 1301.1583870 GeVb∗ mass
Excited lepton ℓ∗ → ℓγ 2 e, µ, 1 γ − − 13.0 Λ = 2.2 TeV 1308.13642.2 TeVℓ∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 to be submitted to PLB960 GeVaT mass
LRSM Majorana ν 2 e,µ 2 j − 2.1 m(WR ) = 2 TeV, no mixing 1203.54201.5 TeVN0 mass
Type III Seesaw 2 e,µ − − 5.8 |Ve |=0.055, |Vµ |=0.063, |Vτ |=0 ATLAS-CONF-2013-019245 GeVN± mass
Higgs triplet H±± → ℓℓ 2 e,µ (SS) − − 4.7 DY production, BR(H±± → ℓℓ)=1 1210.5070409 GeVH±± mass
Multi-charged particles − − − 4.4 DY production, |q| = 4e 1301.5272490 GeVmulti-charged particle mass
Magnetic monopoles − − − 2.0 DY production, |g | = 1gD 1207.6411862 GeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 7 TeV

√
s = 8 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: ICHEP 2014

ATLAS Preliminary∫
L dt = (1.0 - 20.3) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.
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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 1 e, µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2013-0621.18 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e, µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 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 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(G̃)>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<400 GeV 1407.06001.25 TeVg̃

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

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
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0
1)<400 GeV 1407.06001.34 TeVg̃
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1)=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1

1 e, µ 1 b Yes 20 m(χ̃
0
1)=0 GeV 1407.0583210-640 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.1 m(χ̃
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1)=0 GeV 1406.1122260-640 GeVt̃1
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0
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t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
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1 )+m(χ̃
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1
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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 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

1 e, µ 2 b Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 , χ̃
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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

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 ATLAS-CONF-2013-069270 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

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 4.7 0.4<τ(χ̃
0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′

311
=0.10, λ1(2)33=0.05 1212.12721.1 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

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

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

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e, µ (SS) 2 b Yes 14.3 ATLAS-CONF-2013-051350-800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: ICHEP 2014

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.
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) 1405.78751.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e, µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

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

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 1 e, µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2013-0621.18 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e, µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 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 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(G̃)>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<400 GeV 1407.06001.25 TeVg̃

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

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
0
1

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

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

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1

2 e, µ 0-2 jets Yes 20.3 m(χ̃
0
1) =m(t̃1)-m(W)-50 GeV, m(t̃1)<<m(χ̃

±
1 ) 1403.4853130-210 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1

2 e, µ 2 jets Yes 20.3 m(χ̃
0
1)=1 GeV 1403.4853215-530 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1)=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1

1 e, µ 1 b Yes 20 m(χ̃
0
1)=0 GeV 1407.0583210-640 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)=0 GeV 1406.1122260-640 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 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

1 e, µ 2 b Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 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

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 ATLAS-CONF-2013-069270 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

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 4.7 0.4<τ(χ̃
0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′

311
=0.10, λ1(2)33=0.05 1212.12721.1 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

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

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

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e, µ (SS) 2 b Yes 14.3 ATLAS-CONF-2013-051350-800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: ICHEP 2014

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.
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Introduction Run I achievements with boosted objects

At 100 TeV, boosted objects are ubiquitous
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Introduction Use of jet substructure

Deployment of a new set of tools for SM and BSM physics
An enormous set of tools has been
deployed by both collaborations to
maximize our sensitivity to new physics,
and to study old physics in new ways.
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Introduction Use of jet substructure

“If you ain’t boostin’, you ain’t livin” – Nhan Tran, FNAL
(Experimental Summary at BOOST 2014)
A lot of activity since 2008
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Introduction Use of jet substructure

This trend will continue and we must be prepared
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Boosted objects at the LHC 19

Table 1 The top pair production rate at past, present and future colliders, calculated with the MCFM code [92]. The inclusive
production rate is given in the first row. The expected number of events with boosted top quarks (Mtt̄ > 1 TeV) and highly
boosted top quarks (Mtt̄ > 2 TeV) is given in the second and third row, respectively.

Collider & phase Tevatron run II LHC Run I LHC Run II LHC Run III HE-LHC
process & energy, pp̄ at

p
s = 1.96 TeV pp at

p
s =8 TeV pp at

p
s =13 TeV

p
s =13 TeV pp at

p
s =33 TeV

integrated luminosity L = 10 fb�1 L = 20 fb�1 L = 100 fb�1 L = 200 fb�1 L = 300 fb�1

Inclusive tt̄ production 6 ⇥ 104 4 ⇥ 106 6.7 ⇥ 107 1.3 ⇥ 108 1.4 ⇥ 109

Boosted production 23 6 ⇥ 104 1.7 ⇥ 106 3.5 ⇥ 106 7.1 ⇥ 107

Highly boosted 0 500 3.7 ⇥ 104 7.3 ⇥ 104 3.9 ⇥ 106

The HEP top tagger obtains tagging e�ciencies of
up to 37% for lower pT top quarks (pT > 200 GeV/c),

with an acceptable mistag rate. It has been used by the
ATLAS tt resonance search in the fully hadronic chan-
nel [97], where no resolved analysis has been performed.

At high jet pT , the e�ciencies for the HEP Top Tagger
and JHU Top Tagger selections are comparable.

Boosted top quarks were also studied using both
R = 1.0 anti-kt jets and jets identified by the HEPTop-

Tagger [96] algorithm as candidate “top-jets.” Kine-
matic and substructure distributions were compared
between data and MC simulation and were found to be

in agreement. Furthermore, the e�ciency with which
top quarks were identified as such was found to be sig-
nificantly increased in both cases, and the HEPTop-
Tagger was shown to reduce the backgrounds to such

searches dramatically, even with a relatively relaxed
transverse momentum selection.

Overall, the results from ATLAS suggests that, among
the jet grooming configurations tested, the trimming

algorithm exhibited an improved mass resolution and
smaller dependence of jet kinematics and substructure
observables on pile-up (such as N -subjettiness [74,75]

and the kt splitting scales [98]) compared to the pruning
configurations examined. For boosted top quark stud-
ies, the anti-kt algorithm with a radius parameter of
R = 1.0 and trimming parameters fcut = 0.05 and

Rsub = 0.3 was found to be optimal, where a minimum
pT requirement of 350 GeV is typical. It is important to
note that only the kt-pruning for R = 1.0 jets was tested

and that since the performance does depend somewhat
on this parameter, further studies are necessary to op-
timize for other jet size. Lastly, Cambridge-Aachen jets

with R = 1.2 using the mass-drop filtering parameter
µfrac = 0.67 were found to perform well for boosted two-
pronged analyses such as H ! bb or searches involving

boosted W ! qq decays.

A final algorithm that is currently being investi-
gated is the N -subjettiness algorithm [74] presented in
Section 3.

Several new techniques and ideas are emerging, that

aim to improve boosted top identification and recon-
struction.

One such technique is that of shower deconstruction
[99]. This method aims to identify boosted hadronic top

quarks by computing the probability for a top quark
decay to produce the observed jet, including its distri-
bution of constituents. The probability for the same jet

to have originated from a background process is also
computed. These probabilities are computed by sum-
ming over all possible shower formations resulting in
the observed final state, accounting for di↵erent gluon

splittings and radiations, among other processes. This
is done both for the signal shower processes and back-
ground shower processes. A likelihood ratio is formed

from the signal and background probabilities and used
to discriminate boosted top quarks from generic QCD
jets. The process of evaluating all shower histories can

be computationally intensive, so certain requirements
are made on the number of constituents used in the
method to make the problem tractable. The results pre-
sented in Ref. [100] show an improvement on the top

taggers described previously. Specifically, the shower
deconstruction method reduces the top mistag rate by
a factor of 3.6 compared to the JHU top tagger, while

maintaining the same signal acceptance. This method
is also applicable to the lower pT regime, and there
improves upon the top mistag rate from the HEP top

tagger by a factor of 2.6, again keeping identical signal
e�ciency.

Another algorithm under development is the tem-

plate overlap method [115]. The template overlap method
is designed for use in boosted top identification as well
as boosted Higgs identification. The method is similar

to that of shower deconstruction, in that it attempts to
quantify how well a given jet matches a certain expec-
tation such as a boosted top quark or boosted Higgs
decay. However, this method uses only final state con-

figurations, whereas the shower deconstruction method
takes into account the showering histories. A catalog of
templates is formed by analyzing signal events. Once

this is in place, individual jets can be analyzed by eval-
uating an overlap function which evaluates how well the
current jet matches the templates from the signal pro-

cess of interest. For example, a template for hadronic
boosted top quark decays would consist of three energy

from the LHC long-term schedule

arXiv:0611148

Table adapted from BOOST 2012 Report (arXiv:1311.2708): calc. w/ MCFM. Yields for

boosted tops (Mt̄t > 1 Tev) and highly boosted tops (Mt̄t > 2 TeV) given in the 2nd and 3rd row.
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Introduction Where we still need to go

The challenges we will face
Example of the work done in the PU workshop
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We have many tools to mitigate pile-up, but the increases in instantaneous luminosity
are nonetheless very difficult to cope with.
Good modeling of complex observables by Monte Carlos is very important and more
unfolded measurements may be the key to improvements here.

CMS-PAS-JME-13-007
G. Soyez, Pile-up workshop @ CERN
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Prospects for boosted object searches at the energy frontier
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Prospects for boosted object searches at the energy frontier Boosted top re-commissioning

Commissioning boosted object tools at 13 TeV
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ATLAS-CONF-2013-084

During the majority of 2015, we generally expect
similar operating conditions as in Run I, except for
bunch spacing.
Need to demonstrate performance for signal and
background early, and likely use similar working
points for top tagging as in Run I.
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Prospects for boosted object searches at the energy frontier Updates from Run I

Early Run II extensions for Run I boosted analyses
Two advances made near the end of Run I are likely to be adopted early-on in Run II.
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LEFT: Optimized boson tagging using very large parameter space
RIGHT: Track-jet-based b-tagging with very small radii. Now have the ability to
define b-tagged objects independent of the calorimeter and then associated to a
given calorimeter-based jet definition post facto

D.W. Miller (EFI, Chicago) Aspen Winter 2015 – Physics Frontier with Circular Colliders January 30, 2015 14 / 31

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-004
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-013


Prospects for boosted object searches at the energy frontier New ideas in b-tagging

Using specialized b-tagging for boosted objects (II)

5.3 Algorithm Performance Comparison in Simulation 13
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Figure 4: Mistag rate vs. top-jet tagging efficiency as measured from QCD PYTHIA 6 Monte
Carlo and POWHEG tt Monte Carlo, respectively. In the cases where a jet mass cut is applied,
the cut is not varied and is fixed at 140 < mjet < 250 GeV/c2. N-subjettiness is calculated
using R = 0.8 jets except when used in combination with the HEP Top Tagger in which case
R = 1.5 jets are used. Signal jets are matched to simulated all-hadronic generated top quarks,
while background jets are matched to simulated partons from the hard scatter. Distributions
are shown for three pT selections, where the pT cut is applied to the matched generated parton.

CMS-JME-13-007 (also Ferencek at BOOST 2014)

Subjet b-tagging an integral part of boosted top tagging algorithms in CMS
CMS b-tagging for boosted topologies commissioned at 8 TeV and analyses exploiting
subjet b-tagging now public
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Pile-up mitigation and jet substructure
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Pile-up mitigation and jet substructure Pile-up subtraction

Area-based pile-up subtraction for jet kinematics
ATLAS-CONF-2013-083
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Both CMS and ATLAS implement the so-called ‘area-based’ pile-up
subtraction
This is independent of the jet algorithm, and can thus also be applied to
subjets if appropriate

Spoiler alert: it will be!
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Pile-up mitigation and jet substructure Pile-up subtraction

Area-based pile-up subtraction for jet kinematics
ATLAS-CONF-2013-083
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Reduces the dependence on pile-up significantly (it better!)
Also reduces the impact on the jet resolution
This is the default mode of pile-up mitigation on the jet 4-vector for Run
II (being implemented in the trigger as well!)
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Pile-up mitigation and jet substructure Pile-up subtraction

Constituent-level pile-up subtraction
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CMS performed an excellent and comprehensive study of new
constituent-level pile-up subtraction algorithms
From “simple” (e.g. CHS) to “complex” (e.g. PUPPI), and maximum
tracking information (e.g. PUPPI) to no tracking information (e.g.
constituent subtraction)
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Pile-up mitigation and jet substructure Pile-up subtraction

PileUp Per Particle Id
Bertolini, Harris, Low, Tran (arXiv:1407.6013)

08/21/14  16

General Idea of the Algorithm
● Use the Jets without Jets paradigm

● For each particle draw a cone around it

● In each particle cone
● Compute metric α 

– Distinguishes particle from hard scatter from PU

● Calculate median α and α
RMS

 over an event for PU

– Average over all particles associated to another vertex

● Compute a weight that a particle is from pileup

● Reweight particles and re-interpret the event

 

I view this more as a way to customize the inputs to the jet reconstruction
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Pile-up mitigation and jet substructure Pile-up subtraction

PUPPI in CMS
Viola Sordini at BOOST 2014
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I view this more as a way to customize the inputs to the jet reconstruction, which is
extremely important
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Pile-up mitigation and jet substructure Looking farther into Run II and beyond

How do these approaches scale as we move into the future?
ATLAS ECFA Studies on pile-up suppression

The mean number of jets
with pile-up-corrected
pT > 20 GeV and |η| < 1
per event vs. NPV

For the curves with open
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Pile-up mitigation and jet substructure Looking farther into Run II and beyond

How do these approaches scale as we move into the future?
ATLAS ECFA Studies on pile-up suppression

Hard-scatter jets are
matched within ∆R < 0.3
to a truth jet with
pT > 10 GeV, whereas
pileup jets are required to
have a minimal ∆R > 0.6
from any truth jet with
pT > 4 GeV.
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Pile-up mitigation and jet substructure Looking farther into Run II and beyond

How do these approaches scale as we move into the future?
ATLAS ECFA Studies on pile-up suppression

Hard-scatter jets are
matched within ∆R < 0.3
to a truth jet with
pT > 10 GeV, whereas
pileup jets are required to
have a minimal ∆R > 0.6
from any truth jet with
pT > 4 GeV.
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Substructure tools for boosted objects at the energy frontier Multivariate ideas for jet tagging

Incorporating new observables for new taggers

10

W Tagging – Performance comparison (fixed grooming)
ATLAS-PHYS-PUB-2014-004

Fixing jet algorithm and grooming method, and choosing best tagger.
Lower pT values in the backup slides.
All taggers seem to perform similarly after grooming.

pT ,truth ∈ [350 GeV, 500 GeV] pT ,truth ∈ [500 GeV, 1 TeV]
Danilo Ferreira de Lima (Durham&Glasgow) ATLAS Boosted Objects Tagging August 21, 2014 11/34
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Both collaborations are now doing very comprehensive scans of tagging
observables for bosons
Incorporating multiple mass definitions simultaneously
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Substructure tools for boosted objects at the energy frontier Multivariate ideas for jet tagging

Multivariate combinations for W tagging!!"#$!%&'()'*+,-&.!/'0%1&/2"#$!%&'()'*+,-&.!/'0%1&/2

!"#$%#!& '())(*+*,-*./0( 1$

,2.3,4/,567./8*,49*,05:;+*,
,8(.5(<+*,7*.)/.6(:=*,<3,
,6*(:0,/),(>>5:;,%+0'2!)(!
!3+'0+41&2!/)!%'5,&6!*+22!

,?/,4950,5:,4@/,5:>*7*:>*:4
,75+*A7,<5:0,

"&2/!7&'()'*+,-&

B*.)/.6(:=*,50,*0456(4*>,(0
89:

4+-;
!()'!:

20<
=!>?!@

!$'0%1&/2!A!(>>5:;,(!<'))*&6
!*+22!/.!BC&/2!/.!B9D!!!
!10;&10E))6!/)!/E&!4&2/!%+0'!=(:
,9*+7,5:,49*,7*.)/.6(:=*

,B*.)/.6(:=*,;*445:;,=+/0*.,4/
,49*,4/4(+,=/6<5:(45/:,5:,(,C?2

DEFGHEIG!&G$$1DEFGHEIG!&G$$1

10

Boosted Bosons – Correlation between taggers

ATLAS-PHYS-PUB-2014-004

Correlations: which taggers carry complementary information?

All variables weakly correlated with number of primary vertices.

Correlations between signal and background are not very different.

Danilo Ferreira de Lima (Durham&Glasgow) ATLAS Boosted Objects Tagging August 21, 2014 12/34

Now starting to incorporate many variables (some are already “composite” observables, e.g.
QG-likelihood)
Linear correlation coefficients (see ATLAS) are useful, but need to be honest about their limitations
Similarly, need to be honest about the degree to which these complex combinations are necessary
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Substructure tools for boosted objects at the energy frontier Boosted top tagging and pile-up at very high L

Boosted top tagging and pile-up at very high luminosity
High pile-up scenarios for top tagging

The anti-kt R = 1.0 jet mass
distribution in Z′ → t̄t events
where the mean number of
interactions per bunch
crossing (〈µ〉) is 40, 80, 140,
and 200.
The pileup correction is made
to the subjets only, before
their pT fraction is
calculated.
When both trimming and jet
4-vector pileup subtraction
are applied, the jet mass
distribution is stable even at
〈µ〉 =200.  [GeV]
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Boosted top tagging and pile-up at very high luminosity
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Boosted top tagging and pile-up at very high luminosity
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Substructure tools for boosted objects at the energy frontier Boosted top tagging and pile-up at very high L

Tagging tops with substructure
ATLAS ECFA Studies on top tagging
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The pile-up suppression uses the event-by-event median pT density (ρ)
and the jet area.
The pile-up correction is made to the subjets only before their pT is
calculated for the trimming procedure.
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Summary and conclusions

Conclusions and outlook
Pile-up mitigation:

We are at the point where the experimental techniques to mitigate pile-up are
extremely advanced
Collaborations will be testing these techniques at the LHC in the coming years
Adapting these techniques to the needs and constraints of new detectors and new
technologies for future colliders will be the primary hurdle, not the methods
themselves

Jet definitions:
Wide variety of jet definitions available, and dynamically defined sizes and
grooming parameters will become relatively commonplace
This will be relevant for wide dynamic range searches even for very early in Run II
Grooming is invaluable for W/Z/h/t tagging and will need to be considered in any
future collider detector study and optimization

Jet tagging:
Very complex approaches are available, as well as very simple, yet effective, ones
Expect multivariate taggers to be commissioned by LHC experiments soon
Still need “simple” taggers for cross-checks, easy background/sideband estimates
b-tagging will be involved in almost all searches
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Summary and conclusions

The last few years have seen a dramatic increase in the level to which we are able to
exploit the hadronic final state to perform precision physics at the energy frontier by
treating a jet as much more than just a fixed 4-vector surrogate for a parton.

Looking ahead

These techniques will play a critical role
in first Run II analyses
SUSY, Exotics, Higgs (SM+Exotic) will
make use of these taggers as we progress
higher in the energy frontier
At even higher instantaneous luminosities,
the complex techniques now available for
input-level pile-up mitigation will be come
crucial

Thank you!
2015? 2045?
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6 Backup slides and additional information
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Backup slides and additional information

Outline

6 Backup slides and additional information
Triggering on boosted objects in Run III
Track-jet based b-tagging
Caveats and pitfalls to watch out for
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Backup slides and additional information Triggering on boosted objects in Run IIIOctober 16, 2014 – 13 : 41 DRAFT 3
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Figure 3 A block diagram of the gFEX module. Shown are the real-time (to L1Topo) and readout data
paths (to Hub/ROD and FELIX).

The gFEX is an ATCA module conforming to the PICMG R⃝3.0 Revision 3.0 specification [14]. The
gFEX module will likely be placed in a sparsely populated ATCA shelf so that it can occupy two slots if
needed: one for the board and one for cooling (e.g., large heat sinks), fiber routing, etc.

2.2 Input Data

The gFEX receives data from the electromagnetic and hadronic calorimeters on optical fibers. For most75

of the detector, the towers — called gTowers — correspond to an area of ∆η×∆φ = 0.2×0.2. Calorimeter
locations with towers different from this standard size are detailed in Sec. 3.3.

Calorimeter data are transmitted as continuous serial streams. The gFEX logic must be aligned with
the word boundaries in this serial data for conversion into parallel data. The scheme for achieving this is
not yet specified, however, possible mechanisms are being explored.80

The calorimeter data are accompanied by a CRC code. This is checked in the Processor FPGA
immediately following conversion from serial streams into parallel data. All data with a detected error
are sent to the readout path without modification but are zeroed on the real-time trigger path. In addition,
information about errors is collected as follows:

Input Error Count Incremented for any clock cycle with at least one error in any input channel.85

Input Error Latch A bit is set for any channel with at least one error. These bits remain set until
cleared via an external signal.

Error Check Result Formed from an OR of all error checks for the current BC.
Global Input Error Formed from the OR of all bits in the Input Error Latch.

The Input Error Count, Input Error Latch, Error Check Result, and Input Error bits can be read via an90

IPbus command [15] and will be reported via the Hybrid FPGA. An IPbus command will be able to clear
any or all of these registers. The Error Check Result and Input Error Count are included in the readout
data for the current BC. Additionally, the quality of the input data is assessed:

The entire calorimeter on a single board!
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Backup slides and additional information Triggering on boosted objects in Run III

Triggering on boosted objects in Run III
Level-1 fat jet trigger: global feature extraction (gFEX)

Signal: boosted top quarks
Build gFEX jets (in red) from
seeds
Seed threshold: ET > 15 GeV
Sum gTowers in ∆R < 1.0
(noise cut: ET > 3 GeV)

Compare to Run I (open markers)

Efficiency for Run I trigger
depends on the subjet
multiplicity
Worsening efficiencies for QCD
jet → W jet → top jet
gFEX efficiency does not
depend on the jet structure
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gFEX efficient despite significant jet substructure!
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Level 1 pile-up subtraction for boosted tops and bosons
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ρ calculation at Level 1 is independent of hard scattering process, as it
should be

Subtraction improves turn-on and allows for subjet tagging at Level 1
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Track-jet based b-tagging for Run II
ATL-PHYS-PUB-2014-013
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Specifically developed for the graviton→ HH → 4b search, but has significant
implications for top & top-like final states.
Now have the ability to define b-tagged objects independent of the calorimeter and
then associated to a given calorimeter-based jet definition post facto
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Track-jet based b-tagging for Run II
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Complex taggers compared to “simple” taggers (II)
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See identical performance with a cut on τ32 + cut on mass + cut on b-tagging as using full CMSTopTagger
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The difference between “best” in boxes, and “second best” (e.g. rejection factor 41 vs. 52) is 0.4%.
This is not an observable difference, and if we take such arguments literally, we may find ourselves in a
corner.
We should develop a threshold for improvement that requires that the complexity needed for that
improvement be outweighed by the significance of the gain
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Complex taggers compared to “simple” taggers (I)
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