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Introduction

» LHC experiments continue to

push exclusion limits higher
and higher

» The LHC is a top quark
factory
» Large dataset
» Many decay channels
which can be analyzed
independently

» A perfect final state to probe

new physics!
» Unique event signatures

» Can provide solution to the
hierarchy problem without

SUSY

» Special techniques for top

reconstruction can
increase mass reach
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Outline

» Top reconstruction techniques
» Boosted topologies

» Jet substructure algorithms
» Performance on data

» Searches for new physics

Top Candigates

150

100

1

» Top pair resonances in multiple

final states
» All-hadronic
» Lepton + jets
» Dilepton

» Top partners
» Vector-like t’ quarks
» Charge-5/3 quarks
» Excited t* quarks
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Top Quark Reconstruction




Kinematic Regimes

» Searches covering different mass —~ 350 ———— BRI QMSPAS'JME'1O‘O13
) . 0 - Top Tagging " T
ranges call for different strategies S C CMS Simulation 0.12
» X—1t for example G 300pZ—ti
~ I \Ns=7TeV
k7 N 0.1
» Low-mass searches (< ~1 TeV) E 250
» Decay products well-separated - 0.08
» Standard top quark methods 200;_
used 150 —0.06
» High-mass searches (> ~2 TeV) 100 —0.04
» Top quarks become boosted
» Decay products collimated 50 0.02
» Special reconstruction
algorithms required %"300 400 : 500 600 700 800 900 °
» Jet substructure : pjTet (GeV/c)
» Intermediate mass range
» Partially merged decay W :
products t t

» Mix of techniques w



Identifying Boosted Top

» Angular separation between decay
products

2m
AR ~ —
Pt

» Choose a large jet cone size for
reconstruction to ‘catch’ all decay
products

» ATLAS has studied R=1.0,1.2, 1.5
» CMS has studied R =0.8, 1.5

» Use specific algorithms to identify
the collimated decay products
within this large-R jet

ATLAS-CONF-2012-065
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HEP Top Tagger

» ATLAS has extensively studied and
optimized the HEPTopTagger
» Plehn, Spannowsky, Takeuchi,
arXiv:1111.5034

ATLAS-CONF-2012-065

» HEPTopTagger reclusters the large-R
jet using a smaller distance parameter
» Removes soft, wide-angle radiation

» Left with 3 decay products of top

auark reconstructed as subjets
substructure objects
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HEP Top Tagger i contes va

» Can then use the three subjets to
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é .......
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HEP Top Tagger

» Can then use the three subjets to
impose criteria

» W mass, top quark mass

» Good discriminating power between
top pair events and backgrounds
» Efficiency ~40% at high-pt
» Mistag rate ~few percent
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CMS Top Tagger

» CMS uses an algorithm based on JHU
top tagger
» Kaplan, Rehermann, Schwartz,
Tweedie, PRL 101/142001 (2008)

» The algorithm uses jets with distance
parameter R = 0.8, clustered with
Cambridge-Aachen

» Uses cuts based on jet substructure
information
» Acquired by reversing the jet
clustering algorithm
» Step back in the pairwise sequence
to find substructure

» Can find a maximum of 4 subjets if
all decomposition criteria are met
» Optimized in simulation

ORIGINAL JET

/ First reverse /terat/on

Decomposition criteria:
AR s > 0.4 —0.004 - p

cluster >~ 0.05 - Jet

g

1

-



Top Mistag Rate

CMS Top Tagger

CMS-PAS-B2G-12-005,
CMS-PAS-EXO-11-006

» Look at substructure quantities to

identify top quarks

» Jet mass in [140, 250] GeV

» Number of subjets >= 3

» Minimum pairwise subjet

mass > 50 GeV
» Proxy for W within
fully-merged jet

» Efficiency ~50% at high pr
» Mistag rate < 10%
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CMS Top Tagger CMS-PAS-B2G-12-005
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Leptonic Top Decays CMS-PAS-EXO-11-092/093

» Specific algorithms needed for £ o INFar i A oL L S
leptonic decays as well - Z, M=3TeV/c’
» Avoid veto on good events! S ool
» Special isolation requirements to R ,
select events where lepton is inside of 0'06;5 Leptonlc top
jet ood /%
» If lepton within the jet cone, must H
have 25 GeV of momentum 0.02-!
orthogonal to jet axis -
» Reject QCD with special cuts of

A R(b lep.lep)

iet | leP

tlep S
thad /
AR(teP, V)
JAN R(tlep thad)

QOO

10 20 30 40 50
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tt Resonance Searches
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Top Pair Resonances CMS-PAS-B2G-12-005

» Both ATLAS and CMS search for
resonances in the my spectrum
» 7ot
» Widths I'/mz =1%, 10%
» RS KK gluon — tt
» Mass-dependent width

» Searches use a mix of techniques
» Low mass — threshold analysis,
standard jet reconstruction
» High mass — boosted analysis,
jet substructure used

» All channels analyzed
» All-hadronic
» Lepton+jets
» Dilepton

Fraction / (100 GeV/c?)

Fraction / (100 GeV/c?)
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Lepton + Jets Searches

CMS-PAS-B2G-12-006

» Threshold analysis
» Standard top reconstruction at
low pT

» 4 or more jets, pT > 70, 50, 30, 30

GeV
» Isolated high pT electron/muon
» Missing Er > 20 GeV
» >=1 b-tagged jet

» Boosted Analysis
» Merged top decay products
» 2 or more jets pT > 150, 50 GeV
» No isolation requirement on
electron/muon
» 0 or 1 b-tagged jets
» Hr > 150 GeV
» Missing Er > 50 GeV

event yield

data / bkg

5000

4000}

3000

CMS Preliminary, 19.6 fb", {s = 8 TeV
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1000~
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------ Z' 2.0 TeV/c? (1%)
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—@— CMS Data 2012
Uncertainty

0 2 4 6 8 10 12
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Lepton + Jets Searches CMS-PAS-B2G-12-006

» Threshold analysis » Choose assignment for each jet
» Standard top reconstruction at » Form all combinations, compute X2
low pT function
» 4 or more jets, pT > 70, 50, 30, 30 » Cut to enhance sensitivity
GeV 2 2 )
» Isolated high pT electron/muon Xx — (xmeas _ xMC) /UMC’
» Missing Er > 20 GeV
» >= 1 b-tagged jet CMS Preliminary, 19.6 b, Vs = 8 TeV
% 2500_""Ll'-'FjétS','X'z”S'TO””'” = w::; gg?ht)
'; Bl W-olv (+b)
- N B Z/y-IT
. c 2000+ : B Ssingle-Top
» Boosted Analysis 2 — e
()] Z'1.0 TeV/c: (1%)
» Merged top decay products 1500/ Rt
» 2 or more jets pT > 150, 50 GeV — §~?s°§§é’202‘2°/°’
. . . | ncertainty
» No isolation requirement on e
electron/muon ool
» 0 or 1 b-tagged jets
> HT_ > .1 50 GeV % 100 200 300 400 500
» Missing Er > 50 GeV Mo phaa [GEV/C?]
o)) 2
-
o 15
g o E— : .......“..
T
0.5
% 100 200 300 400 500
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event yield

data / bkg

Lepton + Jets Searches

CMS-PAS-B2G-12-006

» Final discriminating distributions used
to set limits
» 0 and =1 b-tag channels, muon
+jets selection
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Lepton + Jets Searches

ATLAS-CONF-2013-052

» ATLAS also uses a resolved and

v v

v

v

v

boosted selection

Isolated muon/electron, pt > 25 GeV
Missing Er > 20/25 GeV (e/p)

Resolved selection:
» > 3 jets, pr > 25 GeV
» If one jet mass > 60 GeV
» Otherwise > 4 jets
» X2 algorithm used for reconstruction

Boosted selection:
» Large R = 1.0 jet
» pt > 350 GeV
» Mass > 100 GeV

» kr splitting scale > 40 GeV —_—

Require > 1 b-tagged jet
» Could overlap with the large R jet
» Could be assigned to leptonic
decay

Events / GeV

Data/Bkg

Events / GeV

Data/Bkg
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60FATLAS Preliminary -e-Data O« 3
- [l Single top [ Multi-jets ]
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40 , A ;7/ \s=8TeV
- , Y _
b E
W 7 f Ldt=142f" 3
7 Z =1 ]
2065 | E
c u+ jets ]
10 e boosted 7
_____ 077 Dssiiispinias
1.5
1
0.5
10
mt "4 [GeV]
L L I A e
40EATLAS Preliminary -e-Data Ow
35E L @Single top [ Multi-jets
30 = 7/ [ W+ets O Z+jets
= []Diboson
o5E K Vs =8 TeV

% fL dt=1431"

e +jets
boosted

(d,, [GeV]
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Lepton + Jets Searches ATLAS-CONF-2013-052

Events / TeV

Data/Bkg

» Resolved and boosted selections » Reconstructed tt mass distribution
combined to produce final result used for signal discrimination
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.7 ATLAS Preliminary  -s-Data i @ = ATLAS Preliminary ~ --Data f
] f" dt=14.2 5" B Vutti-jets [Jw-ets - 10° = f" di=14.2 15" B Multi-jets [Jw-+ets i
10 [[]Other Backgrounds i) W []Other Backgrounds .
10° c 10¢ E
) Is=8TeV CI>J o {s=8TeV 3
103 o+ jets TR v, w+jets 3
: ved = == boosted
102 resolve 107E e ooste 4
10 = 3
10
10 =
: %7
1 1 E
e PR ST T [T T T T ST T N SO T M | T T T S (N SO T M |
15 g 15 Tp 7
1} Q2 7 A
0.5 . . . . S s 0.5 pro- g sroeeenee e TEEE ///% z //4
0 0.5 1 1.5 2 2.5 3 3.5 0 0 : : 3 3.5
mee [TeV] mize® [TeV]

20



ATLAS-CONF-2013-0562,

Lepton + Jets Limits CMS-PAS-B2G-12-006

Upper Limit o, x B [pb]

» ATLAS (8 TeV) excludes Z’ up to » CMS (8 TeV) excludes Z’ up to 2.1 TeV,
1.8 TeV, KK gluons to 2.0 TeV KK gluons to 2.5 TeV
» Slightly different KK gluon models

— rrr|rrr..pr...... & 11T ] '5‘ T T
"é (s=8TeV Obs. 95% CL upper limit =3 Is = 8 TeV _ Obs 95% CL upper Ilmlt
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! f Ldr=143fb B Exp. 1 o uncertainty ? f [ Exp. 10 uncertainty
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Dilepton Searches

ATLAS-CONF-2011-123,
CMS-PAS-TOP-11-010

» CMS uses NN approach, ATLAS uses
Hr+Et spectrum
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» Exclusions up to ~1 TeV, depending on
signal model considered
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Events / 100 GeV

All-Hadronic Searches ATLAS: JHEPO1(2013)116

» ATLAS uses two top taggers » Require a b-tagged jet close to the
» HEPTopTagger identified ‘fat jet’
» Template Tagger
» my distribution used to set limits

» Large R jets used to catch decay » Z’ narrow, wide resonances
products » RS gluons
35_ | I I T T T I T T T T T T T T ] % 350__1 T T T 1 T T T 1 T 1T T 1 , T 1 |j
- ~e-Data 2011 SO I <+ Data 2011 :
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All-Hadronic Searches

ATLAS: JHEPO1(2013)116

» Limits from ATLAS with 7 TeV dataset

—e— Obs. 95% CL upper limit
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I Exp. 16 uncertainty
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» KK gluons excluded to 1.62 TeV
» Z’ bosons excluded from
1.0t0 1.32 TeV
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All-Hadronic Searches

CMS-PAS-B2G-12-005

» CMS uses the JHU-based top tagger

» Dijet event topology
» 2 jets pt > 400 GeV
» Rapidity separation [Ay| < 1.0
» Enhances sensitivity at high

mass
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» Main background is multijet events
» Determined from data using a
mistag rate applied to loosened
selection
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All-Hadronic Searches

CMS-PAS-B2G-12-005

» CMS results with 8 TeV dataset

» Narrow (1%) Z’ exclusion to 1.65 TeV
» Wide (10%) Z’ exclusion to 2.35 TeV
» RS KK gluon exclusion to 1.8 TeV

» High mass cross section limits
significantly improved due to |Ay|

criteria
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Enhancement Analysis

CMS-PAS-B2G-12-005

» To produce a limit on this general
enhancement we use a simple
counting experiment with events
having my > 1 TeV

» Result is limit on the enhancement
ratio

f dosp4Np
mg>1TeV/c2  dmyg

dosm _
f mg>1TeV/c2 dmyg dmtt

S —

» New result -- set limit of
S <1.79 (expect S < 2.29) at
95% CL
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Top Partner Searches
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Search for Top Partners

CMS-PAS-B2G-12-01

2

» CMS search for particles Ts/3 with
exotic charge
» Solve hierarchy problem and are
compatible with observed Higgs
mass
» Found in KK gluon models

» Final state consists of same-sign

dileptons g~
» Also can identify boosted W or 2
boosted top quarks in the event Oy
» Use jet substructure! 9
Q
Q
Q
» Basic event selection: g 3

» 2 same-sign leptons, pt > 30 GeV
» 5 or more “constituents”
» Boosted top =3
» Boosted W =2
» Hr > 900 GeV
» Quarkonia, Z vetos

See Y-M. Tzeng,
Parallel Talk for more

J
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Search for Top Partners

CMS-PAS-B2G-12-012

» CMS search for particles Ts/3 with
exotic charge
» Solve hierarchy problem and are
compatible with observed Higgs
mass
» Found in KK gluon models

Events

» Final state consists of same-sign
dileptons
» Also can identify boosted W or
boosted top quarks in the event
» Use jet substructure!

» Basic event selection:
» 2 same-sign leptons, pt > 30 GeV
» 5 or more “constituents”
» Boosted top =3
» Boosted W =2
» Hr > 900 GeV
» Quarkonia, Z vetos

» CMS excludes masses up to 770 GeV
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Search for Top Partners

ATLAS-CONF-2013-051

> ATLAS uses asimilar final - & W[ T E T T
state to probe several S S A — b Touncotaiy FoF o\ o E e S
. —— Hf\.%\/y gxg&chpgroductbn S— H’é%vy gll:a.rk Pair groduction b
phySICS mOdels ATLAS Preliminary ATLAS Preliminary
» 4th gen., vector-like ok fra=issw’ G=etev | | [Ld=143M0", G=8TeV
» 4 top contact interaction :
» Same-signtop pairs | NN\ {1 | = \
» Select events containing: 3 T —— 1 “F 3
» 2 same-sign leptons ATV T TR ). VTR el i NG
] 03 04 0.5 0.6 0.7 0.8 09 03 04 0.5 0.6 0.7 0.8 09
y > 2 Jgts, 1 b-tagged my, [TeV] my [TeV]
» Missing Er > 40 GeV
A [ | T [ I [ T | .
» Hr > 550 GeV a f ATLAS .
_ -
» Quarkonia, Z vetos T 4L roxminary -~
x f Ldt = 14.31b",Vs =8 TeV E
» Vector-like quarks excluded to 590 107 -
GeV (B), 540 GeV (1) e e ———————— —.
» KK gluons excluded to 900 GeV 1021 _
. . . S Expected limit at 95% CL : 3
» Four-top cross-section limits: E I Expected imits 1o | :
L _ ™[] Expected limit+ 20 : 7]
95% C.L. upper limit 10-3 =+~ Theory approx. LO : IE
o(pp — tttr) [fb] |C|/A? [TeV~2] - —4— Observed limit at 95% CL : : :
Model Expected 1o range | Observed Observed o b b by B by 1y [
Standard Model 43-89 85 - 06 07 08 09 1 1.1 1.2
Contact interaction 29-61 59 15 Mgk [TeV]
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Vector-Like Quarks ATLAS-CONF-2013-018

» Vector-like top partners have many
possible decay modes

-

} t’_’bW % : LI L L L I L L L :I.

» t'—otZ CEO_) 0_9:_ —:

» ' —tH £ Singlet Doublet ]

c 0.8 —t - Wb N

» Unique final states o F —Lma -2 .
L . 0.7 =

» Rich in b-jets - .

» Can give boosted tops, W 0.6F- =

» ATLAS released new results with 0‘5;_ -
8 TeV dataset (~14 fb™) 0.4] -
03f -

» Scan over branching ratios to probe 0oF =
all decay modes - .
0.1 —
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Events / 100 GeV

Data/MC

Vector-Like Quarks

ATLAS-CONF-2013-018
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» Select events with:

» 1 good electron/muon

» 6 or more jets
» 2, 3 or 4 b-tags

» Main background is top pair events
» Normalization determined after fit

to data
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» Hrdistribution used to discriminate

signal

» Separated into bins of b-tagged jets
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Vector-Like Quarks

» Exclude t’ vector-like quarks up to
» 790 GeV, for SU(2) doublet model

» 640 GeV, for SU(2) singlet

» CMS sets comparable limits of

660-760 GeV, see Y-M. Tzeng, parallel

talk

» Also can scan in the plane of B(t’—tH)

vs B(t' =bW) :
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Excited Top Search

CMS-PAS-B2G-12-014

» Search for excited top quark t*—t+g

» Electron/muon + missing Et + =6 jets
» 1 b-tagged jet

» Kinematic constraints to reconstruct

candidate t* mass
» Distribution used in limit setting

» Exclude t* quarks up to 794 GeV
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Summary and Conclusion

» Many new analysis results from both
CMS and ATLAS presented
» Mass reach continues to increase,
now setting multi-TeV scale
exclusions!

» These analyses benefit greatly from
the use of substructure tools

» Specialized reconstruction
techniques to maintain sensitivity in
the boosted regime

» Will become even more critical
during the next LHC run at higher
energy!

» Please see documentation of
individual analyses, parallel talks, and
posters for more detail

» Just a broad overview here

» Thanks for your attention!
» Comments, questions?
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