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Introduction

* Top quarks play an important
role for BSM physics searches
* New massive gauge bosons (W’, Z’)
* Heavy quark partners (t’,b’)
* Kaluza-Klein excitations

* SUSY Y G
* efc... f’-

* Top quark daughters merge at
high boost

* Boosted top quark identification
allows for sensitivity in very high
resonant mass regions.

* Hadronic top decay resolved as [ 2 J
single jet pt 2 400 GeV



Outline

* Top tagging algorithms
* CMS top tagger
* HEP top tagger

* Physics analyses

* Searc
* Searc
* Searc
* Searc
* Searc
* Searc

n for BSM tH production (B2G-14-002)

n for BSM tb production (B2G-12-009)

n for top squark pair production (SUS-13-015)
n for Ts /3 pair production (B2G-12-012)

n for T’ pair production (B2G-12-015)

n for BSM tt production (B2G-13-001)
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Top-tagging algorithms

* CMS top-tagger
* Cluster jets using Cambridge Aachen (R = 0.8) sequential
recombination algorithm
Decluster twice to find up to four subjets
Jet mass

- 140 GeV < Mye¢ < 250 GeV @ > o ' 0

Minimum pairwise mass
° Mmin > 50 GeV

Number of subjets
° Ns] > 2
* N-subjettiness

* Use jet constituents to define how
consistent the jet energy is with
having N subjets

* Subjet b-tagging

* Search for a b-tag in the collection of
subjets

o
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Top-tagging algorithms
* HEP top-tagger

£ 12F B 7
. B[ p>200Gevie B
® Use |ar‘ge Jets £ 1: if simulated with MADGRAPH i
0.8
* Cambridge Aachen (R=1.5) oe 4
: : . ’
* Invariant subjet mass 04 :
0.2 = 1
© 140 < Myp3 <250 052 04 0608 1 13 T4 D
* top mass selection atan(m, /m,))
. . . . _ CMS Simulation {s=3TeV i
* Pairwise subjet mass ratios Sk Sl
R p. 200 GeVic ’

© Mqy, My3, My3
* W mass selection

PP irish ‘H?_ﬁf“ |':|.. 1. 0
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atan(mw,-‘mu)

JME-13-007




Top-tagging algorithms

CMS Simulation, Vs = 8 TeV
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Search for Resonances in All-Hadronic Final States Using Substructure Methods | B2G-14-002

Search for tH
resonances




B2G-14-002

Search for tH resonances
* Pair of heavy resonances

decaying to a Higgs boson
and top quark
* T'T" - (tH) (tH)
* t > (Wb) — All Hadronic
* H - (bb)
* Extract cross-section limits
assuming BR(T' —» tH) = 1.0
* Scan T' BR space

BR(T' —» bW) = 1.0

- T" - Wb BR(T' - tZ)=1.0 BR(T' - tH)=1.0
- T' > tZ
T - tH




B2G-14-002

Search for tH resonances

top jet Higgs jet

=L

* Merged tops
* HEP top-tagger
* At least one subjet b-tag
* Merged Higgs’
 H — bb within single CA15
resolved jet

* Two subjets, both subjet
b-tagged

* Di-subjet invariant mass larger
than 60GeV
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B2G-14-002

Search for tH resonances
* tt background estimate from Monte Carlo

* QCD background estimate from data

* ABCD method
* Higgs-tag and top-tag can define four regions

* Three control regions

L NcxN
* Normalization: Np = ——=
Na
* Shapes: Use B region
* Ht and my

c owsEna)
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Search for tH resonances

* Exclude M, < 747GeV
« Given BR(T' - tH) = 1.0

*Scan BR space

BR(T' - tH) = 1.0

CMS Preliminary, 19.7 fo”' at {s= 8 TeV, BR: BW 0%, TZ 0%, TH 100%
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rch for W' — th in the all-hadronic final state | B2G-12-009

Search for tb
resonances




B2G-12-009

Search for tb resonances

 Search for heavy tb resonances
* tb - (Wb)(b) — All Hadronic

* Generic W’ couplings w
* Right-handed, left-handed, mixed NN

* Left handed and mixed include SM W
interference

* Cross-section limits placed on right-
handed W’

* Place limits on left- and right-
handed coupling strengths

* CMS top-tagger
* N-subjettiness _——
* Subjet b-tagging ~——_

* b-tagging on opposite jet
* Dijet topology




B2G-12-009

Search for tb resonances

* Background sources mainly tt and QCD
* tt estimated from Monte Carlo

* Data-driven normalization measurement

* Use b candidate mass control region

* QCD Shape and normalization from data

* Find average b-tagging rate for QCD jets in a control region
* Apply average b-tagging rate to signal region in lieu of b-tagging

CMS Preliminary, 8 TeV, 19.7 fb’ Post Fittin 0 2CMS Pre||m|na|’y Vs = 8 TeV, 19 7 fb1 (0 5<r]<1 15)
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Search for tb resonances

CMS Preliminary, 8 TeV, 19.7 !

LA BN R DL L L S I B B
* Exclude M,,» < 2.02 TeV i

XC u e W, " e O 107 [ aco Backgreund Prediction

R 3 I i Monte Carlo Prediction
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=~ Wi 1o Background Uncertainty
* Place limits on left- and right- R
S —.0 WL{0.2 pb) at 1900 GeV
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handed coupling strengths

* Combination with the
semileptonic W' — tb decay

e .
g 08 N T
channel underway (B2G-12-010) i-i —w §
= 500 1000 1500 2000 2500 3000 3500 4000
M, (GeV)
UV 30 AR AR AR RSN BN RE
ECMS Preliminary, L = 19.7 fb'at \/s = 8 TeV 3
| CMS Freiminary 197 B TeV) | CMS Freiminary 197w BT B Observed (95% CL) ]
E — Expected (95% CL) -

300 @

w0 .. | £20 Expected

o
&
oy
O
1:: § _,-Ii, 1F * 10 Expected =
ST/ 3
m
X




Search for top squarks in multijet events with large missing momentum in proton-proton collisions at y/s = 8 TeV SUS-13-015

Search for a top
squark




SUS-13-015

Search for a top squark

* Search for top squark pair production
* T — (tx1) (6%3)
* t - (Wb) — All Hadronic
. )Z(l)(neutralino) detectable as MET




SUS-13-015

Search for a top squark

* HEP top-tagger (slightly o S L1048 5870
mOdIfIEd) 1.0:.. 0°
* Fully resolved AKS5 jets instead of o
CA15 subjets
« AR<1.5

* Pass one of following
© a.)Rpin < ng/m123 < Rmax
‘ b-) Rmin < m1z/m123 < Rmax
‘ C.) Rmin < m13/m123 < Rmax

* Rpin = 0.85"W/y

arctan(m_/m;,)

: m23/mlzg > 0.35 S os

* Partial top reconstruction

* Consider the remaining jets 04l

* Higher signal acceptance than full top o2
tag ogl

arctan(m /m1?_)



SUS-13-015

Search for a top squark

* Place limits in mg, Mmyo space

CMS Preliminary, 19.4 fb™, fs = 8 TeV
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harge 5e/3 in the same-sign dilepton final state B2G-12-012

Search for a Ts /3 top
partner




B2G-12-012

Search fora Ts /3 top partner

* Search for pair-produced Ts /3
* Ts/3Ts/3 > (WTO(W™E)
* Same-sign dileptons




B2G-12-012

Search fora Ts /3 top partner
e

p; =633 GeV

N4\ n=03

e Use CMS top-tagger and
boosted W-tagging
* Search for top-tagged jets
* Search for W-tagged jets

N/ Electron
p; = 69 GeV
n=0.1

p;=352GeV | \ Muon

* Search for AKS jets
+ AR > 0.8 from CA8 tagged jets ‘
* Require at least 5 “physics objects” s

over the two same-sign leptons
* Leptons other than the same sign leptons =1
* AKS5jets=1
* CA8 W-tagged jet =2
* CAS8 top-tagged jet = 3

AKS Jet

b, = 44 GeV AKS Jet

pr =472 GeV

umi section:
Orbit/Crossing: 56897344 / 577



B2G-12-012

Search fora Ts /3 top partner

_CMS__ L=195f" Js=8TeV _

* Rare backgrounds

* WZ, ZZ, ttW etc.
* Opposite sign backgrounds

* tt, Drell-Yan
* Charge mis-identification

Events / 200 GeV

g 9 g
o Non_pr‘ompt background 0200 400 600 800 71000 1200 1400 1600 1800 2000
H; (GeV)
. . . . CMS L=195f" (s=8TeV
* Jets misidentified as leptons, conversions, etc. = R R R R AR AR AR
o 1= —e— Observed Limit =
H H < F ----- Expected Limit 7
* data driven technique < e s 1o
z—_ [ Expected Limit + 20
T 1 0_1 Signal Cross Section
°Te/am 800 GeV . 0%
5/3 aSS < e § BF(T,, — tW') = 100% ]
T 4021 E
Il—-i _______________________
bLO
EE 10° E
Ceo o b by by by s Ly g by
© 400 500 600 700 800 900 1000

T, mass (GeV)



V> 1 B2G-12-015

Search for a T' top
partner




B2G-12-015

Search for a T' top partner

e Pair produced T’

- T'T' » (XY)(X'Y") " W »
!/ T T
* Scan T" BR space >mm<§‘;v >mmr<§:
° T, — Wb a b g t
e T, - tZ ! ;5 ;Z ! T //’:
® T, — tH T > T ki
« Combination of ; o ;
lepton+jets and . o ! :
multilepton channels R ¥ i

* CMS top-tagger
* Boosted W-tagging




B2G-12-015

Search for a T' top partner

. , CMS Vs = 8 TeV 19.5 bl
* Background estimate from = S—— i
Monte Carlo mo

10°

* Primarily tt, W+Jets o

* Derive W+Jets k-factors from data 1‘:
* Corrections to SHyFT k-factors

* Boosted Decision Tree (BDT)
* Number of top-jets used as BDT e e

--- TT 800 GeV (x100)

Pull
NN

input
* Along with NJets, Nbtags, MET,
lepton pr etc. Expected Observed
* T' mass lower limit between = w0 g o
687 and 782 GeV

[A29)] ywy ssvw spaenb § papadxy
N T -
8 - 8 g 8

[A29)] sy ssew spaenb

1 0 7 1
BR(tZ) BR(tH) BR(tZ)




ion in pp collisions at+/s = 8 TeV B2G-13-001

Search for BSM tt
resonances




B2G-13-001

Search for BSM tt resonances

 Search for heavy tt resonances
* tt » (Wb)(Wb)
* Narrow Z’
* Wide 7’
* KK gluon
* Combination of

* Semileptonic channel (B2G-12-006)
* All-hadronic (B2G-12-005)

_bijet boosted
{ + jets

threshold v 1
{+ jets '

A\ bt boosted
' all-hadronic

& |
) "&!._-, (partially) merged jets :

7
&L

/" jet with top-tag

jet with top-tag




B2G-13-001

Search for BSM tt resonances

e All-hadronic

* Use CMS top-tagger
* tt background from Monte Carlo
* NTMJ (QCD) background from data

*  Predict parameter ( F) Njets

* Using top-mistagging rate (r)

*  Weight pre top-tagged sample (N) Fk — E Nk,?; X T'g',,
* Anti-tagged jet i—1

Invert substructure selection M,i, < 30 GeV
*  Keep top mass window

* Probe jet

* Top-tag for mistag rate

* Top-candidate mass not correctly predicted

* Randomly drawn from QCD Monte Carlo distribution (keep top mass window)

* tt background subtracted from top-mistagging rate
* Take into account correlated and uncorrelated statistical uncertainties

Njets

o(F) =4 Y ((N,m- x 7(r3))* + (/N x i) 2)2,

1=1
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Search for BSM tt resonances

* Exclude Narrow Z'’ mass < 1.7 TeV

CMS, 19.7fb" (s =8 Te
ET
- all-hadronic ¢ Data
B W tt
I NTMJ
‘s, —Z'2TeV
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B2G-13-001

Search for BSM tt resonances

* Boosted Semileptonic

* Lepton isolation breaks down

* Boosted semileptonic top selection

* AR(lepton, closest jet) > 0.5
OR

p-el(lepton, closest jet) > 25 GeV

* Background estimate from Monte Carlo
* Primarily tt, W+Jets

* Exclude Narrow Z’ mass < 2.1 TeV

-1 KRN
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Search for BSM tt resonances

e Combination
* Exclude Narrow Z’ mass < 2.1 TeV

SZ8TeV 19.6M"

L LS B N I B S N B B

1% WidthZ*

------- Expected Limit

Observed Limit

. :ic

. :20
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Summary

* Searches for BSM signals decaying to top
quarks have been performed

* Boosted top-tagging techniques used to
place limits in the high resonant mass
regime

* Constantly evolving techniques enhance
sensitivity further than ever before

* No excesses found at 8TeV, but
techniques will prove invaluable at 13TeV
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HEP top-tagger
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B2G-14-002

Search for tH resonances

* Selection cut flow
* Number of Jets (pt>150)
* Number of Jets HTT (pt>200)
* Number of Jets HTT + SJBtag

Events
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Search for tH resonances

shapes

* Closure of B region

* For Hy and my shapes
* Single and multi-higgs

channels

CMS Simulation Preliminary
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Events/GeV

DATA/BG

B2G-14-002

Search for tH resonances

* Signal region Ht and

my shapes

CMS Preliminary, 19.7 ' at {s=8TeV
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Events

DATA/BG

B2G-14-002

Search for tH resonances

*Signal region L shapes 700GeV

CMS Preliminary, 19.7 fb" at s =8 TeV
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Search for tH resonances

* Trigger efficiency HT750

CMS Preliminary, 19.7 fo" at Vs = 8 TeV
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Search for tH resonances

* Cross section exclusion 700GeV

CMS Preliminary CMS Preliminary

J.Ld1=19.7 o, Vs=8TeV J-Ldt=19.7 ", Vs=8TeV

T(bW) T(bW)
1

1
1.2

1.4
1

1.2

1 0.8

0.8 0.6

0.6
0.4

0.4

0.2 0.2

[qd] nwiq 29s-x A9 00 L pajoadx3y
[qd] ywi 28s-x A®D 00L L POAISSAQ

T(t2) T(tH) T(t2) T(tH)



B2G-12-009

Search for a W’ Boson

* Average b-tagging rate regions
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Search for a W’ Boson

* Signal shapes
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B2G-12-009

Search for a W’ Boson

* Closure regions

CMS Preliminary, 8 TeV, 19.7 b CMS Preliminary, 8 TeV, 1.7 !
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Search for a W’ Boson

* Trigger efficiency HT750

CMS Preliminary, 8 TeV, 19.7 fb™
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Search for a top squark

CMS Simulation, L = 19.4 b, Vs = 8 TeV

* Lost lepton and tau
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Events / 50 GeV

SUS-13-015

Search for a top squark

CMS Preliminary, L= 19.4 fo™", ¥s = 8 TeV

* Baseline cuts o
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* Kinematic variables in §\\;
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SUS-13-015

Search for a top squark

* ttbar discriminating selection
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Search for a top squark

e ttbar discriminating selection
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SUS-13-015

Search for a top squark

* Cutflow
pRiss > 200GeV, | piss > 350GeV, | piss > 200GeV, | pis > 350 GeV,
Nb—jets > 1 Nb—jets > 1 Nb—jets > 2 Nb—jets > 2
tt 153.8 £5.7 189 £2.0 63.4+3.7 6.3+12
W — v 229429 5.8+ 1.4 39+1.2 1.14+06
Z— i 25.0 £ 1.2 8.4+0.6 46+0.5 13402
QCD 1.1+0.6 0.0753 0.0793 0.0757
single top 17.5+3.9 52+2.1 70425 1.8+ 1.2
ttZ 7.8+0.4 2.3+0.2 42+0.3 14402
ttW 24+02 0.3+0.1 11402 0.1+0.1
77 0.840.2 0.340.1 02+0.1 0.0:07
WZ 0.5+0.2 0.1+£0.1 0.1+0.1 0.0,
WW 0.8+0.3 0.1+0.1 0.3+0.2 0.0793
Total (no QCD) 231.5+7.6 412433 84.7 4.6 120+ 1.8
Data 254 45 83 15
Signal (350, 0) 162.8 £7.2 113+1.9 84.4+52 75+15
Signal (500, 100) 832+ 1.7 33.7+ 1.1 48.14+1.3 19.8+0.8
Signal (650, 50) 224 +04 158 +0.3 131403 9.3+£0.2
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Search Ts /3 top partner
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Search T, 3 top partner

* b-tag and jet
multiplicities
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Search T, 3 top partner

* BDT discriminant for various channels
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Search T, 3 top partner

* BDT discriminant for various channels

* Zero b-tags
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o(pp — Z' — tt)[pb]

B2G-13-001

Search for BSM tt resonances

* Limit comparison
for various signal

hypotheses

10 CMS, 19.7fb ", Vs =8 TeV KK Gluon
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Search for BSM tt resonances

* Signal exclusion

Model Observed Limit Expected Limit
2, Tz / Mz =12% 2.1TeV 2.1TeV
7', Tz / Mgz =10% 2.7 TeV 2.6 TeV

RS KK gluon 2.5TeV 2.47TeV
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Search for BSM tt resonances

* Top-mistagging rate

£ 7 Tev =
%12%52
o ! |Set mass from
U5 Tot 206 300 200 S 600 m;éup:(née{nioo MC'
/\‘Use p3 from data
cuql,ub" i i ; . r1-='.|r1'.'||r
- t( “\L
Lot _H,
n: e + _f
0.04f- HT{-
o. *1+ 3
\ weight =_ -
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distribution




N-subjettiness

* Variables 7, describe how consistent
the jet energy is with having N subjets

* Cuton 13/71,

1 ,
™= > pramin{ARx, ARy, - , ARN}
k




Top-Tagging Scale Factor

* Use simulation for tt and Signal

* Need to extract Monte Carlo to data
scale factor for top-tagging.

* We investigate this using a highly pure

sample of semileptonic tt
* Documented in JME-13-007




Top-Tagging Scale Factor
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