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Ancient Greeks: What is the world made of?

“By Convention there is color,

by convention sweetness,
by convention bitterness,
but in reality there are atoms and space.”

-Democritus (c. 385 BC)
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1900

Atom = Mushy Ball (c. 1900)



1894-1897: ) Thomson discovers the electron

Study of “cathode rays”: electric current in
tubes at very low gas pressure (“glow discharge”)

Measurement of the electron mass: m,~ M/1836

“Could anything at first sight seem more
impractical than a body which is so small that its
mass is an insignificant fraction of the mass of an

atom of hydrogen?” (J.J. Thomson)

ATOMS ARE NOT ELEMENTARY!

= Electrically charged sphere
= Radius ~ 108 cm

» Positive electric charge atomic model
= Electrons with negative electric

charge embedded in the sphere

Thomson’s

1906: “..in recognition of the great merits of his theoretical and
experimental investigations on the conduction of electricity by gases.”
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Rutherford’s scattering experiment
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Gold Foil Atorns, magniﬁed

Conclusion: A Nucleus!

Analysis

The Result:
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Experiments progressed: new types of matter!
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Fermilab: Bubble
Chamber Photo

more and more mystery particles...
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Electron-Proton Scattering
Test of the Quark ldea

EndStation A:
Beam of Electrons onto Target

The Stanford

Linear Accelerator @
Center —) =9 =0
Fixed-Target e <

Experiments



The Stanford two-mile electgon linear accelerator (SLAC)




The modern version of Rutherford’s original experiment: resolving
power =~ wavelength associated with 20 GeV electron =10-15 cm

Electron — proton scattering using a 20 GeV electron beam from the
Stanford two — mile Linear Accelerator (1968 — 69).

Three magnetic spectrometers to detect the scattered electron:

" 20 GeV spectrometer (to study elastic scatteringe™ +p — ¢~ +p)

= 8 GeV spectrometer (to study inelastic scattering e~ + p — e~ + hadrons)
" 1.6 GeV spectrometer (to study extremely inelastic collisions)




Inelastic electron — proton collisions
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For deeply inelastic collisions,

the cross-section depends only weakly
on |Q?, suggesting a collision with

a POINT-LIKE object

F (|Q¥) =1 for a point-like particle
=> the proton is not a point-like particle



Quarks are found!

‘Three Quarks for Muster Mark!’

The Quark Idea
(up, down, strange) (cha m(ll)mttom)
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Quarks are found!

The Quark Ide:
(up, down, stra

1960
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(top)
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1990 Nobel Prize in Physics: Quarks Revealed!

Structure Inside Protons and Neutrons
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more quarks predicted...
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b quark discovery...

e 1976: Discovery of Upsilon at Fermilab
Contains a 5w quark: the b-quark
— Structure of quark families suggested existence of a 6w quark: the top
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Quark discoveries

U * Quarks (u,d,s) were postulated in 1964
d by Gell-Mann and Zweig, discovered in 19468

*The charm quark ¢ was discovered in C
1974 by Brookhaven and SLAC S

coe *The bottom b quark was discovered
5 In 1977 at Fermilab

The bottom quark needed a pariner... => top!

(o)}



search for the top was on!

1976: Discovery of Upsilon (Fermilab)

Contains a 5th quark - the b-quark
From family structure of SM

Expect a 6th quark - race to find it
Petra (e+e-) at DESY, Hamburg, m, > 23.3 GeV (1984)
Tristan (e+e-) in Japan: m, > 30.2 GeV (late 1980s)
UA1@SPS at CERN: m, > 44 GeV (1988)

LEP (e+e-) at CERN: m, > 45.8 GeV (1990)
UA2@SPS: m, > 69 GeV



Top Mass (GeV)

Indirect constraints on top quark
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search for the top was on!

+

* 1984 /85: Tevatron collider
commissioned and dedicated

> October 1985:

First collisions recorded by CDF
+* D@: still in construction

* 1987: CDF Run-0
*» 1992: First collisions by DO

* Run | (1.8 TeV): 1992-1996
+ 1995: Discovery of the top quark! revarmon

& MAINRING. . <o

+ In total ~120pb™" per experiment -G

B ANTPROTON

* DG: more focused on calorimetry N -

*\ soosTEn

+* CDF: more focused on tracking e 7 o -

COOROMOP T WALTON

FERMILAB'S ACCELERATOR CHAIN

Run I Tevatron

moTON -
v
————
——

I

U TRNO ML 3ON
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| Fermilab’s Tevatron

S/\D@ o
- Tevatron Ring -
( Z4.miles)
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Eureka!

i

News Release -

March 2, 1995

PHYSICISTS DISCOVER TOP QUARK

Batavia, [L--Physicists at the Department of Energy's Fermi Natic
subatomic particle called the top quark, the last undiscovered qua
sought the top quark since the discovery of the bottom quark at Fe
of the structure of matter.

Physicists Discover Top Quark

CDF AND DO RESULTS

HE RESULTS FROM THE TWO COLLABORATIONS

were remarkably similar. CDF found 6 dilepton events

with a background of 1.3; 21 single-lepton events in
which 27 cases of a dquark tag by the vertex detector {with
8.7 background tags expected); and 22 single-lepton
events with 23 cases of a b tag through leptonic decay {with
15.4 background tags expected). D@ found 3 dilepton
events (0.65 background events); B single-lepton events
with topological tagging (1.9 background events); and 6 sin-
gle-lepton events with b-t0-lepton tags (1.2 background
events). A particularly striking example of a dilepton event
with very energetic electron, muon, and missing £+ (due to
the neutrinos), plus two jets, is shown below from the D@
data. The plot shows the detector unfolded on to a plane,
with the energy of the various objects indicated by the
height of the bars. This event has a very low probability to
be explained by any known background. The probability
that background fluctuations could explain the observed
signal was one-in-a-million for CDF and two-in-a-million for
D@—sufficiently solid that each experiment was able to
claim the observation of the top independently.

Missing ET 100 =
]

ElecLron (5}

&

Additional studies helped to establish that the new signal

sran indand tha tan ranavh Oath Aavnavienants sava ahla ta
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Primary
Verex Secondary
Vertex

S

S millimeters

by the need to identify the correct combination of jets with
parent guarks in the decay and to accommodate the ten-
dency of the strong interaction to generate additional jets.
The two experiments obtained consistent results for this

maman mnamAavannant: A TOIAA P AV fae ARE mned A ANTAN FoAL?







Discovery is
Exciting!

Adding something to the I FEW _
core of human knowledge is o ST
profoundly satisfying. R
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Periodic Table of the Particles

matter: fermions

forces: bosons
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5 orders of magnitude!
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> needed as isospin partner of
bottom quark

*» discovered in 1995 by CDF and D@:

m ~ gold atom

Top Quark is now standard!

* large coupling to Higgs boson ~ 1:
important role in electroweak
symmetry breaking?

» short lifetime: T~ 5 -10%s < /\“QCD:

decays before fragmenting
— observe “naked” quark



Tevatron became the only place to study top

through Run | and most of Run 2...

Flagship program

28



Top Quarks are one of the most sexy things to

study...
I wWork with Qo0 060.. IMm
| aLvmvk‘» getiing all
/ goosebumpy.

ER © 1995 Los Angeles Times Syndicate

When Trish discovers Ned works excfusively with
top quarks, she will be putty in his hands.

29
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DO Detector




CDF Preliminary (195 pb-1)
T T T 10 l' .

Njet 2 4

_ top ?
I W+jets
- [ other EW
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Top Event Decays

* W helicity (V-A)

* Branching ratios
 Top to charged higgs
» Top sample (W+HF)

* FCNC

sample of
many things
to study!

Top Properties
» Top Mass

» Top Quark Width

» Charge of Top Quark
* Mt — Mtbar & CPT

Top Quark Production
* Mechanism

 Top Pair Cross Section

» Ewk Production (single top)

* Forward-backward asymmetry
* Resonances decaying to top

» stop or t’ production




Discovery

PRL 74, 2632 (1995)
PRL 74, 2626 (1995)

handful of events

1995, CDF and D@
experiments, Fermilab
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Tevatron Run 2

1000s of events

35
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Then in 2010... enter the LHC!

e |




* proton-proton collider

* high energy: /s = 7 TeV

*» since 2012: /s = 8 TeV
*2014-203077: Vs = 13 TeV




The Compact Muon Solenoid

Superconducting Soleno(d3'8T) 210 m2 of silicon sensors:
- Silicon Tracker 9.6M (Stl’) & 66M (PIX)
=20\ o Pixel Detector channels

Hadron-Forward
Calorimeter

Preshower
~ 2 planes of silicon

% 7~modules for ECAL
79 \

lIron / Quartz fiber
fwd calorimeter, 3<|

m|<5;

.+ Castor,
5<|n|<6.55

\\\‘\{‘\ 1
Scmtlllatorlbras;x\\ “+/Zero Degree

Hadronic 7 / \H’“FC8|OFI meter
//’.

Calorimeter

Electntomagnetic Muon ]
Calorimeter // Setactors Cathode Strip
PbWO, crystals (76K) , S Chambers,
Compact Muon Solenoid " Drift Tubes,

Resistive Plates
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Physics Object Reconstruction

| |
om im
Key:
Muon
Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

' Electromagnetic .
3 )|” Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed
with Muon chambers

Transverse slice
through CMS

D Bamaey, CERN, Febrivuy 2004

Individual objects are followed through subdetectors:

: i https://cds.cern.ch/record/| 194487/
CMS Particle flow! files/PFT-09-00 | -pas.pdf .



http://arxiv.org/abs/1401.8155
http://arxiv.org/abs/1401.8155

Tevatron complex shut
down after 26 years | A
of successful operation.

b. 10-13-85
d. 09-30-11
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First 13 TeV Collisions!

41



250/ CDF Il Preliminary
-1

'"5200— - Data (8.7 fb )
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nts/sec for L.

1*-add-jet / 20 GeV

LHC Run 1:

~5.8M tops produced

x10

, CMS Preliminary, 19.6 fo” at ys = 8 TeV
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Tevatron: How is TOP Produced!?
Top Pair Production

% |
t < Total inelastic
2, 2
- 10
‘% 4 -mb
%10 I (.
2 bb 6x10°
- . T 9 16° L ub
~85% W
168 4000
B > 400
I I 10
strong pair production ;
12 d
14
10 Higgs (ZH + WH)
- fb
1616
100 120 140 160 180 200
g T Higgs mass (GeV)/c2

~15%

One top pair each 101%inelastic collisions at Vs = 1.96 TeV
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LHC (13 TeV): : )
Top Pair Production HOW IS TOP PFOdUCGd.

109 g""l N T L
3 Oiot : : 1
107 £ : ’ 110°
: Tevatron  LHC;
E Op : ; ]
r— SRS 3 : : E R
~10% |
: ‘ 2
F 0u(E{>1s/20) “s
E B I
S 10 o j10° -
< ] o y
strong pair production ° Fouers i
10" F 10° £
g -
g t 10° | 1102
L O (€ > s i
3
105 ;,GH,%S(MH =150 GeV) ! 104
E Gy4gqs(Myy = 500 GeV) : ?
107 Lo PRI | NPT A P )

0.1 1 10

Vs (TeV)

9

One top pair each 108 inelastic collisions at Vs =13 TeV
30— T ————~~
44




How is Top Produced!?

Actually things can get
more complicated...

45



How else is top produced!?
Single Top Production

q

q
s=channel t-channel Wt-production
LHC 8 TeV
B t—channel
B s—channel
otW

Tevatron

46



Fraction / (100 GeV/c?)

CMS Simulation, Vs = 8 TeV
=|_|_'I|II_|_||I||||||||

N
Resonance
Production?

CMS Simulation, Vs = 8 TeV
_|_T_|I|II_1_I|IIIIIIIII|

How else is top produced!?

RS Gluon
—1TeV

—1.5TeV
—2 TeV
—3 TeV

B I [rrrrr T T I I ] (\T\ E
0.5— ] (&) =
- Z' (1% Width) ] > 0-35¢

- _ . S 03F

B —1.5 TeV ] = 025
0.3~ -] ~ C
0.2 3 TeV - S 015
: . R
01— -] -
- . 0.05F

IR n Ll M P Lo o by byl -
0O 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 00'

tt Invariant Mass (GeV/c?)

Z'—=tt, [mz =1%, 10%, xsxwidth
but SM couplings 47

PRI L1
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
tt Invariant Mass (GeV/c?)

RS KK gluon—tt



How does Top decay!?

{ q

A%

all hadronic

b
| t—=Wb ~100% l

(7))

L

QD

lq ﬂ

2 | o

|~ (7))

Q 5

S o
=

2 8

@

TT tau plus jets

g
—
—

dilepton = lepton plus jets
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Dilepton Decay Mode

-

dilepton

e/l BR 6%

49



Dilepton Decay Mode

i
7
" -/"
g | y 4
1

dilepton

I
II‘ ,J

Main Backgrounds

Event selection: Z + jets
*2 leptons (e,|l) *single top
*MET (2V) *dibosons

*b-jets *QCD “fakes”

50



Lepton+Jets Decays

lepton plus jets

e/ll+jet BR 34%

T——

51



Lepton+Jets Decays

~—n’

lepton plus jets

h e
q . 5/ W ~ V[
| jet
“ jet

‘ Main Backgrounds
Event selection: *W + jets

*| lepton (e or |) *single top

*MET (lv) *dibosons

*b-jets o/ + jets

*2 jets +QCD “fakes”
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All-Hadronic Decays

all hadronic

all jets BR 46%

D ——
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All-Hadronic Decays

-

all hadronic

b
q
jet
q jet
Event selection: Main Backgrounds
*0 leptons (veto)
*no MET *QCD: light quark jets

*>4 jets
*b jets

54



Pros and cons by final state channel:

Iaton plus jets

|

dilepton

|

all hadronic

fairly good branching ratio
decent S/B ratio
one V so can fully reconstruct t-tbar system

smallest branching ratio, but...
highest S/B ratio
2V —reconstruction of t-tbar system ambiguous

highest branching ratio, but...

lowest S/B ratio

QCD backgrounds difficult but dominant
combinatorics of t-tbar reconstruction complex
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b-quark lifetime: cT~450 Um
can travel ~3 mm before decaying

Displaced
cks

Secondary
Vertex

/

1
1
1

Primary @& -~ '
Vertex

*secondary vertex tagging
- use silicon tracking

* soft lepton tagging

- low pt lepton inside jet from b,c —IvX decay

high p;
muon

“Tagging”

b-quark jets

Run 178855
Event 5504617

qjet1

56

agged

Tagged Jey/1: Ef =
2: =

Number of Jets = 4
Missing Et = 45 GeV
Muon Pt = 37 GeV

/7

b quark jets

Ry

missing E;

A4

qjet2

/é'}

GeV, Phi=79, L2d =7 mm
GeV, Phi=355L2d=1mm

lepton plus jets




multi-variate

92m’, (=13 TeV,. 2016

CMS
Preliminary

ey channel, = 2 jets
AK4 jets [pT = 20 GeV)

Jets/0.02

1.5 u L ) L) L, ... L

% 1’:.— {..o..oo.00000.00.00!0.‘.°o...o‘i....o............_j-"
o 0.5:— i i N 1 1 a 1 1 a i L L . —
0 0.1 02 03 04 05 06 07 08 0.9 1
CSVv2 Discriminator

CSVv2 (top pair selection):

* neural network with inputs
from “inclusive vertex finder”

* tight, med, loose working pts

b-tagging at LHC

“Tagging”

b-quark jets

cMVAV2 (top pair selection):
* boosted decision tree (BDT)
* jet probability and soft lep tags

82’ (5=13 TeV. 2016

<t L N B DL L BN B I T T
S 10 CMS + Data
@ 10" g Preliminary . b
3 ey channel, > 2 jets =ﬁdsg
10°
10
107
10
1
10"
g 1.5} —
g 1E."°oo.u.u""".u..".u'.n.hn..ouo..o-uu—:
Qs [ o I F—
-1 -08 -06 -04 -02 O 02 04 06 08 1
cMVAv2 Discriminator
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e

MIP signal |

In calorimeter _.--"" secondary
: vertex

~*" Interaction
¥— point

Muon + jets event with
“Sremter 2 tagged b-quark jets
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Top Production Cross Section
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What is a

cross section?

differential cross section
do/d(): Probability of a
scattered particle in a

given quantum state per
unit solid angle d() Geiger and Rutherford

integrated cross section: 0 = [ [da/d(] d)

60



Cross section

L @ calculation
xlB

@ x): () <

% 5 Z /(11'1(11'2 fi('»l-'l-Q2)'fj(~l"2-Q2) -6(Q°)

I

1,.J=49.9.9 A T A
S . T PDF for incoming
um over incoming parton i
partons |, |
Momentum fraction “partonic” cross

for incoming parton section

6l



How do we measure

the cross section?

G(tt) _ Nevenis B Nbackground
Luminosity * €
4 t-tbar!
D@ Runll Preliminary
Why measure the o
n " 80
Top Pair Production |
. 60
Cross Section: :
« As QCD predicts? :
* Only SM top? 200
0 Jet 2Jets  3dets  >aJets

* By heavy particles?

counting experiment l|
_IJ—

lepton plus jets
62 p P J



How do we measure
the cross section?

triggered sample: isolated e/

loose lepton
(W) selection
+ 2 4 jets

lepton plus jets

tight lepton
(W) selection
+ 2 4 jets

(-» QCD background)/

multivariate analysis, b-tagging

\@/

63




How do we measure l|
the cross section? .
determining QCD from data:
matrix method

tight l 3 Nloose - NQCD + Nw+ttbar

lepton lE £ l € iebar l

isolation
— * =
Ntight cho NQCD + 8mear Nw+ttbar

* Nioose and Nighe: signal datasets

* £, from independent QCD multi-jet dataset (e.g. low MET
sideband)

* & . fromW+jets MC simulation, normalized to data

* Solvefor y__ and N,

* Determine multi-jet QCD entirely from data!
64




How do we measure Counting Experiment
the cross section?

b-tagging: powerful tool
to reduce background

% D@, L=5.3 fb"
_ 3
W+jets 5
800
\ m

/ 0 0 1 22

mu |tijets Number of b-tagged jets

+1.02 .
[on. = 8.13_ (stat+syst+lumi) pb J

m,, = 172.5 GeV
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How do we measure Multivariate techniques

the cross section? using event topologies

21000 B top
- B W+jets

@ acp

Nm

800

s00r N, >3  CDFIlPreliminary 4.6 fb"

B data (7348 evts)
B tor
B w+jets
B aco

-

400

200F

50 100 150 200 250 300 350 400 450 500
ht

300
\ 200

-+

Il QCD

aplanarity

K 0.45 ] 0.5
aplanaritv . . 0.3 04 05 06 0.7 08 09 1
N >3 CDF Il Preliminary 4.6 fb NN output

Ew() / Neural Net
min dijet
separ.

005 01 015 02 025 03 035

Ottbar = 7.82 £ 0.38(stat) + 0.37(syst) = 0.15 (theory) pb
/% relative uncertainty better than 10% Run 2 goal and theory at the time
35 66

minDijetSep

T IIIIIIIIIIIIII|III[|IIII|IIII|I]II|IIII|IIII|
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How do we measure .
menu of uncertainties at the LHC

the cross section?

NG 7TeV 8 TeV

Uncertainty (inclusive oy;) Acepfeen  ACH/Cy  Aovifon  Aeepfeen AC/Cy  Aoyifo
(%) (%) (%) (%) (%) (%)

Data statistics 1.69 0.71

QCD scale choice 0.30 . 0.30
Single-top modelling - - 0.34 - - 0.42
Single-top/tt interference - - 0.22 - - 0.15
Single-top Wt cross-section - - 0.72 - - 0.69
Diboson modelling - - 0.12 - - 0.13
Diboson cross-sections - - 0.03 - - 0.03
Z +jets extrapolation - - 0.05 - - 0.02
Electron energy scale/resolution 0.19 -0.00 0.22 0.46 0.02 0.51
Electron identification 0.12 0.00 0.13 0.36 0.00 0.41
Muon momentum scale/resolution 0.12 0.00 0.14 0.01 0.01 0.02
Muon identification 0.27 0.00 0.30 0.38 0.00 0.42
Lepton isolation 0.74 - 0.74 0.37 - 0.37
Lepton trigger 0.15 -0.02 0.19 0.15 0.00 0.16
Jet reconstruction/vertex fraction 0.00 0.00 0.06 0.01 0.01 0.03
b-tagging - 0.18 0.41 - 0.14 0.40
Misidentified leptons - - 0.41 - - 0.34
Analysis systematics (o) 1.56 0.75 2.27 1.66 0.59 2.26
Total uncertainty (o¢:) 1.56 0.75 3.89 1.66 0.59 4.27
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All channels measured: look for the unexpected!

ATLAS & CMS 8TeV

SCHe uncentainty
scale ® POF @ a, uncarainty

ATLAS, leplontels
PRD 91 {2015) 112013, L =203 &"

JHEP 02 (2014) 024, L =53m"

ATLAS.CONF-2014-053, OUs-PAS TOP-M4-018,
L, =63-2038"

CMS, lepton+ats —tot—i
arXn-1602.08024, L, = 19.6m"

CMS, lepton+t, Pty
PLB 730(2014)23, L« 106N

ATLAS, dilepton ey |
EPJC74(2014)3108, L, =203 %"

CMS, dilepton (ee, pp, ep) [

LHC combined ey (Sep 2014) [

ATLAS+CMS Preliminary LHCIOPWG o _summsry, fs = 8 TeV

NNLO+NNLL PRL 110 (2013) 252004
T omy, = 1725 GeV, u‘(uz] =0.118:0.001

—#%—260+1'% =8pb

p—o 257+3124£7pb

May 2078
| ————

L
o 2 {stal) + {syst) £ (umi)

2285+38+13.7+6.0pb

2424 +1.7+£55+75pb
2390+21£113£62pb

241514 =57 =62pb

CMS, dilepion ep
arXv:1600.02309, L, = 187"

CMS, all jets
EPJ C78(201€) 128, L « 184"

Effect of LHC baam
gy uncenanty 42 pb
(not nchuded n the fgure)

2449+14° 0164 pb

lllllllllllllll'lllllllllllll

2756+6.1:378+7.2pb

NNPDF3.0 JHEF 04 {2045) 040
MMHT14 EPJC75 (20155

CT14 PRD 99 (2016) 033008

ABM12 PAD 85 (2045) 064028
(@, | =0.113)

100 150 200

250
o, [pb]

300 350 400

ATLAS & CMS 13TeV

ATLAS+CMS Preliminary LHCIOPWG o _summary. 5 < 13 TaV

NNLO+NNLL PRL 110 (2013) 252004

...... M, = 1725 GeV, a'[ul’ » 01180001

sCae urceriarty
i scale @ POF & o, uncertainty

ATLAS, dioplon ou
andvA606.02699. L =321

ATLAS, dlepton 00’ s *
ATLAS-CONF-2D15-049, L = B5pb

ATLAS, lojes *
ATLAS-CONF-2015049, L = 85pb”

CMS, dilepion oy
PRL 116 |2016} 052002. L = 43 pb | 50ns

CMS, dilpion ey *
CMS-PAS-TOP-16-005. L « 2210 L25ns

CMS, I jots =
CMS PAS TOP.16006, L =231

CMS, alljots *
CMS-PAS TOP-16-013, L « 253 b

* Prediminary

Effoct of LHC baam
Ay uncarinty: 12 pl
(not inziuded in the Ngura)

Illlllllll

Aug 2016

—

oty slal

G+ (stat) + (syst)  (lumi)

- 8184827 + 19 pb

749+57 £ 79+ 74 pb

—f— 81713108+ 88 pb

b 746 + 58 + 53 + 36 pb
- 793+ 8+38+21pb
4 835+ 3+23+23pb

b—to+—{ 8341251118123 pb
NNPDF3.0 mep e (2015 040
| | MMHT14 EPJICTS (2015 %
i CT14 PRD 93 (2016] (GI00E

ABM12 PRD 83 (2018) 054028
[r()-:v'l =01 l3]

llllJllll

|

200 400 600

800 1000 1200

o, [pb]

Measurement precision now comparable to theory ‘
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Inclusive tt cross section [pb]

—A
<

S

10

' | 1] | ' 1 | | ' 1 | | l ] | | ' |
— Tevatron combined 1.96 TeV (L <8.8 fo)
CMSeu 5.02TeVIL= ¥6 po |
CMSeu7TeV(L=5fb")

CMS I+jels 7TeV (L=231m")

CMS all-jets 7 ToV (L= 3.54 o)
CMSeu8TeV(L=19.710")

CMS I+jots 8 ToV (L= 19.5 fb ")

CMS gll-jets83TeY (L=184 1D )
CMSeu13TeV(L=43 pb"‘ 50 ns)

CMS Preliminary

L] l L] L] 1

Aug 2016 "

CMSeu 13TeV(L=22)
CMS l+jots® 13 TeV (L =42 pb':. 50 ns|
CMS l+jets* 13 TeV(L=231")

CMS all-jets* 13 TeV (L=253fb"

B «QFCOPrO«0RO®

7
g
3
2

B NNLO+NNLL (pp)

= E'fect af the beam anarcy
- uncertainty: 12 po '
1000k (net nciuted in the Figura) -

L1 111l

Ll L] L]

|

| lllllll

s NNLO+NNLL (pp)
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

NNPDF3.0, m,, = 172.5 GeV, «,(M,) = 0.118 +0.001 ["o, (M )=0.113]
|

L1
2 4 6 8 10
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Inclusive tt cross section [pb]
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* Preliminary
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Tevatmncomblmd1961‘eV(Lssalb)
CMS eu* 502 TeV (L= Zspp
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CMSep7TeV(L=51"
ATLASeu8TeV(L= 203lb)
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LHC combined eu 8 TeV (L = 53—203fb‘)
ATLASen 13 TeV (L= 32!b)
CMSep*13TeV(L=22%")

LHCIopWG

I

|

ATLAS+CMS Preliminary ~Aug 2016 _

1 1 1

ATLAS ee/up* 13 TeV (L = 85pb]
ATLAS l+jets* 13 TeV (L = 85 pb’)
CMS |+jefs* 13 TeV (L=2.3b )
CMS all-jets* 13 TeV (L = 253 "
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Differential Top Cross Sections:
sensitive to new physics on the tails...

Another time...
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Electroweak Single Top Production
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Single top quark production as a window to physics beyond the standard model
Timothy M.P. Tait, C.-P. Yuan

Searches for Pt hep-ph0007208
Single tOp at 2 [ single top quark, Tevatron Run Il, L <9.7 fb""
= 3.5 . int
the Tevatron S |
3 3F
@ T
@
( \ ig’ 2.5:—
Vud Vus Vub % 2L 4
S T
Vet = Ved Vs Vi b
\th Vis Vi ) :
1 ] FCNC
- @ Measurement () 1s.d. ¢ Four gen.
. 0.5 & SM 2s.d. O Top-flavor
* direct measurement of |V T 055d 4 Toppion
OIlIlllllllll | 0 T Y N Y T N N | L1l 11

* sensitive to new physics models 0 05 1 15 2 25 3 35

s-channel cross section [pb]

t

’\/
s
A
Ko o

l g
o
- =

s-channel t-channel Wt-production
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http://inspirehep.net/record/522638
http://inspirehep.net/author/profile/Tait%2C%20Timothy%20M.P.?recid=522638&ln=en
http://inspirehep.net/author/profile/Yuan%2C%20C.-P.?recid=522638&ln=en
http://arxiv.org/abs/hep-ph/0007298

Searches for
Single top at

the Tevatron

Cross section (barns)

—

Total inelastic
16°
- mb
-4 -
10 bb
10° b
%
10°
- nb Z
10"
tt
12
10 "+ pb single top
161 .
Higgs (ZH + WH)
- fb
1616
100 120 140 160 180
Higgs mass (GeV)/c

200

Single top backgrounds much larger than
signal: Only ~2 jets! (QCD dijet events)

=>3tatistically & systematically challenging

s-channel ——
- 1.05£0.06 pb W
q ———tee— ¢’
t-channel

6,000 2.12 £ 0.16 pb
600

2
ED
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background signal

Searches for
Single top at _M’

the Tevatron 0 1
— | q g b
§ Total inelastic - 5
=16’ @

'g - mb
2 164 ;
@ bb
E
10" Fub
W
16
mlo-. nb 4
tt
12
10 "+ pb single top
161 )
Higgs (ZH + WH)
- fb
1616
| 120 140 160 180 2
Higgs mass (GeV)/

= multivariate analysis techniques
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Searches for
Single top at
the Tevatron

3 W ) o 30000 _W + 2 Jets, 0 b-Tag CDF Il Prel-i:li(r;;r'y: 'll): tfat)
Q i Single Top
f % =gl HF
q B v O W WLF
&N 200001 [ Z+Jets
— Il Diboson
- EQCD
P t
c
7 v 7 10000f )
\K- t
|solated u* E W
) 5 200 300 400
= (jet) 2
< r M, [GeV/c?]
b

e best s/b: ~1/200 before b-tagging

jet



Searches for
Single top at
the Tevatron

S

“isolated” pu*

we Ly
N

q i [ .
) \\_;g 000 :b< o
E ///,/ = 'l“’vvv

b \\

W + 2 Jets, 1 b-Tag CDF Il Preliminary 7.5 fb

2 600'- -+ CDF Data
c I [ Single Top
Q
>
1T :
400 M Z+Jets
i M Diboson
FQcb
- +
200
L t
% 05 0 05 1

Jet Flavor Separator

® best s/b: ~1/200 before b-tagging
® best s/b: ~1/10 after b-tagging



Searches for
Single top at
the Tevatron

e number of jets and
number of b tags to define
samples

, @
‘ W + Jets.>1 b Tag

g W v
N
.E4000 CDF 3.2 fb <+ CPF Data
{ @ [l Single Top -
q w |.I>.| [t 'g
g 23000 B w+HF 5
© W wLF &
T B Other o t
'22000 ““““““ “~ Uncertainty 2
g W T = 8
0 E _
g9 10000} [T 5 t
‘isolated”ut  EEEEEEE e =z )

\,'

Bo

g ol (Jet
< N.lets
b

¢ best s/b: ~1/200 before b-tagging
¢ best s/b: ~1/10 after b-tagging

=]
-
N
w
=

3 o jet
jet



Events

Decision Trees Neural Networks Matrix Elements Likelihoods

Hidden
| : Input NES . 2 - ...
y x Nodes - Jl_:_j' q C/ g . s
M. 7‘ V 2 ) - .71‘. N > Output E :'-. "',‘ .
, Nod -1 et
F/\P  F/\P W i e
N I b t | s
/\ /\  /\ B
C
Hoeém ¢ g b .
J 0.1020304050507080¢2 1

Discriminant Qutput

Combined up to 8 different analysis channels

single top s [._+jets selection :
recover badly reconstructed e, y; include 7

m -
T - l s CDF Run Il Preliminary, L = 3.2 fb°
w

B single Top

QCD+Mistag

B Other

—e— Data

0 02 04 08 08 1 -1 05 0 05 1
Super Discriminant MJ Discriminant

"_

CDF
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boosted decision trees

neural nets

D@ Single Top 2.3 fb"
Data ¢ W+jets Il

S th+tqgb W tt
onbacsground N Multijets W

Event Yield
(o))
3

400

200

S[gnal Region

%8 o085 09 095 1

04 0.6 0.8 1
Discriminant Output
8l

matrix elements




Single Top Discovered!

Y > DG 2.3 fb"
9 30
™ Ranked
3] ' Combination
SIngl_e_’_igg;_’_y Output > 0.92
top W
T 10
@
= |
0400 200 300
Top Quark Mass [GeV]
Single Top Signal Significance

Cross Section

Observed

= observation with 5.00!

82

Candidate Events
Normalized to Prediction

200 300
M, [GoV/c’]

w+

Vi

b

D | [ 1.07:0.12]
@

[|v | = 0.910. 13]




Single Top Discovered!
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Single top at

Observation of the s-channel in 2014

q t : - s-channel single top quark, Tevatron Runll, L <9.7 fb™
i + Data "
10* I SM signal
b v . — Expected background
W Cew te (Wit | Ly Background uncertainty

s-channel single top quark, Tevatron Run Il, L <9.7 fb a

the Tevatron

Events/0.1

TET IIIlII|

10?20
Measurement Cross section [pb] -
CDF I+jets . 1.4170% 10 o
E 3 i 1 0
CDF ET+jetS ,. 112 +8g]} Discriminant output [log, (s/b)]
. | +0.37
CDF combined 1.36 -0.32 *72; 10° __ s-channel single top quark, Tevatron Run I, L, <97 fo!
' 033 .§ F —Background only Expected significance: 5.1 s.d.
DO I+jets .—.—. 1.10 +—0..31 % 10 . gm :f;:ét;dbackground Observed significance: 6.3 s.d.
: ] — +Observed Significance
, : S 1 T 1s.d.
Tevatron combined —— 1.29 *_8;33 e b 3
: — | 5s.d.
10%
Theory (NLO+NNLL) , i
1.05 + 0.06 pb [PRD 81, 054028, 2010] e
o 1 2 s -
10° =, -
My, = 172.5 GeV Cross section [pb] FTTA A NI T

O I | 11 1 11 1 I 111
-100 -80 -60 -40 -20 O 20 40 60 80 100
Log-likelihood ratio
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Recent results:
Single top at
the LHC

Full program
of single top
studies

1/ 0 x do / dlyl(t+f)

Binned profile

T

e —
ATLAS Prélinina

|

™

LLH, on BDT, o(Wt) = 94 +10+28-23 pb

PR

1

°
3]
a

06 08 1 12
BDT (1j1b) response

ATLAS 13 TeV - Wt channel

P PR S P T
14 05

.

2.3fb (13TeV)

1.

- 2 HCONLO (4FS)
_ CMS 13TeV + Pythiab

ool t-channel  — Powheg (4FS)
' + Pythia8 :
------ aMC@NLO (5FS) -
+ Pythlaa 3
--. aMC@NLO (4FS) -
1 #Hervig :

TS PTTY Y

15 2
Iyl (t+1) (GeV)
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|
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1 15
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Latest on e 2015: s-channel “observed” at the
single top Tevatron 50 (t-channel a while ago)

results * LHC: recently observed t-channel and
t-WV, getting closer to s-channel!

Phys. Rev. Lett. 115, 152003 (2015)

(=]
)

Inclusive cross-section [pb]

[ ATLAS+CMS PreliminaryLHCIOPWG = snssichmer 2 7 " "
- Single top-quark production ATUAS-CONF-201 5074 - evatron Run |l single top qugr summary .
June 2016 . E«'é%tlé%ms JHEPOE(2014)000 Measurement ross section [p ]
- CNES-PAS-TOR- 16003 B s-channel:
@ O A oa012) 42, MEPON2016) 004 - CDF [25) ;-0—- 1.36 "gg;
t-channel ° E&?n}:v:!mum:oa PRL112{2014) 231202 DO (22) E 1 10+033
S *  LHC combination, Wt =’ -1V 031
- ) ATLAS-CONF-1 6023 CNS-PAS-TOR15-019 i 10.26
 aandraliane ! A ATLAS schannsl - Tevatron [26] e 1.29 %
= ATLAS.DONF.2011-118 95% C.L _
- 2..1:;66'2::)226 i t-channel:
i v CMS s channel _ i 038
I < ToBTeV oonbned it BYRC.L CDF [21] e 1.65 +.o_35
~ W - E
! == & « == NNLO PLETI6(2014)50 DO [22] ; —— 3.07 'gi;
. - sy Tevatron [this paper] e 2.2570%
=== NLO+NNLL PRDG3(2011)091503 . . ’
immsemeses: PROE2(2010) 054018, PADSZDICH0S400E  _ | s+t 2
WY contribution removed 1 H 0.49
s-channel wale & POF & a, uncesaisty . CDF [21] —'“E_‘ 3.02 '-0,48
..... N ] — Ir:lrL_o’::Pseosm'u: 10, CPGI912015) T8 i DO [22] : o—4.1 1*8.6552
W o vt o  removeio DO 1 Tevatron [this paper] —e— 33077
and p_ =65 G H .
- e uncesainty i 6 A ‘ll é L :13 " 41' A
woale & POF & a, uncemainty .
I Cross section [pb]
' 2 | ) : Theory (NLO+NNLL) [9,12] m, = 172.5 GeV
7 8 13

s [TeV]
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Down to smaller cross sections: tt+V

Standard Model Production Cross Section Measurements Status: August 2016
& Olotal (x2) 09
10" Foaer insasiic ATLAS  Preliminary B theory
6 n,:_-l Run 1,2 f=7, 8, 13 TeV LHCpp v;=7-rev
10 0.1<pr<2TeV
‘°'2 BBl Data 45-49f!
nz
5 03<my<bTeV
10 BE LHC pp V5=8 TeV
pr > 25 GeV |
- Data 20.31b-
].04 - nz 0
~O-
LHC pp Vs =13 TeV
103 02 105G, > 00
P j = . -1
O > -~ BBl Data 008-1481
: pr>100Ge/ 20,21 oW Y
10 "On ey 21 | = R LT sal
n,:-3"132¢ Wi o.PZ. o o“ﬂa
o 00y 22 - oy s
10? n?4"' z3 T 2 Wz H Qﬁw
ﬁ _o_n,lza o34 - 3 g —.n Wy
) z 4408 "Jg chan , —4On-
n; =530, . O N B B
1 n;24 n =6 HSr *On i
n n; = 5-40m- 'xOn Zy -u'
WELE = | A a
n=5 nz 7 VBF o
10_1 ' n =6 gm o | H—Ww B
| » | nj=8
2728 o - o
o Hayy
-2 nz7
10 L - sz Heoo
3 a e
10 bl'f
PP Jats Y w p4 tt t Vv YY H Vy tTWttZ tty Zjj ww Zyy Wyy Wijj
R=0.4 EWK  Exdl, EWK
fid. fid. id. fid. tot. tot. id. fid fd.  tot fot fid fd fot fd fid. fid
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Down to smaller cross sections: tt+V

June 2016

CMS Preliminary

23

@ 7 TeV CMS measurement (L <50 fb™)
& 8 TeV CMS measurement (L <196 )
& 13 TeV CMS measurement (L <27 fb)
- Theory prediction

= CMS 95%CL limit

Production Cross Section, ¢ [pb]
- 3 R 9

—rh
<

1072

10°

i, |

| llllllll | | Illllll | llllllll | llllllll

| llllllll | llllllll

Illll ! | lIIllII || lllllll

! w ! Z 'W'{ ! Zy
All results at: http//cern.ch/go/pN;/

IWWIWZIZZ EWw "ew '"vv="eEw 'EW TEW!

qqW WW Wi sSWW Zyj
EW: Walv, 2.l =au
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TT—=tH+X and 4-top production

4 tops (SM and BSM)
leading TT production diagram

g

(b)

ATLAS-CONF-2016-013

® Many final states: | | search channels!
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leading TT production diagram

TT—=tH+X and 4-top production

4 tops (SM and BSM)

() (b)

ATLAS-CONF-2016-013

(©)

Many final states: | | search channels!
Search for VLQ pair production TT decays to tH and bWV, tH, tZ
Final state also sensitive to 4-top production in the SM and BSM models

Compositeness, RS extra dimensions, colored scalars, UED.
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TT—=tH+X and 4-top production

ATLAS-CONF-2016-013

§2] E 1 T T T T T | T T 3
> LI UL AL LANLEL L LI ENLU LLL L  LL B NLLBLO QC, EATLASPrellmlnary +D§ta E
8 - ] D105 Vs=13Tev,3.2fb" M TT doublet (800)
o 0.14- ATLAS Simulation Preliminary . = Pre-fit %g +I>|91]ht-]ets
- +2>1c ]
= [ {s=13TeV i 4l
2 012 o6 sop [ Total background L =t,\fl;n2_t1fb 3
2 - =) —— TT singlet (800) i o F 7, Total Bkg unc. ]
S e — TT doublet (800) - 10°E ”~ o3
= o o e 2UED/RPP (1000) i = e :
B i } 1002 B 2R
Lg 0.08 __ : i === TS,
- i g I | =
0.06_— 5
| _ 1 | 1 1 5 1 1 1
0.04f i . 215} o
ey - 2 m 2 Y . W%
: ] = 1%///_/ 0
0.02F B - = osf ’ / 7
: Femmee : 0 1 1 1 1 1 1 1 1 1 1
0 — " & 8 § &8 3 3 2 2 & 8 3%
0 50 100 150 200 250 _300 350 400 T @ o e g g g § & 7 5
Large-R jet mass [GeV] 3 3 3 2 % g g % 3 3

® Uses jet re-clustering for the first time in ATLAS exotics searches!

® Small-R (anti-kT 0.4) jets surviving overlap removal are input to large-R
(anti-kT [.0) jet re-clustering, which is then trimmed

® Large-R jets used for hadronic top and H-bb candidates: pr>300 GeV,
IN|<2.0, and reclustered jet mass >100 GeV.
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BR(T — Ht)

TT—=tH+X and 4-top production

1000

%‘ E _I LI I LI I LI | LI I LI L I LI I LI I rrd l_
09 ATLAS Preliminary 950 S T r — Theory N
0.8 P E o ——— 95% CL observed limit
= \s=13TeV,321Mb 900 = o i — 95% CL expected limit E
0.7 2 © n I 95% CL expected limit +1c 3
/—’—‘—_—_l PR : oo imi 0 :
06 Obeerved Bk 850 § 95% CL expected limit +2¢ :
05 800 O ' N ]
04 § 1 ATLAS Preliminary
' . 750 & 10°F (5=13TeV,32f" 3
03 C .
700 _ .
02 , B
0.1 650
4 °—1600 10° E
0 010203040506070809 1  Tier (1,1), £ BR(A“ 2 0 ]
- Tier (1,1), &=1, T sth)=1 B
BR(TﬁWb) _lllllllllIIlllIIlllIlllllllIlll Illllll-
1000 1100 1200 1300 1400 1500 1600 1700 1800
more results: ATLAS-CONF-2016-013 My [GeV]

® No significant excesses compared to background found in any channel
® |eft: observed limit on T quark mass in BR plane of tH, bW.

® Right: UED/RPP model - cross section limits shown as a function of mgik
for the symmetric case (§=1) assuming Tier (I,]) production alone.



Top Mass Measurements
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Important EWK
parameter
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LEP1/SLD: darker region
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Important EWK
parameter
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Important EWK

parameter
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Important EWK

parameter
- L) L) L) L) I L] L] L L] I L) L) L] L] l L) L] Ll L} I L] L L] L) -
80.7 Tevatron/LEP 268% CL [l -
- LEP1/SLD: darker region
l 80.6 - -
% 80.5[ -
Q : -
z 80.4f 2 -
= X 1
80.3 -
802 Heinemeyer, Hollik, Stockinger, Weber, Weiglain 02 —:
| -

PR T PO T T N [N SN T T T N TN S SN SN N T T
160 165 170 175 180 185
mtop (GGV)



Where is the Higgs!?

- T T T | B
- LEP1/SLD: darker region ;
\ 80.6 -
> 80.51- -
e : ;
= 80.4 -
£ X
80.3[ :
802 :_' Heinemeyer, Hollik, Stockinger, Weber, Weiglein '09 —:

el T TR SN S (NN WY WY ST S SN ST ST TN SO ST SN T S T N R S
160 165 170 175 180 185
mtop (GeV)

WV and top quark mass tells us Higgs mass



Where is the Higgs!?

LEP1/SLD: darker region

80.2 My Heinemeyer, Hollik, Stockinger, Weber, Weiglein ‘09 ]

PR ST ST S NN SN ST ST S T SN S T T (TN S S S NN T T .
160 165 170 175 180 185
m‘op (GeV)

WV and top quark mass tells us Higgs mass



Where is the Higgs!?

L] I L] L] L] L l L L] L] L] l L] L] L] L] I L] L]

80.7 Tevatron/LEP 268% CL Il
- LEP1/SLD: darker region

80.2 MK Heinemeyer, Hollik, Stockinger, Weber, Weiglain 02

PORT T N S [T TN TN TN TN SN SN NN TN TN N T S SN S S R
160 165 170 175 180 185
mtop (GGV)

WV and top quark mass tells us Higgs mass



LEP 2 excluded

Heinameyer, Hollik, Stockinger, Weber, Waiglein ‘09

PR ST WY T N T TR T TN NN TN S WA RN NN TN SN W SN N T T
160 165 170 175 180 185

W and top quark mass tells us Higgs mass



LEP 2 excluded

m, =87+ GeV
m,, <157 GeV@95%C.L.
m,, >114 GeV(direct)

PURE S ST R Y TR ST T TN NN NN SUNY T W N SN T SN SN NN SN W N
- - 160 165 170 175 180 185

Heinameyer, Hollik, Stockinger, Weber, Waiglein ‘09

W and top quark mass tells us Higgs mass



T T T ]
1 —LEP1 and SLD
80.5 -~ LEP2 and Tevatron (prel.)
68% CL
>
()
O 80.4-
=
=
80.3
150 175 200
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1 — LEP2 and Tevatron (prel.)
LEP1 and SLD

150 175 200
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March 2009
1

|
1 — LEP2 and Tevatron (prel.)
805 LEP1 and SLD
68% CL
>
)
© 804 [}z
=
&
80.3{ |
150 175

97

200



March 2012

80.5

' ' ' |
[ 1LHC excluded

| —LEP2 and Tevatron

LEP1 and SLD
68% CL

----
-------
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5 ] Mtop ]
— Run-| average :

I == Run-1/1l preliminary ; 1
4- " -
3 - —]
2 - —]
1 — —]
0 | Excluded |

30

100
m, [GeV]
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6 March 2009 _ M imit = 1' 63 GeV

1 (5) |

. —0.02758+0.00035

T % % -+ 0.0274940.00012 g
4 - % iees incl. low Q7 data —
3 — —
2 — —]
1 — —]
0 Excluded .= Preliminary

1 1 1 1 1 1 'I 1
30 00
m, [GeV]

100

300



6 August 2009

m, . =157 GeV

Limit
T

] . 1

5 ._ Aty = |
i —0.02758+0.00035

T 3 -~ 0.02749+0.00012 y
4 - % +e+ incl. low Q° data —
3 — —
2 — —]
1 — —]
0 | Excluded A& Preliminary |

30 100

m,, [GeV]

101

300



6 July 2010 m ... = 158 GeV

| (5) _ ]
5 | A(-X'had - |

— 0.02758+0.00035

i ---=0.02749+0.00012 i
4 - * incl. low Q° data —
3 |
2 |
1 - —
9 Excluded . /" Preliminary

1 1 1 1 1 1 'I 1
30 100
m,, [GeV]
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300



6 March 2012

My imit = 152 GeV

5 - AO‘ﬁa)ol =
— 0.02750+0.00033

i -- 0.02749+0.00010
4 - + incl. low Q° data
3 —
2 —
1 -

{LEP LHC
0 excluded w excluded

40 100

m, [GeV]
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200



is Discovered!
2012

@ATLAS
EXPERIMENT
hﬂ.p://utlus.(h

un:
Event: 12611816
Date: 2012-06-18
Time: 11:07:47 CEST

N \\ N
/

N
|3AY
o=

. H—2e2p
Xndidat

» ,’/
A e
CMS Experiment at the LHC, CERN ~ § 5 L P
Data recorded: 2012-May-27 23:35:47 27‘1;3;0 GMT Z ’ .
Run/Event: 195099 / 137440354 \

/
/
%

theory: 1964

design: 1984

construction: 1998
H—2e2p collisions: 2010

candidate
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M,, [GeV]

80.45

80.4

80.35

80.3

Consistency of the Standard Model

68% and 95% CL contours

M fitw/o M, and m, measurements
fit w/o MW, m and MH measurements

o direct M, and m, measurements

M,, world comb. + 1o
M,, =80.385 + 0.015 GeV

WS
A

b

AR
Y
.
A}
%
4

| | I | 1 1 1 | |
m, world comb. = 1o .
- my = 173.34 GeV »”
-- 6 =076 GeV ,"
— 5 =0.76 ®050, -GeV

theo
-

N
|\

A
|II

*
|Il|

L1 b

vLne

150 160 170
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Rapid instability

Metastability
176f |
. arXiv:1307.3536
L 0 | |
£ 1 o | |
- e
L | (|
172} & \‘ f|
‘? \ '.‘.
N \\ /| .
L \\// Absolute stability
170 -’“f\o“’ (Planck-sensitive)
s
.Nﬂ’ o
\0
Lo I R e
120 122 124 126 128 130 132
Miﬁm

My, > 129.6 GeV + 2.0(M; —173.34GeV) — 0.5 GeV

_as(Mz) — 0.1184

* Stability of the EW vacuum is an
important property of the SM

* Measurements of the top mass and Higgs
mass for the first time allow us to infer
properties of the vacuum we live in!

Will our universe end in a 'big slurp'?
nbcnews.com

+ 0.3 GeV

0.0007

* A fine-tuned situation: vacuum on the
verge of being either stable or unstable.
~1-2 GeV in either mass could tip the
scales. (But new physics could possibly
change this scenario.)

* What mass are we measuring?!?! Pole
mass or MC mass?

¢




Top Mass (GeV)

Indirect constraints on top quark

240
200 |

B | C.~Quigg, Phys. Today 50, 20 (May, 1997)
160 HT T

120 [If 14l Ill,l _

80 I

1995

2000
Year

2005

0 | | | | | | |
2010 2015

1990
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Evolution of Top Mass Measurements

240

200

160

[aif i }Hl i JoBL 2ne.

o— | 1 T T [ T 1T
& - 1 1!

120

Top Mass (GeV)

80

40

||||"I|||.|||||

1995

1 I 1
2000
Year

2005

2010 2015

C.~Quigg, Phys. Today 50, 20 (May, 1997); extended version circulated as arXiv:hep-ph/9704332, and private communication.
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Summer 2006

T I T 1 T
LEP 2 95% CL exclude

TOp Qual’k MaSS 80.5 -_- LEPz_apd Tevatron
« Important EWK parameter S
» Key role in BSM physics models > [ 8% CL
 Constrains the Higgs mass Q 80.4
« Heavy: Unexpected role in EWSB? =
£
Challenges: combinatorics, b-tagging 80.3
efficiencies, jet energy scale. ' . o o
150 175 200
Solutions: sophisticated analyses, m,,, (GeV)

in-situ W—jj calibration

v! b jet

What a theorist sees... What an experimentalist sees
110



Template: measure most quantities
in an event and reconstruct the mass

How we

measure the

top quark Signal Templates

mass? “C 0.022
2 0.02 Moo
8 0.018 Il 150.0 Gev/c?
I E 0.016 B 160.0 GeV/c®
¢ eptons S 0.014 B 170.0 GeV/c?
PT . P i ! £ 180.0 GeV/c?
* Etjets 4
* missing Et
* b-tags
£00 120 140 160 180 200 220 240 260 280 300 320
difficult combinatorics: m{*°(GeV/c')

minimize the chi-square:

fi‘ftt _pfil,‘meaa)Q N 5 (Uj_f‘it . U;ne“)2
2 Jj=x.y 2

o; o;

(M;; — My )?* (Mg, — My)?  (My;; —m*°)? (Mg, — mj>°)?
A vV 2 * 2

2
X = Zi:l,‘ljets




early Tevatron
Run 2 example:

spring 2005

Events/(15 GeVic?)

Template: measure most quantities
in an event and reconstruct the mass

O a N W & 00 O N @ ©

2-tag Reconstructed Top Mass (GeV/c’) 1-tag(T) Reconstructed Top Mass (GeV/c?)
o CDF Run Il Preliminary e CDF Run Il Preliminary
E . Data (16 evts) . Data (57 evts)
° 77) Signal + Bhad P7) Signal + Bkgd
% @ Bkod only
>
w

0 150 200

1-tag(L) Reconstructed Top Mass (GeVIcz) 0-tag Reconstructed Top Mass (GeVIcz)
5: CDF Run Il Preliminary S 9 CDF Run Il Preliminary
. >
- . Data (25 evts) S 8 . Data (40 evts)
4 P7) Signal + Bkgd c7 P7) Sional + Bkad
@
- 8kqd only <6 8kgd only
: 0 B
w
2f 4
C 3
1 o 2
C 1 %
C o A
0 [ijou £4
00 150 200 250 300 00 150 200

250 300 350 400

Better sensitivity by splitting in S/B bins, in this

case, number of b-tags
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Template: one of the largest systematic
uncertainties: Jet energy scale (JES)

calorimeter jet

JES calibrations are complicated!

Quark/gluon produced from p-p (p-

pbar) interaction. _
Fragmentation into hadrons.

Jet clustering algorithm (adds towers
inside cone).

Fraction of energy is outside of cone.

Underlying event contributes to
energy inside of cone. oy —>

!“Aw“gf N
=Need to get original parton energy! ) o/ ( § unaerys ) o

113 event



Template: one of the largest systematic
How we

easure the uncertainties: Jet energy scale (JES)

top quark

mass? Creative solution: fit for the JES
using known W mass peak

014 . 0_14F{eco. Top Mass (1-tag(T))
§ [ Top Mass:
) 0.12:— So.12- [ 145 GeVic®
% 0.1- % o1 =165 GeV/cz
G I 2 185 GeV/c
100.08- (_) §0.08- [ 205 GeVi/c®
.50 06:— - -
5006 0.06[-
LE0.04 0.041
0.02- 0_02:_
720 40 60 80 100 120 140 160 180 TR T
ml.j(GeV/c ) mt(GeV/cz)
in-situ JES calibration with W—jj same data: same JES, reduced systematics

14



2-tag Reconstructed Top Mass (GeV/c) 1-tag(T) Reconstructed Top Mass (GeV/c?)

0 150 200 250

Qo CDF Run Il Preliminary “o18 CDF Run Il Preliminary
> >
S8 . Data (16 evts) 816 . Data (57 evts)
°7 P7) signal + Bkgd °14 P7) signal + Bkgd
Zs B stas ony 212 i E
o o
> 5 >10
w w
4 8
3 6
2 4
1 2
0 0

O A N W & 0 O N ® ©

after in-situ
Wijj calibration

With the same data as previously:
Miop= 173.5 +/- 2.7 (stat.) +/- 2.8 (syst.) GeV/c2

1-tag(L) Reconstructed Top Mass (Ge\llcz) 0-tag Reconstructed Top Mass (GeVIcz)

— —
L CDF Run Il Preliminary L CDF Run Il Preliminary
> >
6 . Data (25 evts) ’3 . Data (40 evts)
c ] Sianal + Bkad z P7) signal + Bkgd
El 2 8k

ad only
H < %
> >
w w

Entries/(15 GeV/c?)

Entries/15 GeV/c?)

With 138 candidate ttbar events:
Miop= 173.2 +/- 2.8 (stat.) +/- 3.4 (syst.) GeV/c

before in-situ
Wjj calibration

CDF Run Il Preliminary

2-tag

OOI_LN(JhMCI‘-ID'O

2 va

[[]oata (25 evs)
Signal + Bkgd

@ Bkgd only

150 200 250 300 350 400
m”(Gch)

1-tag(L)

[ ata (33 evts)
Signal + Bkgd

@ Bkgd only

200 350 400
m” (GeVic?)

Entries/(15 GeV/c?)

Entries/15 GeV/c?)
L a3 aBB8&ES

1-tag(T)
[ oata (63 evts)
Signal + Bkgd

@ Bkgd only

BHR8&HSE

- =L
«a

o Q

2 Ve e
50 100 150 200 252470 300 350 400
mu (GeVic)

o

O-tag

[ Data (44 evts)
Signal + Bkgd

@ Bkgd only

300 350 400
mJl (GeVic?)



Events / GeV

Events / 0.03

oo s T T
{s=7 TeV, 4.6 i’ B Beet fit background
500 4 B Beat it .
Uncertainty
400
300
200
100
P30 140 150 160 170 180 190 200 210 220
migs” [GeV]
700~ aTas " o data, l4fets
600 Vs=7 TeV, 4.6 b B Bost &t buokgroumd |
’ —— Best fit
500 Uncertainty

ATLAS 3D in-situ calibration:

* 3D template fit in |+jets

* Reconstruct the top pairs using
kinematic likelihood fit to select
combination of assignments that
best fits ttbar hypothesis

fit W—jj JES and ratio b/q JES

LA L LR B B BN

——
1000—ATLAS

2 "« data, l+jets  _
s (=7 TeV, 4.6 fb” S Best fit background
2 ’ —— Best fit

3 800— i Uncertainty ~

60 70 80 90 100 110
miy* [GeV]
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JEC uncenrtainty [%]

How we

measure the
top quark
mass?

100“3 ptellmlnary. L-iOfb" . E-a'lbv

ITotal unoenah!y
— Abeolute scale

= Relatlve scale
- EXtrapoiation
=Plie-up. NPV=14
a-Jet flavor (QCD)
+Time stabllity

~ @® W

5
E Antl-k, R=0.5 PF
4 n_I=0
3
2¢
4 ®
; —
0 | PR el SRR ) —annsanae

p_(GeV)

o
-
N

¢
-

0.08

0.06

Fractional JES uncertainty

o
=

lllllll']llllll

LHC JEC/JES Uncertainties

_ Antl-k, R = 0.4, LCW+JES + in situ correction
= _ — -1
[ Data2011.fe=7TeV,[ Lat=471
- n=05

20 30 40 10°  2x10°
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[ Total uncertainty
we Baseline in situ JES
*=== Flav. composiion, semieptonic tf decay

wmime Flay. l’eqmnse. SE'TIIEM ﬂ my
= Pileup, average 2011 condilions

wiws Glose-by jet. AR =07

.
)
bl K
'H O ..'.. "iwm,
Wovayyy, -y i
0 ... = .. v " .u—"ﬂ. Mn.‘.. 3

ATLAS

lllllllllllllll

10 2a0°
Pz 1Gev]



Tevatron
combination

<4% relative
uncertainty

Mass of the Top Quark

(* preliminary)

(+1.83 + 2.69)

(+2.36 = 1.49)

(+5.10 = 5.30)

(+3.90 = 3.60)

(+0.52 + 0.98)

(+0.41+ 0.63)

(+1.19 = 1.55)
(+9.00 + 2.82)
(+1.26 = 1.36)

(£0.37 £ 0.52)
(+ stat + syst)

July 2014
CDF-I dilepton ¢ 167.40 +11.41 (+10.30 = 4.90)
D@-I dilepton ¢ 168.40 +12.82 (+12.30 = 3.60)
CDF-lldilepton*  — © 170.80 +3.26
D@-II dilepton N 174.00 +2.80
CDF-I lepton+jets ° 176.10 +7.36
DO-I lepton+jets '—_._1&')_10 +5.31
CDF-Il lepton+jets Il 172.85+1.12
DO-II lepton+jets r 174.98 +0.76
CDF-I alljets 186?00 +11.51 (£10.00 = 5.70)
CDF-II alljets * T 175.07 £1.95
CDF-Il track * 166.90 +9.43
CDF-Il MET+Jets R | 173.93 +1.85
Tevatron combination * | 174.34 +0.64
| | | | X2/dof|= 10.8/11 (46%)
150 160 170 180 190

M, (GeV/c?)

200

arXiv: 1608.01881



Tevatron
combination

<4% relative
uncertainty

Mass of the Top Quark

(* preliminary)

(+1.83 + 2.69)

(+2.36 = 1.49)

(+5.10 = 5.30)

(+3.90 = 3.60)

(+0.52 + 0.98)

(+0.41+ 0.63)

(+1.19 = 1.55)
(+9.00 + 2.82)
(+1.26 = 1.36)

(£0.37 £ 0.52)
(+ stat + syst)

July 2014
CDF-I dilepton ¢ 167.40 +11.41 (+10.30 = 4.90)
D@-I dilepton ¢ 168.40 +12.82 (+12.30 = 3.60)
CDF-lldilepton*  — © 170.80 +3.26
D@-II dilepton N 174.00 +2.80
CDF-I lepton+jets ° 176.10 +7.36
DO-I lepton+jets '—_._1&')_10 +5.31
CDF-Il lepton+jets Il 172.85+1.12
DO-II lepton+jets r 174.98 +0.76
CDF-I alljets 186?00 +11.51 (£10.00 = 5.70)
CDF-II alljets * T 175.07 £1.95
CDF-Il track * 166.90 +9.43
CDF-Il MET+Jets R | 173.93 +1.85
Tevatron combination * | 174.34 +0.64
| | | | X2/dof|= 10.8/11 (46%)
150 160 170 180 190

M, (GeV/c?)

200

goal was <[ GeV




Mass of the Top Quark
July 2014 (* preliminary)

CDF-I dilepton

D@-1 dilepton 3
~ Tevatron Top Quark Mass Uncertainty

+  Combined CDF measurement

CDF-II dilepton *

A Combined D@ measurement

DO-II dilepton

A  Tevatron combination

. P f i
CDF-I lepton-+jets rojected future uncertainty range

Illll

Tevatron
combination

DO-I lepton+jets
CDF-II lepton+jets

DO-II lepton+jets

"y
2
>
S
£
o
o
£ 4
]
n
)
=
) =
©
3
e}
&
-
8
=

IIII[IIIIIIIIIIIII

CDF-I alljets
CDF-II alljets * A M <1 GeVic?
CDF_”traCk 01 1 1 1 lJllll 1 1 1 L 1 111
10 1 10
CDF-Il MET+Jets Integrated Luminosity (fb™)
T L 2
Tevatron combination 174.34 +0.64 (+0.37+ 0.52)

(= stat = syst)

»2/dof = 10.8/11 (46%)

| | | | | | goal was <| GeV

150 160 170 180 190 200
M, (GeV/c?)



ATLAS+CMS Preliminary LHCtOpWG m,,, summary, ¥s = 7-8 TeV  Aug 2016

Top

total uncartainty total stat
Q ua rk m,,, = 173.34 + 0.76 (0.36 + 0.67) GeV M, + fotal (stat = syst) G Rel
ATLAS, lsjets (*) 17231+ 1.55(0.75 + 1.35) 7 TeV 1)
WERS ATLAS, dilepton (*) 173.09 + 1,63 (0.64 = 1.50)  77ev 2]
CMS, l+jets 173.49 = 1.06 (0.43 =+ 0.97) 7 TeV 3]
CMS, dilepton 172.50 £ 1.52 (0.43 £ 1.46) 7 TeV |4
CMS, all jets 173.49 = 1.41 (0.69 = 1,23) 7 TeV 15
LHC comb. (Sep 2013) 173.29 + 0.95(0.35 + 0.88)  /1cv ¥
AT L AS World comb. (Mar 2014) 173.34 + 0.76 (0.36 + 0.67) 1557 1oV (7]
ATLAS, l+jets 172.33 £ 1.27 (0.75 £ 1.02) 7 TeV 4]
ATLAS, dilepton 173.79 £ 1.41 (0.54 £ 1,30)  771ev 1
an d C M S ATLAS, all jets 17514 1.8 (1.4 £ 1.2) 7TeV B}
ATLAS, single top 1722+21 (0.7 £2.0) 8 TeV 110]
C O m b i n e d : ATLAS, dilepton 172.99 = 0.81 (0.34 = 0.74) 8 Tev [11)

ATLAS, all jets 17380 £1.15(0.55 = 1.01) 8TeV [12]

d . ATLAS comb. (0“1 172.84 +0.70 (0.34 + 0.61) 7.5 7oV [11]
| I"e Ct CMS, l4jets e 172.35 = 0.51 (0.16 = 0.48) 8 TeV [13]
CMS, dilepton 17282 +1.23(0.1921.22)|  eTev 19
m eas u r’e m e nts CMS, all jets 172.32 = 0.64 (0.25 = 0.59) & Tev 13)
CMS, single top 17260 = 1,22 (0.77 =+ 0,95) 8 TeV [14)
CMS comb. (Sep 2015) 172.44 + 0.48 (0.13 + 0.47] 70 Tl [19)
1 ATLASCONF.29 3 0 6] ATLAS.COMF 204 5 100 LD R
s 14 ATLASCONFam 3o () v vcn_uv - |::: ::‘“r:::m:(?m
<3% relative o it oy R e e
uncertainty [ I N T S T [ T | N
My, [GeV]
T — T

LHC and Tevatron results with nearly comparable precision of 3-4 permille (0.5 GeV)
LHC top mass systematically limited: MC modelling, (b)JES
Template/Matrix element methods — Monte Carlo top mass parameter



Top Since LHC is a top quark factory,

Quark it’s all about controlling systematics
Mass

19.7 b (8 TeV)
L4 T [ T T . T

CMS newdi-leptons "7 7 "7 77
Preliminary 5 (value + stat + syst) .
| new approaches with
1D fit e 172.39 + 0.17 ‘i GeV
ﬁ complementary
2D fit .__..,.._. 171.56 + 0.46 * |3 GeV S)’Stematics
Hybrid fit _,__ 172.22 + 0.18 " 05 GeVv can Constraln
MAOS fit ._..w 171.54 £ 0.19 * |7 GeV Combined
?"r;/losgfggr:giggtoi&n ,._ 172.44 + 0.13 ' 03] GeV SYStematiCS
AR B S T

PR S PR W S T S S
160 165 170 175 180 185
M, [GeV]

CMS, 19.7fb™, dileptons, 1D, 2D, hybrid,
Mpj+Mr2, MAOS My, M2,
Mip = 172.22 £ 0.18 +0.89-0.93

CMS-PAS-TOP-15-008 1]



Top New ldeas: b-lifetime

Quark
Mass b
4
CMS Simulation, ys=8 TeV I %
B o3
— = ’v:
V & - d°
T — —

162 164 166 168 170 172 174 176 178 180 182
My [GeV]

First used in CDF, systematics complementary (no jets).
L.y distribution gives Mcop.
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Pole top mass M; in GeV

180

[u—
~J
W

170

Vacuum Stability

120 125 130
Higgs mass M}, in GeV

150 MeV (M) ~ 100 MeV 5(My)

Are we measuring the pole mass!?

123

135

arXiv:1307.3536



Top mass from ouw

\s = 7 TeV; as(m,) = 0.1184
" 1 1 1 1 I 1 l: 1

3 > | 1 1 I 1 | I 1 1 I ] I I 1 I _
[ s, —— CMS,L=231b" B
o= 220N, B S e Top++ 2.0, ABM11 ~
u =u=u= TOp++ 2.0, CT10 _

200~ s TOP++ 2.0, HERAPDF1.5 —

- S e Top++ 2.0, MSTW2008 -

180 — .- E=== Top++2.0,NNPDF2.3 —
160~ T =
1401 —

1 20 __ L R ! | 1 L Sy 1 "“""" __

165 170 175 180 185 190

r.nPoIe (G eV)

Compare precise O for different m. to NNLO prediction (QsrDg)).
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What M: do we measure?

Lint=5.0fb™' (s=7Tev CcMS
L D
1400F #
C o B
1200 ¢ ¢
i ¢ ¢
51 000F ¢
G L
800F &

160780 200 220 240 -
My, (GeV)

Normally,"MC” mass
(uncertain hadronic activity)

1 1 1 1 L 1 1 L 1 1 l ) -
0 50 100 150 200 250
W [GeV]

|dea: “Endpoints” of transverse distributions:
e Can fit to shapes independent of MC/theory
* Very sensitive to Miop

e CMS:fit to MTzfstWT’ Me¢



Top Pole mass vs Monte-Carlo mass measurements

Quark
Mass

D0 9.7 fb"

§ measured ofpp— tis)
- Measured dependence of o

o (Pb)
5

Top-quark pole mass measurements July 2016 )
DO o(th), 1.96 TeV B RN
PLB 7%3 (2011) 422 ' ® - 167.50 520, . Gev 8.1
MSTWOE approx. NNLO

DO o(tt), 1.06 TeV +3.30
DO Nole 6453-CONF (2015) @ 169.50 ™ 5 49 GEV

MSTWO8 NNLO a-

DO o(th), 1.06 ToV —
arxiv:1605.06168 (2016) ——@—— 17280 ™ 5 57 GeV 160 170 180 190

MSTWO8 NNLO ‘ Top quark pole mass (GeV)

ATLAS O'(ﬁ), 7+8 TeV 172.90 230 \
EPJC 74 (2014) 3109 e 260 &€

ATLAS fi+] shape, 7 TeV AR Direct top mass measurements:

JHEP 10 (2015) 121

- Monte-Carlo mass m{MC
- precision 0.5 GeV

CMS a(t), 7+8 TeV +#70
arXiv.1603.02303 (2016) AR 1780 o GRY

CMS tt+j shape, B TeV e +52
TOP-13-006 (2016) . 266 GV Expect mt MC _ mtpole ~ 1 Gev

CMS g(th), 13 TeV

—@—— 17230 *270 , . Gev
TOP-16-006 [2016) 3 .
— Calibrate m¢ MC
Xyrﬂlg'%%n;bér&%t'igg @ 173341078 4 5 Gev )
lar)(:v:1403.4427, starlmdard measurements| | — |ndirect measurements of mtpole:
50 180 170 180 compatible with measured m; MC
m, [GeV] within precision of +2 GeV
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Top

Quark What’s next! Precision! (HL-LHC, ILC)

Mass
I Precision and Significance in the Real World I
Y.
A 1500 kg mass | |
e é LOOK
f t
”fssmr: OUT"

Precision Slgnlﬂcance \
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| ff threshold - 1s mass 174.0 GeV I .
- —TOPPIK NNLO + ILC350 BS + ISR .
| I simulated data: 10 fb"Ypoint i
.6 - —top mass + 200 MeV =

O
o

=
2
c
Q
g 0.6
7
1
®
7]
o
3}

o
S~

O
N

345 350 355

/s [GeV]

Snowmass top ILC white paper

Linear collider threshold scans

gﬂ 1 r 7+ v v ¢+ 11 1 1 171
0.120 - e -
- V; 0.1180]]
0.118F -
0116 -

PURE IS S ST RN N SR TR SN SH R T

17395 17400 174.05
top mass [GeV]

Analytical theory predictions.
Expected precision < 100 MeV.
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New or Anomalous Top Production

® | ooking for anomalies in top properties
or signs of new physics in the sample:

- Top production asymmetry As

- X—tt, most recently in all-hadronic!

- Search for massive top

- Charged Higgs, stop

Another time...

o(pp—tt) (pb)

0.015-

CDF Run 2 (4.6 fb)
Preliminary

t'—Wq, = 4 jets

Hrt vs. Mreco VS. Njet

range of

expected 95% CL

upper limits
theoretical prediction
Bonciani et al.

observed

200

250 300 350 400 450
t' mass (GeV/c?)

500



=B=0-0=5"FE=D -T-O-P-Q=U-A=REK=S
and searches for new physics
at 13 TeV
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M2 = Mp,°0 + AP
The Problem: H bare H

t AMH2 ~ 3/(?«2) j’:z /\2
H H
""" O“““ If N~ Planlke scale:
t w2 TAm 2 x 10732
A scale of
?OSSLbLQ Solutions: new pkjsics

A) SM only low energy effective &keorj
te. \ << Planlk
If A~ TeV: Amg2 ~0(m2)

B) Add new particles (e.q. SUSY, top partners)

t/T

H ( J H H
—————— b B —— ---I_l-O------ LOOPS CQV\CQL




|7 SM parameters, still many questions...

Origin of mass/EW breaking?
RPV SUSY
RST&
SM

Spacetime symmetry?
Extra dimensions?
: ' (Un)naturalness of TeV scale?

Effective DM , Unification of forces?

New fundamental forces?

2HDM \ ¥Origin of dark matter?

Top partners - Origin of flavor?

Compositeness Unknown principles?

M. Luty, Snowmass BNL energy frontier workshop 2013 132



Lictle Hierarchy Problem: Naturalness

mHiggs
126 GeV
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Lictle Hierarchy Problem: Naturalness

mHiggs
126 GeV

J"’ hlggs \'-
1
{
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Lictle Hierarchy Problem: Naturalness

If fine tuning <=10%:
Restrictions:
~< 2 TeV

/\quarks
~< 5 TeV

/\gauge
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|7 SM parameters, still many questions...

SUSY - Origin of mass/EW breaking?
RPV SUSY Spacetime symmetry?
RS : ‘ Extra dimensions?
SM ‘ ' (Un)naturalness of TeV scale?

Unification of forces?

'v New fundamental forces?
X
2HDM %=/ \ "Origin of dark matter?

Top partners - Origin of flavor?

-
-
=
=
o
-
"
-

Compositeness Unknown principles?

M. Luty, Snowmass BNL energy frontier workshop 2013 136



|7 SM parameters, still many questions...

RPV SUSY

4\ V

SM

Effective DM

Orlgln of mass/EW breaking?

Spacetlme symmetry?

Extra dimensions?

(Un)naturalness of TeV scale?

Unification of forces?
New fundamental forces?
\ Origin of dark matter?

- Origin of flavor?

Compositeness J=--------- Unknown principles?

M. Luty, Snowmass BNL energy frontier workshop 2013 136



Searches with Top

al

=0Oo

10°
V“ v‘
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Searches with Top

9
:: 3-10 V"' “':
1 0-1 ! Ve

~5 orders of magnitude!
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Searches with Top

4
10 |~
3 __LEPTONS
10 |~ chorge
% 102 — 0 Eledﬁ:srs\;a;?trino Muon Sgutrino -
o 1 '
-~ 10 d b 1 Electran M&n
8 oL C T - 511 105.7
@ 10 3
€ 10'F © chare
1 0'2 . 3 +4/
3L
107 e ¢
- Dogm Stl"lasrage
T
9 Mass in millians of electran valts
10" | V.
T
-1 . . .
10" ® Top quark is only fermion with a
10" ve mass of order the EWK scale.

® [arge mass suggests it may

~5 orders of magnitude! couple to physics beyond the SM.
137



New Physics in Top: Popular!

CMS ATLAS
TOP, UsS TOP ‘ SUS
B2G
EXO EXO

® Top BSM searches span many groups and categories.

® [B2G = Beyond 2nd Generation (Physics Analysis Group)]
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Top Quark Reconstruction

Traditionally, decay
products from the top
quark are clearly
separated due to the
large mass of the top
quark and W boson...
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Challenge of Boosted Tops

AR: separation in N=¢
AR~ 2m/p;

However, these
heavy masses are
trivial under
~TeV scale boost

32-21:"“’;""I""I""I“"['"‘I""[""I""I'
g“ 2— ATLAS Preliminary - Simulation
o 1.8F
<1.6F
1.4F
121
1
0.8)-
0.6F
0.4F
0.2f

Pythia Z'— tt, t — Wb {=200

lJllIlllllllllllllllllll[llJllllII[lJllIIlllll
0 100 200 300 400 500 600 700 800 900
top pT[GeV]

|’5'\.4___""|""|""l""|""|""|""|"'I 250
o f ATLAS Preliminary - Simulation
0:3.5_—.

< 3: Pythia Z’ — tt, t - Wb {5200

2.5E 150
2F
o o
1.5F 100
1
50

:lllllII|I|IIIIIIIIIIIII||IIII||II||IIII
00 100 200 300 400 500 600 700 800 0

W P, [GeV]
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Kinematic Regimes

- Top Tagging r
- CMS Simulation
-2t

[\ =7 TeV

0.12

m,,; (GeV/c?)
(]
3

lllllllllll

1

L ~ 1 P R Rra
300 400. 500 600 700 800 90
: p** (GeVirc)

CMS-PAS-JME-10-013 141



Kinematic Regimes

® Searches at different mass
ranges need different
strategies (eg: X—ttbar)

W
N
o

llllllllllllllllll

- Top Tagging l
- CMS Simulation
-Z' - ti

"\s=7 TeV

0.12

m,,; (GeV/c?)
W
e

lllllllllll

11 1 L1 L I 1 1 1 1 I 1 1 11 I
300 400 . 500 600 700 800 900 0
. p*' (Gevrc)

CMS-PAS-JME-10-013 141



Kinematic Regimes

® Searches at different mass
ranges need different
strategies (eg: X—ttbar)

- Top Tagging l
- CMS Simulation
-Z' - ti

"\s=7 TeV

0.12

m,,; (GeV/c?)
W
e

lllllllllll

® | ow-mass searches (<~1TeV)
- Decay products well-separated

11 1 L1 L I 1 1 1 1 I 1 1 11
300 400 . 500 600 700 800 900
. p*' (Gevrc)

CMS-PAS-JME-10-013 141



Kinematic Regimes

® Searches at different mass

‘g - Top Tagging "
ranges need different 3 o SMS Simultion 0.12
strategies (eg: X—ttbar) € TThe=7Tev

E 250

lll]lllllll

® | ow-mass searches (<~1TeV)
- Decay products well-separated 10k

- Standard top reco used 100

® High-mass searches (>~2TeV)

300 400 . 500 600 700 800 900
- Boosted tops, collimated decays : p*' (Gevrc)

CMS-PAS-JME-10-013 141



Kinematic Regimes

® Searches at different mass

. S fFoptaggng .
ranges need different 3 aggh NS Simuition 0.12
strateglies (eg: X—ttbar) € TThe=7Tev
E 250
2005—
® [ ow-mass searches (<~ITeV) :
- Decay products well-separated L

- Standard top reco used 100

® High-mass searches (>~2TeV)

300 400. 500 600 700 800 900
- Boosted tops, collimated decays ; P} (GeVic)

- Special reco algorithms needed:
- Jet substructure!

t W

® |ntermediate mass range w

- Partially merged, mix of techniques

CMS-PAS-JME-10-013 141



“Fat” Jets

ATLAS-CONF-2012-065

o . »-'—N2-2_""I.'"'I'"'I'"'I""I""I""I""I""I'_
® Choose large jet size for S o | aATLAS Preliminary-SimulationI25°
reconstruction to catch T 1.8F o E
all decay products. <16l Pythia 2= tt, t = Wb {8200
1.4 -
® ATLAS & CMS have 1.0F 1 150
studied R=0.8,1.0,1.2,1.5. 1 E
0.8F 100
® Use specific algorithms 0.6] E
to identify the collimated 0.4 = B
decay products within 0.2 E
this large-R jet. (C-A jets) %" 100 200300 400 500 600 700 800 500

top p, [GeV]

CMS-PAS-JME-15-002 142




“Fat” Jets

ATLAS-CONF-2012-065

. . 22 T T T T T T T T T T T T
® Choose Iarge ]Et size for §" of | ATLAS Preliminary-SimuIation!250
reconstruction to catch — o E
all decay products. <16 Pythia 2= 1t, t = Wb =200
1.4 -
® ATLAS & CMS have 1.2f 1 150
studied R=0.8,1.0,1.2,1.5. 1E E
0.8 —{£=100
® Use specific algorithms 0.6 E
to identify the collimated 0.4} E 2
decay products within 02F E
this large-R jet. (C-A jets) %"*100 200 300 400 500 600 706 800 500

top p, [GeV]

A large amount of work is ongoing in ATLAS and CMS on “tagging”
boosted tops,W/Z (“V-tags”), boosted Higgs. Stay tuned....

CMS-PAS-JME-15-002 142




“Fat” Jets

ATLAS-CONF-2012-065

o . »-'—N2-2_""I.""I'"'I""I""I""I""I""I""I'_
° Choose Iarg.e ]et SiZze fOI" §" 2— | ATLAS Preliminary-SimuIationIQSO
reconstruction to catch F1.8F o E
all decay products. <16 Pythia 2= 1t, t = Wb =200
1.4 -
® ATLAS & CMS have 1.0F 1 150
studied R=0.8,1.0,1.2,1.5. 1 -
0.8F 100
® Use specific algorithms 0.6] E
to identify the collimated 0.4) 50
decay products within 021 E
this large-R jet. (C-A jets) %100 200 300 400 500 600 700 800 900

top p, [GeV]

A large amount of work is ongoing in ATLAS and CMS on “tagging”
boosted tops,W/Z (“V-tags”), boosted Higgs. Stay tuned....

CMS-PAS-JME-10-013
ATLAS-CONF-2012-065  \1c baa. JME- 13007

ATLAS-CONF-2013-084 CMS-PAS-JME-15-002 142

Boosted top references:




Lepton Isolation

b-jet
I o nheutrino

R~ Boost AR~ 2m / p;

143



Lepton Isolation

® |epton and b-jet from bejet
boosted top highly % __
collimated: lose isolation £——% === &P
efﬁCienC)’. T neutrino

R~  Boost AR™ 2m / p,

143



boosted top highly
collimated: lose isolation

efficiency.

Lepton Isolation

® |epton and b-jet from

N —

S \_\

neutrino

R~ Boost AR~ 2m / p;

efficiency [%)]

30r T T T T
C ATLAS Simulation O Electron cl hannel
25 C \s=7TeV ® Muon channel ]
201 . . E
- ° . 1
151 =
i 3
10k .
5 .
- ®
oL ' L I l
0 500 1000 1500 2000

Z' mass [GeV]
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Lepton Isolation

® |epton and b-jet from bejet
boosted top highly % __
collimated: lose isolation £——% == '&*"
efﬁCienC)’. e T neutrino

® But even boosted, leptons

from tops have larger
separation than those
from light quark jets.

30

B | T T
C ATLAS Simulation O Electron cl hannel b
25 C \s=7TeV ® Muon channel ]

efficiency [%)]

ff
o e

*
[
P

20
15 ]

10F =

[ ) | | |
0 500 1000 1500 2000
Z' mass [GeV]
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Lepton Isolation

® |epton and b-jet from bejet
boosted top highly % __—
collimated: lose isolation £——% === &P
efﬁCienC)’. - T neutrino

® But even boosted, leptons

from tops have larger
separation than those
from light quark jets.

30

B | T T
C ATLAS Simulation O Electron cl hannel b
25 C \s=7TeV ® Muon channel ]

efficiency [%)]

ff
o e

*
[
P

20
15 ]

10F =

[ ) | | |
0 500 1000 1500 2000
Z' mass [GeV]

b-jet

é_ -3 % ~lepton
== T
neutrino
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Lepton Isolation

® |epton and b-jet from
boosted top highly
collimated: lose isolation
efficiency.

® But even boosted, leptons
from tops have larger
separation than those
from light quark jets.

® | oss in efficiency can be
recovered in part: variable
pt-dependent cone size,
“mini isolation”, ...

JHEP 1103:059 (201 1)
Rehermann, Tweedie

30

B | T T
C ATLAS Simulation O  Electron cl hannel 7]
25 C \s=7TeV ® Muon channel 7

efficiency [%)]

ff
o e
*
[
I P

20
15:— —
10 —

51 .

[ ) | | |
0 500 1000 1500 2000
Z' mass [GeV]

neutrino
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P

hadronictop-eandidate

-

ic-top candidate

13 EXPERIMENT

Run Number: 209995, Event Number: 51046560

Date: 2012-09-09 23:10:22 CEST

leptonic fop -
candidate

‘hadonic top
>/ ". candidate

nadronic topéandidate

N
!

-
4

ll‘

L | —
[} e
| em— _‘ l

leptonic top candi

_ 55 ET (GeV)

45

35

e
A
B e e e e ™




— Triply-tagged
BSTaICe Rk ttbar candidate:
-tag discriminant 4.2
Top, W, and b

yd P
i P
)
p =
£

Jet 2: Jet Pruning

pt 484.3 GeV/c,

mass = 68.8 GeV/c2
Jet 2 + 3: Mass = 167

Jet 1 : Top Tagging

pt 589.1 GeV/c,

3 subjets,

mass = 186.7 GeV/c2,
minMass = 87.2 GeV/c2




Substructure is everywhere

Vector-like quark pair production Resonances to heavy quarks Excited quarks
Q- agw Z(1.2%) — tt t* - tg S=3/2
T—1tH Z(10%) — tt t* = tg S=1/2
Ttz
gKK = b* - tW  Ku=t
T— bW )
W tb b* = tW | Ke=1
B — bH
W’ — tb Mvr < Mw
b* = tW KuKg=1
B - bZ " T
LY W — th Mg > My 0 04 08 12 16 2
Bow Observed limit 95%CL (TeV)
X5/3 = tW 13 TeV Z(1%) ~ t
X5/3 = tW Z'(10%) — tt
T—- bW Z'(30%) — tt
0 0.3 0.6 . o.f; 1.2 15 KK — tt Resonances to dibosons
Observed limit 95%CL (TeV)
Vector-like quark single production W = tb radion — HH
& )
t— lep ) W - WH
T=tH guets Z'— Tt — tZt
Tt tlep 0 05 1 15 2 25 3 35 4 7= ZH
e Observed limit 95%CL (TeV) N
T=H CWh=1a.5 Gouk = WW
| |
t = had ¢
T2 s Gouk = 2Z % I

T—tZ cw=15
" W = VW HVT(B) 0 |

T—21Z cx=15

new physics W’ = WH HVT(B)

40
searches with Z' = VHHVT(B) @l
200]

heavy SM particles

B—-bZ cw=15

T->bW  cw=15

Y= tH ow=1.0 radion = HH

0 025 05 075 1 125 15 175 2 0o 05 1 15 2 25 3
Observed limit 95%CL (TeV) Observed limit 95%CL (TeV)

®model-independent
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Substructure is everywhere

Vector-like quark pair production Resonances to heavy quarks Excited quarks
Q- qw Z(1.2%) — tt t* - tg S=3/2
8 TeV
T—1tH Z(10%) — tt t* = tg S=1/2
Ttz
gKK = b* - tW  Ku=t
T— bW )
W tb b* = tW | Ke=1
B — bH
W’ = tb Mvg < Mw * _
B = bZ 35 fb b* = tW KuKg=1 ‘ 7 fb l

\ '
0 0.4 0.8 1.2 1.6 2

Observed limit 95%CL (TeV)

8 TeV RUEIINTEIM
B — tW 9 fb ‘
N Z(1%) =

X5/3 = tW Z'(10%) — tt
T- bW Z'(30%) — tt
0 0.3 0.6 |- o..9 . 1.7_ i V1A5 KK — tt Resonances to dibosons
Observed limit 95%CL (TeV) 8 TeV dion o HH -
Vector-like quark single production W = tb
. 13 TeV TS
TotH o 25Tt 2 W= WH 10 fb B
=1. 1 WH. "
Ty Tl 0 05 1 15 2 25 3 35 4 7= ZH 13 fb _,_,_I
0z=2.5 Observed limit 95%CL (TeV) <> —
TotH L hed Gouk — WW 2000
t - had < : ;
T=H s Giuk — 2Z 30 b I
=1.5 ! [
T1Z oms B2G W = VW HVT(B) 2500

T—21Z cx=15

new physics  LatGLECH Y
searches with Z’ = VH HVT(B) - ml
heavy SM particles |——r-_—_—u—_—" 2001

0 025 05 075 1 125 15 175 2 0o 05 1 15 2 25 3
Observed limit 95%CL (TeV) Observed limit 95%CL (TeV)

B—bZ cw=15
T—-bW  cw=15

Y- tH cwp=1.0

®model-independent

Almost all CMS B2G searches utilizing substructure tools
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Boosted Object Reconstruction

BOOST'

Many new pieces have been added to our boost
and substructure chest, and we are beginning to
really see bigger solutions.
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Boosted differential top pair xs

Anything different at high pT?
® p7t>300, trimmed large-R (1.0) jets

® mje. > 100 GeV, substructure selection

® l|argest jet is hadronic top candidate

; 102 Ev e I I I B N L i W —
3 . Full phase-space 3
= B — Data -
S oo Sa v POWHEG+PYTHIA —
!9- = —o ) o ALPGEN+HERWIG =
P - S 0 MC@NLO+HERWIG .
- A POWHEG+HERWIG -
L “°na ]
= o =
- —0OA -
~ ATLAS 7]
4L fEesTev 203w .
10'L ) e
= o A 3
§ 2 p Sy o pyem. s e P, s S 7S o Py pyen, s e S e oy, e e e S P o7 U Py, e e PP Sy S Sy g P e vy P S7YS U Py g ey e s
[+ ]
o] 15 : 3
= et e % "o " g oa o a
g 05
YRR T T ST SN ST T ST TN T T TN (TSN WU N U (ST U SN N N ST N N U S TN TN TN U S T U U U N T T

11100
top quark P [GeV]

1
1000

ATLAS: Phys. Rev. D 93, 032009 (2016)
CMS: arXiv:1605.00116

see talks: M. Nagrini, L. Skinnari

10

S! (FrrrJyrrrryrrrryrrrr1rrrrrrrrrr et IE
© . =
0] = Fiducial phase-space 3
8 _ “m —Data _
- | m v POWHEG+PYTHIA ]
o 1E u « ALPGEN+HERWIG =
§= = . = MC@NLO+HERWIG -
° — at 1 POWHEG+HERWIG -

L . _

107 = e —
= ATLAS 3
[ Ee8Tev,2038%" : ° i
» A
10% = —
§ e :
-~ d L 2 v
S I k) N, R ah . A ™ A
@ 05
= PREPTETE S SSRT ST NSNS ST SRS SN SN ST NS A S
300 400 500 600 700 800 900 1000 1100 1200

Particle top-jet candidate P; [GeV]
® |3-29% uncertainty, large-R JES dominates

® parton-level result relies on MC: larger
systematics

® same trend as resolved analysis:

ATLAS-CONF-2015-065
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Boosted top pair charge asymmetry

LHC t \

® tt production gives charge
asymmetry at NLO due to
interference: qq v. gg

ar gy

. . | ® LHC - Tevatron: complementary
i =A\'(-_\,1'>0)—;\(_\_1'<()) _N(Aly|>0)-N(A]yl<0) f f .
A= N (A y>0)+ N(Ay<0) A= a0 T N(ALI<0) or searches for new physics
A = Yo — Yz Alyl = |yl = vl

32500: ATLAS ' 4 Daa S 2500F ATLAS 4 Daa
g [ VS=8Tev, 203" Dt 2 Vs = 8 TeV, 20.3 fi” 1
= 2000 [ Wsjets ] o 20001 O W+jets 1
& EE SingleTop w BN SingleTop
§ [ 1 Others ¢ 1 Others
W 1500} 1500} !
detector- ;
1000} 1000} . .
level ;
500} 500} - R
dlStrlbUtlonS . , x ———
14 - H 1.4 AR o o o S—— .
% ﬂ g
a1 po-t-b--b] & Of e
3 _.__._—0—-—.—
B3 L ‘- +
gosjlq Soebd— . =
7000 1500 2000 _ 2500 3000 20 15 10 05 00 05 1.0 15 20

my [GeV) B Aly|

Physics Letters B (2016), Vol. 756, pp. 52-71 149



Boosted top pair charge asymmetry

o
<
§ data ATLAS 8 TeV, 20 31"
== NLO
0.2+ _
0.1 { 1
o - —
L ]
0.1 .
0.2 : I
>0.75 075-09 09-1.3 >1.3

m; interval [TeV]

ATLAS+CMS Preliminary LHCIOPWG

it asymmetry

ATLAS l+jets

arkn:1509,02358

CMS l+jets template H-e-H

ankiv:1508,03852

CMS I+jets

aXivi1507.03119

Theory (NLO+EW

\s=8TeV Sept 2015

0.009 + 0.004 = 0.005

0.003 +0.003 = 0.003

0.001+ 0.007 + 0.004

0.0111+£0.0004

ATLAS l+jets boosted 0.043 +0.019 + 0.026
M >0.75TeV&& A lyll <2) . ' !
ONF-2015-048
Theory (NLO+EW 0.0160 + 0.0004
| | |
-0.05 0 0.05

June 2016

Ac

® differential distributions sensitive to
new physics, such as axi-gluons,
especially at high mq

® boosted: my>0.75TeV

A (m:> 1.3 TeV)

o

: I I I / I I I I I I 1 1 1 I I I I I :
0.4 B S R LICTI P 94 ]
03 - G
: WI\ N :
0.2 | .

o
—

o

4

DF

- AfLAs 8 TeV, 2.0‘fb' o

ETwatton PRD87/092002; PRDWHZOOS »

R R R

P 4 S ‘

AN

Models: PRD 84/115013; JHEP 1109/097 ©
.

| I I | 11 1 1 L1 1

0.2

0.3 0.4 0.5

A (PP, 1.96 TeV)

Physics Letters B (2016), Vol. 756, pp. 52-71

150



Massive resonances decaying
to boosted top pairs
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Resonances decaying to boosted top

Events

Data/Bkg

120

100

top-tagged jet
* soft drop jet mass [110,210] GeV

* Nsubijettiness T3, < 0.69

CMS Preliminary
Yty
AKB je1s with p_»500 GeV, ji<2.4, 110 c.ev.cum&m GeV

I —4— Data

[ matched to lop

" [ unmatched 1o top

[ e Z'3 TeV (o=1pb) +

26" (13 TeV)
|

T =TT

Y

Event categories
o All-hadronic:

150

100+

50+

CMS Preliminary
L AKE jets wih p»ECO GeV, |<24, © <059

" = Data
L [l matched to %op

0 b-tags
Ay < 1.0
2 top-tags X ) 1b-tag
Ay >1.0 ™ 3 b-tags
o Semileptonic:
1 top-tag
p/e + jets X 0 top-tags, 1 b-tag
0 top-tags, O b-tags
— —
2.6 b (13 TeV)

T

Bl unmatched 1o op
""" Z 3 TeV (o=1pb)

AAALl‘lAlllllll

()] 1,7 LA | TTrr [ TrrT T | LN L |
= 1‘5—f+ ++
[w1] . L 4
805?+1‘+ NP B #;.1.~
0 50 100 150 200 250 300
Semileptonic Jet SOﬂdrop mass [GeV]
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Resonances decaying to boosted top

e/u+jets, 1 ttag 26" (13 TeV)
m Y Y Y L 4 I Y L2 Y Y T Y Y L2 Y ' 14 Y 4 Y
[ - CMS i
o B0 - -4~ Diata —
) - Preliminary - i
B Cther SM 4
60- I3 Z 3TeV (a=1pb)
A0E semi-leptonic
20} i
g 1.5¢ '4._ an - T.I . '-_
s I L E——
o - * -
a 05 L A\ L ==
0 1000 2000 3000 4000
M, [GeV)
267 (13 TeV)
w C T T T T
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vector-like quarks
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Is there a 4th Generation!?

Top or
Bottom
partner

® A very compelling SM extension, but simplest models have
been excluded directly or indirectly (eg- Higgs cross section).

® FElaborate models are still alive and are popular topics:

- 2 Higgs doublet models, some predicting heavy top partners

- vector-like top and bottom quark partners or exotic top partners with
different charge

- non-SM 4th gen can enhance CP violation, and heavy Vv is DM candidate

- if CKM is diagonal,t’ Wb and b’ —=tW due to GIM mechanism -



Vector-like Quarks

® Not your uncle’s 4th generation! L- and R-handed components
transform identically under SU(2) weak isospin gauge symmetry

- don’t enhance Higgs prod, unlike 4th gen.
- appear in Little Higgs & Extra Dimensions

- cancel quadratic divergences from loops
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Vector-like Quarks

® Not your uncle’s 4th generation! L- and R-handed components
transform identically under SU(2) weak isospin gauge symmetry

- don’t enhance Higgs prod, unlike 4th gen.
- appear in Little Higgs & Extra Dimensions

- cancel quadratic divergences from loops

® Can have same charge as b, t (B, T) or
exotic charge (Xs;3 orY.43).

® Can be isospin singlet, doublet, triplet

Quarks

® Interact with 3rd gen (naturalness): mixing

proportional to SM quark mass. Light
quark coupling sometimes enhanced.
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Vector-like Quarks

® Not your uncle’s 4th generation! L- and R-handed components
transform identically under SU(2) weak isospin gauge symmetry

Four Generations

- don’t enhance Higgs prod, unlike 4th gen. of Matter (Fermions)
| Il

- appear in Little Higgs & Extra Dimensions T

- cancel quadratic divergences from loops w
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tau

Charged and neutral decay, branching depends on mass and model.

Pair production is mediated by the strong interaction

Single production can be more pronounced at high masses
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Vector-like Quarks

VLQs can have CC and
NC decays: the branching
ratios are constrained by
the relation:

BR(Wb)+BR(tZ)+BR(tH)=

]_ [ r T T T T T T T T T T T T I T T 7T I L

arXiv:0907.3155 [hep-ph] p— ]
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Exclude Triangles not Points

M. E. Peskin
SEARCH workshop | VWD
U of Maryland
March 2012
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Partner Quark Topologies

Many distinct event
topologies to consider:

B'— tW, bZ, bH
T'—= bW, tZ, tH

q.q'
Z H W+

® | eptons, b-jets, (boosted) top, (boosted) W/Z,
boosted H are all possible final states.

® Use standard (threshold) identification, and
use boosted b-tag and V-tag algorithms as
well.

® Set limits at 100% BR and also scan over all
possible fractions.
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Vector-like Quarks

VLQ example: Partial compositeness

pair production sin‘g}e production

= - itha tep.quark . . - - with.a bottorm _ _ . ;

n [ |

| ¢——97 [B 99— —q s

b W,Z < " W, Z§ :

[ = ) .l ' o5 :
—— 7/ a e 7/ .

: X . L b g

1| G ooooo—— ¢ | G oooos b |B

Reference:

Matsedonskyi
Blois 2013
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single VLQ Searches (CMS)

t—lep
T—1H on=2 5

T N tH t — had
cwp=15

T—tH ' e
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T—=tZ ca=15

B—-bZ cw=15
T-bW owm=15

Y=tH owm=10

Vector-like quark single production
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Observed limit 95%CL (TeV)

...with more coming soon
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single VLQ Searches (CMS)

CMS is searching for single production of VLQs for the first time in

Run 2 in many channels...

Vector-like quark single production

t—lep

T2H =15

t—lep
T—1H on=2 5

t — had
T 1H cwp=15

T
T—-1Z ow=15
T2tZ ca=15

B—-bZ ow=15

T—-bW ocwm=15

Y=tH owm=10

0 025 05 075 1 125 15 175 2
Observed limit 95%CL (TeV)

...with more coming soon
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single VLQ Searches (CMS)

New: Search for T, B in final states with Z boson
CMS PAS B2G-16-001

6 categories for resolved and
boosted final states:

o« T — 2¢+ | top-jet

e T —2¢+ | W-jet + |b-jet
*T— 2U + |b-jet + 2 jets

T — 2e+ Ib-jet + 2 jets
*B— 2u + |b-jet

* B— 2e + |b-jet

interpretations: singlet T, doubletT, singlet B, Z’—tT production

CMS Preliminary 23217 (13 TeV)
"é’ 02 | —— Background estimation
o107 —4— Observed
w [ 1o tZb (M=1TeV, LH)

T in 2lep + 1W-jet + 1b-jet

0506 800 1000 1200 1400 16b0 1800 2000
My 00 [GeV]

CMS Preliminary 232" (13 TeV)

T,b — tZb, BR(t2)=0.25
Observed [JJJ £ 1o Expected
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Summary

| didn’t have time to do justice to the many and varied
topics in top physics. Many “Top”-ics not covered!

Measurements of top properties are becoming precise:
top spin correlations,W helicity, t-tbar mass difference.

If there is no new physics found at |3 TeV, top quark
studies will be one of the ways to access new physics at
higher scales: FCNC, precision top and EWK
measurements, top mass.

Boosted top tagging will be increasingly important in
new physics searches and top quark measurements as
well as we are moving to higher mass scales.

Welcome to the top!
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