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Lecture Outline

e A little bit of history of discoveries

e About the top quark

® Top quark pair production

® Single top quark - electroweak production
® Jop quark mass

* Jop-guark-properties—

® Boosted top quarks

® Searches for new physics in top



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. 585 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,=~ My/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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Experiments progressed: new types of matter!
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Electron-Proton Scattering
Test of the Quark Idea

EndStation A:
Beam of Elecirons onto Target

The Stanford

Linear Accelerator ¥
Center —) =P =

Fixed-Target e

Experiments



The Stanford two-mile electson 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 scattering e +p — e~ +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
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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 1968

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

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

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




o

)

o

o

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)
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Indirect constraints on top quark

C.~Quigg, Phys. Today 50, 20 (May, 1997)
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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 D@
* Run |l (1.8 TeV): 1992-1996

FERMILAB'S ACCELERATOR CHAIN

Run I Tevatron

+ 1995: Discovery of the top quark! oy
* In total ~120pb™" per experiment I N
* D@: more focused on calorimetry N~ SO

*N soosTen

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

COOROROF T WALTON
mOTON -
-
e
—

I

U TRNO IO
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| Fermilab’s Tevatron
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18 Tevatron Ring B

-~ -
, . ( ~4 miles)
—g;fl\\_ —~— . -

Main o) } i Tt

Injector

-

22



Eureka!

1’3
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 quar
sought the top quark since the discovery of the bottom quark at Fe
of the structure of malter,

- 3 ?ﬁéters —_—

Tracking Vi

Physicists Discover Top Quark

CDF AND 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 bguark 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 (1.8 background events); and 6 sin-
gle-lepton events with d-to-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 =
o

E[eclmn R

=

w

Additional studies helped to establish that the new signal

wran infand tha tan raavl Oath avnavienants wrava ahila s

23
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Primary
Vertex Secondary
Vertex

~

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.
he two experiments obtained consistent results for this

mAamAan maAmAivanaant: A TOIAA FPAltfav ARE aned A AN AN MAL?







Discovery is
Exciting!

Adding something to the
core of human knowledge is
profoundly satisfying.
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Top found at
a peculiarly h
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Periodic Table of the Particles

matter: fermions

forces: bosons

10‘; b
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107 e o
e E
10-9 A Vr
10-10}_ ‘V“
10-1”_ Ve !

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 < A“QC :

D
decays before fragmenting
— observe “naked” quark



Tevatron became the only place to study top

through Run | and most of Run 2...

Flagship program

29



Top Quarks are one of the most sexy things to study...

I woerxk with Qoo oow. I'm
| c“v\q\r\“ getling all
/ goosebumpy.

BRI\l fsvomus= = ——
Ehilgaat
6.1

© 1995 Los Angeles Times Syndicate

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




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

Njet 2 4

_ top ?
I WHjets
12+ N other EW

0 100 200 300 400 500 600
HT (GeV)
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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
experiments, Fermilab
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Then in 2010... enter the LHC!

L IR v T — —’




\ AT The Large Hadron Collider:

* proton-proton collider

* high energy: /s = 7 TeV

*» since 2012: /s = 8 TeV
+2014-20307% v/s = 13 TeV




The Compact Muon Solenoid

YE+3 3.8T - _
A;,;;;;;;xXEfZ YE+1 Superconducting Solenold ) 210 m? of silicon sensors:
P A o VA 5 .
‘T%;Z/%W/ Silicon Tracker 9.6M (Str) & 66M (Pix)
1

Hadron-Forward Pixel Detector channels

Calorimeter

Preshower

" 2 planes of silicon
» 77 modules for ECAL

G/ 1)
| //./1/ )

\
\
\
\

\Iron / Quartz fiber
fwd calorimeter, 3<]|
m|<5;

., + Castor,
ALY | 5<In|<6.55
o ‘\Qﬁ&&;&& % "\%\if
Scmtlllatorlbra PSs - “+'Zero Degree

Hadronic

Calorimeter

4
7

Electromagnetic G i ;‘5 Y- ]
SUMIEES ?{(T\ \‘% 3 “\:\ ; i Detectors Cathode Strlp
PbWO, crystals (76K) ! [ SR , Chambers,
Compact Muon Solenoid Drift Tubes,

Resistive Plates

39



Physics Object Reconstruction

I | | | | | | |
Oom im 2m im am 5m 6m 7m
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron) Tl
°°°°° Photon : , Il
R Gl | Il
c‘ \‘II}J‘J“‘I{I‘I\‘I\‘
’ LT ]
'f\l‘ljs“/‘v“‘“
De P
Silicon -
Tracker ‘
/ 2431 2
' Electromagnetic g
g )|“ Calorimeter g
{ 3
Hadron Superconducting :
Calorimeter Solenoid I
v
Iron return yoke interspersed
Transverse slice with Muon chambers
through CMS R

Individual objects are followed through subdetectors:

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

CMS preliminary, L=1.6fb' (s=8TeV

o o
o O

PF energy fraction
© o O
OO O N

o O O ©
o N W

Q5-4-3-2-1012345

M
Particle flow is performing extremely well
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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!

43
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Tevatron: How is TOP Produced?
Top Pair Production

1

Total inelastic
102

t

Cross section (barns)

o -mb )
bb 6x 10°
— -6
¥ 10" Fub
o
85/) 10—8 w 4000
B > 400
strong pair production 16"

tt
-12 . @

g t 10 W 0.3
14
10 Higgs (ZH + WH)
- fb
10'°
100 120 140 160 180 200
g T Higgs mass (GeV)/c2

~15%

One top pair each 1029 inelastic collisions at Vs = 1.96 TeV
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LHC (13 TeV): : )
Top Pair Production How is TOP Produced:

109 ErrOTI ’ T L
3 Otot 1
107 | ' ' 410°
3 Tevatron LHC;
10° ;_ / ; 106
E Op : : ]
3 E : E
~ I OO/ t 10° | : } J10* £
o C . . N § +
o oje,(ET’e' >s/20) g ¢ ] ’“E
3 I
2 10k Ow : 100 -
= : o, g
strong pair production ° Lauersiocan
107 F 100 £
E 9
] 5
g t 10° | 1102
,_ ojet(ETlet > \s/4)
105 [ Ohiggs(Mys = 150 GeV) J10*
E Gpiggs(My = 500 GeV) ?
107 Lo et S e N L T8
0.1 1 10
g Vs (TeV)

~90% —

One top pair each 108 inelastic collisions at ¥s =13 TeV

R — ————————.
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' ?
Actually things can get How is TOP Produced!
more complicated...
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How else is top produced!?
Single Top Production

....... W*'

3

-2

ol
.i
QO

s-channel t-channel Wt-production

LHC8 TeV

B t—channel
B s-—channel
otW

Tevatron
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Fraction / (100 GeV/c?)

N
Resonance
Production?

CMS Simulati?n,\E=8|TeV :
_|_T_f_|_|_|_|_|_l T T 17T LI

How else is top produced!?

L 1y I

RS Gluon
—1 TeV

—1.5 TeV
—2 TeV
—3 TeV

IIII|IIII|IIII|IIII|IIII|IIII|IIII|III—
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- _ R G 03
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but SM couplings 49
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b How does Top decay?

all hadronic

| t—=Wb ~100% '

(7))

)

QD

lq ﬁ

2 2

o~ (7))

Q 5

g o
e

2 &

o

TT tau plus jets

e
—
S

dilepton = lepton plus jets
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Dilepton Decay Mode

»

dilepton

e/l BR 6%
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Dilepton Decay Mode

i
- 4
'a | y 4
/ [
1

dilepton

0

|
y
0,

Main Backgrounds

Event selection: oZ + jets
*2 leptons (e,H) *single top
*MET (2V) *dibosons

*b-jets *QCD “fakes”
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Lepton+Jets Decays

lepton plus jets

e/J+jet BR 34%

T—
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Lepton+Jets Decays

~

] 000000 5
lepton plus jets - 7
b e
a/ A
’ jet
jet

Main Backgrounds

Event selection: ‘W + jets
*| lepton (e or M) *single top
*MET (V) *dibosons
*b-jets o/ + jets

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

all hadronic

all jets BR 46%

e ———
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All-Hadronic Decays

jet

Event selection: Main Backgrounds
*0 leptons (veto)
eno MET *QCD “fakes”

*>4 jets
b jets
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Pros and cons by final state channel:

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

-

lepton plus jets

smallest branching ratio, but...
highest S/B ratio

2V—reconstruction of t-tbar system ambiguous

I

dilepton

* highest branching ratio, but...

* lowest S/B ratio

* QCD backgrounds difficult but dominant

“all hadronic e combinatorics of t-tbar reconstruction complex

I
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b-quark lifetime: cT~450 Pm

can travel ~3 mm before decaying “Tagging”
b-quark jets

Displaced
cks

Secondary Run 178855 Nl_lm_berof.!ets=4
Event 5504617 Mo o ar gy

high py b quark jets
Vertex e
missing E;
qjet1
 secondary vertex tagging rs e i e
- use silicon tracking
* soft lepton tagging e
- low pt lepton inside jet from b,c —IvX decay l‘
=i

58 lepton plus jets



multi-variate b-tagging at LHC “Tagging”

b-quark jets

g2m’, (5=13 TeV, 2016

CMS
Preliminary

ey channel, = 2 jets
AK4 jets [p' =20 GeV)

Jets/0.02

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

g‘l.s:- U LI y Ty T T T ey
g 15— {..o..oooo.o.o.o’.090,0.,..o...0.0.4.00000..'.,..‘.._3 9-2rbl‘ G:]STBV,ZO‘IS
Q.0 o . | 1 3wtk eme 4 pata -
%01 02 03 04 05 06 07 08 09 1 % :or g:,?mna,y ‘ :at
CSVv2 Discriminator @ 10f . B c
= en channel, =2 jets B udsg
. . 10° AK4 jets [p'>ZOGeV) 1 pile-up
CSVv2 (top pair selection): o
. . 10°
* neural network with inputs 10
10
from “inclusive vertex finder” :
° ° ‘o'
* tight, med, loose working pts g 15 =
Q 1E...'00.00000".....00...'400'olo.¢.o-o..0.ooooo..oo.é
o -
Qs . . 3

108 06 04 02 0 02 04 06 08 1
cMVAv2 Discriminator
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e

MIP signal |

In calorimeter .-~ secondary
: vertex

~*" Interaction
¥— point

Muon + jets event with
“Erertex 2 tagged b-quark jets
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NNLO and MC generators

Another time...

61



Top Production Cross Section

62



What is a

cross section?

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

given quantum state per
unit solid angle dO Geiger and Rutherford

integrated cross section: 0 = [ [do/d)] dQ)
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I

o= ¥

1,J=49.4.9

!

Sum over incoming
partons |, |

xiP,

5(0) <

(3

A

!

PDF for incoming
parton |

Momentum fraction
for incoming parton

64

Cross section

calculation

/dl'l dxy fi(z1,Q%) - fi(22,Q%) - 5(Q%)
{s

“partonic” cross
section



How do we measure
the cross section?

O(tt) =

N

events ~ Nbackground

Luminosity * €

D@ Runll Preliminary

Why measure the o

Top Pair Production i

Cross Section: o

 As QCD predicts? o

* Only SM top? 200 .

By heavy particles? 0 fJei " 2dets = adets  sddets

counting experiment l‘
_IJ—

lepton plus jets
65



How do we measure
the cross section?

triggered sample: isolated e/[

loose lepton tight lepton
(W) selection (W) selection
+ 2 4 jets + 2 4 jets

to tight
(= QCD background)/

multivariate analysis, b-tagging

N
&

66

lepton plus jets



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

tight l 3 Nloose - NQCD + Nw+ttbar

lepton l& £ l € ccbar l

isolation
= EQ

& v
tight CD NQCD + 8W+ttl:ar Nw+ttbar

* Nioose and Niighe: signal datasets

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

* & .. fromW+jets MC simulation, normalized to data
* Solve for n__ and N, .,

* Determine multi-jet QCD entirely from data!
67




How do we measure Counting Experiment
the cross section?

b-tagging: powerful tool
to reduce background

D@, L=5.3 fb™

umber of events

/ 0 0 1 22 \ . daptueed

se Number of b'tagged (2] (- —
multijets

rLoz (stat+syst+lumi) pb

[on‘ =813 ] m,, = 172.5 GeV
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How do we measure Multivariate techniques
the cross section” using event topologies

N, >3 CDF Il Preliminary 4.6 fb

o
2 C B data (7138 evts)
£1000— 8 top
= [ B W+jets
- @8 aco
800—

s00r Ny 23  CDF Il Preliminary 4.6 o’

C c
a00f 3 500 B data (7348 evts)
C : B tor
200 .
_ n z% B w+jets
s 400 @ aco

50 100 150 200 250 300 350 400 450 500
ht

\ 300
200

s .

I acp

aplanarity

005 01 015 02 025 03 035 0. 045 0.5

aolanarity 01 02 03 04 05 06 07 08 09 1
N, >3  CDF Il Preliminary 4.6 fo" NN output
§ 900; W data (7348 evts)
3 e / Neural Net
E @l acp
600 M .
min dijet
400F-
222: Sepa I. 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

o
=3
o
-
—
u'_
N
N
2
w

= l3.5 69
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Events

How do we measure New ideas: Extract both

NP ]
the cross section o and b-tag efficiency €b
_ bkg
S IS ELEMGL M ELELEM SRS AL ELENA BN ELEALILE ELELER SN lecatteepzeb(l—cbeb)+N1
o0 ATLAS ® Damzots Sk
woof- 18 =13 TeV, 3.2 S W oePY 3 Ny = Loz Crey + Ny 7
18000 - | Z+jets -
- 1 Diboson -
14000 — mm Mis-Dlepton b
12000 — PO L J . aMC@ 'L%YoHWH—: q t b
e Powhag+HW++ 5 w- \Y
10000 £  PowhegsPY radhs
8000 - -~ Powheg+PY radLo_ | g
60003 * = | - t\ W2
3 dilepton q .
4000 . b
2000 -
G Event counts Ny N,
g " B Stat, Uncert Data 11958 7069
§ I: 3 s ‘ Single top 1140 £ 100 221 & 68
osk A ‘ TR OOl Dibosons 34 + 11 1+0
0 1 2 23 Z(—= 77 = ep)+jets T+ 18 241
No-1g Misidentified leptons | 164 £ 65 116 £ 55
. Selection requires one electron, one muon Total background 1370 £ 120 340 88

and one or more b-tagged jets (70% eff). I — —
. B-tagging efficiency absorbs systematic o * =818+ 8 (stat) £ 27 (syst) £ 19 (lumi) + 12 (beam) pb
uncertainties due to b-tagging and BJES. % = 832 pb

. Dominant uncertainties from hadronisation. € = 0.559 £0.004 (stat). &0.003 (syst).
MC _
70 €y ~ = 0.549



the cross section? optimizing uncertainties

Uncertainty (pb) | CDF |_DO_| Tevatron_

Statistics 0.31 0.20 0.20
All systematics 0.39 0.56 0.36
Signal model * 0.21 0.13 0.18
Luminosity (inel)* 0.05 0.30 0.15
Luminosity (det) 0.06 0.35 0.14
Detector model 0.17 0.22 0.13

Jet model 0.21 0.11 0.13
Bkg theory * 0.10 0.08 0.10
»Z normalization 0.13 N/A 0.08
Bkg data 0.08 0.06 0.05

Method 0.01 0.0/ 0.03
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How do we measure ..
menu of uncertainties at the LHC

the cross section?

N 7TeV 8 TeV

Uncertainty (inclusive oy;) Acopfeen ACL/Cy  Aovifou  Acepfeen ACICy  Aoyifou
(%) (%) (%) (%) (%) (%)

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 (oy¢) 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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NNLO+NNLL

Tevatron Run II,\/s=1.96 TeV
COgeeton  r 70008
C[4)_I; éNN Iepton+-]ets H—e=4 .82 i %:53?; o
C[4).I; gyx lepton+jets pjee=i=i 7.32 i %%}5 06
c?.';fg-""'et.s e T2 R 118
Csmemoined e 183 0 030
D%Olid;ll)gpton ] 7.36 = 0.85
D% .‘!;efgitomjets p—e—vj 7.90+0.74
D eampined e 795 030 0.56
TegionContined  Mew  T60:041

_ Phys. Rev. Lett. 109 (2012) 132001
6 7 8 9
o(pp — tt) [pb]

Good agreement with NNLO+NNLL
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ATLAS+CMS Praliminary o, summary, 18=7TaV TOPLHCWG

TETT NGO Y NALL (e v 2.0, POFALHC T = 17250V
s
sk 5 POF & o, aroatinly

Juy 2014

L Wity

7 TeV ===

ATLAS, |+jets 179242970 La07 %
ATLAS, dilegton () 179= 61 ipb LaTn’
ATLAS, oll jets (*) ® 4 167:18=78=6pb Leron’
ATLAS combined 17703?:.7* L0708
CNIS, lsjots (%) 184+ 3212270 OB 18
CNS, aepton () 170242 16280 LalIe
CNS, 5 () 1492 242202 9p0  L.in’
CNS,aljois() F 196 202 40= 8 pb Lot 1
CMS combined 1664+ 2+ 11.8pb (TR
LHC combined (Sep 2012) 173+ 2+ §+6pb LT
ATLAS, l+jets, b—Xuv 166222 1723p0 LeaTh'
ATLAS, dilopten @, biag 18262312822 36ph 1 snh’
ATLAS, dlepton e, N_-E7 18122 2.0':.’:33& (WX
ATLAS, ¢+ 1862 1322027 pb Lezin'
ATLAS, v, vjets - {4 1842 102 46 pb T
ATLAS, al jots 1 168+ 12f:.7pb LT’
CNS, 1sjats 15822210240 2223
CNIS, iepion 102+2=5+4p0 L9
CNS, t, 1432 1422223 p0 Lot2f
CNIS, 1, tols 1622 1223223 pb Led0h
CNIS, all jois iy 1304+ 10+ 264 3 pb Lease'

("] Supersacng by raudts shows Seow he Ire Efect of LHC team anargy uncartainty: 3.3 pb

Illlllll| llll lllllllll I|lllllll

50 100 150 200 250

o, [ob]

300 350

vewee NNLO#NNLL (10p4+ 2.0), PDF4LHC
My, = 1725 CeV

scale uncartainty
scale @ POF @ a, uncortainty

ATLAS prel., elu+iets
ATLAS-CONF-2012-149. =581

ATLAS+CMS Freliminaryo, summary,¥s=8TeV TOPLHCWG

July 2014
— st urcerainty
8 I eV —  om urcerainty
o1, (528t a(sys0) o lumi

241 2=31=39pb

ATLAS, dilepton e, b-tag
A1 4085375, L =203 1"

24242 17+55+75pb

CNS-PAS TOP.12.026, L_=106 "

CMS prel., e/utjets 228:9"3 = 10pb
CNS-PAS TOP-12-006, L_=2.6 &b

CMS, dilepton 239+2+11+6pd
JHEP 02 (2014) 024,L =53 10"

CMS prel. ofp+r, 257=3+24x7pb

Dect of LHC bearm energy eecarainty: 4.2 pb

| — | I | - | |

150

250
0 [P

300

All channels measured: look for the unexpected!
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CMS, |+jets * I
How do we measure fms:.:égo::m m 835 323223 pb
the cross section? o .
8
31 CMS Proiminary 23pb7 (13Tev) & ™™ W B
10000000
1000000
100000
10000
1000
100
1 prrrr s b Pt prssssGrasssst T e rveeeerery
RS T % T N S T S S N ¥ 1 ot cate
TOP-16-006 — _
e/uy +jets channel at 13 TeV * Most precise 13 TeV

L. _ CMS measurement so far
« Shape fit in 44 lepton charge (b) jet

multiplicity categories. - Largest uncertainties:

« WH+jets bkg. modelling

* In-situ constraints on systematics « Luminosity
. Extractlon of Mt(7,p (pole)
« Total uncertainty ~ 3.9% =172.3% ,,GeV
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All channels measured: look for the unexpected!

ATLAS & CMS 8TeV

SCHe uncertainty
scale @ POF @ o, uncertainty

ATLAS, leplontels
FRD 91 {2015) 112013, L =203 ®"

PLB 730(2014)23, L« 195N~
ATLAS, dilepton ep

EPJC74(2014)3108, L, =203%"

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

ATLAS-CONF-2014-053, OVS-PAS TOP-34-018,
L, =63-2038"

CMS, dilepton (ee, up, ep) ——y

LHC combined eu (Sep 2014) ]

ATLAS+CMS Preliminary LHCIOPWG o _summary, {5 = 8 Tev May 2098

NNLO+NNLL PRL 110 (2013) 252004
m, . = 1725 GeV, u_(llz) =0.118:0.001 } '

L

o {staf) + {syst) + (umi)

—#%—260+1'% :8pb

CMS, lapton+jats Cboe 2285+38+137+6.0pb
aXn1602.08024, L_=196Mm
CMS, lepton+, o 25743324+ 7pb

2424+174+55:75pb
2390421+ 11.3£62pb

241514 =57 =62pb

CMS, dilepton en

o Xw:1600.02309, L, =187
CMS, all jets

EPJ C78(2016) 128, L« 184¢m"

Effect of LHC baam
gy uncanainty 42 pb
(not nchuded n e fgure)

b e 2449+14°01:64pb

2756+6.1:37.8+72pb

NNPDF3.0 JHER 04 {2045) 040
I I MMHT14 EPJC75(2005)5
CT14 PRD 90 (2016) 033008

ABM12 PRD 89 (2045) 0640228
:a.@l‘l-l)ﬂﬂ]

lllllllllllllllllllllllllllll

100 150 200

250 300 350 400

ATLAS & CMS 13TeV

ATLAS+CMS Preliminary LHCIOPWG o _summary. (3«13 TaV  Aug2016

NMNLO+NNLL PRL 110 (2013) 252004

,,,,,, m,, = 1725 GeV, Q.[I!’ » 01180001

scae urceriarty
i scale @ POF & o, uncertainty

ATLAS, dieplon ou
arav1606.02693. L =32

ATLAS, diepton 00 s *
ATLAS-CONF-215049, L = 85 pb

ATLAS, lojees *
ATLAS-CONF-2015049, L = 85pb”!

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

CMS, dilapion e *
CMS-PAS-TOP-16-005, L « 221" 25ns

CMS, fjets *
CMS PAS TOP-16006, L =23 1"

CMS, alljats *
CMS-PAS TOP-16-013, L « 253 "

* Preliminary

Effoct of LHC baam
ArwMGgy uncarenty: 12 pl
(not inciuded in the Ngura)

llllllllll

————

totsy slal

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

- 81848 +27 £ 19 pb

749157+ 79+ 74 pb

—— 8174134108+ 88pb

b 746 + 58 + 53 + 36 pb
b 703+ 838+ 21pb
e 835+ 3+23+23pb

p—tat—{ 8341251118123 pb

:  NNPDF3.0 »ep0e (2015 040
| | MMHT14 EPJCTS (25 5
i CT14 PRD 93 (2016] (GI00E

ABM12 PRD 83 (2015) 054028
[u;:ux| -0 |3]

llllllll

lIll

200 400 600

800 1000 1200 1400

o, [pb]

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

—A
<

S

10

TR R R I Xeki=l T X

3
3
=]
-

Tevatron combined 1.96 TeV (L< 8.8 fb' o =
CMS e’ 5.02 TeV (L= 26 nnkn L CMS Preliminary Aug 2016
CMSeu7TeV(L=5fb")

CMS l+jels 7TeV(L=23m")
CMS all-jets 7 TeV (L = 354fb]
CMSeud8TeV(L=19.71")
CMS I+!9158Tev (L=196fb )
CMS all-jets 8 TeV (L= 184!!) iy
CMS eu13TeV (L =43 pb ‘50 ne)
CMSeuw 13TeV(L=22Db)
CMS I+!9ts‘ 13TeV(L= 42pb‘ 50 ng|
CMS l+jets* 13 TeV (L=2.31")
CMS all-jets* 13 TeV (L=253fb"

- Effect af e beam anaergy
= uncertainty: 12 pb .
1000k (net mcluted in the Figura) -

B NNLO+NNLL (pp)

&= NNLO+NNLL (pp) . .
Gzakon, Fiedler, Mitov, PRL 110 (2013) 252004 19 VS[TeV]

NNPDF3.0, m, =172 5GeV, OL,(MZ) 0118 +0.0Mm l(l(Mz)-0113]

=t llllI

4 6 8 TR 15
(s [TeV]
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I T L] T Ll T Ll Ll T

Tevairon combined 1.96 TeV (L = 8.8 L]
CMSeu 502 TeV (L=26pb")
CMSep7TeV(L=5m1"

CMS l+jots 7 TeV (L=2.31b")

CMS all-jets 7 TeV (L =3.54 ib™)
CMSeu8TeV(L=19.7")

CMS l+jets B TeV (L =106 1b™)
CMSalljets 8 TeV (L =184t )

CMSeu 13TeV (L =43 pb’, 50 ns)
CMSeu13TeViL=221", 25ns)

CMS I+jets 13 TeV (L =42 pb™)
CMS alHets 13 TeV (L« 253 1b")

1

—
o
w

| lllllll

¥+ Do rOC«a0me4q

—_
o
N

I lllllll

Inclusive tt cross section [pb]

Al

l Ll 1 Al

CMS Preliminary June 2016

Effect of 0.66% LHC beam

energy uncertainty: 1.42 pb
= (not included in the figure)

[ nneors.o

“‘00|- . NNPDF3.0 . MMHT 14

n3) 252004 13 Vs[TeV] _
,)=0.118 = 0.001 ['a (M_)=0.113] =

] L] L] L) ] L] L] L]

L Effact of the baam enemy
- uncertainty: 12 ph E
- (nct included I the Figure) -

| B [[]asmiz |

0—

10 12 14

s [TeV]

TOP-16-015

B vmTia|
: Blcris [ Jasmize |
5 Vs[TeV]

First measurement at this energy!

Reference for future measurement with heavy ions.
Potential to constrain high-x gluon PDF

Total uncertainty ~25% (statistics dominate)
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Inclusive ti cross section [pb]

—
o
o)

5

10

|
4
E‘Jg?;? 502 T\ (1?2?3%‘% =881 ATLAS+CMS Preliminary

ATLASen7TeV(L=461ib

CMS et 7 TeV (L= 5 b} LHClopWG
ATLAS eu 8 TeV (L=2031")
CMSeu8TeV(L=197Mh")

LHC combined ep 8 TeV (L = 5.3-20.3 fb™)
ATLAS en 13 TeV (L=32f")
CMSep* 13 TeV(L=22%")

Aug 2016 |

ATLAS ee/up* 13 TeV(L=85pb™)
ATLAS |+jets® 13 TeV (L = 85 pb)
CMS I+jets* 13 TeV (L=23fb")
CMS all-jets* 13 TeV (L =253 fb"

* Preliminary

CbOrameasmnone g

90

80

70

S NNLO+NNLL (pp)
&= NNLO+NNLL {pB) —

NNPDF3.0,m__ = 1725 GeV, a,(M,) = 0.118 + 0.001

I 1 1 L l L 1 L l L L L l L 1 L l

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs [TeV]

1 1

—

2 Z 6 8 10 12
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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 eP_uPbrIii:tr?idein_P:)ézgez\gsD63 (2000) 014018
Single tOp at 2 [ single top quark, Tevatron Run Il, L <9.7 fb"'
‘= 3.5 . int
the Tevatron S |
3 a3f
@ T
g -
2.5
ud us ub c 2 4
8
Vekm =|Vea  Ves  Vob b
\\/td \/IS vtb ) E
1 1 FCNC
- @ Measurement () 1s.d. { Four gen.
. 0.5 & SM 2s.d. O Top-flavor
* direct measurement of |V E 394 1 Top pon

sensitive to new physics models N I R N S Y S T TS

o

s-channel cross section [pb]

t

4
=
92 o
‘é
Y
=

9 t

s-channel t-channel Wt-production
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Searches for
Single top at

the Tevatron

Cross section (barns)

—

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

=>Statistically & systematically challenging

t

} ) W*
Total inelastic

2 y—
10
104 bb . 1.05 + 0.06 pb W

-6 q.* q’
10" F

b W t-channel
16® 6,000 2.12 £ 0.16 pb
RS > 600
100
tt 2

=12 .
10 w @
10" -

Higgs (ZH + WH)
- b
10'¢
100 120 140 160 180 200
Higgs mass (GeV)/c?

84



background signal

Searches for
Single top at M_

the Tevatron

0
b

= | q
§ Total inelastic
S 2
S 10
g lo4 - mb '
® bb
E
10" - ub
W
16
- N
lO'IO‘ = /
tf
12
10 "L pb \inglc top
164 )
Higgs (ZH + WH)
lo-lab fb
I 120 140 160 180 2

Higgs mass (GeV)/c

= multivariate analysis techniques b
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Searches for
Single top at
the Tevatron

W + 2 Jets, 0 b-Tag CDF Il Preliminary 7.5 fb™

] W v &—30000 -+ CDF Data
o M Single Top
¢ % =$J HF
+
q 4/ v O : W W+LF
&N 20000 [ Z+Jets
bt - Il Diboson
-~ EQCD
» t
“ -
_ q c
J W g 10000 - \
\K- t
|solated ut - i, .

200 300 400

, BT
< (jet / M'M, [Gev /c2]
b

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



Searches for
Single top at
the Tevatron

q w \
{
q w y
- q
q w
q
“isolated” pu*
w+ L V
— [7\’ N
q, - - .
ol b< — (jet)
B f‘/} N\ g‘
3 ¢ Jet

jet

600F
400+

200

19

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

1 -0.5

W + 2 Jets, 1b-Tag

CDF Il Preliminary 7.5 fb™'

-+ CDF Data
i Single Top
Ot

EW+HF

B W+LF

[ Z+Jets

I Diboson
FQcb

-$-

0 0.5

1

Jet Flavor Separator




Searches for
Single top at
the Tevatron

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

W + Jets, >1 b Tag

q W v
24000 i
= CDF 3.2 fb"! ;gﬁF'garta
W ; 9 7 — gelor | =
q =
d :;3000 I W+ HF 3
@ B wsLF &
2 e Bl Other o f
22000 siaseas 7z Uncertainty kS
g 8 =
w _ Q ) E A
q 1000 5 t
“isolated” pu* B e = A
L\! N

W
— I o
NJets

i ‘@ best s/b: ~1/200 before b-tagging
" e best s/b: ~1/10 after b-tagging

jet



Decision Trees Neural Networks Matrix Elements Likelihoods

H, > 21 2 -
L q q WA
= = ol w
m b t '
/\ /\  /\ =
Hoo N 6 g b :
2 0,10203040505070802 1

Discriminant Qutput

Combined up to 8 different analysis channels

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

Events

CDF Run Il Preliminary, L = 3.2 b’

0 02 04 08 08 1 -1 05 0 05 1
Super Discriminant MJ Discriminant
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boosted decision trees neural nets matrix elements

D@ Single Top 2.3 fb"

_ Data Wjets I
N th+tqb W o
tHlouncertainty NN Multijets Il

on background

Event Yield
(o))
3

S’gnal Region

400

200

04 0.6 0.8 1
Discriminant Output
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Single Top Discovered!

Iy > DG 2.3 fb"
S 30
® Ranked
b2 ’ Combination
Singli—é_zw Output > 0.92
top W
T 10
@
o~ |
0300 200 300
Top Quark Mass [GeV]
Single Top Signal Significance

Cross Section

Observed

— observation with 5.00!

91

Candidate Events
Normalized to Prediction

200 300
M, [Gewc’]

w*

Vio

b

D [ 1.07:0.12]
@

[|v | = 0.91=0. 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 Run I, Lint <9.7f"
i ¢+ Data
10* I SM signal
V — Expected background
W ackground uncertainty
] b 10

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

the Tevatron

Events/0.1

TET IIIIII|

102:_ 2 ,,,,,
Measurement Cross section [pb] |
CDF I+jets e 1.41°0%% e e e N
3 2 . 0
CDF ET +j ets 4‘ 112 +gg17 Discriminant output [log, (s/b)]
. - +0.37
CDF combined 1.36 -0.32 % 10° __ s-channel single top quark, Tevatron Run I, L, s97 fo
. 0 § o —Background only Expected significance: 5.1 s.d.
DO [+)ets '—'.—' 1.10 +Og? %‘ 10 :: gm pr?:cl:t; dbackground Observed significance: 6.3 s.d.
: < — +Observed Significance
. : 2 o 1= : 1s.d.
Tevatron combined —— 1.29%02 & L - 3ed
: — | 5s.d.
10° =
Theory (NLO+NNLL) , -
1.05 + 0.06 pb [PRD 81, 054028, 2010] "
o 1 2 2
. 10° 7 : .
My, = 172.5 GeV Cross section [pb] T 2 T T

£l 1 | 11 1 11 I 111
-100 -80 -60 -40 -20 O 20 40 60 80 100
Log-likelihood ratio
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Binned rofle LLH on BDT o(Wt 94t10+28-23 b
Recent results: nnhed p (Wt) = p

LI | b T T T 12000

. o ATLAS Pfel-mlnaty _s_ Data 2015 ] §
Single top at = o
_— Fakes -8000 >

the LHC — :

©°
@

08F, | e B e

06 08 1 12 14 05 1 15
BDT (1j1b) response BDT (2j1b) response 2j2b yield

ATLAS |13 TeV - Wt channel

CMS Preliminary 237 (13TeV)

PR | o

T 11'_2:_ + Data :
> 4 CMS13Tev —WCONOUR) | D e
Full program g o tchannel  —Famelrs W
of single top | T R ——
studies . ; SR
ol CMS 13 TeV
_ : t-channel
% o5 1 s 5

2
lyl (t+1) (GeV)



Latest on e 2015: s-channel “observed” at the
single top Tevatron 50 (t-channel a while ago)

results e LHC: recently observed t-channel and
t-VV, getting closer to s-channel!

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

o
o

Inclusive cross-section [pb]

f ATLAS+CMS PreliminaryLHCIOPWG = smssionst, oo vrecer. - Tevatron Run |I single top quark summa
- Single top-quark production ATLAS-CONF-201 5078 . g Pq e Ary 5
June 2016 o CMStLchannel o ecoreoso Measurement ross section [pb]
L CMS-PAS-TOP- 16003 . s-channel:
- @ “ %.mz--w JHEPOH2016) 054 . CDF [25) i-o— 1.36 *gg;
E-ohanmed © PR btkor) 2203, PRL1242014) 231802 DO [22] _:’_ 1.10*0%
R *  LHC combination, Wt H -V 031
- ) ATLAS-CONF- 2016023, CNS-PAS-TOP-18-019 - E 10.26
:__“__. —f‘!_ s ATLAS s.channel i Tevatron [26] re- 1.297%,
B ATLAS CONF.2011-11895% C L _
- PLOTB6(2016) 228 i t.channek
s ¥ CMS s channel i H +0.38
,I  EEEISL. COF [21] - 16503
-~ W 1 E
! == =3 e NNLO PLBTI6(014)58 DO [22] : —— 3.07 'g:’;
o - . i .
AL s Tevatron [this paper] e 2.250%
- == NLO+NNLL PADEI2011)001500 . ' '
B PROE22010)054018, FADENZNC) 054008 _| S+ ;
W 1t contribution remaved - H 0.49
s-channel weale & POF @ a, uncesaiety 3 CDF [21] +§ 3.02 '-0.48
‘‘‘‘ . | . — ::‘l;czt'::&ﬂ;lz)[l 10.CPC1212015) 78 4 DO [22] § o 4.1 1-.(0)22
0 55 veto o v €0 ] Tevatron [this paper] —e— 33007
and =5 Gl : .
- e uncetainty i L L | | A 1 " |
ecale & POF @ o, uncemainty 0 1 2 . 3 4
I Cross section [pb]
) | o il Theory (NLO+NNLL) [9,12] m, = 1725 GeV

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

Standard Model Production Cross Section Measurements

102

10?

107!
1072

1073

Status: August 2016

A-Ototal (x2) .
041 Inetbsto ATLAS  Preliminary B theory
n121 Run 1 ,2 f = 7, 8’ 13 TeV LHC pp v;=71-ev
0l<pr<2TeV
‘°'2 Bl Data 45-49f!
03< ?v;;<:5 Tev
meOne LHC pp V5=8 TeV
> 25 G
e B Oata 2030
O--n; 2 0
LHC pp Vs =13 TeV
>0
- L -
it A ) L BBl  0ata 0.08- 1481
pr>100Gey njz2n>1 —ro-{ER, [y
Oy 2 1 | = B , ‘_'2:" ww -
UE 3"‘1‘5—"2 2 Wi ;Pz' O8O
o N - O n
0 o v
n;z 4n|'0'7 . 27 o g H _g.%‘t:n
o V| @ 22 72 | W
_ njz4 “J;a schan _-_ y O
n n; = 5-40m- 'o Zy & n
n=6ym l n
n=5 nzx7? VBF =
n =6 iou (o] H—WW )
[ =} n =8
27 ] -0 s =
=) Hyy
e HsZZ 48
n;z 7 n . | .-. L+ -
[ 2]
PP Jots Y w z tt t VW 7Y H Vy tTWLEZ tty Zjj ww Zyy Wyy Vi
R«04 EWK  Exdl.
fid. fid. fid. fid. tot. tot. od.  fid. fid  tot fot fid. fid. tot fid fd fid.

96



Production Cross Section, ¢ [pb]
- 3 R 8 2 3

—
<

1072

10°

All results at: http//cern.ch/go/pN;/

Down to smaller cross sections: tt+V

CMS Preliminary

-

June 2016

-
1

et
lp . .

3

Y LT
B3 -

B

@ 7 TeV CMS measurement (L <50 fb™)
§ 8 TeV CMS measurement (L <196 o)
& 13 TeV CMS measurement (L <2.7 fo™)
== Theory prediction

= CMS 95%CL limit

-
'

:Flﬂ iet('s)
. S
(8

i, |

-_H__L

lllu
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I
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| | | | | EW 'ew '"vv="ew 'Ew TEW! | | | | | | | | |
Z Wy Iy Ww WZ ZZ qaW WW Wil SSWW Zxj WVy Zyy Wy 8t W f thy oW tZ

EW: Walv, 24l =au
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leading TT production diagram

TT-tH+X and 4-top production

4 tops (SM and BSM)

(a) (b)

ATLAS-CONF-2016-013

(©)

Many final states: | | search channels!

Search for VLQ pair production TT decays to tH and bW, 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

@
LI LI LI LI LI LI LI LI c
> : | I | I I | I - 3105
g 0.14- ATLAS Simulation Preliminary .
’ 0 12: i5 = 13 TeV [ Total background . 10k
(2] — . —
o, - 26j, 22b —— TT singlet (800) ¢ s
= I TT doublet (800) - 107
e O o 2UED/RPP (1000) -
8 [ ] 10°}
£ 0.08f :
i : 10}
0.06F :
C i o
0.04- 5 51
- - P
002 [ e e, B Qo
0_||| |||||||||||||||:-. =
0 0 200 250 300 350 400
Large-R jet mass [GeV]

T 7T

Pre-fit

B 7T doublet (800)

ATLAS Prellmlnary ~e-Data.
s=13TeV,3.21b"

1t + light-jets
tt+>1c
it +>1b

1 Non-it
vz, Total Bkg unc.

IlIIIIIl IIIIII|,|,| IIIII|,|,|,| IIIII|,|_1| L

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

N

’

| I I SN R R S R—| I-

& 8 § &8 3 3 2 3 & 8 3

3 8 3 2 % § % v ¥ 3 3

2 5 = A A
v-?_v—ﬁ

® Small-R (anti-kT 0.4) jets surviving overlap removal are input to large-R
(anti-kT 1.0) jet re-clustering, which is then trimmed

® [arge-R jets used for hadronic top and H-bb candidates: pt>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

%‘ '3‘ —IIII|IIIIIIIIIIIIII|IlII|IIII|IIII|IIIl_
- o 5
ATLAS Preliminary = o - —— Theory .
1 ‘E‘ o —— 95% CL observed limit

fs=13Tev. 320 £ x ap reoeeees 95% CL expected limit E
@ © t I 95% CL expected limit +16 7
P g . 95% CL expected limit £26 ]
5 i
(&) . _

2 ATLAS Preliminary
- 107" 4 3
g (s=13TeV,32f" 3
N 10'2 = -
0 0102030405060.70809 1 - a1 B =
- Tier (1,1), &=1, BR(A ™ —ti)=1 -
BR(—I-_)Wb) —llllIllllllllllllllllllllllllll 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, bWV.

® Right: UED/RPP model - cross section limits shown as a function of mkk
for the symmetric case (§=1) assuming Tier (I,l) production alone.
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Top Mass Measurements
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Important EVWK
parameter

- L] L] L] L) I L] L) A L) I L] L] L] L] ] L] L] L] L) I L] L) A L) -

80.7 Tevatron/LEP 268% CcL | -

- LEP1/SLD: darker region i

80.6 - -

= 80.5[- .
Q ; )
= 804 . ~
£ X 1
L GeV I
80.3wy= 114 .
80,2 — Heinemeyer, Hollik, Stockinger, Weber, Waiglain 08 =
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LEP 2 excluded

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

2 2 2 3 b 2 a2 2 b s s vl s 3331 s 32 32
B — 160 165 170 175 180 185
Mtop (GeV)

80.2 Heinemeyer, Hollik, Stockinger, Weber, Weiglein 09

WV and top quark mass tells us Higgs mass



]
1 —LEP1 and SLD
80.5 -~ LEP2 and Tevatron (prel.)
68% CL
>
O
O, 80.4-
=
S
80.3 -
150 175 200
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7 |
1 — LEP2 and Tevatron (prel.)

80.5 - LEP1 and SLD
68% CL

-
-
--------

150 175 200
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March 2009
1

|
1 — LEP2 and Tevatron (prel.)
80.54 - LEP1 and SLD
68% CL
>
O
© 8041 |}z
=
S
80.31
150 175
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805 March 201|2 | | | | |
[ 1LHC excluded

| —LEP2 and Tevatron
{1 ---- LEP1 and SLD
68% CL

-
-----
------
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5_- MTOP _
— Run-| average :

T === Run-I/Il preliminary ; 1
4 - " —
3 ] —]
2 — —
1 ‘ —
0 | Excluded ™.\ '

30 100

m,, [GeV]
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6 March 2009

M, = 163 GeV

_ 55 _
5 ] . Aaﬁ]ad = ]
1 —0.02758+0.00035

7 ----0.02749+0.00012 ’
4 - + incl. low Q° data —
3 ] —]
2 — —
1 1 —
0 Excluded S~ Preliminary

1 1 1 1 1 1 ] 1
30 00
m,, [GeV]
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6 August 2009
) .

M, = 157 GeV

1 , A“gd = _
S \ — 0.02758+0.00035

- i - 0.02749+0.00012 )
4 - % eee incl. low Q? data -
3 _
5. _
- _
0 | Excluded . Preliminary_

T T T T L | '
30 100
m, [GeV]
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6 July 2010 m .. = 158 GeV

| (5) _ )
5 - Al g = |

. —0.02758+0.00035

T i -+ 0.02749:0.00012 !
4 3 =+ incl. low Q° data —
3 — —
2 — —
1 — —
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I I I I I I 1 I
30 100

300



6 March 2012

m .. = 152 G?V

5 - Aaﬁa)d =
— 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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is Discovered!
2012

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 205113

N Event: 12611816

e Date: 2012-06-18
Q Time: 11:07:47 CEST

-

VT

>
CMS Experiment at the LHC, CERN  § v
>
7

Data recorded: 2012-May-27 23:35:47.271Q30 GMT

CMS
MS
| Run/Event: 195099 / 137440354 \ ) y
\ X : -

- ) s s

R > T o

\ = i 3 -

i}

theory: 1964
design: 1984
construction: 1998
collisions: 2010

candidate
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Higgs! Everyone is relieved...
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Consistency of the Standard Model

N
I\

r— 1

> | 4 1 ‘4'
8 — 68% and 95% CL contours R ‘:fr":;:':fé;;‘j P
= | . = - Mg =
— 805 — I fitw/o MW and m, measurements il - 5 =076 GeV —
EB - fit w/o M,,, m and M, measurements | i —0=0.76 ©0.50,,GeV d
[ direct M, and m, measurements i i _
80.45 — 1 . ]
B i =
- [ ’;"

80.4
— M, world comb. + 1o 7
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[ 2 =]
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- . 1 7
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Rapid instability

Metastability
176} ,
. arXiv:1307.3536
. A o |
- 174f A '
= 17 _Y\-‘(
L | |
172} \\//
‘?\9\1 ‘ [
S \\// Absolute stability
1700 o (Planck-sensitive)
e
[ S .
800 12 14 16 1% B0 I
Ml‘ﬁm

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

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

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

_as(Myz) —0.1184

Will our universe end in a 'big slurp'?

nbcnews.com
+0.3GeV

0.0007

* A fine-tuned situation: vacuum on the
verge of being either stable or unstable.
~|-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)

240

200

160

120

40

80 |

Indirect constraints on top quark

C.~Quigg, Phys. Today 50, 20 (May, 1997)
1 H
L ol ol Ll ol
1990 1995 2000 2005 2010
Year
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Evolution of Top Mass Measurements

240 T T T T T T T T T T T T T T T T T T T T

200

160

Eﬂﬁﬂ g}l g JoBL 2ne.

o— | 1 T T [ T 1T
-'II
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Top Mass (GeV)

80

40

||||i‘||||.|||||

1995

1 I 1
2000
Year

2005

O I 1 1 1 1 1
2010 2015

1990

C.~Quigg, Phys. Today 50, 20 (May, 1997); extended version circulated as arXiv:hep-ph/9704332, and private communication.
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Top Quark Mass
 Important EWK parameter

 Key role in BSM physics models
» Constrains the Higgs mass
» Heavy: Unexpected role in EWSB?

Challenges: combinatorics, b-tagging
efficiencies, jet energy scale.

Solutions: sophisticated analyses,
in-situ W—jj calibration

What a theorist sees...

Summer 2006

L} I Ll T ]

LEP 2 95% CL exclude

80.5 | Il LEP 2 and Tevatron
i (Preliminary)

I LEP 1 and SLD

% 68% CL
o
= 80.4
=
e
80.3
150 75 200
m,,, (GeV)

v! b jet

What an experimentalist sees
120



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

Signal Templates

o
© 0.022
2 0.02 Mop
g 0.018 Il 150.0 GeV/c?
2 0.016 B 160.0 GeV/c?
. PT |eptons S 0.014 B 170.0 GeV/c?
. 8 0.012 2 180.0 GeV/c?
* Erjets J
* missing Et
* b-tags
00 120 140 160 180 200 220 240 260 280 300 320
difficult combinatorics: m(GeVic’)

oiet \| f semges minimize the chi-square:

i, fit i,mcas)g

(U_{it _ U;neas)?

, 2 (p —P
¢ X = Zi:f 4jets T 2T + Zj:,z:,y )
7 0;

(M;; — Mw)* " (Mg, — My )? N (M, — miee)? N (Myg,, — mj™°)?
i i g r

v! b jet 121



early Tevatron
Run 2 example:

spring 2005

Events/(15 GeVic?)

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

1-tag(L) Reconstructed Top Mass (GeVIcz)

2-tag Reconstructed Top Mass (GeV/c)) 1-tag(T) Reconstructed Top Mass (GeV/c?)
'S 9 CDF Run Il Preliminary CDF Run Il Preliminary
S
S8 . Data (16 evts) . Data (57 evts)
o7 (/] Signal + Bkad P7) Signal + Bkgd
26 s B evad ooy
Ss
w
4
3
2
1
0

0 150 200 0 150 200 250

0-tag Reconstructed Top Mass (Gewcz)

-
st CDF Run Il Preliminary L9 CDF Run Il Preliminary
C >
- . Data (25 evts) S8 . Data (40 evts)
4 7] signal + Bigd 27 Y signal + Bikgd
C @B&gd only % 6
3 ]
C > 5
C w
C 4
2
C 3
1 o 2
C 1 4
C &
ok 0 it x
00 150 200 250 300 00 150 200

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).

|
|
|
|
|
I
|
Fraction of energy is outside of cone. |
|
1
|

Underlying event contributes to
energy inside of cone.

. @
=Need to get original parton energy!

P q& under ying

L

123
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Template: one of the largest systematic
T easUre the uncertainties: Jet energy scale (JES)
top quark

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

How we

E Reco. Top Mass (1-tag(T))
0.14f ~ 0.14
X § C Top Mass:
) 0.12F So.12- ] 145 Gevic?
$) B 2
> 0 "\g’ i =165 GeV/02
= 185 GeV/c
O =R
¥0.08 - H §0.08 - [ 205 GeV/c?
L IL B
¢] - i
£0.061- 0.06]-
g I -
w0.04- 0.04F
0.02:— 0_02:_
0 20 40 60 80 100 120 140 160 180 o-

250 300
m(GeV/c’)

100

150 200

mji(GeV/cz)

in-situ JES calibration with W—jj same data: same JES, reduced systematics
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2-tag Reconstructed Top Mass (sevn:’)

T CDF Run Il Preliminary
S
és .Dau (16 evts)
3 7 /] Sianal + Bkgd
% 6 @B&guoay
o
> 5
frr
4
3
2
1
0

0 150 200

1-tag(L) Reconstructed Top Mass (GeVlcz)

CDF Run Il Preliminary
. Data (25 evts)

[ /] Sinal + Bkgd

Events/(15 GeVic’)

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

CDF Run Il Preliminary

. Data (57 evts)
P7) Signal + Brgd

@ 8kgd only

Events/(15 GeVic’)

O a N W & 00O N D ©

0-tag Reconstructed Top Mass (GeVIcz)

after in-situ
WVjj calibration

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

CDF Run Il Preliminary
. Data (40 evts)
/] Sianal + Bkad

& Bkgd only

2-tag

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

Entries/(15 GeVic)

OOI.LN(JJ:-OIO'QD@

w 1-tag(T)
[[]Data (25 evts) ~ 35 [ ata (63 evts)
Signal + Bkgd ; 30 Signai + Bkgd
%4 Bkgd only g ;z @Bkgd only
FIRE
;w0

. PR.AD
50 100 150 200 250 300 350 400

m, (GeV/c)

1-tag(L)

o8

m (GeV/c?)

O-tag

Entries/(15 GeV/c?)

m (GeV/c?)

[[]Data (33 evts)
P Asigal + Bkgd

@Bkgd only

Entries/(15 GeV/c?)
ocadaBREHS

m (GeV/c?)

[ Data (44 evts)
Signal + Bkgd

@ Bkgd only




Events / GeV

Events / 0.03

eoo;xﬁ'Aé'l""l'"'l""l';"éﬂ'é:l'#nt"l'"'_|

{s=7 TeV, 4.6 fb" S Beet fit background

500+ ! — Best fit -
Uncertainty

400

300

200

100

$30 140 150 160 170

180 190 200 210 220

700

Mg’ [GeV]
L DL B —— ]
ATLAS * data, l+jets
600— \s=7 TeV. 4.6 fb" {55558 Best fit background_
, —— Best fit
Uncertainty

500—

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

——
1000—ATLAS

? "o ' data, l+jets |
s (=7 TeV, 4.6 fb" S Best fit background
g ’ —— Best fit

3 800— i Uncertainty 7

60 70 80 90 100 110
miy” [GeV]
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JEC uncertainty [%]

-MQ&U‘@\IQO

—10 Ollslptellulill\am L=19 fb"

How we

measure the
top quark
mass?

E-B'lbv

SHARL AN A RS AR RS an

- :
-
" S o SR L B Y VN

ITotal unoetubty
— Absolute scale

= Relatlve scale
= Extrapolation
«Plie-up, NPV=14
=-Jet flavor (QCD)
=Time stabllity

Antl-k, R=0.5 PF

Irl.aI-O

PN PPN Y]

p. (GeV)

LHC JEC/JES Uncertainties

o
il
N

-

0.08

0.06

Fractional JES uncertainty

0.04

0

Ll | |
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-
I
e
o

llllllllllllll

llllll

— Anti-K, R = 0.4, LCW+JES + in situ correction
[ Data2011. fe=7TeV,[ Lat=471"

| Ll l
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= Baseline in situ JES
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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)

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-Il dilepton * 170.80 +3.26
. Lo o)
D@-II dilepton 174.00 +2.80
. L 4
CDF-I lepton+jets 176.10 +7.36
. ——
DO-I lepton+jets 180.10 +5.31
. L
CDF-Il lepton+jets 172.85+1.12
) 19
DO-II lepton+jets 174.98 +0.76
. <
CDF-I alljets 186.00 +11.51 (+10.00 = 5.70)
. *
CDF-Il alljets * 175.07 +1.95
CDF-Il track * 166.90 +9.43
CDF-Il MET+Jets 173.93+1.85
L o
Tevatron combination * 174.34 +0.64

(+1.19 = 1.55)

(+9.00 = 2.82)

(+1.26 = 1.36)

(+x0.37 £ 0.52)
(+ stat = syst)

v2/dof = 10.8/11 (46%)

150 160

170 180 190
M, (GeV/c?)

200

arXiv: 1608.01881



Mass of the Top Quark

July 2014 (* preliminary)
CDF-I dilepton
D@-I dilepton [fn 5
< [+ Tevatron Top Quark Mass Uncertainty
CDF-II dilepton * > 6 \ ‘ Combined CDF measurement
) é \"-\_2 Combined D@ measurement
DO-11 dilepton E‘ 5 Tevatron combination
CDF-I lepton-+jets '§ B Projected future uncertainty range
Tevatron 8,
. . DO-I lepton+jets —
combination | 2 I
CDF-II lepton+jets g 3
DO-II lepton+jets § -
G 2C
CDF-I alljets & L
- "l
CDF-Il alljets * .g B AM <1 GeVic?
P -
CDF-Il track 01 I "IN Ol S 1 OO e WO Y i
107 1 10
CDF-Il MET+Jets Integrated Luminosity (ﬂ)‘)
Tevatron combination * ] 174.34 +0.64 (+0.37+ 0.52)

(+ stat = syst)

v2/dof = 10.8/11 (46%)

| | | | | | goal was <| GeV

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



Top

Quark
Mass

ATLAS
and CMS
combined:
direct
measurements

<3% relative
uncertainty

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

total uncartainty total stat

My, = 173.34  0.76 (0.36  0.67) GeV M, + fotal {stat = syet) G Rel
ATLAS, l+jets (*) 17231+ 155 (0,75 + 1.35) 7 Tev 1)
ATLAS, dilepton (*) 173.09 + 1.63 (0.64 £ 1.50)  77ev 12)
CMS, l+jets 173.49 = 1,06 (0.43 + 0.97) 7TV 13)
CMS, dilepton 172.50 £ 1.52 (0.42 £ 1.48) 7 TeV |4
CMS, all jets 17349 = 1.41 (0.69 = 1.23) 7TeV 15)
LHC comb. (Sep 2013) 173.29 + 0.95(0.35 + 0.88)  1cv ¥
World comb. (Mar 2014) 173.34 + 0.76 (0.36 + 0.67) 1967 TaV [7)
ATLAS, l+jets 172.33 £1.27 (0.75 £ 1.02) 7 TeV 1)
ATLAS, dilepton 173.79 £ 1.41 (0.54 £ 1.30)| 7 7ev )
ATLAS, all jets 1751+1.8(1.4+1.2) 7 Tev 1)
ATLAS, single tcp 1722+21 (0.7 £2.0) 8 TeV 110]
ATLAS, dilepton 17299 £ 0.81 (0.34 = 0.74))  &71ev 11
ATLAS, all jets 17380 £1.15(055 = 1.01 )| 8TeV [12]
ATLAS comb. (,{‘;;‘3,‘,_‘ 172.84 + 0.70 (0.34 + 0.61 7.8 TeV [11]
CMS, l4jets e 172.35 = 0.51 (0.16 = 0.48) 8 TeV (13
CMS, dilepton 172.82 + 1.23 (0192 1.22))  evev 19
CMS, all jets 172.32 = 0.64 (0.25 = 0.59) 8 Tev 13)
CMS, single top 17260 + 1.22 (0.77 + 0.95)| & 1ev (14)
CMS comb. (Sep 2015) 172.44 + 048 (0.13 + 0.4 7uR ToN [14]

V] ATLASCOMP-294 300

14 ATLASCONFam 3o

13 2000 13 (200 v

14 Cur Prwyn L 22 Q01 1) 2006
19 Cur Py LS04 201 4) 0%

6] ATLAS.COMF 00 3100
(1) v 1 e et

] b s CTY (00N 28
0¥ B Pyynd 75 () v
[ ATLAS-CONF 201 4085

(") Superseded by results
ehown below the ine

1190 Xy | 008,024 9

[13) ATLAS-COMN- o ond
113 #% s Few (00 (2000 ST0000
[14) CMS2 45 T0P 25000

R —

175 180

My, [GEV]

1 I | I R I | —
165 170

LHC top mass systematically limited: MC modelling, (b)JES
Template/Matrix element methods — Monte Carlo top mass parameter

| I |
185

T —
LHC and Tevatron results with nearly comparable precision of 3-4 permille (0.5 GeV)




Top Since LHC is a top quark factory,

Quark it’s all about controlling systematics
Mass

19.7 tb' (8 TeV)
| I l L) L) L | 1

CMS newdi-leptons "' T "7 7
Preliminary 5 (value =+ stat + syst) .
| new approaches with
1D fit = 172.39 + 0.17 'oar GeV
r complementary
2D fit .__..,.... 171.56 + 0.46 * |3 GeV S)’Stematics
Hybrid fit e 172224018243 Gev can constrain
MAOS fit _.m 171.54 + 0.19 * |77 GeV Cmeined
CMS combination N 172.44 + 0.13 2% GeV S)’StematiCS
1 1 L 1

NI TSP P - S P P
160 165 170 175 180 185

M, [GeV]

CMS, 19.7fb™", dileptons, 1D, 2D, hybrid,
MpjsMp, MAOS myy Myo,
Mbp =172.22 £+ 0.18 +0.89-0.93

CMS-PAS-TOP-15-008 131



Top New ldeas: b-lifetime

Quark
Mass b
4 :
CMS Simulation, JS=8 TeV I % \
bo o2
= “~;'
vV & . do
S — B

82
162 164 166 168 170 172 174 1768 178 180 182
My, [GeV]

First used in CDF systematics complementary (no jets).
L.y distribution gives Mop.
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Vacuum Stability

180

170F

Pole top mass M; in GeV

T T T T 1 T N

165
115 120 125 130 135

Higgs mass M}, in GeV

150 MeV 8(Mu) ~ 100 MeV (M)

Are we measuring the pole mass!?

133
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Top mass from ouw

\s =7 TeV;ag(my) = 0.1184
! T L 7

180

= 2 L= I EL A AL L
! o | —— CMS,L=231fb"
O ; wmimm TOp++ 2.0, ABM11
. ! =u=n= Top++ 2.0, CT10
200~ i wunn TOP++ 2.0, HERAPDF1.5
- J= [ Top++ 2.0, MSTW2008
5

~= = Top++2.0, NNPDF2.3

160~ =
140
1 20 __l 1 1 1 | 1 ! | |~ 1 """:
165 170 175 180 185 190
rn'pole (G ev)

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

11111111111111

Lint=5.0fb1 {s=7Tev CcMS
MLELEL B B LR
1400 i

C § #**
¢ ¢

Events/5 GeV

160 180 200 220 240 -
My, (GeV)

Normally,"MC” mass @
. . o e -
(uncertain hadronic activity) S5,

0 -_‘ TS BRSNS R | 1 "
0 50 100 150 200 250
My, [GeV]

ldea:“Endpoints” of transverse distributions:
* Can fit to shapes independent of MC/theory
* Very sensitive to Meop

e CMS:fit to MT2f35MWT’ Me¢



Top Pole mass vs Monte-Carlo mass measurements

Quark
Mass

D0 9.7 b’

§ measured ofpp— tisX0
~ Measured dependence of o

o4 (Pb)
5

Top-quark pole mass measurements July 2016
DO o(th, 1.96 TeV &5 P
PLB703(2011)422 ® ‘ oL BN - { ¥
MSTWOE approx. NNLO
DO o(tt), 1.06 TeV +3.30
DO Note 6453-CONF (2015 @ el i
MSTWOE NNLO 4-
DO o(th), 1.06 TeV +3.38
MSTWO8 NNLO Top quark pole mass (GeV)

ATLAS o(tD, 748 TeV 17290 +2.50 v
EPJC 74 (2014) 3109 — @ 1729075, 4, Ge

~—— NNLO+NNLL

ATLAS fi+] shape, 7 ToV BRI il Direct top mass measurements:

JHEP 10 (2015) 121

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

CMS o(tt), 7+8 TeV H70
arXiv-1603.02303 (2016) —@— 17380777 4 g9 GeV

CMS tt+j shape, 8 TeV rg o0 +452
TOP-13-006 (2016) —— ¢ 16930 3.66 GEV

Expect m{MC - mypole ~ 1 GeV

CMS o(th), 13 TeV +270
TOP-16-006 (2016) —@— 17230 230 GeV

— Calibrate m{ MC

World combination

ATLAS. CDF, CMS. DO @ 173341075 46 Gev .
arXiv:1403 4427, standard measurements — |ndirect measurements of mtpole:
| | | | | I | | | | | | 1 | | I | | | | : :
150 3 170 180 compatible with measured m¢MC
m, [GeV] within precision of 2 GeV

136



Top

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

Mass
I Precision and Significance in the Real World I
—ir o |
”;‘é’hﬁ?,:g é LOOK é
| gt ouT!!
N N
0[: @ OE: o

Precision Slgnlﬁcanco \
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| ff threshold - 1s mass 174.0 GeV | _
-~ — TOPPIK NNLO + ILC350 BS + ISR §
| I simulated data: 10 fb Ypoint i
.0  —top mass £+ 200 MeV —

O
e

cross-section [pb]
o o
N (o))

O
N

o

345 350 355

/s [GeV]

Snowmass top ILC white paper

Linear collider threshold scans

80 IR BN N B B B B B B L B BN
0.120 2a | -
- V; 0.1180]"
0.118f -
0116 -

2 L PR R PR S L

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

Ch d H - ' CDF Run 2 (4.6 fb™1)
- arge iggs, sto 2 1 Preliminary
5 555 P g t'—Wgq, = 4 jets
l;‘T: HT VS. Mreco VS. Njet
' 0.1 -
Q. ]
5 range of observed
expected 95% CL '
upper limits
. 0.01F theoretical prediction
Another time... ; Bonciani et al

200 250 300 350 400 450 500
t' mass (GeV/c?)



=B=0-0=S"F-E-D -T-O-P-Q-U-A=REK=S5
and searches for new physics
at 13 TeV
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M2 = My 2 + Am,2
The Problem: H bare H

| Arny? - 3/(FT2) y2 A2
H H
""" O“““ If N~ Planke scale:
t MHz NAan x 10732
A scale of
?OSSibLQ Solutions: new physics

A) SM only low energy effective theory
te. \ << Plank
I A~ TeV: Ame ~0(m2)

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

t/T

H ( J H H
______ N o o o o ---'1-.0------- LooPs cancel




|7 SM parameters, still many questions...

SUSY g Origin of mass/EW breaking?

Spacetime symmetry?

Extra dimensions?

‘ ’ (Un)naturalness of TeV scale?
_ 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 142



Little Hierarchy Problem: Naturalness

143



Little Hierarchy Problem: Naturalness

. higgs
1
H
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Little Hierarchy Problem: Naturalness

mHiggs
126 GeV

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

/\quarks
~< 5 TeV

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

RPV SUSY '
WI

New fundamental forces?

v‘«
Origin of dark matter?

Top partners \ Origin of flavor?
SEERE b Unknown principles?

M. Luty, Snowmass BNL energy frontier workshop 2013 146

=~ Origin of mass/EW breaking?

Spacetime symmetry?

Extra dimensions?

(Un)naturalness of TeV scale?

Effective DM Unification of forces?



mass, GeV

~5 orders of magnitude!

|
OCO

Searches with Top

Y

=0O

Charge

LEPTONS

Electren neutrine Muon neutring Tau neutring
Mass: 02 0? 0?
Electran Muan a

51 105.7 i
< Top
Up ~180,000
Mass: §
[ <]
Down Strange
4 160

Mass in millians of electran valts

® Top quark is only fermion with a
mass of order the EWK scale.

® [arge mass suggests it may

couple to physics beyond the SM.
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New Physics in Top: Popular!

CMS ATLAS
TOP US TOP ‘ SUS
B2G
EXO EXO

® Jop BSM searches span many groups and categories.

® [B2G = Beyond 2! 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

:0\2-2_""';""]‘”'l""l”"l‘"'I""I""I""I‘
= 2p ATLAS Preliminary - Simulation

However, these T

<1.6F

heavy masses are
1.2f

trivial under i
~TeV scale boost 08}

0.6

250

200

Pythia Z— tt, t — Wb

150

.
100

0.4
0.2

v b b b e b e na by be g 1y
0100 200 300 400 500 600 700 800900  °
toppT[GeV]

I’b\. 4__'"'I""I""I""I""I""I""I"" 250
Qf - ATLAS Preliminary - Simulation
0:3.5_—-

< 3: Pythia Z' — tt, t — Wb {™8200

150

100

AR: separation in N=¢
AR~ 2m/p;

W P, [GeV]
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Kinematic Regimes

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

® | ow-mass searches (<~1TeV)

- Decay products well-separated
- Standard top reco used

® High-mass searches (>~2TeV)

- Boosted tops, collimated decays
- Special reco algorithms needed:

- Jet substructure!

® |ntermediate mass range

- Partially merged, mix of techniques

m,,; (GeV/c?)

W
(34
o

- Top Tagging .
- CMS Simulation
-Z >t

s =7 TeV

0.12

0.1

0.08

Ill]lllllll

0.06

CMS-PAS-JME-10-013 151



“Fat” Jets

ATLAS-CONF-2012-065

° . »"—‘~2-2_'"'U'"I""I""I""I""I""I""I""I'_
° ChOOse Iarg.e let SIZE fOI" §" 25— | ATLAS Preliminary-SimulationI250
reconstruction to catch F1.8F o E
all decay products. Q16 Pythia 2= 1, t = Wb 38200
1.4 —
® ATLAS & CMS have 12F 4 150
studied R=0.8,1.0,1.2,1.5. 1E -
0.8F 4100
® Use specific algorithms 0.6] E
to identify the collimated 0.4f- =
decay products within 0.2 E
this large-R jet. (C-A jets) %100 200 300 400 500 600 700 800900

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  \12 pac IME- 13007

ATLAS-CONF-2013-084 o)\ |S-PAS-JUME-15-002 152

Boosted top references:




Lepton Isolation

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

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

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

JHEP 1103:059 (201 1)
Rehermann, Tweedie

~

30

cy [%]

25:_ \s=7TeV

efficien

20
151

10[-

- ATLAS| Simulation | 0

L ()
0 500

| | |
1000 1500 2000

Z' mass [GeV]

neutrino
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hadronictop-eandidates.

e
e G,

‘ f \ \ leptonic fop - X .
W\ PO !— Tl !— S cahdidate .-, -

A EXPERIMENT

Run Number: 209995, Event Number: 51046560 (1. - s
hadronic top

Date: 2012-09-09 23:10:22 CEST \ F . .
* /- candidate

~-leptoni —-:op"'ééndidate
hadronic top candidate o5 ET (Gew)

L 45

T S
| II‘ :

D | i .
. e . - 25

L 35

-":-_-f"--.-::'-v - e == e}
'-’-'-.:-_-,;‘;_—_ﬂ__:-!ii-—- =

" :.u-s-—.'.r..d._l‘_;f"::_-v..._“_ -
__J:'-'" et o gy vy
et

leptonic top candidate




— Triply-tagged
pt 47.8 GeVI, ttbar candidate:
Top, W, and b

b-tag discriminant 4.2

Jet 2: Jet Pruning

pt 484.3 GeV/c,

mass = 68.8 GeV/c2
Jet2 + 3: Mass = 167

Jet 1 : Top Tagging

pt 589.1 GeVi/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- qW Z(1.2%) = tt

T—-tH

Z'(10%) — tt t* — tg S=1/2
Ttz
oK N _n_t_t_l
T - bw i ! ! !
B — bH
B - bZ 35 b b* = tW KuKr=1 : 7 fb

! :
0 0.4 0.8 1.2 16 2
Observed limit 95%CL (TeV)

8 TeV W’ = tb Mvg > Mw
B - tw 9tb |
X5/3 = tW atb Z(1%) = t

X5/3 — tW Z(10%) = tt
T - bW Z'(30%) — tt
0 0.3 o 0.6 y o.i ose 1C|2_ . V1.5 gKK — tt Resonances to dibosons
served limi CL (TeV) 8 TeV sion  HH
Vector-like quark single production W’ = tb radion
3 13 TeV .
T tH ot B Z'— Tt — tZt
Toty tlep 0 05 1 15 2 25 3 35 4 7' = ZH
°_Z.=hz: Observed limit 95%CL (TeV) s
T :}Wb=1a.5 Gouk — WW
t = had pS " " " |
T=H s Gbuk = ZZ 30 fb I
T—>1Z ocw=15 \ ‘
" B2G W = VW HVT(B) 28 b |

T21Z cz=15

new physics LRGN NG
searches with Z - VHHVT(®) )
heavy SM particles |—_G_—— 2010

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

B—-bZ cw=15
T - bW cwb=1.5

Y- tH cwp=1.0

¢model-independent

Almost all CMS B2G searches utilizing substructure tools
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Boosted Object Reconstruction

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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Anything different at high pT?

Boosted differential top pair xs

® p7t>300, trimmed large-R (1.0) jets

® mjc > 100 GeV, substructure selection

® |argest jet is hadronic top candidate

[fb/GeV]

t
T

p

do_/d

Pred. / Data

3

T T T T[T T
o =
o Full phase-space 3
. Dpu sp =
- “ == pa .
10k — v POWHEG+PYTHIA —
3 fﬂro o ALPGEN+HERWIG =
- o 0 MC@NLO+HERWIG -
- 20 A POWHEG+HERWIG -
1~ =
= O =
- oA =
- ATLAS ]
101 L_fE=8Tev. 203" ]
3 o 3
- o A =
2F==a== —TT P oy oy, s g Py s -+ —+ T p -=t=x —T
15 ey 2
) ,~3 ‘g Vo gA oA 8] A
05
ool o s s o ba s s sl aa aa d s s ol s s s s s aad g s o la s
300 400 500 600 700 800 900 1000 1100
top quark P, [GeV]

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

CMS: arXiv:1605.00116

see talks: M. Nagrini, L. Skinnari

S L e e S B I B L B
© = . 3
15 = . Fiducial phase-space =
~ — -
= - “m — Data .
- - P v POWHEG+PYTHIA ]
o 1E s « ALPGEN+HERWIG =
5: - e = MC@NLO+HERWIG =
° — .l » POWHEG+HERWIG -
L . _
10" = —L' A —
= ATLAS =
[~ EesTev,2038" : ° _
» A
10% = —
g 2 llllllllll ; X I. lllll . llllllllllll . lllllllllllll
= 15 ¥ v A N . 4
= 1 .Il Ty, WA - a
©
2 05
o P EPE N R R P S R R R

1000 1 1'00
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

o ———
”

\

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

Ll

, . ' ® | HC - Tevatron: complementary
o =AN'(-_\_\'>0)—.-\(_\_1'<0) i _N(Alyl>0)-N(Alyl<0) f h f h .
TETN(Ay=0)+N(Ay<0) S N(Aly[>0)+N(Aly]<0) or searcnes 1tor new pnysics
Ay =Yt — Ui Aly| = ly:| — |yl
§2500:'A'TLA'S'  § baa | 92500rATLAS 4 Dam
g [ V5=8TeV. 20310 = o g V5 =8 TeV, 20.3 fb”" =1 ,
+lets +jels
3 2000 — sm;erop' L% 20001 B SingleTop
§ i 1 Others ¢ [ Others ]
@ 1500} 1500} ‘ :
detector- ; |
1000} 1000} . . :
level ; |
500} 500} - . ]
d|Str|bUthnS . . N, : ﬁ—m—&—
1.4 1.4 PR E et ]
g " ﬂ : z
)| S R A R 0]
B :._-o—o-++ + i + 1 g ———— Y/ ]
Soef__, f.f#.HdL. B l 1 Soeld—
T000 1500 2000 2500 3000 20 15 10 05 00 05 10 15 20
mg [GeV] B Aly|

Physics Letters B (2016), Vol. 756, pp. 52-71 159



Boosted top pair charge asymmetry

o 0.3

< 5 g ATLAS 87w 208" e differential distributions sensitive to

== NLO

02 - new physics, such as axi-gluons,
- especially at high mq
. T % T

® boosted: my>0.75 TeV

o]

o - —
L ]
- 1 I 1 / I I I I I I I I 1 I 1 LI 4
0.1 - — _
0.4 | - .ot -
0.2 l L C ¢ ]
5075  075-09 09-13 >1.3 0.3 oo
m; interval [TeV] 9 B WI\ ]
[} - i
— 02f .
ATLAS+CMS Preliminary LHCIOpWG \s=8TeV Sept 2015 . - -
it asymmetry - C_ i
A o4 TR
= UE | a
ATLAS I+jets —-— 0.009 =+ 0.004 = 0.005 §, ; i =l i
arkn: 150802358 g i ol '::'::‘ i sy
O - s BT i i i
<< 0F i 3 N i i
CMS l|+jets template H-e-H 0.003 + 0.003 + 0.003 : ] sl N s iffh
ankiv:1508,03852 ST NN 5%'{‘ | i '- et i
4 1 i 334 : 4 53 E
CMS l+jets p—e—t 0.001+ 0.007 + 0.004 ; i: i N\ ATLAS 8 TeV 20 fb §§
v - 01 M o Tevatron: PRD87/082002; PRD84/112005 -
Theory (NLO+EW) 0.0111+ 0.0004 5 il % - i Modets: PRD 84/115013; JHEP 1108/007 7
oo ittt ] @ e oo R A TS
ATLAS I+jets boosted | 0.043 + 0,019 + 0.026 o2l (IR L Ly T
(Md;o.75 TeV && A lyll < 2) ' t - t i 0 0.1 0.2 0.3 0.4 0.5
AT ONF-2015-048 -_—
Theory (NLO+EW) 0.0160 + 0.0004 AFB (pp, 1.96 TeV)
1 | 1
B 0 0.05 Physics Letters B (2016), Vol. 756, pp. 52-71

June 2016 AC 160



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

top-tagged jet

* soft drop jet mass [1 10, 210] GeV
* Nsubjettiness T32 < 0.69

Events

Data/Bkg

1201

100
80

60}
40F

20

15

CMS Preliminary

T rrrr

—4— Data
B malched to lop
B matched 1o lop

Z'aTeV (o=1pb) +

26 "'(13 TeV)

Y l Y Y T
AKS je1s with pr>5m GeV, <24, 110 GSVdim-:NO GeV

|

0.5+

Events

100

50

Event

o All-

2 tOp-tagS ® Ay > 1 0

o Se

categories

hadronic:

0 b-tags
) 1b-tag
2 b-tags

<1.0

mileptonic:
1 top-tag

p/e + jets (¥ O top-tags, 1 b-tag

0 top-tags, O b-tags

| —

CMS Prehm/nary

rrrrr

_ =4 Deta
L [l matched 1o %op
— R urmached o op

[ woeee Z 3TeV (o=1pb)

L memp a-SmGeV ni<24, <, <069

2.6 fb" (13 TeV)
e B b

.ltll‘lllllllll

(=)} LIS L B TV
.................... + e
K S st E
o - 150; - 1100 ' 156 2 3 ‘2w 250
Semileptonic Jet softdrop mass [GeV]
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Resonances decaying to boosted top

e/p+jets, 1 ttag 26" (13 TeV)
m Y Y Y L 4 I Y L4 Y Y T Y Y L2 Y l Y Y Y Y
[ " CMS i
o 80— - -4 Data -
b - Preliminary - 4
L B Othar SM 4
- Z 3TeV (a=1pb) ]
o semi-leptonic
201 .
T T e
g L L f4 Al Sl
s EEr Ogini :
o - o - -
o 0.5 A [ A L A B
0 1000 2000 3000 4000
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X?<30
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isolated lepton

Fully merged
hadronic top jet

ey

QCD background
from data
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vector-like quarks

|64



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 v is DM candidate

- ifCKMis diagonaL t"=W>b and b’ —=tW due to GIM mechanism 165



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)
I Il

- appear in Little Higgs & Extra Dimensions & i) s
- cancel quadratic divergences from loops w || etem

agmev/c [l (104 mev/c Wl |4.2 Gev/c

® Can have same charge as b, t (B,T) or

exotic charge (Xs;3 orY.43). Hir e
_‘
o o . . <2.2 ev/c ??? MeVv/c?
® Can be isospin singlet, doublet, triplet °Ve A

electron

neutrino

® Interact with 3rd gen (naturalness): MiXing é . 2
. . 0.511 MeV/ 105.7 MeV/ 27?2 GeV/c? 0
proportional to SM quark mass. Light [ el L 3
quark coupling sometimes enhanced. 2 e ’H Rt g

® 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
166



Vector-like Quarks

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

the relation:
BR(Wb)+BR(tZ)+BR(tH)=|

1 LI B I B

T T T | T T T T | T T T T | T T T T | T T T T
jarXIV.0907.3155 [hep—ph] T Wb
08__ --T—oZt _—
i - T — Ht 1
o L — B > Wt
= -- B—>7Zb
0.6 —
0ol B HD
g i
- i
g I~
S04 —
e .
m :‘. .
] e .
L
O-I 1 | 1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 I-
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Partner Quark Topologies

Many distinct event
topologies to consider:

B"— tW, bZ, bH
T'— bW, tZ, tH

® | 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

single production
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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..

t—lep

T—=tH 15

t—lep
T—-1tH on=2 5

cwb=1.5

T e
T=1Z owm=15
T—2tZ ca=15

B—bZ ocw=15

TobW owm=15

Y=tH cwm=10

Vector-like quark single production

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

Events

6 categories for resolved and
boosted final states:
e 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

CMS Preliminary 232" (13 TeV)
12k —i— Background estimation
3 —&— Observed
C [ o tZb (M=1TeV, LH)
i Tin 2lep + 1TW-jet + 1b-jet
10

- l"”
f—
L

250 1800 2000
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CMS Preliminary 2321 (13 TeV)

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

— Expected [ + 20 Expected
|
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interpretations: singlet T, doubletT, singlet B, Z'—tT production 171



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,WV 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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