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i Outline

= Review Top Discovery
= How far have we come....

s [he state of the art



Think Back

= [othe early 90’s
= Ok — so you were all probably in grade school...

= Before iPhones

= Before laptops were commonplace

= When physicists ran jobs on DEC VAX's and lived in their offices
day and night

= We programmed in FORTRAN, used PAW, and had to learn about
ZEBRA — a memory management system

= We thought we knew a lot back then.... BUT

s Silicon detectors had not been tried in a
hadron collider environment




| Keep Thinking Back

Our MC did not differentiate b-quarks from light quarks
(VECBOS)

We did not know how to b-tag

We did not even know if a silicon detector would work in a
hadron collider environment?

How long would it last before the accelerator put a hole in it?
We did not know how to measure b-tagging efficiency

It took us a year to collect 20 pb-1

But we were motivated!!!



A Simplified History of the

i Quark Model

= 1964 - Gell-Mann, Zweig - idea for 3 quarks -
up, down, strange (u, d, s)

= 1970 - Glashow, lliopoulos and Maiani - 4
quarks - up, down, strange, charm (u, d, s, c)

= 1973 - Kobayashi and Maskawa - add 2 quarks
top and bottom (t, b) to explain CP violation

= 1974 - Ting, Richter discover charm

= 1977 - Lederman (Fermilab) discovers bottom

= B weak isospin = -1/2, need +1/2 partner
There must be a Top!



Top Mass Predictions and

i Discovery

= Several top mass predictions in late 70s

= Predict 5<M
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< 65 GeV
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s Jan. 1983 UA1 & UAZ2 discover W boson
= May 1983 UA1 discovers Z boson

= June-July 1984 Rubbia discovers Top!
= Articles (Nature, NY Times) and press release

= Mass peak between 30-50 GeV



i A Fun Aside

s | heard there was a recent “event” at
CERN on the 4t of July — something
about a boson... ©

= Last time CERN had a special
announcement on that date, it was 1984
and Carlo Rubbia was announcing the
discovery of the Top Quark at 40 GeV

= | hope this one goes better!!!



i Meanwhile back at Fermilab

= 1977 - First discussions of colliding p-pbar
beams at Fermilab and a detector

= 1981 - CDF Design Report - general purpose
detector with magnetic field

= Oct. ‘85 - CDF sees first p-pbar collisions -
collect total 23 events

= Run 0 -June ‘88 - May ‘89, collect < 5 pb-"

= Set limits on M,_, > 91 GeV using Dilepton and L
+jets channels (ﬁrst use of SLT tagging)

= Mass too high for CERN, Fermilab only game in
town



Fermilab Run 1
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A Quick Review on Top

ﬁ Production and Decay

= [op pair production via the
strong interaction:

= Top decays t->Wb ~100%

= Top lifetime ~ 4x10-%° sec
= Doesn’t hadronize

= Decay of W identifies channel
= Dilepton, L+jets, All-hadronic

= Each channel poses its own
unique challenges




i How to identify the top quark

SM: tt pair production, Br(t—bW)=100% , Br(W->lv)=1/9=11%

dilepton (4/81) 2 leptons + 2 jets + missing E,
I+jets (24/81) 1 lepton + 4 jets + missing E;
fully hadronic  (36/81) 6 jets
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* How to identify the top quark

SM: tt pair production, Br(t—bW)=100% ,
Br(W->Ilv)=1/9=11%

dilepton
lepton+jets
fully hadronic
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(4/81) 2 leptons + 2 jets + missing E;

(24/81) 1 lepton + 4 jets + missing E;

(36/81) 6 jets

llllllll

lepton(s)

|missing ETl




How to identify the top quark
SM: tt pair production, Br(t—bW)=100% , Br(W->lv)=1/9=11%
dilepton (4/81) 2 leptons + 2 jets + missing E;

lepton+jets (24/81) 1 lepton + 4 jets + missing E;
fully hadronic  (36/81) 6 jets

q

| b-jets |

lepton(s)

| missing ET | | more jets |
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* How to identify the top quark

SM: tt pair production, Br(t—bW)=100% , Br(W->lv)=1/9=11%

dilepton (4/81) 2 leptons + 2 jets + missing E;
leptontjets (24/81) 1 lepton + 4 jets + missing E;
fully hadronic  (36/81) 6 jets 1 |

‘ more jets ‘
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* Top Decay Channel Summary

N Dilepton L+jets
= Few events but pure
= final state: Iv v bb

= Lepton + Jets

= More events, less pure
= Add b-tags

me-e(1/81)

Omu-mu (1/81)
m tau-tau (1/81)
me -mu (2/81)
me -tau(2/81)

| tau (2/81
= final state: lv qqg bb :m:-l tau(:2/81))
. etjets
o A||-LHtad20n|Ct i 7 B mujets(12/81)
. Q%ISD Obkegven S, NUge Dilepton m tau+jets(12/81)
Ojets (36/81)

= final state: gq gqq bb

= Not used in discovery



Looking for Top in Run O %

‘/ ¢ ventex

= Believe M, <M,,

= Decay mode would be
W -> tb with t -> blv

= Search strategies = Soft Lepton Tagging
= Dilepton channel = Identify semileptonic
= ee, ey, and uu B decay

s L+ h |
jets channe / bl bocl

= Added SLT tags ]
= Set limit My, > 91 GeV m ESLT) ~ 20%

= CDF had no silicon yet!
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* VerteX Detector

= Silicon used at fixed target to measure particle
lifetimes and tag particles

= Not easy to sell idea to CDF
= Hadron environment too messy to do precision
tracking and heavy flavor physics (b and c)

= No obvious physics case for device

= Top discovery not a factor, didn’ t consider b-tagging —
people thought all-jets was the way to find it back then!

= Many technical challenges with construction and
readout in collider environment

= Dedication by Pisa (especially Aldo Menzione)
and LBL groups got detector built
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Fermilab Gets Serious

* Run la

= June ‘92 - May ‘93
= CDF now has SVX
and muon upgrades

= DO is now taking
data too

= Developing
strategies for
discovering top

= Counting experiments

CDF
Detector

= Kinematic analyses



i How Hard is it going to be?

= Tevatron was running at 900 GeV and
colliding beam at 300,000 times/sec

= A ttbar event is created about once
every 10 billion collisions

= So in Run 1A, about 1 trillion collisions

= For a top mass of 175, we made about
100 total!!! (not taking into account
acceptance, trigger etc)



b-tagging using
Secondary Vertices

Charged
= Use new SVX and b lifetime Particles

= ct~450mm L
= bhadrons travellL,, ~3mm _  _____= . —

- PR

before decay _— FX: 'L .
econdary

= Run 1a had 3 SVX taggers I Vertex

= Jetvix - =2 tracks form primary vertex
secondary vertex with |Lxy|/
O 3y =3 sSecondary VerteX Tagging
= Jet Probability - use track 0
impact parameter, probability of mgSvx) ~ 40%
track consistent with primary
vertex
= d-¢ - Uses impact parameter, d,
and azimuthal angle,¢, of tracks

Impact
Parameter



vertex

Finding the b-jets é ffffk'?}"

P rimary

= Procedure “Secondary Vertex”: // Jﬁ

= reconstruct primary vertex:
= resolution ~ 30 um

= Search tracks inconsistent with primary vertex:
=« Candidates for secondary vertex
=« See whether three or two of those intersect at one point

= Require displacement of secondary from primary vertex

« Form Lxy: transverse decay distance projected onto jet axis:
Lxy>0: b-tag along the jet direction => real b-tag or mistag
Lxy<0: b-tag opposite to jet direction => mistag!

= Significance: L,, >7 d(L,,) i.e. 7 sigma
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Characterize the B-tagger: Efficiency

= Efficiency of tagging a true b-jet
= Use Data sample enriched in b-jets

= Select jets with electron or muons
« From semileptonic b-decay

= Measure efficiency in data and MC

electron
jet

SecVix Tag Efficiency for Top b—Jets
F Tight SecVix

Lacse Sechix

SecVix Tag Efficiency for Top b—Jets
Tight SecVix

Lacse SecVix

o
o

-
()]
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Q
c
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0.5 < F
EO4_—
gn C
0.3 F TO.B:—
£ C
02F | 0.2
0.1k E)TI) Mbc_.sgti ?fitJI[’\OI TS?Ch data o _ Top MC scaled to match data
3 5"1 JI l” o 'F Only b—jets with E>15 GeV
obLs lun Lo b b b e by :
20 40 60 80 100 120 140 160 180 bbb b Lo Lo b b Lo i
et E; (GeV) 0 02 04 06 08 1 12 14 16 1.8 2

jetn
Achieve about 40-50%
,{fall-off at high eta due to limited tracking coverage)



Characterize the B-tagger: Mistag rate

displaced

Secondary
vertex
| S
Istag Rate measurement: primary
= Probability of light quarks to be
u u LY L] 2 y
misidentified T
= Use “negative” tags: L,,<0 romnt tracks S

= Can only arise due to ‘
SecVix Mistag Rates

misreconstruction %0065 Tight Secvix
= Result: g@-%:‘ Loose SecVix
. Tight: 1% (£=40%) ezz;‘
« Loose: 3% (e=50%) .
= Depending on physics analy oo ol eto with i<
= Choose "tight” or “loose” 020 3060 80 100 720 740 160 180
tagging algorithm jet E; (GaV)
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Jet probability

| Omplementary to fu” | track significance probability (p1403) |
secondary vertex reconstruction: m“e‘ rig DATA| [ MC et ]

= Evaluate probability of tracks
to be prompt
=« Multiply probabilities of

indiViduaI traCkS together 5“:0 010203040506070809 1 0102030405060708089 1
Ptrk Ptrk
= “Jet Probability” B T
= Continuous distribution i E
= Can optimize cut valued for 7
each analysis Y =t
O Can aISO use thls We” for 0 0.10.2030.405050.7030'59": 0 0.10.2030.4050.60.703oléam:

charm



Silicon Vertex Detectors Work (in a hadron collider)!
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The Golden Event

Calaorimeter Lega BN Eiccromagneic Bncrgy
= “DPF event” e B
= Oct. 22, 1992
s [hat year ALL L e iy Y st (o sy Sy S S
candidate events & S
were “named” TERRS
= eu + 2 jet event -

« 1 jettagged by both
SLT and SVX

= Decide not to declare
discovery on 1 event
= DO similar experience

s Push for top is on!

72.4 GeV




i Game Plan

= Perform counting experiments

= Deliberate decision to NOT use NN
because people did not trust that MC
would model shapes with sufficient
accuracy

= Base Findings on counting experiment
only — use peak in mass plot (hopefully)
and kinematic plots as confirmation



Backgrounds — How to

| Estimate?

= We weren’t sure — so we did it 2 ways...
= Method 1

= fully tied to data. Developed a mistag matrix vs Jet Et
and Eta and applied it to all non-tagged jets in sample

= Felt this was an over-estimate of background

s Method 2

= Uses MC to determine ratio’s
= Applied to our untagged W+jet data



i At some point in 1991...

= Change of attitude — very important

= A realization that one person or one
university group was NOT going to
discover top by themselves

= Groups became less competitive,
started sharing information and working
In a coherent fashion



Nalve Schematic of Typical L+J Analysis

Monte Lepton +

C-rlo Jet

\ ' —Sam hles
!

Signal
Acceptance*

v
Estimating
Systematic

Limit/
Significance
Determination

Page 31



i The “Evidence” Paper

= July 1993 - CDF collaboration meeting

= Seeing excess in all channels
= Decide to write 4 PRLs

= Oct. ‘93 - CDF collab meeting
= Reject PRLs and opt for giant PRD

= Jan. ‘94 - CDF collab meeting

= Many questions and concerns (next slide)

= April 26, 1994 - Submit “Evidence for Top
Quark Production” - PRD 50, p.2966-3026



i Comments on “Evidence”

= 9 months of endless meetings answering
guestions while attempting to keep results quiet

s Some of the concerns raised:
= Choice of official SVX b-tagger

= Tuning on data

= Method 1 vs. Method 2 background

= Overestimate from data or trust MC
= Role of kinematic analyses
= Supporting evidence but not in significance

= Calculate significance
= Events or tags, weight of double tags



Results for Evidence Paper

Channel: SVX SLT Dilepton
Expected | 2.320.3 | 3.10.3 |0.56+0.25
Bkg. — . . .
r o Data before tagging 4
Observed 6 7 2 1o £ Backeroud Metned 1
Events E E&S Backeround Method 2 -
= Combining all channels with  £wz
19 pb? 5 [ °
= Prob bkg fluctuate up to £ B
observed = 0.26% (2.80)
= Back then — we did not i
consider a Look Elsewhere . , | r

1 2

Effe Ct Number of ] éts



There were reasons for

i “Pause’

= We had far too many Z+b jet events in
our Run 1a data from what we expected

= (In run 1b — did not have ANY)



i Run Ib and Observation

= Runlb Feb. ‘94 - Dec. ‘95
= New rad-hard silicon - SVX’
= Optimized SVX b-tagger - Secvtx

= Jan ‘95 - CDF collaboration meeting

= See significant excess in all channels

= Slight changes to Evidence analyses

= One optimized SVX b-tagger - Secvtx
« Use Method 2 background (smaller # of bkg events)

= March ‘95 - DO and CDF submit PRL’ s



i Top Discovery

Channel SVX SLT Dilepton
Observed | 27tags | 23tags 6 events

Exp. bkg 6.7£2.1 | 15.4+2.0 1.3£0.3
Probability | 2x10 6x10-2 3x10-3

= Using 67 pb-1 (includes Evidence data)
combined Prob = 1x10° (4.80)

s If iInclude mass distribution
Prob = 3.7x10-7 (5.00)



The Discovery!!!
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"N” Jets Plot for Discovery
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| Determining the Mass

Each event has two top’s
so you have two chances
In each event

We don’t know which
decay products belong to
which top

We try ALL combinations
Constrain M(w) = 80
Mtop = M antitop




CDF and DO Discovery Mass Plots
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Final Run | Result
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YBSlGlUdy o oClloaAallUull 1o lUU'dy O
calibration and tomorrow’ s
background.

- Feynman

. " >350“‘\“‘\“‘\“‘\“‘\‘“\“‘\“‘\“‘\“‘
" Callbratlon (5) WH Channels (NN) @ WH m, =115 GeV|
Sample g 300 - 10 b T WZ H 'l
. 2 B Wbb
= Just like we used 5,5 | . B op
WS, A - i | + * Pseudoexperiment
= Jet Energy Scale 200 7
= B-tagging 150
= Background 00
= Higgs mmm)p
50
0

0 20 40 60 80 100 120 140 160 180 200
m,, (GeV)



i Our Projections for Run Il

= In our physics plan for Run Il, written
based on run 1 experience we predicted

= Top Mass uncertainty of 3 GeV
= Top Cross Section uncertainty of 10%

= Why were we so far off?



i The Reasons....

= An entire new set of tools were developed —
ALPGEN, MADGRAPH etc

= Large data sets allowed us to really tune the
MC's, underlying event etc so data/mc
agreement was excellent

= We got more creative

= Maximizing information in events with a variety of
neural network techniques

» Separating out the Jet energy scale

= Better detector performance out of much more
pixelated devices



Why Should We Care?

s Heaviest known fundamental

particle
= M,=172.7+-1.1 GeV

= Is this large mass telling us
something about electroweak
symmetry breaking?

= Related to m,, and my:
= My~M,?
= my~In(my)

= |f there are new particles the
relation might change:

= Precision measurement of top
quark and W boson mass can
reyeal new physics

t H
W k W W ; g \\ W
‘Y""{‘ _ /.bv"" UV ‘V‘\ F\ ,“\ JVUV\

March 2012
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Run Il accelerator performance
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25 years of Luminosity

> Tev Collider Luminosity
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CDF Top Quark Physics Program

To Quark Pairs muon
- m

]Ct 1(b), o

Cross section
Vi Bl FB Asymmetry
R’ Exotic producti

(resonance/stoj

Single Top Quarks muon
1(b) @

‘W helicity ak production
Branching ratio rect V,, access
are decays 1omalous couplings
“ otic production
onance/FCNC) ’“]ct 2 (b,q)

CDF program is systematically studying the physics of top quarks...




Top Cross Section

(Golden) Lepton + Jets Channel

o
Control | Signal region»ﬂ: 10% +7%

N, >3  CDFllPreliminary 46 fb"
Lots >

Di-boson

[} - i _ 1 c -
-E B CDF Run Il Preliminary L = 4.3 fb 5 C . data (7348 thS)
o 800 - L
@ - Mot e [ B top
- Mo z% C B w+jets
o [l single Top — - Qcob
I N A -
i BwsLr C + +
| . Non-W -
| Wz+iets -

0 01 02 03 04 05 06 07 08 09 1

W+1 Jet 2 Jets 3 Jets 4 Jets 25 Jets NN output

e Measure top using b-tagging or using topological Neural Network

e Luminosity is the largest uncertainty in both measurements
- Reduced by normalizing to Z cross section g.=Re O-;hw”y
tt

CDF (4.3 fb'!, m=172.5 GeV), b-tagged: CDF (4.6 fb'!, m=172.5 GeV), topo NN:
04=7.3210.35(stat)+0.59(syst)+0.14(Z,.,) Pb || 064=7.8+0.4(stat)+0.4(syst)+0.15(Z,,.,) Pb




Top Cross Section

Dilepton Channel and MET+Jet Channel

Entries

+13%

CDF Run II Preliminary (5.1 fb*)

Candidates
w- Dilepton
250 —
- %
200 Z{/_
150
100 —
50F
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Number of jets

-8 DATA

(Entries : 343)
7/ Syst. Uncert.
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I DY — ee+upt
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Events/0.2

1000
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[ ]z+LF [ ]z+HF - DATA

: MET+Jets

CDF (4.5 fb', m=172.5 GeV)
0, = 7.41£0.6(stat)+0.6(syst)+0.5(lumi) pb

CDF (5.7 fb!, m=172.5 GeV)
Oy =7.12120, ,,(stat+syst) pb




CDF Combination

+6%

Moch & Uwer, arXiv:0807.2794 (2008)

CDF Run Il Preliminary 4.6 fb™!

+ Cacciari et al., arXiv:0804.2800 (2008)
- Kidonakis & Vogt, arXiv:0805.3844 (2008)
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Top Cross Section

[ Cacciari et al., arXiv:0804.2800 (2008)

[ Moch & Uwer, arXiv:
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Top Mass — state of the art!

g , 1 lepton and missing E _ 2-tag 1-tag(T)

R - —2000:
. . “o 1000- All Events ~ 3 All Events
= Which jet belongs to what? S o e v %iggg Dmeens
. . o C orr. Com % () 3 orr. Com %
= Combinatorics! o 600 | = 1200 B e
@ 3 @ 800
B-tagging helps: E 00 5 90
" gging helps. @ 20% @ 2008
= 2 b-tags =>2 combinations 0530 150 200 250 300 350 0500150 200 250 300 350
) ) m{*°(GeV/c") m{*°(GeV/c")
- =>
= 1 b-tag 6 combinations 1-tag(l) o 0.tag
= 0 b-tags =>12 combinations <5 700 [ Al Evens “o 800- [ Al Events
. > 600 RMS = 31 GeV/c? % 700 RMS = 37 GeVi/c?
= |WO StrategleS: o 500t B corr. comb (18%)| ¢ 600E Bl corr. Comb (20%)
X 4002— RMS = 13 GeV/c? ) 288: RMS = 12 GeV/c?
= Template method: 2 o £ 300
o 3 o 200:
“ ” . . > 3 S 2
= Uses “best” combination & %0 @ 1000

100 150 200 250 1200 350
m{*°(GeV/c")

100 150 200 250 I;OO 350
m{*°(GeV/c")

= Chi2 fit requires m(t)=m(t)
= Matrix Element method:
= Uses all combinations

= Assign probability depending on

kinematic concictancy with ton

Selecting correct combination

20-50% of the time




= Jet energy scale

= Determine the energy of the
partons produced in the hard
scattering process
= Instrumental effects:
= Non-linearity of calorimeter
= Response to hadrons
= Poorly instrumented regions
= Physics effects:
= Initial and final state radiation
= Underlying event
= Hadronization
= Flavor of parton

s Jest each in data and MC

Jet Energy Scale Co

mposition

“calorimeter jet

*
......................................

‘particle jet”

” ‘

“parton jet

auil



JES Studies | | |
= Measure energy response °-3§- AM’!‘&
—-

to Charged partides 06 %:_ 2 » Single track data _
= Test beam and in situ o4t ’ rs;,ng,’le traf: MCI .
: n vilnimuim bilas data
= CDF: Response rather non- o2 In-situ N ,
. i Minimum bias MC
linear N _ _
=« DJ: compensating =>has ‘ © b (GeVic)
better response e : . .
= Some compensation “lost”  “ ; ob M RS
due to shorter gate in run 2 e .
= CDF uses fast os [ test beam 1
I . 04 s :
parameterized showers: E . Testbeam data
= Tuned to data 02 » TestbeamMC 1
s DO uses full GEANT ot -

Ficevic)



Testing Jets in P

= Agreement within 3% but differences in distributions!
= Data, Pythia and Herwig all a little different

= These are difficult physics effects to get right!



Testing Z+jet data

0.06 |

0.04

0.02

; ]Ct 0.06 |

012}

0.1

0.08 }

0.06

0.04

0.02

...... A

(I
0 et 0 " ’
-1 -0.8-06-04-02 0 02040608 1 -1 -0.8-06-04-02 0 02040608 1
0 c

o

4 z
pypT -1 pyips - 1

0.14f
0.12}
Y, Z 0.1}

0.08 |

0 AT bs
-1 -0.8-06-04-02 0 020406038 1

Cone 1.0
« Data

— Pythia
-~ Herwig

pps - 1

= Better agreement of data and MC than in photon-jet data
= This is an older plot — worked with Herwig and Pythia authors and

improved this further



JES Uncertainties

wn 0.1'-"'I""I""I""I'"'I""l""l""l""l""
L%J Quadratic sum of all contributions

c

8 0.08 Absolute jet energy scale 7
9 L

< I Out-of-Cone

{g(lOG =
@ [ Relative - 0.2<|n|<0.6

8 [

D 0.04 ". Underlying Event _

002 .

50 100 150 200 250 300 350 400 450 500
pr (GeV/c)



* In-situ Measurement of JES

= Additionally, use W—jj mass resonance (M;) to
measure the jet energy scale (JES) uncertalnty

2D fit of the invariant
mass of the non-b-jets

ﬂ(lilﬂf W and the top mass:

JESx M(jj)- 80.4 GeV/c2

Measurement of JES scales directly with data statistics




CDF Lepton+Jets Mass

3 J=7 == 1o o P P 2 7 2. L o P e o o e e X

= A log(L) = 0.5
n ==+ Alog(L)=2.0
0.4 -— SPCTLT T wr Alog(L) = 4.5

A s (0c)

| CDF Il Preliminary 8.7 fb™ P
i I padadoaaaadaoaa o aa d g daaaa g

-0.4 aaaad oy wa
1705 171 1715 172 1725 173 1735 174 1745 175
M, (GeVvic?)

= M

s 172.85 +/-1.10 GeV/c

-value of statistical uncertainty

300
250(
200[-
150/
100}

50|

CDF Run Il Preliminary (8.7 fb")

p-value =0.17

l III_J_]II

g

NI EPSErErT S | IR
065 0.7 075 08 085 09 09 1 1.05 1.1
Expected Error (GeV/cZ)

op = 172.85 +/- 0.71 (stat.+JES) +/- 0.84 GeV/c? (syst)



Top Mass vs. Year

240 ———— R A
| CDF “Eyidence” | [T CDF and DO Observatlons
200 | - , | _
| P s
T e | TEE & § pl *{-
= 160
= [ |
% : Current Value
a 120 172.85 +- 1.1 GeV/ch2
Q [ ® From EW fits
|E 80 i A Direct measurement by CDF ]
- A Direct measurement by D&
Mass /; ¥ World average from direct measurements ]
Limit 40 " ’

0 -. I BT R B B R B P L .-
1989 1991 1993 1995 1997 1999 2001 2003 2005 2007
Year



Top Anti-Top Mass Difference

e If CPT is a good symmetry of nature: AM,= M,,,-M,¢;¢0p= 0

A m,..o tagged

Ezm CDF Run I PrelimInary (5.6 fb™)
—e— Data

2 180

(O]

2 160 . sig: AM,__ = 0.0 GeV/cf
<140

[

2 120 bkgd

'

=

5 100

50 100 150
A Mo (GeVieT)

Only measurement for

B . CDF (5.6 fb"):
a “bare quark

AM=-3.3 +£1.4(stat)+1.0(sys)GeV
Consistent with SM expectations statistics limited




i Start of Lecture 2...

= A few thoughts from yesterday

While progress seems slow — the field of HEP has
made tremendous progress in the last 15 years

Think about how the world has changed -- top,
higgs, neutrino’s have mass, dark energy and dark
matter, ....

Tools and approaches continue to improve as we
advance our field

What you are doing now will look to you as very
rudimentary a decade from now

We will surpass your expectations in time!!!



i Books on HEP Discoveries

= Nobel Dreams by Gary Taubes

= Discovery of the W,Z bosons and Carlo
Rubbia’ s group

= The Evidence for the Top Quark
by Kent Staley

= Philosophy discussion of discovery in
science but most of the book looks at
CDF’ s process for the Evidence and
Observation papers



i Breaking News

= "Curiosity” -- NASA launched Mars
Rover successfully landed on Mars
today

s Its about the size of a small car
= On board lab is very sophisticated



First photo




| Top Forward/Backward Asymmetry

Why Measure it?

: : A P
® Test of discrete symmetries of the /
strong interaction

® NLO QCD predicts small (~6%) F — B
asymmetry from qq->tt AFB —
F+B

® New physics can show up: Big
Gluons with axial vector coupling



{ Methodology

® Extract tt events from data collected at CDF

® Reconstruct the production angle of top in
these events

® Correct for any distortion from the detector,
background processes, and the method of
reconstructing the angle

® Measure Afrp



Reconstructing the Top Direction

® Reconstruct the top direction
from the observables in the
detector

® Algorithm used to match jets to
partons =¥ just add 4-vectors to
get top direction

® We use the rapidity difference

(AY) of t=>Ivb and t=¥jjb, which is
proportional to Y:in tt frame

Y¢ € Qlepton + AY




Reconstructing the Top Direction

® Reconstruct the top direction
from the observables in the
detector

® Algorithm used to match jets to
partons =¥ just add 4-vectors to
get top direction

® We use the rapidity difference
(AY) of t=2Ivb and t=»jjb, which is
proportional to Y:in tt frame

Y¢ X Qlepton « AY



Measurement

Reconstructed Top Rapidity Difference

m T T I T I l T T T T 1 Data %
— b — = imi —-D Ay, =0.057+£0.028
Ars =16 T T stat T zsyst %6 §45°~ i A g?%kg AL = 10,0112 0.0025
e 400 g Ap™ = .0.013+ 0.0021
5.3 fb-l 3505 I + AL = .0.0051+ 0.0082
300:— —:
Directly comparable to SM 250 - 3
200 - — -
C + 2
ApgTheory =6 1 % 150 E
100 -
- —— ]
Kuhn, Rodrigo PRL 81,89 (1998) 50 % :
0, - == ' :
-3 -2 -1 0 1 2 3

qAy=y, -y
t



‘L Mtt Dependence

® Arg could increase at higher

energy due to nhew production
mechanisms

® Study the asymmetry vs. the
mass of the tt system (M)

All PETRA cxperiments (+/5 = 34 GaV)
17 vt 170 71T 7

® Simply divide sample into L%
high/low M oy

gy 14

| PP

|

® Use 450 GeV = based on MC - =
studies "9

17171771711
|

I N VO T O |
-08 -04 0 04 08

r~ye A




Events /0.6
=
o

g

data
A =-0.016+/-0.034
St + bkg
A =-0.0087+/-0.034
B bkg
A = 0.00073+/-0.069

w III]]IIIT]TI]IIII1

2 3
AY=Y,-Y,

Inclusive

Mtt Dependence

Events / 0.6
—
H
o

-
N
o

100

N i =2} =]
o o o o
w Ill]lll]lllllll[l]lll

data
A =0.21+/-0.049
St + bkg
A =-0.017+/-0.05
B bkg
A =-0.024+/-0.11

M <450 GeV

M > 450 GeV

21 £5 %

2104 %

1 £0.6 %

3+£0.7%




Mtt Dependence

A”-

® Unfold M« dependence back to + 1 parton- level T
parton level 041 B i NLOQCD _I_
_ + o 0.2t
AFB =48 T | Istat+syst 76
5.3 fb-! DY) s s
AFBTheory =9+ ] % -0.2¢

450 GeV/c? M,



Anyone Else?

. ) . e
® DO collaboration has also g - Wop pais | D@Runll Preliminary
° T |Wejet - -1
performed this measurement GNO:EMU:;; |L-4-3fb
I ¢ Data 7

150

® DO compares the result to the
SM as seen by the detector
(only corrects for backgrounds)

100

Appdata-bkg = 8 + 4stat+sys % =

Aggmc@nlo = ]+2.0_, ;9% ApcPF =75 *3.7%



Now with the full data set

» Updates from CDF’s 5.3 fb"! COF Run I Preliminary L = 8.7 15"

: : o
lepton+jets analysis: 8 IR ol 00
S “| — NLO (QCD+EW) it
Add new data stream and g2 | A= 0066 B W
"as|

. . . - .
increase luminosity to 8.7 fb : L

2498 events (double sample size) [
is —t—
Use NLO generator Powheg for | ——
signal modeling os|- )
. L
Parton level shape corrections L
0-2I”I-1.5II”-1””-0.5”'IOI”I0.5””1””1.5””2

use regularized unfolding

. Parton Level Ay
algorithm

Proper multi-binned
measurement of rapidity and
mass dependence

» Parton Level A 16.2 £ 4.7 %



Mtt and Ay dependence

(bckg subtracted)

Ars

Predicted background contribution has
been removed

Measure asymmetry in only top events
No correction to parton level yet
No assumptions about the underlying physics

Data well-described by linear ansatz —
determine best-fit slope

X 2ld.of < ~I for both Ay and M,
dependence

Determine p-value by comparing

observed slope to NLO prediction d
How often will NLO slope fluctuate to be at
least as large as in the data!?
Data (11.1 £ 2.9)x104 (20.0 + 5.9)x 10
SM 3.0x10* 6.7%1072
p-value 0.00646 0.00892

CDF Run Il Preliminary L = 8.7 fb™
0.6F — I+Jets Data - Bkg
: ocM“=(11i2.9)><10'4

NLO (QCD + EW) tt
oy, =3 10*

0.4

0.2

0 ﬁ'—
350 400 450 500 550 600 650 700 750 800
M, GeV/c?

CDF Run Il Preliminary L = 8.7 fb™

0.5 —— I+Jets Data - Bkg
- o, =(20+5.9)x 10
. NLO (QCD + EW) tt
0.4F oy, =6.7% 102
03[ 2
0.2F
0.1F
E - i o 1 1 I 1 1 1 1 1 1
00 02 04 06 08 1 12 14 16 18 2

Ay,

)

rTAATA



Correcting to the Parton Level

< —— |+Jets Data
06 oy, = (15.6 £ 5.0)x10* /
(Correlated Uncertainties) A
» Correct for acceptance and detector "} — NLO (oDsEwW)
resolution oaf M7

Regularized unfolding algorithm addresses 03
resolution effects

Multiplicative acceptance correction
factor applied to each bin

0.1

Both corrections use the NLO generator %0 a0 a0 s s G0 e 700 7
Powheg as the top model Parton Level M (GeV/c’)
CDF Run Il Preliminary L = 8.7 fb”'

» Parton level results can be compared @ :

—— |+Jets Data
0, = (30.6 = 8.6)x107
(Correlated Uncertainties)

— NLO (QCD+EW) tt
a,, =10. 3x10?

directly to theory <

» Determine best-fit slope for observed
data and compare to NLO prediction

Slope I
m

Data (15.6 % 5.0)x 10 (30.6 + 8.6)x10?
SM 3.3x10 10.3% 102

0.6

PRSI SN ST TS SRS RN SRR SN MTRN S SR
0 02 04 06 08 1 12 14 16 1.8 2

Parton Level Ay



{ Obvious Culprits?

» Is it a problem with the
current understanding of the
SM!?

Mis-modeled top pair Py
spectrum?

Higher order corrections!?
» Is it new physics?
Many new models have been
proposed
Axigluon, Z-prime,W-prime, ...
Other top properties
measurements can help
differentiate between the
possibilities
Differential cross-section in M,,
Top spin or polarization

CDF Run Il Preliminary L = 8.7 fb™

L goof-
3 . —e— I+Jets Data - Bkg
S | (4 —— POWHEG+Pythia
© 600} _
A - —— MC@NLO+Herwig
N
(] —— —— Pythia, CDF Tune A
c 400+ .
d>J s —— Pythia, No ISR
L ‘

2001—

OO 10 20 30 40 50 60 70 80 90 100

tt P, (GeV/c)



ﬂ What you Shouldn’t worry about!

® Backgrounds

® Too small, and the predicted asymmetry in
backgrounds goes in the opposite direction

® Reconstruction

® If it’s broken, it’s broken for MANY precision
measurements that agree with the SM and other well-
vetted techniques

® Unfolding

® The significance of the result is present before the
acceptance/reconstruction corrections - they only
scale the resulit



On the Road to Higgs

Total Inelastic

jets (qq, qg, 99)

bb

e
)
-
)
7
o
o

Observed WZ, ZZ

- and Single Top

——— WZ, Single Top, ZZ 3

_ WH.ZH u Excluded
: 160 <M <170 GeV

Higgs
Low Mass SUSY at 95% CL

100 120 140 160 180 200
Higgs Mass [GeV/c?]




SM Higgs and Single Top

849 '
Q -V E
= Production
(_) | qq » H
—
o
n k
wv
I~ WH
G 0.1+~ :?
pras
| 3 ZH
=
U
2
A i A P
100 120 140 160 180 200
< bb [ H>Ww My (GeV/icd)
0 Ve v . ——
[C] — —— —
£ i ke Decay
(=&

Single Top

Single top is large
background to low
mass Higgs searches.

- - A - ~ 2 -\x A <
120 110 1640 180 200
- ’ 2



Single Top Production

Small at Tevatron

b w
t
g t
s-channel production t-channel production Associated Wt production

® Motivation:
Direct measurement of CKM matrix element |V, | (04~ | V|2
Sensitive to New Physics (FCNC, W’...) and CP violation
Additional channel for top quark properties study

® Experimental challenge:

Extract small signal out of a large background with large uncertainty



Event Signature

® Main analysis channel: Lepton+]Jets

° Only one isolated lepton

proton

® Large missing Et from neutrino

® At least 2 jets

antiproton

® At least one of the jets is b—tagged

® Background rejection: t-channel
® CDF: Veto QCD, Dilepton, Z and Cosmic s-channel
W-+jets

® DO: Cut on scalar sum (Hy and Hr(alljets)) to suppress

QCD and soft-scattering processes z"‘let, dibosons
* Still large backgrounds share similar final state after the Multijets

background rejection.



Single Top Event Signature

Top Pair Production with decay into GEN Crge 1-Fa-072 e
1 JMeiT =4t1=§g.70 ¥ l:_=83 ag=1 \,

Lepton + 4 Jets final state are very émg:mé:g? Esl2s1) Tage0 ’ =

striking signatures! \ )

l,q

v, g

Track Pt>1GeV
0 Tower Et > 3 GeV

\VAVAY AV A,
/ w*
q b

Single top Production with decay
Into Lepton + 2 Jets
final state is less distinct!




Background Model

* ttbar, diboson and Z+jets are normalized to SM cross section

* QCD models derived from data with non-isolated lepton (DO) or anti-lepton
(CDF)

® Wjets are modeled by Alpgen (Wjj, Wbb, Wcc, Wdj)
* Wjets and QCD are normalized to data before b-tagging in missing E; (CDF)

or several variables (DO)

CEM W + 2 Jets, Pretag % A0000 E) DO, 5.4fb™"
g2 . = CDF Data (0] 5 e Data
Q4000 “TFn, 0000~ Total o 30000 - mtqb
w : [ non-w: 5.2% % tb
£3000f Ewasets = Wi+jets
§ I_ N [l Others § 20000 —_ =ti +j ~
22000} | i : M Multijets
3] ] - 10000 -

1000} °© C
g > ot
% 50 100 50 100 150 200
E. [GeV] Missing E_[GeV]

T. Aaltonen, et al. [CDF collaboration], V.M. Abazov et al. [DO Collaboration],
PRD82 112005 (2009) PRD 84,112001 (2011)



Analysis Strategy

Single Top production is rare (~3 pb)
— Signal:Background (S:B) ~ 1:10°
First step:

— Trigger and ID clean leptons/MET
improves S:B by a factor ~10°

— High p; lepton triggers (e,p)

— MET + jets triggers (recover non-
fiducial leptons + hadronic T decays)

Second step:
— Topological event selection
— Efficient b-tagging
— Careful background estimates
Third step:
— Advanced analysis techniques
— S:B > 1:1in most significant bins

Candidate Events

_1010 levairon xun ii, pp at Ns = 1.90 1ev
3 {ets i
=10°] o CDF Preliminary
- Heavy Flavor = CDF Published
éw E = M Theory
0107
w
2. 6]
O 10 E
c 5
21074 A\
Q ] - 7
%;10“—; .
& 102
102 8 8 New
0 1 ||~10 orders V\;W tt yz Single Physics?
E i !
{ | |of magnitude! & 'g Top 27 Higg
10 TLF
10?4

Jets Hog W' 2 Wy 2 Wyt Wzt 22 K Np,
Y Fiay, Wy
r

Q
Q.7

Q.75 0.8 0.85 0.8 0.85 1
Evant Probability Discriminant



General Analysis Method

Any technique to separate
signal from background:
Likelihood functions
Matrix element
Neural network
Boosted decision tree

Sighal/Background
Monte Carlo

Apply MC
Corrections

Analysis Event Selection

Cross Section

. CDF Run Il Preliminary, L = 3.2 fb’ Statistica I
,. analysis

1? ﬂ » - . - R IR . . -
Signal Significance Discriminant

300 200 -100 0 100
Test Statistic [-2In(Q)]




Advanced Techniques

CDF Il Preliminary

g — tchannel
Neural S = e mMc CDF Il Preliminary
5 tt background g N
Networks § o1 — Whb background | - i — single-top signal
mc CDF Il Preii@ H tt background
3 02F g - — c-like background
; e T - g 02— —— b-like background
3 t backgro o - ~— non-W background
2 O —— Wbb backe = B
| sl
= 01 Q* [e] e
2 e oaf
005 B
o ]
o

multivariate techniques

Boosted can coax signal out
Decision from large backgrounds
Trees boosted decision trees, matrix

element reconstruction, bayesian
neural networks, likelihood discriminants



Signal Modeling

° Previously used MadEvent for

Single top modeling

° Manually mix two processes of t-channel

according to ZTOP prediction

® Using POWHEG for single top

modeling with NLO accuracy

q qg q q

b 2->2 process b 2->3 process

t-channel production

Parton Level Study

o

= B t-channel POWHEG + Pythia
~ 0.06[—

8| =% B t-channel MadEvent + Pythia

u o
B t-channel MCFM 4 flavors

0.04—
0.02[—

] ] I ] ] ] 1 ! I 1 L 1 1

% 50 100 150 200

p 2Pt [GeVie]

t-channel shows good agreement with
MCFM 4 flavor prediction for both
POWHEG and MadEvent

Add Wt-channel as signal through
POWHEG



Neural Network

® Train the NN with 11~14 variablesin four channels (2, 3 jets with 1, 2
b-tags)

® Train for s-channel in 2 jet 2 b-tags, train for t-channel in the rest

channels

® Train the NN with systematic mixed samples for better uncertainty

constraint (~3% improvement expected)

0 1 5 W + Jets, > 1 b-Tag CDF Il Preliminary 7.5 b > -Tag CDF Il Preliminary 7.5 fb™'
sV — Single Top 2 800
B tt 5 I
|31 @ L
o W+HF = i 80
i — W+LF w 600k 60
t 01 —Z+ldets - 0 Z+Jets
g — Diboson - ] [ Diboson
I} —QcD r EQcD 20
o 400 \
ﬁ F 0.8 0.85 0.9 0.95 1
5 0.05
£ ==
[=] | g A s

c 1 PR S N T T T T [ TN T W = [ 4 1 A S O T I s S s s i e e e
-1 -0.5 0 05 1 -1 -0.5 0 0.5 1

NN Discriminant NN Discriminant



Tevatron Observation

® Observed by CDF and DO Single Top Quark Cross Section August 2009
snrnultaneously in 2009 CDF Lepton+jets 3.2 fb™ E o 217 :8?2 pb
® Over 100 citations for both CDF METsjets 211" ! 50 *28 pb
observation PRLs D@ Lepton+jets 2.3 fb™ E 3.94 :823 pb
e T.Aaltonen, etal. [CDF collaboration], '}!'gvatron Baritieation E 2.76 :gﬁg pb
Phys. Rev. Lett. 103,092002 (2009) R !
e V.M. Abazov etal. [DO Collaboration], = i,ﬁ};l:ifﬁ:;bj?16164‘001524?2250;2)002) My = 170 GeV
Phys. Rev. Lett. 103,092001 (2009) L. I I
0 2 4 6 8
:%‘ 35_ Tevatron Preliminary, August 2009 S (pﬁ — tb+X, tgb+X) [pb]
[] L
P e ® Combination of CDF and DO:
E r 95% C.L. limit: 0.77
9 2 ® CDF: Four multivariate analysisin Leptontjets channel
o
1.5 with 3.2fb! data.
1 e CDF: MET+]ets channel with 2.1fb-! data
0.5F ® DO: Three multivariate analysisin Leptontjets channel
with 2.3fb! data.




Cross Section and V,,

W+Jets, NN Discriminant CDF Il Preliminary 7.5 fb™!

° Assurning m,, = 172.5 Gev/c?

G, = 3.04 7 pb

Assuming m,, = 172.5 GeVic? ® Measured CI'OSS SGCtiOIl :

Ogrp = 3.041057 .2 pb

0.01

0.005

WaJets, NN Discriminant _CDF Il Preliminary 7.5 fb™

Posterior Probability Density

2 001
| o IV_|>0.78 (95% C.L.)

A 0 0.008 |- *
% 2 4 6 8 2 i
Single Top Quark Cross Section o_,,[pb] § 0.006:—
L i
. . = 0.004
® From the cross section posterior s f
o 2 0.002[-
* Setlimit: |V, | > 0.78 at95% CL = |

i Ll‘IllllIllllI
%3 04 05 06 07 08 09 1
v, P

Extracted |V, | =0.92 7019 ) o (stat.+sys.) £ 0.05(theory)



N
Simultaneous 2D measurement w

. 5WeJets, NN Discriminant CDF Il Preliminary 7.5 fb 2 D@ 5.4 fb ™
T f . ® CDF Data c 68% C.L.
.E.— [ SM prediction: B 68.3% CL o — 900/: CL
§  4f arXiv:0909.0037v1 1 95.5% CL g 4 mE 95% O.L.
S | 99.7% CL »
n Il SM(NNNLO) @
] 3_‘ (e}
w el
o | S
© o 2
o [ new = 2r
S [ & @® Measurement
© - 1]
< 1 [ _ B sm
[&] - - [1] PRD 74: 114012, 2006 . [2]
- [ - [2] EPJ C49: 791, 2007 ¢ Four generg]uons
D | [41PRL 99: 101602207 O Top-flavor
% 1 2 3 4 5 O Fene®
s-channel Cross Section [pb] T

® Measured cross section: s-channel cross section [pb]
e 0,=1.81%063 .. pb (*~33%) ® Measured cross section:
® O0,= 1-4‘9+0'47_0_42 pb ® 0, = 0.98+0.63 pb

* SM Prediction: e 6,=2.90%0.59pb (x20%)

SM — . .
* 0" =1.05+0.07 pb ® SM Prediction:
SM —
e 65M=210+0.19 pb M _
e 6SM=1.04+0.04pb

e 0, M=0.22 = 0.08 pb (Effect

negligible) e 0,M=2.26+0.12pb



W-boson Helicity Fraction in Top Quark Decays

* SM top decays with (V-A) t-W-b couplmg 5008 L idhaned
* The helicity of W boson is predicted as: S 306 —sum )

- Longitudinal fraction f, ~70% 0.4
- Left-handed fraction f.~30%
- Right-handed fraction f, ~0% 0.2
* Can use cosO* to measure f,, f,, f. 0 i R
-1 -0.5 0 0.5 1
FusssEssEsssEsEEEEEEEs £
: /[ : cos O
e el F 1 4o 3 N 3 . 3 .
b \CWE"\#E{Z\{;Z; ;b , Vf" ZZE szf_g(l—(:()be )z—f()'a(l—cosza )_f+‘§(1_C050 )2
Lennennns et [ negative log-likelihood |  [CoF Run il preliminary (4.8 ) |
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cos 0 First model independent result in dilepton channel!



Final Thought on Top

Why physicists really want to study Top...

I wWork with Qoo0060.. Im
c\‘quks getiing all
/ goosebumpy.
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When Trish discovers Ned works exclﬁsively with
top quarks, she will be putty in his hands.



Generic Matrix Element Method

W(x,y) is the probability

Probability to observe a d"o is the differential that a parton

set of kinematic variables ' cross section level set of variables y

x for a given top mass Contains (LO) matrix will be measured
element squared as a set of variables x

1
o(m,)

dq,dq, f(q,) f (q2>+/V(x,y)

f(q) is the probability distribution

N’

P (x;m,) d"o(y;m,

Normalization depends on m, that a parton will have momentum q

includes acceptance effects

e Additional background probability term with
varying levels of sophistication y
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qa e Maximal extraction of information, but phase
space integration is very CPU intensive
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