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Collider Detector at Fermilab (CDF)

- Tevatron pp collider operates at 1.96 TeV,

- Surpassed design luminosity
(Record Inst. Lum. 41032 [cm2sec’])

- Efficient data taking since 2002

- Status: ~ 8.5 fb! of good data!
- Results using up to 6 fb! in this talk

~ 8 years of stable data taking
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Top Quark Physics

* Exciting physics!
- The Tevatron discovery in 1995 ;
ended a 20 year quest for the top |
— Single top observation in 2009
added a new source of top quarks

« Open question persists...
Why is the fop so massivee
Mion ~ 175 GeV/c? L s the top quark speciale

 Top Quark in the Standard Model

-SU(2) partner of the bottom quark
-Spin-1/2, Charge +2/3e, Width ~ 1.5 GeV

Quarks

&;Nsﬂm LNM 1~ Neulring

e'ﬂ'T

electron  muon | fau -

« Determine nature of top quark experimentally
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 Large mass comes with interesting features
—-Decay through t—Wb kinematically allowed | I1 Il
—Top decays before hadronization, study “bare quark” The Generations of Matter
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CDF Top Quark Physics Program

To Quark Pairs muon
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CDF program is systematically studying the physics of top quarks...
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Top Quark Production at the Tevatron

ONLO =7.4* 0'5_0_7 pb ONLO - 30 + 04 pb

JHEP 0809, 127 (2008) Mi=172.5 GeV' pRp 66, 054024 (2002)

Production Decay
In Pairs Single BR(t—Wb) ~100 %
q g 1 ‘f /
L / W a
VvV, q°
q ~ 85 % thl 4 ~30% b || [ —
g t mtop > My + My b
fﬁ < q' g
g t w b-tagging
~15% .
b [ Displaced tracks,
9 0000 t e
g b Decay Iife):f_me /O}/Secmdary vertex
g ( ( ( ( B—— f ~ 70 % Primaryvert(g// ///
A g, =45-55%

Prompt tracks /

/ €,=0.3-1%
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(Golden) Lepton + Jets Channel

Di-boson

+7%

i on £10%
Control | Signal region o
P -1

" _4 ’ = = N_injs >3 CDF Il Preliminary 4.6 fb
‘qc'; 8001 CDF Run Il Preliminary L = 4.3 fb = C B data (7348 evts)
@ - W oata g : B top

- W Z% - - W+jets

B [l single Top — - aco

B ‘ PBw+He -

: PBwsrr - + +

L I non-w -

L Wz+iets C

0
W+1 Jet

2 Jets 3 Jets 4 Jets =5 Jets

0 014 02 03 04 05 06 07 08 09 1
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 _=R e G;hwry
It

CDF (4.3 fb!, m=172.5 GeV), b-tagged:
o4=7.32+0.35(stat)+0.59(syst)+0.14(Z,.,) pPb

CDF (4.6 fb!, m=172.5 GeV), topo NN:
o4=7.8+0.4(stat)+0.4(syst)+0.15(Z,.,) pb
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Dilepton Channel and MET+Jet Channel

Entries

0 4 5 6 7

+13%

Candidates

CDF Run II Preliminary (5.1 fb*)

-8~ DATA

D] le pton (Entries : 343)

77/, Syst. Uncert.

w [ tt(o=7.4pb)
7 Diboson
Z/{— I DY — ee+pp

I
[ IDY -1t
I Fakes

IIII]IIIIIIIIIIIIIIIIIIIIIIIIFI

Purity: 70%

Number of jets

1000

Events/0.2

+17%

CDF Run I Prehmmary L 5.7 b’ > 1 b-tag

T T T T T T T T T T T T
- - Top Pair - Single Top - Diboson

[ Multijet  [Z]W+LF CIW+HF

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

MET+Jets

o, = 7.410.6(stat)+0.6(syst)+0.5(lumi) pb

CDF (4.5 fb'!, m= 172.5 GeV)

CDF (5.7 fb'!, m= 172.5 GeV)

Oy=7.12+1-20_  (stat+syst) pb
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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)

v v b b b v by b b Ly
I3

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

e ®© ® &~ ©o 1w ¥ ® N v
(qd) (33 < dd)o
“ T =2 3 9 3 Q=
S o o o o o o 5
© +l +I +I + +l + I
o ™ N~ o)) o © © =
0 «© @ ot - ™~ > B
N o S o -~ o P
L ﬂl +I +l +I -+ +I + H.F _|
3 2 8 & 8 8 Q5
E o o o o o o
2 +I +l +I +I +l +
L < o I N — » — _
N Q NE N NG NE
~ ~ ~ ~ ~ ~

T T T

T

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

0

V77ZZ) Kidonakis & Vogt, arXiv:0805.3844 (2008)

1 Moch & Uwer, arXiv:0807.2794 (2008)

=
© —
Qo 3
S )
3 &
Q.
—_ O~ T~ —_
- =5 o by
e} ~'a ~'a o
e @ © ™ c Qo
c w0 ks o O« @
S g s 2] A
= 2= 2= c = —
[a) ] i < =

(L=2.21b

12

1

10

167 168 169 170 171 172 173 174 175 176 177

Top Quark Mass (GeV/c?)

Good agreement with

in all channels

Standard Model

172.5 GeV)

CDF Combined (4.6 fb-!, m,

theo) pb

.3(syst)+0.15(Z

3(stat)+0

7.5+0.

tt

o
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Electroeak Single Top Quark Production

e Difficult measurement

- Small cross section / less distinct final state
- Large backgrounds with large uncertainties

e Need advanced techniques + b tagging

- Matrix Elements, Neural Networks, BDTs,...
- Added additional channel (MET+jets)

V. . : :
q q W « Cross section results using different
< + . .
Nl \l MV techniques are consistent
237 2 » Determine V,, using combination
b t CDF Preliminary Single Top Summary
g . For M, = 175 GeV/c*
. s-channel S-Channel | .
t-channel Likeliﬁgggfunction 1.5+ 0.9
(3.21") "~ =08

andidate %vent
o o
o o
o o

C
=)
3
3

o

500u

CDF Run Il Preliminary, L=3.2fb"

SA000 [

S/B~1/20

-signal region

0 02
W+1jet fW+2jets W+3jets IW+4jets

04

S/B~5

08 (o2

08 0.8 1
Super Discriminant

Neural Nejwork
(3.21")

Matrix Ele;nent
(3.217)

LikelihoodfFunction
(3.21")

Boosted Qecision Tree
(3.21")

Combination (Lepton+Jets)
(3.217)

MET+Jets,
(2.110)
Combination (All Channels)
(3.217) 1 |
-5 0 5

Single Top Production Cross Section (pb)

CDF (3.2 fb'') Combination
V,=0.91+0.11(exp)+0.07(theory)
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Top Quark Mass Measurement

8
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Events/(10 GeV/c)
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» Jet-energy-scale
* MC modeling

2-tag: 280 events

o Data

Signal+Bkgd

250 300 35

m,,, (GeV/c?)

Main uncertainties:

CDF Run Il Preliminary (4.8 lb")

o
ol
S —e— Data
& 1401 bkgd-+ttop25 M, = 172§
+ °‘*1203M — A
— o 120H s bkgd
3. O W—]j Mo
q4. ) =
= -
——— & sof
7 b 60
40f
—\ ) b 20
éf | E
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Mass (GeV/c’)

CDF Dilepton+LeptonJets combination

G - .
a 1 Alog(L) = 0.5 _,
P v Alog(L) =2.0
IR TR PO o, Alog(L) =4.5
05— T ]
05— T |
_1'_ """""""
[ COF !l Prefiminary48ty” | . | . |,
168 170 172 174 176 178
M, (GeVic’)

_* In-situ JES calibration (W constraint)

 Careful evaluation of systematic effects
— In collaboration with theory community

 Extract top quark mass:
— Templates, Matrix Element Method

M

CDF (5.6 fb-1) Combination
top=173.1£0.7(stat)+0.9(syst) GeV/c2

CDF Top Quark mass (*Preliminary)
All-hadronic
(Run I) 186.0+10.0+ 5.7
Dilepton
(Run 1) 167.4+10.3+4.9
—_
Lepton+jets
(Run i) 176.1£ 5.1+ 5.3
. —_——
Dilepton
(4817 1706+2.2+ 31
———a
oo (Lyriopton py) 175.3+ 6.2+ 3.0
. -
Lepton+Jets
(567 173.0£0.7+1.1
—
All-hadronic
(297 174.8+£1.7+£1.9
. -8
CDF Summer 10
- 173.1£0.7£0.9
(up to 5.6 fb) ot
x2/dof = 3.8/6 (70%)
| | | | | |
150 160 170 180 190 200
My, (GeV/c?)
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Top Anti-top Mass Difference

A m..., tagged

e If CPT is a good symmetry of nature: AM,=M

'Manti-topz 0

top

—e— Data

. bkgd

-?50 -100 -50 0 50 100

o 4
2 200 CDF Run I Preliminary (5.6 fb )

sig: AM,_ = 0.0 GeV/c?

150

A Mo (GeV/CT)

Only measurement for
a “bare quark”

CDF (5.6 fb):
AM.=-3.3 £1.4(stat)+1.0(sys)GeV

Consistent with SM expectations

statistics limited
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Top Quark Spin-Spin Correlations

A

anti-lepton

3 t In top 0pt|ma| axis — OH basis template
S = frame "4 o2t — SH basis template
R qa » A5 (14 A; cos(6;))

e Top spins are correlated since top lifetime is short (no spin decoherence)
- Spin-spin correlation is observable in the top quark decay products (V A)

=0

D Unpolarized sample

O. 11

0.05f

b jet

e Data
K: 0.72 +/- 0.64 +/- 0.26

-04 - 02 04

-0.6

-0.8 06 0.8

Statistically limited!

240 T T ] T T I LA I L ] LA l LELE l L l LI | I L L ] L I
220 CDF Run Il preliminary L=5.3 fb"' |_| Opposite Spin
200 - Same Spin

180 |:| Backgrounds

160

cos(6)" cos(ed)

o ' L L ' ' L '
-1 -0.8 -0.6 -0.4 -0.2 O 0.2 0.4 0.6 0.8 1
cos(8,) cos(8,)

_NOD+NG D) -NE)-N(T)
N1 +NQ D +N(T)+N(T)

CDF (5.3 fbo!) Lepton+Jets
K =0.7 10.6(stat)*0.3(sys)

CDF (2.8 fb!) Dilepton Channel
K =0.3 +0.6 -0.8

SM k=0.77 (0.78) for beam (off-diagonal) basis
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W-boson Helicity Fraction in Top Quark Decays

* SM top decays with (V-A) t-W-b coupling
* The helicity of W boson is predicted as:

- Longitudinal fraction f, ~70%
- Left-handed fraction f. ~30%
- Right-handed fraction f, ~0%

* Can use cosH* to measure f,, f,, f.

FLETETETPEPRPRID e
e e r,< L1 oar
|, &= g diree| 3 sy —
W w i I'dcosf*
— 2 N I 1”2 I .
n 1
H v,
CDF Run Il Preliminary (4.8 fb'1)
60— -8 DATA
s (Entries : 236)
50— [ Itt(c=6.7)
C [ Diboson
N [(1Z+HF
S 40 Iz +LF
@ - [ Fakes
£ %F
S E
w 20—
10
o_ % | I I
1 08 06 04 02 0 ~02 04 06 038 1
cos 0

% 0.8 = left-handed
D ===« longitudinal
Z g = right-handed
X — sum (SM)
=

05 1
b
cos 0

3 . 3 . 3
=f_- §(1 —cos0*)? + £y - Z(l —cos? 0%) + fy - =

8(1 + cos§*)?

| negative log-likelihood | | CDF Run Il preliminary (4.8 fb™) |

i

g =S 10
% osE——f =0.78:0.19 (stat)=0.06 (syst) N,

£ E——0
Zoos f, =-0.12:0.10 (stat)=0.04 (syst) |
< E 3 RS =7
0: \\\\\\\\ .s
-0.05= \\ ol
-0.1 \ | —a
2

-0.2

\ 1

-0.25 0.9

fo (uncorrected)

First model independent result in dilepton channel!

0.8
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Forward Backward Asymmetry

BACKWARD FORWARD

/ , _F-B

t ® F+B

e New physics could give rise to a
asymmetry (Z",axigluons,..)

e Standard Model predicts at
NLO: Aq=~5+1.5%

CDF (5.3 fb!):
A= 15 £ 5 (stat+sys)

arXiv:1101.0034v1

250%
200%
1503
100%

50

CDF Il Preliminary )
L=53fb" === Dala

Bkg
A, -+
-
4
= =
— —
1.5 1 05 0 0.5 1 1.5 2

'Ql ‘Vhad
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Forward Backward Asymmetry

BACKWARD FORWARD

/ , _F-B

t - F+B )
Att | _e_ t parton -level T
CDF data 5.3 fb"!
. . . 0.4 tt NLO QCD l
e New physics could give rise to a
asymmetry (Z",axigluons,..) I
e Standard Model predicts at 0.2
NLO: Afb=~511'5% | T ——
D Ly —
CDF (5.3 fb''): +
A= 15 £ 5 (stat+sys) ~0.2
arXiv:1101.0034v1 P M,
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Search for Narrow Resonance in M,

probability density/20 GeV

Resonant top pair production is predicted by °
several models beyond the SM
- Top color assisted technicolor with leptophobic Z*

- Randall Sundrum KK-gluons, colorons, etc.. 1

Search for bumps in M, CDF Lepton+Jets (4.8 fb'):

- Assume narrow width (1.2%), M., > 900 GeV/c? at 95% CL
dominated by resolution No evidence yet beyond SM prediction

CDF Run Il preliminary, L=2.8fb"

CDF Il Preliminary 4 8/t Llep’ron'+Je’rs . All Hadronic

= i I | W aco
Standard Model tt § B T - SM ﬁ
- W+jetsand EWK backgrounds % 102 —— CDF data, Nev=2086
§ e S SR S
- non-W baskground FORN NONSM i N S—

10

700 800 900 100D
m, [GeVic?] M, [GeV/c]]

400 600 1200
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Boosted Top Quarks

* Resonant top pair production at very HCAL Deéposits ===
high mass will suffer from “jet _
merging” due to highly boosted tops FOAL Bepmi g

Subjets

* Search for massive top-jets in high p;
inclusive jet sample (p;>400 GeV)

Search Window

11, Pythia 6.216 CDF Rdh II
jet1

Midpoint R=1.0, p, >4 GeVie

CDFRunll,L =6 b

- " Midpoint R=1.0, p"" > 400 GeV/e

3502— l':.
e - Data ||

:\llw‘l\\l‘\l\\ll\\l‘\||\|||||||||||||||
00 50 100 150 200 250 300 350 400
etl 2.
m'®"' [GeV/c?]

50 100 150 200 250 300 350 40 50 100 150 200 250 300 350 400
m*" [GeV/c?] m*" [GeV/c?]

Incl L+Jets
Expect: Ny, ~ 3 events Nocp = 44+8(stat)+13(syst) N_..=58 events (not shown

For at least one (two) boosted top jets we limit: o < 40 (20) fb at 95% C.L.

Lake Louise 2011 Bernd Stelzer, Simon Fraser University 17
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Conclusions

e The discovery of the top quark opened up a rich field in HEP

e Precision top quark physics is a reality at CDF
e Several thousand top events are currently selected and analyzed
e Precision on top quark mass < 0.7 %
e Production cross section measurements are theory limited

e Searches are now a very active part of the program
e Constitute ~30% of all new results
e Tension with Standard Model (Ag) is intriguing

e Several measurements/searches will greatly benefit from full
Tevatron Run-1l dataset (-9-10 fb-! for top analyses)

Continue to explore the truth about the top...

http://www-cdf.fnal.gov/physics/new/top/top.html

— F - | N B
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How is Top How Does What are Top’s
Produced Top Decay Intrinsic Properties
Fo = — ~

T e 0 o.tm8 _ |0%! M =173.3 3~0.6%

E.=-0.15 e = 2.1 5~25%

S~10%|| x =0.7 sig~10

Ve = °°888~ ox || 9=-43  @95%cL

_

e Strong Force o V-A Mass

Ow~ 7.5 pb R Width ¢~ 1.3 GeV
e Electroweak Spin 172

Os+¢~ 3 pb ® Vrg~ | Charge +2/3

Os+t = 2.8 O~ 19%

o = 3.1 5~30%
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Tevatron Results

—— ——

CDF-II dilepton *

e @ it

D@-11 dilepton *

@
CDF-I1 lepton+jets

[ ]
DO-I lepton+jets

CDF-Il lepton+jets *

DO-II lepton+jets *

170.6 £ 3.8 (:22x3.1)
174.7 + 3.8 (= 2.9=x24)

1761+ 7.4 (-51+53)

180.1+ 5.3 (:39=38)
173.0 £ 1.2 07=1.1)

173.7 £ 1.8 (:08=1.6)

CDF-I alljets

CDF-Il alljets

CDF-Il track

Tevatron combination *

1 36.0 +11.5(100+57)
1748 £ 2.5 (:17=1.9)
175.3 £ 6.9 = 6.2+3.0)
173.3 1.1 z06=09)
(s stat = syst)

2/dof = 6.1/10 (81%)

150 160 170 180
m,, (GeV/c?)

arXiv:1007.3178

190 200

Results from different channels
are consistent

Mass of the Top Quark
July 2010 (" prefiminary) Tevatron (July 2010):
CDF-I dilepton - 167.4 £11.4(:103+ 4.9) mt=1 73.3 + 0.6(Stat) + O.9(SySt) Gev
DQ-| dilepton - 168.4 +12.8(:123: 36)

Different techniques to measure My

produce consistent results

Ongoing work on improving systematic
uncertainties (CDF+D0+theory community)
—Are all sources of uncertainty covered?

—Is there overlap?

v2/ndof 6.1/10 = 81 % probable

Lake Louise 2011
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Top Quark Mass - Projecting the Future

A M(total) GeV/c?

-
(=]

CDF projections:

- CDF Top Mass Uncertainty

(all channels combined)

1fb" 2fb" 5fb"' 10 fb"

i P L .

i ¥

1 .......................................................................
CDF Results

N Run lla LJ goal (TDR 1996)

A(stat) scales as 1l\ff, A(syst) fixed
o A(total) scales as 1NL
---------- AM/M, = 1GeV/c?

10° 10*

Integrated Luminosity (pb™)

Lepton + Jets 4.3 fb""

Systematic Source Am,,, [GeV]

Calibration

MC generator

QCD Radiation

Residual jet energy scale
b-jet energy scale

Lepton py

Multiple hadron interactions
PDFs

Background

Color reconnection

0.1
0.5
0.4
0.5
0.4
0.2
0.1
0.2
0.5
0.3

T | 11

Magnitude of systematic uncertainties are comparable.
Top quark mass precision for single measurement approaches 1 GeV
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Single Top MVA Validation in Data Control Samples

8000 F

[22]
(=]
(=]
o

4000

Candidate Events

N
o
o
o

00
KS: 3.1%
Chi2/DoF: 45.5/40: 24.0%

Untagged ME

0.2 0.4 0.6

CDF Run Il Preliminary, L=3.2 fo!

0.8
EPD-2j1t untagged

[l s-channel
[Wt-channel

Q,

Candidate Events

102

o
w

CDF Run Il Preliminary, L=3.2 ft"'

-05

0.5

[CIWlight
[[Wacharm
WW-+bottom
[ENon-w
Wz+jets
WDiboson
Wt

= Data

BJR(] 0} PB[ROS 0|BD) SJUOA

1

BDT2j1t

Candidate Events

0T Channels CDF Il Preliminary 3.2 fb”

[ Untagged -smgletop

(| Wbb+ch
B Wc
EWwqq

[l Diboson
CZ+jets
IQcD

MC normalized to data

1

NN Output

CDF Run Il Preliminary, L=2.7 fo!

100
di
ol Tagged W+4jets
sog | ME| :
40 |
20 Event Probability J" g‘:
L g
KS: 58 9% 0.2 0.4 0.6 0.8 1

Chi2/DoF: 24.5/40: 96.favent Probability Discriminant

lls-channel
[Ht-channel

CDF Run Il Preliminary, 2.1 fb!

MC normalized to SM prediction

©
- C — +DATA
?000 - Z 1 t a g =+ TopT
5 C Brops
> C 3 Multijet
000~ QCD enriched @
C . Bzens.
w0 sideband &
3000
2000~
: MET+jets
1000—
E P R) L—J.—: [T r et 4y 1 g
85 A 05 05 1 15
Event Selection NN Output
CDF Run Il Preliminary, rLdt =3.2fb"’
Triggered Lepton W+2 jets taggable Otag _o pata
6000 § .s-channel
N -t—channel
tt
5000' U n tagged diboson
Zjet
L B wob
4000 .chIWc ©
Wiet -—
3000 I
LFS NSyst. error 2
L 5o
2000 8 Q
g s
1000 N 13
e, . N reees |O
L =

| & L 1 1 el N .
® 0.10.20.3 0.4 0.5 0.6 0.7 0.8 0.9

1

Likelihood Discriminant

Extensive cross checks to validate MC modeling before unblinding the signal region.
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