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Please note: These are preliminary notes intended for internal distribution only.

Observation of the Top Quark

at Tevatron

1495. 7. 25 K. Komolo

1. Tevatron Collider oand CDF petector
. Cou!l'fl"ﬂ’ Expen‘mcnf on tt Pfoducft'ovi

L. Mass Measure ment of the T"F Quark

V. Kimematlical Fealures of tf Production

V. Some of Fulure Su]ijcdft an TBP Quark at

Tevatron



Tevatron Collider and CDF Detector

® Tevatron complex and pj luminosity

* CDF detector and Identificatiom of
Particles

®* Typical processes in pp cellider

e Precision of Evnergy /Momentum measurement

e CDF fﬂ'"n scheme

FERMILAB: THE TEVATRON RING

Fixed Target Experiments

MAIN RING
150 (500) GeV

e W

TEVATRON:
superconducting
accumulator ring

0.9 TeV

LINAC
0.4 GeV

-
2 km diameter

BOOSTER
8 GeV

~— P production target

P ACCUMULATOR RING
P DEBUNCHER & COOLING RING

-~ proton
—— antiproton



Accelerator Parameters

N, Ny
L —_— NBfO_,fpi,p___F
dmoyon

e Ng Number of Bunches
e f; Revolution frequency
e N, Protons/Bunch

o 'f\*p Anti-Protons/Buunch

e F Form Factor

Typicd  Luminosiies a Tevaon (COF)

An B: L= 54 x10%°cm?s’

(*92-93) 1 4t = 20 pb’’

N, =6, 1, =4.8x10's", N,=1.2x10"", N,=3.6x10"

Fu(.76, ¢ =16 xmm-mrad=16» x10cm, B *=50cm

B y=pm=96x10", 0°= 1.4x10°cm’

10
1 2! No (N5 )= 22.5(6.5)x10
Run 1b: L=1.4x10%cm”’s } ;' :)”m

’ -95 _

C14-95) 1) 4t = 100 pb” )
Beam -beam tuve shifl Lmits tha phase spi
“HS,’T’ to € 1.5 X 'O|OPMh.‘J¢‘/“ m-_“m‘.

o

Present operafion 1 10 0.6 ) x10'%/ nmu-mrael
Bun 2 © Ng=36 affer Main Injecter for pF)
("33~ ) L -83x10°cm’s’
fLdt=21fb"

‘ yoject
High luminosity mode: ‘ TeV 33 P™)

L=1x10%cm’s’
[ Ldt = 10 tb”
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Check of Momentum Scale
430 MR A A R AN S Sk st aann me s

S VI S P P N

. X . NN U U BN B
92 84 96 98 10 102 104 106
W™ (GeV/c?)

T T T

———
M, = 01.0240.22 GeV
8P, /P, = 0.0008 t

£0.00009 /GoV

330 Entries

———r
07 uu
+ Data
I Simulotion

Events / (2 Gev/c?)
3

LI A LA S BN B |

i P T T P P P P T

050 70 £ 90 100 119 120
M™ (Gev/c?)
(MeV)
Resonance Measured Mass PDG
Y(1S)— up 94601216 9460.4%+ (.2
Y(2S)—» up 10029t 5t 6 10023.3+ 0.3
Y(3S)— pp 103341 816 10355.310.5

Z —-pp 91020+ 210155 911877

® P, resolution from Z — pp: opy P? = 0.0008 11 0.00009 / GeV

M, = 60 MeV

typical rates
Calorimeter ' Muon
tower : chamber
il o 250 kHz
§
Single tower
thresholds 1 kHz
Fast track Calorimeter
processor clusters
12 Hz
Tracks with EM clusters
and muon stubs, jets, Full Event
missing Et Reconstruction
Momentum, energy
cuts, complex associations 2.3 Hz

of jets, electrons, muons
missing Et




Counting Experimenl on tt Production
—t

e Byjef hisfory of the top quark search
¢ Basic strateqy of the Top guark search
e Dilepton channel

e b quark taggqing
e Lepton + jets channel

o Results of the counh‘ng enfen'menf

section

e 1 ‘producTion CTOSS 0 - - - -

]



Status of the Top Quark from CDF

Year Lipb") decay mode
1985

1987-88  0.025

1988-89 4.

Jan-90(L) e+jets
Feb-91(A)

Jan-90(L) e u
Jan-92(L) e u+ee+ u u
Jun-92(A)

1962-93 193

Jul-94(L) DL+SLT+SVX
Sep-94(A)

May-95(A)

1994-95 475

Apr-95(L) 67 DL+SLT+8SVX

Status
Collisions

Limit
>77 GeV

>72 GeV
>91 GeV

Evidence
174+111+19GeV

Kinematics

Observation
176 =8+ 10

Ie goss secin forte Top & small

o {total)= 80.03*2.24 mb
o (BBC)=51.2+1.7mb
o (Top)= 6-8-2.4+3‘6pb
Factor of 10'°
* Dilepton Branching ratio 5%
* Dilepton Detection Efficiency 20%
Factor of 10°
* Number of events to Tape (1994-1995)
Express Line 2M
Production 30M
b-Physics 20M
* Event Size 0.1 M Bytes
* Luminosity = 1.4 x 10*' cm?® s (Apr-1995)
- Level 1 = 1.2Kﬁz
*Level 2 = 24 H,

* Level 3 = 6H,
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E’rocess B.R.
WWolvlyt 4/81

(,I'=e,n)

WWol,qq' 24/81
(I=e.p)

b-tag:
b__)CX

bC v

WW_.qq q'aq' * 36/81

nnel

Cha Signatures _
Dilepton * 2 high-P; e

L + jets

SVvX

SLT

and/or p (WW)
« missing-E{WW)
o 2 jets(bb)

«1 high-P;e
or pu (W)

emissing-EH{W)

o> 3 jets(Wbb)

esgcondary
vertex(b)

esoft lepton
with jet(b)

Multiiets_*high E; jets

e Decay Modes for a tf — WbW -

Decay Mode
All Hadronic
6 Jets qub qub

Lepton + Jets
%11]1 ('Vl)

qqb prb

b Tvb
Lepton + 1 dets

Difepton
cvh b
evh TVT\
pvh Tyl

b ovlh
pvh pvh
rvh Tvh
Iilepron + 2 Jets

Branc¢hing ratio
36/81 = 44 A%,

36/81 = 14 47
12/81 = 1484
12/81 = 1187
12/81 = 14.87

296

g8l = 1117
2/81 = 2.0
2/81 = 2.0

YR Ny

l,"‘(ﬁl - 1.2[/’:’

1/81 = 1.2
]{181 - 12‘/1
4O



'% Cile e Distibations (e

few = 0173 =+ Q015 ,
T s T T T oms 775
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lepton or jet} ( rad )

Ap (MET,

b (MET, lepton or jet) (rad )

Dilepton Distributions (L)

ENTRIES &9
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Dilepton Backgrounds
BFrom data
BFrom Monte Carlo

- 1] M ——

- ¢
g P o5 b § &
* Drell-Yan: 0.44 + 0.28 events E i 8 b % d H
‘pp—~Z—71 7: 0.38 + 0.07 events 8 <%z 3 /
o 3 ¢
ag  § ¢ S
* Fake leptons: 0.23 £ 0.15 events — i SO R
- g
. Q * § ‘:‘01 .g 5
* pp—WW: 0.21 £ 0.07 events rg vE n ox EH
o e s ]
* pp—bb: 0.03 + 0.02 events « 88 8 838 .
Total Background 1.3X0.3 events = S 2
Observe 6 events -
2
P=033% (2.7¢) -
;  if
4
5 &

-—— 5 centimeters———



m m i Al.orithm
Jet Axis

Eeconpdary
Yertex

Primary
Vertex

Algorithm makes a first pass to search for 3 track vertices

and then a second pass to look for 2 track vertices.
nowe ave found

e L, /0y 30

Efficiency for tagging a tt event: 42+5% (Rum Ib)

Comparison to Run 1A 2216% (Rania)

- Improved Algorithm: Factor 1.25

- Bug Fix in B baryon Lifetime: Factor 1.15

. Statistically more accurate measure of the data/MC
scale factor (agree to 1-1.40 )

4
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/c
2

>
> 160

events per 10 M
c383838388

RUN 1A+ 18 CDF PRELIMINARY
Reconstructed charged B mesons
e —
J/¥ Ke(892)
¥(28) K
¥(25) K+(892)

~0.1 -0.075 -0.05 -0.025 0 0.025 0.05 0.075 0.1
Gev/c?
mass — 5.2786 GeV/c? /

J/Y K [
J/p Ke(B892) ’
¥(25) K |
Y(2S) K»(892) |

-0.1 -0.075 -0.05 -0.025 © 0.025 005 0075 01

2
mass — 5.2786 Gev/c’ (¢t > 100 um) Gev/e

Number

s 14
5 o f
- EDIZ 3
10°} 10 F
- L »
E S 8
[ I
104 A
3 o Zaf
[ 2 F ++‘
3 0 : l I'"J_1
l03-:- O -5 0 5
F Proper Time (ps)
i o
10 % 20 3
: - wh 2 3 jet
r v \ O < events befure
[ Y y ta99+1g
10
i
e 1 i L 1 ]
I 2 3 >4
Number of Jets

27 SVX tags for w23 jets

O Number of evenls before SVX h"fn,

¥ Nuwmber of ‘tu’s observed
R Expcc'fed number of back,rouna( Tags
Expectation for b quetk jet from tF d'cca.j

e



W+ n et Evexls before M

CDF data are oompo.red with VECBOS for WeJETS,
( 43,000 evenTs : §Ldt =173 pb' )

Normalized to Data
21 Jet W+ 22 Jets
3 cgp:EUMINARY 2 CDF PRELIMINARY
1 ® DATA >10 ® DATA
% — VECBOS (B — BOS
Gio?
v o
g 2
>
1 =

10
0 100 200 300
Eq (GeV)
1
CDF PRELIMINARY . .
DATA o (Food agret ment is obtained

®
— VECBOS

GeV

between data and M.C.

Events/ 3

Backgrounds for SVX Tagging

e 1. Whiiand Wen
Glnon jet in a W event splits to a heavy flavor pair.

o 2. Mistags
A non-heavy flavor jet ina W event is tagged ax a b-jet due
{0 resolution smearing or errors.

o 1 AW«
Flavor excitation processes sg —» We
o 1 W Dihosou

One high Pp lepton (W — | v)
Heavy Havor {W — ¢ 5)

L= T

e . non W L

Methord 2 Background uses Monte Clarlo for all processes
except for Mistags.
The Mistags uses the negative decay length tags observed in

the generic jet samples



Nj.: Plot for SVX including Top

104
o
O Events before tagging
¥  SVXiags
B2 Expected bkgd + top
0 Expected background
o
bt o
-glo 1
z R o

N
‘:‘. B0
%",

%

S
£0%

|
! E | 1 1 1

! 2 3 24
Number of Jets

SUMMARY OF SVX b-TAG BACKGROUNDS

3 we

Source Wtlldet TW+2Jeta |W X3 Jets W+ > 4 Jets

1) W, Wer 01_1[y Method 2 [ 13.81411.05 | 7.79+ 6.23 | 1.96+ 1.57 [ 0.50+ 040

(2) Mutags only, Method 2 14.80+ 296 | 530+ 1.06 | L 40+ 0.98 I 052+ 010 |
| 1534+ 460 424% 1.27 | 092+ 041 | 029010

() Z -7 WW, WZ | 077+ 031 | 0.78% 0.31 | 0.19% 6.08 | 0.04% 5.0]

[ (5) Non-W, mcludmg bb 5. 70:!: 1.44 | 2,96+ 0.76 | .77+ 0.19 0.18+ 0.04
e T2 TC — _— L T ]
! Total Method 2 50 4241242 1 2107+ 6 50 | 5244 1, 66 1.45+ 0.43

Evglﬁ&fgrg_?&ggmg ng 1 6578 1 164 .38
rObserved Tagged Jets ) 17 J 10

Run 1A +1

Background Method 2

(’_‘)!_sh( :’ \'(_-, ! Trl :J’-

Tageed Fvonts:

~

Iz

[

Table 0.1: bummary of background and observed tagged JETS {

L 6.7 £ 2.1 Tags

not events) for SECVTX

s

-y



tt Event
SVX Display

Jet 2 Jet3
/] Jet 1
'. 4,
Iy
.u..'."
§ z
X
> E
P 323
«j x2 3¢
3 B w8 \\
«3 B ; .:
s =g - | Jet 4
< ! ! ! v
g +‘; g‘ Fit 2 24 September, 1992
|g- = N‘top"l 170 + 10 GeVIc run #40758, event #44414



Counting Experiments
Di-lepton Channel
Lepton + Jets Channel

o = 76 20 +24 Fb
DiLepton Channel

SLT Soft Lepton b-tagging Lepton PLus Jets Channel
SVX Silicon vartex b-tagging SVX Silicon vertex b-tagging
SLT Soft Lepton b-tagging

* Run la Luminosity = 19.3 pb”
*Runta+1b Luminosity = 67 +4.85 pp"

+0.25

DL 2 events Backgroud 0.56 o013
SVX 6tags Backgroud 2.3 + 0.3 DL 7 events Backgroud 1.3 +0.3

SLT 7tags Backgroud 3.1 +0.3 € =0.78% 0.08%
P = 00026 (2.8 6) g = 10-3_4‘5+5.9pb

SVX 21 events Corrected-Backgroud 5.5+ 1 .8
£ =3.38+ 0.87%

* Run la + 1b Luminosity = 67 pb"!
6 = 6.8_23’2'9pb

DL 6events Backgroud 1.3+ 03
SVX 27 tags Backgroud 6.7 + 2.1
SLT23 tags Backgroud 15.4 + 2.0
P=10° (4.80)

i

SLT 21 events Corrected-Backgroud 147+22
€ =1.73+0.29%
¢ =6.3,,”b



CDF PRELIMINARY

102
b
P oS ‘\‘.
B 10 N
o NG +
. ® Combined SVX—SLT-Dilepton Megsurement
Theory. Laenen, Smith, and von Neerven
i | l 1 L
100 120 140 160 180 200
2
Top Mass (GeV/c")

o(t]) = 7.6 T3 pb (67 pL )
13.9T6L (Hret, fLe = 19.35")

e.8138 (19953, JLu= 67 pi

Q: 1s Here any 1t production mechanism other than SM?
A: ned wmove statistics

25
%\‘ 20 . DB
g Il Theory
3 s
%0
5 = ! “luumm“mm 7
0 T — 1 A | .
140 160 180 200 220

Top Mass (GeVIcz)

FIG. 3. DO mensursd tf production cros sectlon (
band) s s function of assumaed top quark mass. Also
(daahed lie} (8]-



Mass Megsurement of the Top Quark

® Methed

* Mass spectra with /without
® Uncertainties

b-f‘a.s’ in,

in mass measwuremant

Ki cal F.
* H varighle disfvibu‘h‘an
® Relative likeli hood analysis

® Invariant mass distributiom of the 1 system

Table 0.1: Fitted Top Mass using the MINUIT fitter

Prt-tafggv(l Sample Mass (GeV/e? Fitted BKG (Events)
(1) BRG constrained 1561 £ 86 Gev 62.6151
_(2) BKG not contrained 1746 + 7.7 50.51 137

Mass for Pretagged Sample

¢l W et b 1 GeV and Ly e 9
Nunber of events 203

o 0 buanth e Flp o 8 el and | g0« 2.4
Nunuber of events 99

® 3 ovead events 7 o i

Number of events 88

Sanple is well deseribed as 704\ ECBOS and 304 TOP
CDF Preliminay

ey ™~



The mass of the pretagged sample

10

i CDF  Preliminary s
-
Wi .1
89 events 4
10 | 5
> 7
— 84
> o
o o
O Na)
= £ s
5 5
-,
L s
1)
3
2
1
0
80 100 120 140 160 180 200 220 240 260 280 0

Reconstructed Mass (GeV/cz)

The ba.ckgrau.nd, is constrained to 65 evenls.

IIITIT]T1

TTITITT!]I]FIW1T]1ITI!

TYI‘]ITT_TIII|

!

® W+23 Jets Data
(21 tagged events)

B 1op 170 MC

60 80 100 120 140 160 180

Transverse Mass (GeV)




Table 0.1: Fitted Top Mass using the MINUIT fitter

Pretagged Sawmple Mass (GeV/c*  Fitted BKG (Events)
(1) BKG constrained 175.6 + 7.8 GeV 6.3+31
(2} BKG not contrained 175.0 + 6.7 1.5+5%

Mass for Tagged Sample

o LW+ >3 detskp > 15GeVand fgy| <2
Number of events 37

e 2. Fowrth Jet Ex > 8 GeV and | 7| « 2.4
Number of events 23
o % goud events x2 < 10.
Number of events 19
Sample s well deseribed as 364 VECBOS and 647 TODP

Events/(10 GeV/c?)

[

—
[ 2l

= :

-]

u -
n 4 1

= 0F

= -
i = IR R U P B
i 160 170 180 19(3
| Top Mass (GeV/c™)
i

- -

[ .l ,_ W T I T N .J.A.L.E---i..l
80 100 120 140 160 180 200 220 240 260 280

Reconstructed Mass (GeV/cz)



Review of Run 1A Results from the PRD’

DIL: 2evts. obs. Back = 0.56'g 5

SVX: 6tags. obs. Back=2.3+ 0.3 e _ S
SLT: 7tags. obs. Back=3.11 0.3 7 [ 5 A M=17464.63Gevre
i F N_=10.4+-3.0 Even
P =0.26% (2.80) 2y ’
- 2 +
~ 6 E 15 |
Mass Plot: § i = b
1 [ I_ § Gy =
b 5 kS 0 3
S | S
— 05
} L_}_ Al L L I 1 L 1 1 J rl 1 L 1 I
. L ‘E_: 4+ 160 170 180 194
”;» | N Top Mass (GeV/c?)
Cll T T T 3] |
% L Top Mass (GcV/c’) 3 |
2, L
[ 2
o HL‘J PN BN
150 200 50 300 ]
Top Mass (GcV.fcz)
M, =174+ 10'); Gev/c? o | L
op 100 150 200 250 300
+0. 1 2
Oy (M, = 174)=13.9; pb Reconstructed Mass (GeV/c’)

* CDF Collaboration, Phys. Rev, D58, 2966 (1994)



Systematic uncertainties in top mass measurement, obtained from
Monte Carlo or data.

Systematics Value
(GeV) (%)
a. Absolute Jet Energy Scale (detector effects) 3.1 1.8
b. Relative(Plug-Central) energy scale 0.1 <01
c. Absolute Energy scale (Gluon Effects) 7.7 4.4
d. Fit Configuration 2.5 1.4
e. Signal Shift due to SLT tag 2.1 1.2
f. Signal shift due to SVX tag 11 0.6
g. Background shifts due to SLT mistag 0.1 < 0.1
h. Background shifts due to SVX mistag 0.1 < 0.1
i. Different backgrounds shapes 1.6 0.9
j. Different type of likelihood fits 1.6 0.9
k. Different way to fit the points 1.2 0.7
1. Monte Catlo statistics 3.1 1.8
Total 9.8 5.6

Events/(10 GeV/c?)

10

m“; distrs bution

Recan:frud'c‘l without Mw=jj; = 80.3 GaV/c? .
conglraint, G?pb-' ot Prcf‘c"od w+4 jals evends

o
CDE Preliminary 3

......

=]

— data — |bkgd
- tt M. g

1

S Y
]

0 50

-p—

ooooooo

o 150 ;;ho

ij (GeVl/c

dato
buk’r_ou.nd

. \ N I
100 120 140 160 180 200

Reconstructe

d M (GeV/c')



Summary of CDF Experiment Kincematic Analysis (Fermilab-Pub-94/411-E)

from Runla andib | |
W+3 jets (Vecbos) — Top (170 GeV) (Herwig)

Counting experiment

| Ldt =67 po .
NENYR

[
Modes SVX SLT DL Total 5 o0

Num.of Events 21*(6) 22*(7) 6(2) 43(12) B
Num. of b-tags 27 23 5 55 L 04
Background  6.7+2115.4+2.0 1.3+0.3 - 1
Non-top Prob. 2x10°° 6x10°2 3x10°° 1x10° %
G

Conclusions Er, and Er; sensitive to difference between tf and W+ QCD jets.

Define a relative likelihood:

1. The probability that the selected events are
explained by the upward fluctuation of known
background events is less than 1.0x10° (2.6x10°
from Run ta).

2. The top quark mass is measured to be 176+
8(stat.)+10(syst.) GeV/c’.

3. The tt production cross section is measured to
be 6.8+3.6/-2.4 pb. o In(L..) > 0 more likely to be tt

ls.w_‘f) 140"

T dFy T dFy
Lyt — 7140 damfﬂ) T _(_wu’mr)
0 dET: 0 IIET.

where each cross section term is normalized to 1 (shape analysis)

e In(L,.) < 0 more likely to be QCD



Fraction of Events

Events / 0.75 units

" Signal Sample

BT eveils

e
w

W
— lerwig M, « 190 GeVic?
e Vecbos W+ 3 jets

o
o |
o R

0.15
0.1
0.05

S = W O~ W

-4 -4 4

2 0. | 2
In(Li")

€e3(6%)nus < 0¥

w Single tag
| Multiple tags

6

22 oty
w)>o

o~ So% t§ ; % 25% V¥cacs

tt KINEMATICS in W+ > 3 JET EVENTS

H ANALYSIS
o H = Py(lepton) + MET + L Ey(jets)

— A simple, global variable that is
~ Transvcrse Mass of the tt system.

~ Good correlation with Top Mass.
Provides an independent check of Mass
and the number of tt events.

e Signal Data Sample: Data Sct II cuts
(mass fitters). Has 99 cvents, a few more
than for the Overview Plots, because an
cxtra trigger path is allowed and there is
slightly different background removal.

e Control Data Samples: Veto on 4th Jet
with £y > 8 GeV. Low tt content.



CDF preliminary. H analysis control sample (3 Jet Low)
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CDF preliminary. H analysis control sample (3 Jet High)
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CDF preliminary. H for W+ & 4jets (Moss—onolysis sample)
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- 50
! # COF Prefiminory *
[}
48 o Jot Selection.
3 Jote with £, & 15 GeV & Inl £ 2.0,
I plus W1 Jot with €, & B GeV & In! & 2.4
48
3 | VECBOS Q' = <P’
£ ol
[7] L
X
— o
| 42 |
o R
Q o
—l -
46 | . Y
o 38 |- + N /
pd
8 + \‘\N\+
3 [ }t i +/
Ct Py CDF Mass from
32 Tagged Lvents
L l i 1 I N — | 4 I 1 L A l i i 1 I 1
120 160 180 200 220

Top Mass (Gev/c?)




Arbitrary Units

H, (GeV)

na. 1. Shnpooflf&hi“qutdhlbwmm
208 GaV/c? tcpqu.h(nﬂdh)h(l)w+hnu(b)ww'0:)-‘

> | 25

3 150- @}

% 100 157

g 14 10

> 50- 1

o 1 5
0+ 0 — .
0 200 00 0 200 400

H, (GeV)

FIG. 2. Observed Ny distributions (poiats) cmdhthdhmmqﬂdl-h:k-
ground (line) for Pr > 26 GeV/cand (a) ¢ + 2 2 joto and (b) ¢ + > 3 jots.
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FIG. 4. Singie-lepton + Juts two-jot we. three-jot {averiant mass distritvation for (3) backgrousd,
{b) 200 GeV /el top Moate Carlo (a1nT), wad (¢) data. .
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FIG. 5. Pitted mass distribution for candidate eveats (histogram) with the axpected :n;-
distribution for 199 GeV/c? tep quark events (dotted curve), background (deabed curve), and the
sum of top and background (selld curve) for (a) standard and (b) loose event selection.
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