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C FPHYSICISTE DISCOVER TOFP QUARE p

Batawvia, IT.--Fhysicists at the Department of Energy's Ferm Fatnonal Accelerator Laboratory today (hdarch 2) anmounced the
discovery of the subatormac particle called the top quark, the last undiscovered quark of the =or predicted by current scientthc
theory. Scientists worldwnde had sought the top quark smce the dizcovery of the bottom gquark at Fermalab m 1577, The
discovery prowndes strong support for the quark theory of the structure of matter
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Observation of Top Quark Prodnction in $p Collisions

Abstract

'We establish the existence of the top guark using a 67 pb~! data sample
of fp collisions at /s = 1.3 TeV collected with the Collider Detector at Fer-
| milab (CDF). Employing technigues similar to those we previously published,
; | we observe a signal consistent with ¢ decay to WIWbb, but inconsistent with

the backgronnd prediction by 4.80. Additional evidence for the top guark is

top guark mas

crass section to be E.ng:ﬁ phb.




The Top Quark

1989-1995: ~110 pb-1 (Run )
A few dozen events

Theorist View Experimentalist View

= F I ]
Lingering Questions:

1. Any "New Physics” in the top quark Lji

sample?
— Is the event excess ONLY from top @)
production?
2. What are the top quark properties?  ° TOP

branching fractions

= 4

Is “Top” really Top?

\ — Top mass, charge, spin, lifetime,
/




Hadron Colliders

Tevatron LHC
highest energy collider today highest energy collider starting 2008
1.96 TeV 14 TeV
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Hadron Collider Basics

P p
Hadrons are composite 2
B Really collide broad band of
constituent partons P xu(x)
OValence + Sea quarks .3 xd(x)
OGluons L xg(x)
OMomentum fraction carried by 1/ Xxs(x)
parton given by measured 0750
parton distribution functions |
(PDFs) 0.5k
B parton-parton CM energy ~ 0257
1/6 beam-beam CM energy ==

B Additional particles from “underlying
event



Top Quark Production at Hadron Colliders
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Parton Distribution Functions

Parton distribution function: xF(Xx,

)

B HEPR&TA f
B Oatabozea||.

Qex2= 122500 GaVes?

.LHC _up MRST2002NLO
o ‘_> . down  MRST2002NLO
B ' upbar  MRST20D2MLO
o . gluon  MRST2002NLO

2 Gluon

parton distribution
function

diverges at low x

~_ Tevatron

_ pparton

X

pproton

Effective center of mass energy

JS<is

J§>2m,
VS = /XS =xv/s
Q. 7
Xq = Xo
2m,
TeV X2 *__=0.18
VX2 1 96Tey o
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Top Quark Pair Production

Tevatron LHC
Js=196TeV | Js=14TeV

A 2
‘;>"’Z}"< ; 85% 10%

15% 90%




Theoretical Cross Section

A
= 2
o (t) (pb) Mop = 175 GeV/c
1000 }—
o =833 pb Rate ~ 700,000 tt/day
100 }—
~ 120x

10 I~
<-Tevatron  g=6.7pb Rate ~ 60 tt/day

1}—

| | R
1.0 10 100

Cacciari et al.
JHEP 0404:068 (2004)
Kidonakis & Vogt
PRD 68 114014 (2003)



Hadron Colliders — Challenges

COProbability for “soft” QCD
interactions many orders of
magnitude greater than
hard scattering processes of
Interest

Y

CJAnalysis of collision data has
added complications

B No beam energy constraint

COMomentum conservation
constraint only in
transverse plane

B Possibility of more than one
interaction per beam
crossing

B Incoming partons may
radiate gluons

()-]JZ

1up

o (proton - proton)

1pb

L

Fermilab SSC

CERN ;l LHC i

UA2&/
Pp)f =
Ogg(mg =
\ O¢

m

muev top

500 GeV) .
CDF/Dx

(" H
my,= 100 GeV
G Z
e “| — = I Ti:—.‘"-."’ =
i
O Higgs
— my, = 500 GeV

=174 GaVj
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Events / sec for £



Trigger
95% Minimum Bias SOft QCD

3% QCD Dijets

1.5% B’s QCD Dijets

Detector LO

= 0.5% High Pt -
7 e ""'“zg ’ B physics
: Calorimet <1% Minimum Bias . h
&1 alorimeter
&0
"*@ | XFT L1 14% QCD Dijets H Ig P-|-
(no lifetime) 66% B’s
- 50 kHz< 20% High Pt
| f <1% Minimum Bias
‘Lf/ \ ST L2 <1% QCD Dijets
\ ﬁ’ | 219% B’s
78% High Pt
300 Hz
2% Minimum Bias
. - }"’ Full Offline L3 2% QCD Dijets
" ((@))) 21% B’s
| ' 75% High Pt
50 Hz

£\

Tape




Trigger and Data Acquisition

[ Dataflow of CDF "Deadtimeless"] In modern experiments, acquire
Trigger and DAQ LOTS of data in very short
Time:
7.6 MHz Crossing rate
132 ns clock cycle
L1 Storage » Proton-anti-proton collisions
Pipeline: Levell: happen at the Tevatron every
‘[‘)2 Clock Cycles Tr%g]ger 7.6 MHz Synch. pipeline 396 ns ~ 7 MHz.
ee 5544ns lat . :
E = :ci:;¥rate + CDF has about 1 Mio electronic
EEAccept channels
Level 2: =0(1 TBit/sec)
L2 Buffers: Asynch. 2 stage pipeline .
4 Events -20 s latency — Electronics and network
L2 Accept 300 Hz Accept Rate can't handle that - need to

select interesting events at
pallatable rate

— Need a Trigger

DAQ Buffers

L3 Farm

Mass
Storage



A CDF VME crate
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ELEMENTARY
PARTICLES

Theoretical
High-Energy Physics

[0 4 forces carried by
gauge bosons

Weak (W,2) =
Strong (gluon) =

Gravity (Graviton)
Strings? /
SUSY?

Extra dimensions?

Electromagnetism
(g) Electroweak}
GU



Experimental
Hadron-Collider Physics

Light Junk

uds,c
g

75% of Z's
70% of W's




The Top Event

-
<77

[

B b
_ Always:
Virtual W 2 jets are b-quark jets




Physics Signatures

Higgs {Z—1 lonization detectors (charged particles)

Lx
» <:I Missing transverse energy




How We Detect Different Particle?

Muons

Tracking
detectors
Electromagnetic
calorimeter
Hadronic
calorimeter
Muon chambers

"B-quarks”

e Quarks/gluons
» Detected in collimated flows of hadrons -2 Jets

—e— e ————

» Neutrinos
» Detected indirectly - Missing energy
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Silicon Detector in Top Quark
Discovery

‘ New detection technique

4

Top quark discovery

4 Silicon Layers



The New Silicon Detector

'?-l-l-l_-l-r-. J

/- 8 Silicon Layers

Readout channels
48,000 =—= 730,000

Beampipe
(the size of a quarter)
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30,000 high-voltage human-hair-thick Gold-plated Tungsten wires

In Argon-Ethane gas
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Calorimeter
(EM)

[0 Lead-scintillator sandwich

B Lead initiates y conversion,
bremsstrahlung

B Scintillators detect low-
energy ionizing electrons
and positrons
0 Light guides bring

scintillator light out to
PMTs

B 18 radiation lengths
0 1/8” Pb, 5mm scintillator

[0 Total ionization
proportional to initial
energy of e, y




Clean Event: ZW—->eeev

1tra







Calorimeter
(Had)

[0 Steel-scintillator sandwich

B Undergo nuclear
interactions in material

B Some (highly variable)
energy loss due to
nuclear binding energy,
neutrons

B Some EM component
(m?), some ionizing track
(p, )

Huge variation event-to-

event in detected energy

for same energy particle

M \/oar/ widaoa roenlhi 1 +Fian




Reconstruction of Jets

d  Quarks or gluons in final 3
state hadronize, create flow
of particles 5
O Reconstructed as a cluster of ' . o s sl

energy in the calorimeter

d Momentum of tracks is not
used to reconstruct the
kinematics of the jet

T

“particle jet”

parton jet”

y




Dijet event

vent ;1

222318 R+ 152507 Event’%%ie :DATAB@MEE@,MJO,M 2,1345,15,17,4919:21,23,56/58,27.28 50
4
i * o,

P,

ALV N—

m;=1364 GeV
(70% of CM energy!)






Muon Chambers

%

[0 Consists of drift tubes
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Energy Balance and Jets
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m;=1364 GeV
(70% of CM energy!)
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Evts/ GeV/c

Find Z’'s: Measure cross section

CDF Run Il Preliminary, 72pb ™

;9 2901 Entries 1631 |
G
3 g
- a
c
B ]
2I]I]_— u:i
i Opposite Sign (1830)
150—
- + Z— ee DATA
- onZ—>ee MC
'||JI]_—
sl CDF Run Il Preliminary
. -1
N L dt =72.0 pb
_ Vo Jra=mop
'iu 60 80 100 120 140 160 180 200

2 o
MEE(GEWC) 70 75 80 85 90 95 100 105 110 115

M - GeV/c?



The Top Event




Missing Energy Signature
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Electron

d Sum over energy transverse to
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Finding W’s

CDF Run Il Preliminary, 72pb ™

o Entries 21599 |
%220[}; « DATA
Q2000 O] Sum Fm
2 j W —uv MC 4
%180& Z—uu MC ;I
= 1 [J W—tvMC
21600; ] acD
w ] Cosmic
1400]
] ]
1200 n
1000
800,
60[}: F |
400, Lo
200 - = -

20 40 60 80 100 120
M., GeV/c?

O AWis

B A high-pT isolated lepton
B |arge MET

m¥ =./pi p!(1-cos(g - 9,))

[0 Robust even though only
observing in transverse
plane

[0 Edge (“jacobian edge”)
tells you mass

[0 Slope of edge tells p(2"
order), resolution, Iy,

O Tail tells you Iy



The Top Event




The b-quark =2 B-Jet

N
[1 Massive (~ He nucleus) .%
[0 Unstable -
B Spontaneously decays with o
probability given by its half-life : e
T,is 1.6 x 1012 s >
B Average proper distance =
traveled before decay given by —
yBcT, is ~470y3 um -8
a

b A B
Hf—l-f"
— |
\:\. F\- B

fragmentation

tracking calorimetry



op Event Display from CDF: Tagging b-quarks

Run 178855 Number of Jets = 4
Event 5504617 ﬁ// // ﬂl‘."’?.'l“pf‘s{‘ée?f"

l.!'f o

b-quarks have long lifetime
(ct =460 pm)

ﬂ d = Byct

B mesons travel few mm
before decaying

Displaced Vertex Tagging

b - clv (BR J20%)
c - slv (BR 020%)

Jet 3 Jet 4 Soft Lepton Tag

4x lower efficiency
‘141 GeV,Phi=79, L2d =7 mm 7x larger fake rate

GeV, Phi=355 L2d=1 mm




B-tagging $Secondary Vertex)
L
general location of luminous region
X
Z

7




The Beam

[0 Beamline very long

. = Beam Width in x ¥ 1 ndf §7.6/30
B Luminous region c F .
o~30cm Coial “ e
Bro0a]
2ot
s [
do.003 |-

0.002 -

0.001 —
o L ] ] ] ] ]
-40 =20 0 20 40
Z [em]
Beam Width iny T/ naf 72.87 /30
Prob 1.88=-05
T p 1.434e-07 +3.937e-09
p1 39.1 1,505
'i“-ms -8.923 +0.9383
E
&
004
=
E
3
o0.002

[0 Hadronic interactions
have large cross sections oot
B Multiple interactions in T T

same bunch crossing
not uncommon




The luminous region at CDF

® Average location of the pp interaction point per run
size magnified 30x (real size 30 um)

Transverse Profile of Beam Location (XY) 7=0

2005

=
o

...........................................................................................

Beam Location Y (cm)
o

&
o

i | | | | | | | | | | | | | | | | ||
Beam pipe / -1 -0.5 0 0.5 1 2002

Beam Location X (cm)

z direction along beampine (proton direction)
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B-tagging $Secondary Vertex)

=
\

30 um

3

Start with set of tracks and
general location of luminous region

Find event-by-event
primary vertex




B-tagging $Secondary Vertex)

Start with set of tracks and
general location of luminous region

Find event-by-event
primary vertex

Select tracks with large
Impact parameter inside jet

Make a seed for secondary vertex
and form vertex

lterate:
removing tracks with worst chi2

Primary

vertex




B-tagging $Secondary Vertex)

y
X |
Z X
Secondary
vertex
Lop
Primary -
vertex e do

LI,

Start with set of tracks and
general location of luminous region

Find event-by-event
primary vertex

Select tracks with large
Impact parameter inside jet

Make a seed for secondary vertex
and form vertex

lterate:
removing tracks with worst chi2

Got a vertex!
Check if L,p Is large enough

Lop 5 7.5
9Lop




Secondary Vertex Tagging

Efficiency

SecVix Tag Efficiency for Top b—Jets

5 0.7
o : Tight SecVix
-% 0.8 _ laose Secytx
C05F
@ :
E?Oﬁ#

0.3

E 480/0

_ Top 10 scaled 1o matceh data
UTE Only o—jets with Inl<1
I:] :I L L L [ L L L I L L L I L L L I 1 L 1 I 1 1 1 I 1 1 I

mistag rate

20 40 510 g 100 1200 140 180 180
jet E; (GeV)

0.03 F

Mistag rate

SecVix Mistag Rates

E Tight Secvitx
- Logase Sechix

1.2%

Cnly jets with Inl<

200 4G a6

Typical top E; ~40 GeV

el

Top b-tag efficiency/event : 69% (2 b’s)

Fake rate/event : ~4%

HDd 120 140 Hﬁd IHSD
jet E; (GeV)



Problems: Multiple scattering in material

PrimeVix sqrt(Xerr?2+Yerrr2) vs. Vertex Z | hXYErrorVsVixZ
Entries 426350
0.01 1 Mean x 1.81
Meany 0.004103
RMS x 21.96
RMSy  0.001821
0| 39734 0
0 (386616 0
1] 0 0
Integral 3.866e+05

0.009

0.008

0.007

0.006

I]I\\IIII]Il\IITIIlII‘IIII

0.005

0.004

sqrt(Xerr*2+Yerr”2) (micron)

0.0032—
0.002;
0.001 ;
gEs b v o pt o s g o ulignaliogsliogsiy | XYZ Of Secondary Vertex yx |
-60 -40 -20 0 20 40 60
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Problems: Effects from multiple interactions

Data Tag Rates
0.4F 1

i i+ Loose SecVix ]
= 9‘35:_ .......................................................... v Tlght SecVix
= 0.3 o Ultratight SecVix -
) :
o 0.25f
o -
S i
S o0zf
= _
O -
o>  0.15%
e -
g 0.1F
o -
+ C
M 00sf
ﬂ': | | |
2 4 6
event.nzv

Number of interactions per crossing
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Large 'Contemporary’ Silicon

CMS Silicon Tracker (~2007)

~12,000 modules

% CDF svXx lla (2001

~ 223 m? silicon area

")

~25,000 silicon wafers

silicon area

~ 11m?

~ 10M readout channels

~ 750 000 readout channels



Large Silicon Detector Systems ....

R

P.Collins, ICHEP 2002



The Top Event




Cross Section Measurement

Tt —

. |\Iobs
O kag

- Spretag :

- E‘:btag

Nobs_kag

: Number of observed events
. Number of expected background events

Efficiency before tagging (incl Acc and BR)
mg .~ 7.5%

pretag

. Event tagging efficiency

= 8pretag - 69%
m [ L dt: Integrated luminosity



Backgrounds

— W + jets
« Wbb,Wcc,Wc

W+ light jet + fake b

— Single top, WW, WZ, Z> 11

— Non-W

» Fake W-bosons




Top Cross Section (Single Tag)

b 4 CDF Run Il Preliminary (313 pb’ } —
4 A £ [M_<Zi78GeV [ Top (8.7 pb)
4 < e AW —Teoim
v: I.I}J i i ] w+Light I-E:amrp
<‘} = Signal region | = (o8
) N R

a ] wc

] ¥ % - @ Wee

; 2555:_ .................................................................... IE Wb
nggs pl’OdUCtIOﬂ E;jﬂ.ﬂ;_ .............................................................................................. ]
X £ VI -
> 300 - i D N ]
Y. Y [ ‘ i
) e -
J?&n H;>200 GeV for N, >3 ]
P H ,T & ; Loy :
i I 1 =I=% - - - - ‘T- - - -:

4 T 2 3 4 5
Number of Jets
Sample Events tt fraction o(tt)

Loose Tagger 174 73% 8. 7+O = +1 2 pb




Top Cross Section (Double Tags)

CDF Runll Pre-llmlnar},ir (318 pb )

a [ata

[ ] Top (10.1 pb)
LM, 2 ATBGAV. i

I EW & Single Top
] W+Light Flavor
............................. B Non W

@

m|
=
i

Cad
o
T T

ha
n
=]

ha
2

] Cross section

-3
heil

|Expectation for
m,,, = 178 GeV

y
i)

Number of Double-Tagged Events

5
Number of Jets

Sample Events tt fraction o(tt)

—|—1 b —|—z 1
Loose Tagger 54 92% 10.1° pb




Top In radiative corrections

Electromdagnettlc cgntstant.:t. Weinberg angle:
measurea In atomic transitons, [measured at LEP/SLC

ete- machines
]
2 1 —LEP1 and SLD
mW pm— TXEM - 1 80.5 - LEP2 and Tevatron (prel.)
\/§GF Sln HW\/]._AT 68% CL ......
. >
Fermi constant: 8 -
measured in muon decay = 80.47
=
Radiative corrections E
5 .
Arr ~ f(mtop7 In mH) 80.3
] I’T11H
H At —
w RS 150 175 200
—-—-é.ﬂ- Wod L w
‘\ - " mt [GeV]



Top Mass Reconstruction

Lepton + Jets Kinematical Fit

—={

4 Jets 7!;_
B-tags Jet-parton
combinations
12
1 6 X 2 neutrino P, solutions
2




Entries/(15 GeVic?

Top Mass Measurement

Data (40 evts)

O o b B =~ O W
L]

100 150 200 zsnaiun 350 400
m==® (GeVic ')

Entries/(15 GeV/c?)

Data (16 evts)

[ = QT L R LR - I -

1700 150 200 250 300 350 400
me=® (GeVic)




M, [GeV]

Effect on Higgs Mass Expectations
World Average: m,,, = 172.5 + 2.3 GeV/c? (CDF + DO)

_IIII|IIII|IIII|IIII|IIII|IIII_
8070 | experimental errars 68% CL:-LEP2/Tevatron (today) |

m,: CDF Runll ] mfop =178.0 + 4.3 GeV
- ’ m, =114 % GeV

_ m,, <260 GeV @ 95% CL.

My, = 172.5 £ 2.3 GeV

m, =892 GeV

m, <207 GeV @ 95% C.L.

Amy,, = 3.1%

160 165 170 175 180 185 190
m, [GeV]

Amy,, < 1.5 GeV/c? A My
Am,, < 25 MeV/c? Mg

Future Prospects:

< 30%

022 =Hwy



Top Lifetime: Direct Measurement

In SM: 1, 110> seconds

Impact parameter of lepton

g 16F cor Run 2 Preliminary
4 14 ;_318 pb — o data: RMS=33.4+ 1.9 um
A.. 5 12 C I:I best fit (RMS=41.3 pm)
. > N
= 10-
. L Wiyl
'-. 8F }
4* 6c
7 ar
AN
N y]s
rd Ry : % %
L 4 L
~ o - —
. Ve T 300 100 0 100 200
|mpacT dg (’J‘m)
parameter interaction point uncertainty

26 mic
Typ < 17.5 x 1014 seconds
@ 95% C.L. (CDF)



Toponium? Mass Resonance?

Hadronization:
T 11023 seconds

CDF Run 2 preliminary, L=(:‘f82pb'1

| —— CDF data, Nev=447

9]
T

W+ > 4

QCD

N8
T

events/1 (lGeWr.;2

1 SM tf, 6.7 pb

1 | ] piboson (NLO)

w
T

204 _______________ ______________ _______________ _______________ _______________ _______________

10 | WA O S o —

L1l ] e U |++||HH'|||||||||+

00 400 500 600 700 800 900 1000 1100 1200
M, [GeWc’]




CDF II at Work!

s
.
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¥ 4

2001

b

Detector Roll in Fe




There is a control room, too.




A Real Event...

un 102320 EveriIype :DAIA | Toprea: 01,3334 354,307,521 0 42,101, 4+4,153,45,14,15,1745,20,21,25,24,25,2¢, 17,153

p— b_je-r b—Je’r | |

Lol 5. B E¥ R B AT

=y

“B-tagging"

impact paramgter
~1 mm



