
Top
P

hysics
at

the
Tevatron

F
rank

F
ilthaut

,U
niversity

of
N

ijm
e

g
en
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D
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b

er
2002

C
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�

top
quark

basics

�

tt̄production
cross
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�

top
m
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�
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�
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R
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Top
quark

basics

A
tpresent,a

reasonable
am

ountofknow
ledge

exists
on

the
top

quark:
�

Its
m

ass,m
t ≈

175
G

eV

�

A
ssum

ing
three

generations
ofquarks,its

charged-currentcoupling
(P

D
G

’02):

V
C

K
M

=

����

0.9741–0.9756
0.219–0.226

0.0025–0.0048

0.219–0.226
0.9732–0.9748

0.038–0.044

0.004–0.014
0.037–0.044

0.9990–0.9993

����

im
plying

itshould
decay

alm
ostexclusively

to
W

b

�

B
ased

on
this,its

lifetim
e.

To
low

estorder
(assum

ing
S

M
couplings):

Γ
t =

G
F

8�

2π
|V

tb | 2m
3t (1

−
M

2W
/m

2t ) 2(1
+

2M
2W

/m
2t )≈

1.8
G

eV

so
τ

t ∼
(10 −24)s,im

plying
ithas

no
tim

e
to

fragm
entand

instead
decays

as
a

free
quark

�

Its
decay

m
odes:

these
are

sim
ply

given
by

those
ofthe

W
boson:

bqq̄:
2/3,beν

:
1/9,bµν

:
1/9,bτν

:
1/9

(neglecting� (α
s )

corrections)
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Top
quark

production
at

partonic
level

Top
quarks

can
be

produced
either

in
pairs

or
singly:

tt̄
pair

production:

q̄ q

t̄ t

g g

t̄ t

g g

t̄ t

g g

t̄ t

single
top

production:

q̄ 	 q

W

t̄ t

g

q

q 	

W
tb̄

g

q

q 	

W
tb̄

I’llbe
concentrating

m
ostly

on
tt̄pair

production,as
its

signature
is

substantially
easier

to
recognise...
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F
olding

in
the

structure
functions

M
aster

form
ula

for
tt̄pair

production:

σ
(pp̄

→
tt̄X

)
=

a,b

dx
a dx

b ƒ
pa (x

a , µ
2)ƒ

p̄b (x
b , µ

2)

×
σ̂

(ab
→

tt̄;ŝ,µ
2,m

t )

R
elevantrange

ofkinem
atic

variables:

x:
In

this
case,�

ŝ
≥

2m
t .

W
ith

ŝ
=

x
a x

b s,and�

s
=

1.8
TeV

:

0.04
<

x
<

1

T
he

largest
cross

section
contribution

in
this

large
x

region
is

from
q

q̄
annihila-

tion.

Q
2:

T
he

scale
norm

ally
taken

is
Q

2
=

µ
2

=
m

2t ,i.e.
w

ellin
the

perturbative
region.

0

0.5 1

1.5 2

10
-4

10
-3

10
-2

10
-1

1
x

xf(x,Q
 2)
�

M
R

S
T

 partons
Q

2 =
 20 G

eV 2

g/10

u

d

ū d –
sc
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G
oing

beyond
leading

order

�
N

eeded
to

achieve
bestprecision

�
H

ow
ever,radiation

ofsoftgluons
leads

to
large

corrections
in

order-by-order
calculations

(N
LO

∼
20%

(70%
)×

LO
for

quark
(gluon)

initialstates)

�

R
esum

m
ation

techniques
have

show
n

to
lead

to
sm

allcorrections
beyond

N
LO

,as
w

ell
as

sm
aller

scale
uncertainties:

Type
S

tructure
fct.

σ
tt̄ (pb)

(175
G

eV
)

N
LO

M
R

S
R

2
4.87 +0.30

−0.56

R
esum

m
ed

∗
M

R
S

D
4.94 +0.71

−0.45

R
esum

m
ed �

C
T

E
Q

3
5.52 +0.07

−0.42

R
esum

m
ed 

M
R

S
R

2
5.06 +0.13

−0.36

∗Laenen,S
m

ith,van
N

eerven

�B
erger,C

ontopanagos

B
onciani,C

atani,M
angano,N

ason,Trentadue

C
onclusion:

good
agreem

ent
betw

een
differ-

entcalculations
⇒

excellenttestofQ
C

D
!

B
C

B
C

M
N

T

LS
vN

N
LO

S
ingle top

P
air production

T
op quark m

ass (G
eV

/c 2)

Production cross section (pb)

2 3 4 5 6 7 8 9 10

150
160

170
180

190
200
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T
he

tt̄production
cross

section
m

easurem
ent

A
ssum

e
S

M
top

decay
characteristics

⇒
finalstates:

all-jets,lepton+jets,leptons
(according

to
decay

ofW
bosons

involved):

qq̄qq̄:
Largestfraction

(36/81),butpurely
hadronic

decay
m

ode
hard

to
distinguish

from
Q

C
D

background
even

w
ith

6
jets

qq̄� ν
,�

=
e,µ

:
24/81

ofalldecays:
a

lepton
and

E/
T

in
addition

to
4

jets

qq̄τν
:

12/81
ofalldecays:

m
ore

com
plicated

than
for

e,µ
due

to
the

τ
decay

m
odes

� ν� ν
:

4/81
ofalldecays:

tw
o

leptons,E/
T ,tw

o
jets

� ντν
,τντν

:
5/81

ofalldecays:
again

m
ore

com
plicated

due
to

τ

A
llchannels

(exceptτντν
)

have
been

analyzed.
Iw

on’tdiscuss
channels

involving
τ’s.

N
otes:

�

In
hadron

colliders,there
is

(alm
ost)

alw
ays

energy
and

m
om

entum
leaking

outalong
the

beam
axis:

this
is

nota
usefulconstraint!

–
energy

balance
in

the
transverse

plane
is

–
butthis

w
orks

only
to

the
extentthatno

transverse
energy

from
the

underlying
eventescapes

undetected
⇒

requires
good

herm
eticity

�

In
allcases,there

are
tw

o
jets

originating
from

b
quarks

⇒
b

tagging
helps!
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T
he

detector
s

H
A

D
R

O
N

E
N

D
   

P
L

U
G

   
H

A
D

R
O

N
 E

N
D

 
 P

L
U

G
 E

M

C
E

N
T

R
A

L
 E

M

E
N

D
    

W
A

L
L

    
H

A
D

R
O

N

z

C
entral

T
racking

C
ham

ber

V
ertex T

racking C
ham

ber

C
E

N
T

R
A

L
H

A
D

R
O

N

Solenoid

η = 0.9

η = 2.4

C
E

S

E
M

F
orw

ard
(N

ot-T
o-Scale)

η = 4.2

C
P

R

   C
D

F
   

D
etector

C
E

N
T

R
A

L
 M

U
O

N

C
E

N
T

R
A

L
 M

U
O

N
 U

P
G

R
A

D
E

ST
E

E
L

 A
B

SO
R

B
E

R

η = 0S
V

X
S

ilicon V
ertex D

etector

Central M
uon Extension

IN
T

E
R

A
C

T
IO

N
 P

O
IN

T

P
erform

ance
num

bers:

�

electrons:

σ
(E

)/E
=

14%
/�

E
(

G
eV

)⊕
2%

�

jets:

σ
(E

)/E
=

50%
/�

E
(

G
eV

)⊕
3%

�

tracks:

σ
(p

t )/p
t =

0.0009p
t ⊕

0.0066

(p
t in

G
eV

)

�

m
issing

E
T :

σ
(E/

T )=
0.7

E
T

Q
C

D
TopicalLectures:

Tevatron
Top

P
hysics

16–17
D

ecem
ber

2002



T
he

detector
s

D
0 D

etecto
r

P
erform

ance
num

bers:

�

electrons:

σ
(E

)/E
=

15%
/�

E
(

G
eV

)⊕
0.4%

�

jets:

σ
(E

)/E
=

45%
/�

E
(

G
eV

)

�

m
uons:

σ
(1/p)=

0.18(p−2)/p
2⊕

0.003

(p
in

G
eV

),|η
|<

1

�

m
issing

E
T :

σ
(E/

T )=
0.019(

E
T )+1.5

G
eV
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O
bjects

�
Jets

are
reconstructed

using
cone

algorithm
on

basis
ofcalorim

eter
energy

deposits

1.
choose

seed
clusters

2.
associate

allenergies
w

ithin
a

fixed
radius

R
=

�

∆η
2+

∆φ
2

around
the

seed

3.
com

pute
the

energy-w
eighted

〈η
〉,〈φ〉,and,w

ith
this

as
the

new
seed,iterate

untila
stable

jetaxis
is

found

C
hoose

R
=

0.5:
com

prom
ise

betw
een

m
erging

jets
(large

R
)

and
notcontaining

allof
the

jet’s
energy

in
the

cone
(sm

allR
)

�

electrons
are

recognised
as

isolated
E

M
clusters

m
atched

w
ith

a
charged

track
(w

ith
quality

criteria
on

the
m

atch,show
er

shape,isolation)

–
background

from
Q

C
D

jets
faking

electrons

�

m
uon

s
are

selected
based

on
track

segm
ents

reconstructed
in

the
m

uon
cham

bers,
w

ith
a

m
atching

centraltrack
(nota

requirem
entfor

D
Ø

)

�

neutrinos
are

only
reconstructed

indirectly
from

the
observed

E/
T

(w
hich

should
be

corrected
for

any
m

uons)

–
doesn’tw

ork
w

ellif>
1

ν
present!
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b
ta

g
ging

T
he

b
quark

distinguishes
itselffrom

its
lighter

relatives
in

tw
o

im
portantaspects:

its
long

lifetim
e:

τ
b

≈
1.5

ps
⇒

cτ
b

≈
450µ

m
.

F
or

suffi-
ciently

high
p

t quarks
this

results
in

�

detectable
displaced

vertices
(sign

according
to

jethem
isphere;cuton

decay
length

significance
L

xy /σ
xy )

�

or
atleasttracks

w
ith

high
im

pactparam
eters

d
w

ith
respect

to
the

event’s
prim

ary
vertex

(con-
struct

discrim
inant

from
track

im
pact

param
eter

significances
w

.r.t.
P

V
)

C
D

F
has

used
these

m
ethods

(discuss
only

first).

its
hard

fra
g

m
entation

and
high

m
ass:

in
sem

ileptonic
decays

(∼
20%

)
this

results
in

leptons
w

ith
high

p
t

and
high

p
rel
t

w
ith

re-
spectto

the
jetaxis.

T
he

lepton
kinem

atics
have

notbeen
used

by
either

experim
ent;

rather,
the

m
ere

presence
of

a
lepton

is
used

to
tag

b
jets

(butlarge
p

rel
t

⇒
easier

e
±

recognition).

�

C
D

F
:µ

,e
(butlow

efficiency
for

e),D
Ø

:µ

lepton

jet
p

t rel
P

V
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b
ta

g
ging

:
S

V
T

checks

C
onstructlight,b,c

M
C

cτeff tem
plates:

�
know

n
track

resolution
functions,eff.

�

apply
vertexing

F
itto

tem
plates

to
extractfractions:

B
ackground

H
eavy F

lavor

cτ
eff   (cm

)

Jets / 0.02 cm

0

100

200

300

400

500

600-0.4
-0.3

-0.2
-0.1

0
0.1

0.2
0.3

0.4

�

Tem
plate

fit
results

cross-checked
w

ith
rates

expected
from

exclusive
B

m
eson

decays

�

Tem
plates

cross-checked
w

ith
e+jets

data
containing

secondary
vertices:

cτ (cm
)

Jets / 0.02 cm

E
lectron D

ata T
ags

B
 M

onte C
arlo

0

200

400

600

800

1000

1200

1400

1600

-0.3
-0.2

-0.1
0

0.1
0.2

0.3

cτeff =
L

xy m
/p

t F
:

p
t ,m

are
m

om
entum

,m
ass

ofthe
tracks

associated
to

S
V

F
is

derived
from

M
C

C
orrectefficiency

for
sem

ileptonic
→

generic
B

decays
using

M
C

(∼factor
0.7

⇒
39

±
3%

on
average:

tim
e

dependentdue
to

S
V

X
chip

radiation
dam

age)
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b
ta

g
ging:

lepton
ta

gs

Leptons
from

sem
ileptonic

decays
are

soft!
(and

typically
buried

in
jets...)

P
T  (G

eV
/c)

Fraction of Leptons / 1 GeV/c
�

Leptons from
 b decays

P
T  (G

eV
/c)

Fraction of Leptons / 1 GeV/c
�

Leptons from
 c decays

0

0.02

0.04

0.06

0.08

0.1

0
5

10
15

20
25

30

0

0.05

0.1

0.15

0.2

0.25

0
5

10
15

20
25

30

E
lectrons:

tightID
cuts

to
rejecthadrons

�

track
m

atch,
E

/p
w

ith
narrow

cone,
dE

/dx
,P

S

�

efficiency
∼53%

(∼23%
)

for
b

→
eX

(c
→

eX
)

decays
from

M
C

�

check
w

ith
recoiljets

in
e+jets

data

In
principle,

only
irreducible

m
uon

back-
ground

is
from

decays
in

flight...
In

practice,
C

D
F

(“thin”
calorim

eter,
nice:

p
µt

>
2

G
eV

)
suffers

from
punch-through:

need
add’l(H

C
A

L)
isolation

criteria
D

Ø
:

require
p

µt
>

4
G

eV

E
C

H
A  (G

eV
)

Events / 500 MeV

0 20 40 60 80

100

120

140

0
5

10
15

20
25

30
35

40
45

50

R
econstruction

efficiency
obtained

from
Z

→
µ

+µ
−,

J/ψ
→

µ
+µ

−
decays:

∼95%
(C

D
F

),∼
60–85%

(D
Ø

).

�

low
D

Ø
eff.

m
ainly

due
to

geom
etric

ac-
ceptance!
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lepton
+jets:

characteristics

S
om

e
characteristics

oftt̄events
com

pared
to

W
+jets

background:

0

0
.0

5

0
.1

0
5

0
1

0
0

1
5

0

0

0
.1

0
.2

0
5

0
1

0
0

1
5

0

0

0
.2

0
5

0
1

0
0

0

0
.2

5

0
.5

0
5

0
1

0
0

1
5

0

(a
) J

e
t 1

(b
) J

e
t 2

(c
) J

e
t 3

(d
) J

e
t 4

Arbitrary units

J
e

t E
T
 (G

e
V

)

(e
) J

e
t η�

J
e

t η

0

0
.0

5

-2
-1

0
1

2

W
+jets

expected
to

be
the

only
“irreducible”

background,
σ

(W
+jets)∼

(pb),
and

the
follow

ing
are

noteven
used:

�

E/
T

�

b
tagging

⇒
an

easy
analysis?
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lepton
+jets:

C
D

F

B
asic

selection
criteria:

�
one

isolated,high-p
t lepton

(p
t >

18
G

eV
)

�

significantE/
T

(E/
T

>
20

G
eV

)

�

≥
3

jets
(to

accountfor
m

erging,inefficiencies)

M
eνT

 (G
eV

/c 2)

Events / 1 GeV/c
� 2

E
lectrons

M
µνT

 (G
eV

/c 2)

Events / 1 GeV/c2

M
uons

0 50

100

150

200

250

300

350

400

0
25

50
75

100
0 50

100

150

200

250

0
25

50
75

100

S
eeing

the
W

(from
the

M �
νT

=
2| �

p �

t || �

p
νt |− �

p �

t ⋅ �

p
νt

distribution)
is

easy...

P
rincipalbackground:

from
W

+jets
processes.

F
or

W
+1

parton
production:

d̄
g

u

� +

ν�
d̄

g
u

� +

ν�

F
or

W
+3

(4)
parton

production
there

are
110

(∼1300)
tree

leveldiagram
s

to
be

com
puted!

H
andled

by
the

V
E

C
B

O
S

M
C

program
,w

hich
doesn’taccountfor

higher
order

corrections
(also

H
E

R
W

IG
can

be
used

for
estim

ates)
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lepton
+jets:

C
D

F

T
he

m
ain

effortis
in

determ
ining

the
background...

F
or

S
V

T
tags:

1.
O

btain
tag

rates
from

generic
jetsam

ples
(50

G
eV

jettrigger)

2.
C

ross-check
these

tag
rates

in
independentsam

ples
(e.g.

100
G

eV
jettrigger)

E
T  (G

eV
)

Tag Rate
�

P
ositive T

ag R
ate

N
egative T

ag R
ate

a)

T
rack M

ultiplicity

Tag Rate
�

P
ositive T

ag R
ate

N
egative T

ag R
ate

b)

0
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0
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S
calar S

um
 ET  (G

eV
)

Tags / 50 GeV

a)

S
calar S

um
 ET  (G

eV
)

Tags / 50 GeV

b)

�

Jet M
ultiplicity

Tags / Jet Mult.

c)

Jet M
ultiplicity

Tags / Jet Mult.
�

d)
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0
200

400
600

0 5 10 15 20 25 30 35 40

0
200

400
600

0 20 40 60 80

100

120

0
2

4
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0
2

4

3.
E

xtrapolate
these

to
tag

rates
in

W
+jets

sam
ples:

use
M

C
to

estim
ate

heavy
flavour

contentas
function

ofnum
ber

ofjets
in

W
+jets

(and
in

generic
jets).

N
ontrivial!.

e.g.
gluon

splitting
scaled

up
by

1.4
(from

m
ultijetsam

ple)
R

esult:
m

is-tags
contribute

largestfraction
(∼

2/3),restfrom
W

b
b̄,W

cc̄

4.
R

em
aining

backgrounds
(from

Z
→

τ
+τ

−,W
+W

−,W
Z

)
sm

all,estim
ated

from
M

C

Q
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lepton
+jets:

C
D

F

S
im

ilar
approach

for
S

LT
:

1.
O

btain
tag

rates
for

e,µ
from

m
ul-

tijettriggers
(as

a
function

ofisola-
tion

in
case

ofe
±)

2.
A

ssum
e

the
sam

e
tag

rates
for

W
+jets

events
(slight

overestim
a-

tion
of

background
as

less
gluon

splitting
expected

in
W

+jets
than

in
m

ultijetsam
ples),and

cross-check
w

ith
W

+1
jetsam

ple

A
dditional

useful
cross-check

(both
S

V
T,S

LT
):Z

(→

� +� −)+jets
sam

ple

�

σ
×

B
R

∼
factor

10
below

W
(→

� ν
)+jets

�

but
find

good
agreem

ent
betw

een
expected,

observed
num

ber
of

tagged
events

P
T (G

eV
/c)

Track Tag Rate

(a)

P
T (G

eV
/c)

Track Tag Rate
�

(b)

P
T (G

eV
/c)

Track Tag Rate

(c)

0
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4
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eV
/c)

Track Tag Rate

0

0.005

0.01

0.015

0.02

0
2

4
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8
10
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20

overflow
 bin

P
T  (G

eV
/c)

Tags / 1.8 GeV/c

∫∫
D

ata =
 33

B
G

 prediction =
 34
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lepton
+jets:

C
D

F

R
esults:

S
V

T
S

LT

εtag
(%

)
39±3

18±2

εgeom
(%

)
10.4±1.0

εtrig
(%

)
90±7

εtotal (%
)

3.7±0.5
1.7±0.3

observed
events

34
40

background
9.2±1.5

22.6±2.8

σ
tt̄ (pb)

5.1±1.5
9.2

+4.3
−3.6

Q
C

D
TopicalLectures:

Tevatron
Top

P
hysics
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lepton
+jets:

D
Ø

B
asic

selection
criteria

sim
ilar

to
C

D
F

’s:

�

one
isolated,high-p

t lepton
(p

t >
20

G
eV

)

�

significantE/
T

(E/
T

>
20

G
eV

)

�

≥
3

jets

µ
tagged

events:

1.
A

dditional(E/
T ,∆ φ(E/

T , µ
))

cuts
needed

due
to

inferior µ
m

om
entum

resolution

left:
Q

C
D

m
ultijet,right:

tt̄

top:
e+jets,bottom

:µ
+jets

Q
C

D
TopicalLectures:

Tevatron
Top

P
hysics

16–17
D

ecem
ber

2002



lepton
+jets:

D
Ø

2.
use

data
to

estim
ate

light
jet

tag
rates:

apply
e

±,isolated
µ

m
is-tag

rate
to

sam
-

ples
satisfying

allbutthese
ID

criteria.
From

loose
→

tighte
ID

:

N
loose

=
N

e
+

N
fake ,

N
tight

=
ε

et N
e

+
ε

ƒt N
fake

w
ith

ε
et

derived
from

Z
→

e
+e

−, ε
ƒt

from
“loose”

e+jets
w

ithoutE/
T

⇒
solve

for
N

fake

3.
estim

ate
W

+3
jets

background
(dom

i-
nant

contribution)
from

W
+1

jet,
W

+2
jets

Q
C

D
TopicalLectures:

Tevatron
Top

P
hysics

16–17
D

ecem
ber

2002



lepton
+jets:

D
Ø

O
nly

µ
S

LT
tag

available
⇒

find
other

w
ays

to
im

prove
background

rejection:
Tour

de
force

#1:
topologicalselection

1.
≥

4
jets

(E
jet
T

>
15

G
eV

)

2.
F

urther
selection

on
eventtopology:

�

H
T

≡�

jets
E

T
>

180
G

eV

�

A
planarity:

(jets+W
)>

0.065
diagonalise

m
om

entum
tensor

Q
ij =

k

p
ki p

kj
/

k

| �p
k | 2

to
obtain

Q
1

<
Q

2
<

Q
3 ,

Q
1 +

Q
2 +

Q
3

=
1

⇒
0

<
A

≡
32 Q

1
<

0.5
(sim

ililarly:0
<

S
≡

32 (Q
1 +

Q
2 )<

1)

�

E
LT

≡
E/

T
+

| �p �t |>
60

G
eV

0

0.1

0.2

0.30
100

200
300

400

M
ultijet

x7

0

0.1

0.2

0.3

0
100

200
300

400

+
jets M

C
W

385 pb -1

0

0.1

0.2

0.30
100

200
300

400
H�

T
(G

eV
)

Aplanarity

M
C

tt -
7 fb

-1

0

0.1

0.2

0.3

0
100

200
300

400

D
ata

105 pb -1

A
t

this
point,

the
background

is
dom

inated
by

Q
C

D
m

ultijets
and

W
+jets

events
In

the
follow

ing,
w

ill
concentrate

on
µ

+jet
events
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lepton
+jets:

D
Ø

1.
E

stim
ate

Q
C

D
m

ultijetbackground
from

a
controlsam

ple
ofµ

+
n

jets,n
≥

0:
�

assum
e

isolated
µ

⇒
accom

panying
jet

not
reconstructed,

estim
ate

from
E/

T
<

20
G

eV
sam

ple:

P
(isolated

µ
)=

#isolated
µ

,n
jets

#non-isolated
µ

,n+1
jets

�

apply
this

probability
to

E/
T

>
20

G
eV

sam
ple

T
his

procedure
gives

the
Q

C
D

predic-
tion

for
1,2,3,4

jets

2.
A

fter
subtracting

Q
C

D
,

the
rem

ainder
is

W
+jets:

extrapolate
from

W
+1

jet,
W

+2
jets

to
W

+4
jets

�

W
ould

be
nice

to
use

also
W

+3
jets

for
extrapolation

–
but

this
is

ex-
pected

to
contain

tt̄!

3.
A

pply
Q

C
D

,
W

+jets
efficiencies

for
topologicalcuts

�

D
eterm

ining
the

probability
to

find
a

µ
needs

statistics
⇒

topological
cuts

notapplied

R
esults:

� +jets
(topological)

� +jets
(µ

tag)

ε⋅B
R

(%
)

2.28±0.46
0.96±0.15

background
8.7±1.7

2.4±0.5

observed
19

11

σ
tt̄

4.1±2.1
8.3±3.5

Q
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D
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di-leptons

T
he

signature
for

leptonic
decays

of
both

W
bosons

is
significantly

m
ore

pronounced:
�

2
leptons,2

b
jets,significantE/

T

M
ain

backgrounds:

�

W
+W

−
→

 + −2ν
(rejectusing

topology:
H

T )

�

F
or

ee
and

µµ
channels:

Z/γ
∗

→

 + −

(rejectusing
invariantm

ass
cut)

�

W
+jets

(w
ith

m
is-identified

e
±)

�

D
rell-Yan

τ
+τ

−
→

 + −6 ν

b
tagging

notnecessary!

R
esults:

C
D

F
:σ

tt̄ =
8.2

+4.4
−3.4

pb
D

Ø
:

σ
tt̄ =

6.4±3.3
pb

0 10 20 30 40 50 60 70 80

0
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50

 a)

 Events / 2 GeV

 M
ax(E

T (e),P
T (µ

)) (G
eV

)
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 b)

 Events / 2 GeV

 M
in(E

T (e),P
T (µ

)) (G
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)
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 c)

 Events / 3 GeV

 E/
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 d)
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 ∆Φ
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all-hadronic
m

ode

N
o

(isolated)
leptons

or
E/

T
in

this
m

ode...only
2

b
jets

and
4

lightquark
jets

C
onditio

sine
qua

non:

�

≥
5

jets
(for

C
D

F
;6

for
D

Ø
)

�

one
b

tag

Tw
o

possible
approaches

have
been

follow
ed

by
C

D
F

:
1.

tw
o

(S
V

X
)

tags

2.
topologicalcuts

�

H
T /$

ŝ
>

0.75

�

>
-0.0025H

T3 +0.54
w

here
H

T3
=

H
T

−
E

j1T
−

E
j2T

R
esults:

2
b

tags
topological

ε⋅B
R

(%
)

3.2±0.8
9.9±1.6

background
123±13

165±11

observed
157

222

σ
tt̄ (pb)

11.5±5.0
+5.9
−5.0

9.6±2.9
+3.3
−2.1
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all-hadronic
m

ode:
D

Ø

F
ocus

on
the

D
Ø

topologicalanalysis:
tour

de
force

#
2

(µ
tagging

notperform
antenough

to
require

tw
o

tags)
A

fter
jetselection:

600k
data

events
(expect∼

200
tt̄)⇒

hopeless?

1.
U

se
N

N
,w

ith
as

input:

�

topologicalvariables:
H

T ,$

ŝ,
H

T3 ,
,

S
,

H
T /(�

jets
E

),
E

j1T /H
T ,

E
j5T
E

j6T
,〈η

2〉

�

m
easure

ofjetw
idths

(tt̄:
m

ainly
quarks,

Q
C

D
:m

ainly
gluons)

�

m
easure

of
com

patibility
w

/
W

&
(equal)

top
m

ass
constraints

�

p
µt

oftagging
µ

0

2.5 5

7.5

10

12.5

20
40

60
80

100
120

1 10 10
2

10
3

10
20

30

2.
Train

N
N

w
ith

tt̄
signal

M
C

and
un-

tagged
data

as
background

�
don’trely

on
Q

C
D

M
C

�
but

N
N

needs
µ

tags!
S

olution:
“add”

m
uons

w
ith

m
easured

p
t

spectrum
to

untagged
events
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all-hadronic
m

ode:
D

Ø

3.
R

equire
a

tagging
µ

associated
to

a
jet

(∆
R

<0.5)

4.
R

equire
p

µt
>

4
G

eV
to

suppress
decays

in
flight.

5.
C

onstruct
a

tag
probability

(derived
from

a
m

ultijetsam
ple)

for
a

Q
C

D
jetto

give
rise

to
a

tag

�

as
a

function
ofjetE

T ,η
,tim

e
∗,($

ŝ)

and
com

puting
each

event’s
tag

probability
as

the
sum

over
its

jettag
probabilities

∗due
to

m
uon

cham
ber

radiation
dam

age
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all-hadronic
m

ode:
D

Ø

6.
C

ross-check
N

N
input

variables
for

tagged
sam

ple
w

ith
those

obtained
from

tag
probabilities

applied
to

un-
tagged

sam
ple

7.
F

it
N

N
output

to
sum

of
signal&

back-
ground

shapes

R
esult:σ

tt̄ =
7.1

±
2.8

±
1.5

pb

Q
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Top
cross

section:
results

0 5 10 15

0
5

10
15

20

N
ote

thatIhaven’ttalked
atallabout

system
atic

uncertainties.

�

In
general,

the
largest

uncer-
tainty

com
es

from
the

efficiency,
w

hich
depends

on
the

assum
ed

top
m

ass...

�

T
he

nextlargestcontribution
(es-

pecially
forthe

all-hadronic
chan-

nel)
is

from
the

uncertainty
on

the
jetenergy

scale

⇒
see

nexttopic
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Top
m

ass

80.2

80.3

80.4

80.5

80.6130
150

170
190

210

m
H  [G

eV
]

114
300

1000

m
t   [G

eV
]

mW
%   [GeV]

P
relim

inary

68%
 C

L

∆α

LE
P

1, S
LD

 D
ata

LE
P

2, pp − D
ata

In
the

grander
schem

e
of

things,
am

ong
the

m
ost

im
portant

tasks
ofthe

top
quark

m
ass

are:

�

constrain
globalE

W
fits

�

(in
the

S
M

context)
predictM

H

T
he

Tevatron
is

the
only

place
w

here
m

t can
be

m
easured

directly!

m
t analyses

have
been

carried
out

for
allthree

(lepton+jets,
dilepton,

all-hadronic)
channels

M
any

analysis
details

(selection
criteria,

tag
rates,

...)
are

the
sam

e
as

for
the

cross
section

analyses
⇒

w
illnotcover

these

Q
C
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Top
m

ass:lepton
+jets

A
nalysis

strategy
(follow

D
Ø

):
1.

R
equire

≥
4

jets,and
use

leading
4

2.
C

orrect
jet

energies
to

“parton”
level

(see
nextslides)

3.
A

pply
a

2C
Lagrange

m
ultiplier

kine-
m

atic
fitto

tt̄→
 ν

bqq̄b̄:

�

one
unknow

n:
p

νz

&

three
m

ass
constraints:

–
m' ν

=
m

qq̄
=

M
W

–
m' ν

b
=

m
qq̄b̄

4.
T

here
are

12
w

ays
to

assign
the

jets
(6

if
one

is
tagged):

try
all,

and
use

the
com

bination
w

ith
the

sm
allest

χ
2

=
( (xpred

− (xm
eas ) TV

−1( (xpred
− (xm

eas )

w
here �x

represents
the

(jet,) ,ν
)kinem

atics,

and
V

the
corresponding

error
m

atrix

⇒
fitted

m
ass

m
fit for

each
event

5.
C

om
pute

signal
likelihood

for
each

event
(see

later)

6.
D

o
allof

the
previous

for
signal,

back-
ground

“tem
plates”

as
w

ell

7.
F

it2D
(

,m
fit )

distribution
to

tem
plates

for
various

assum
ed

m
t

⇒
likelihood

as
function

ofm
t

8.
E

xtractm
t from

likelihood
curve
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Interm
ezzo:

Jet
energy

scale

T
he

m
easured

jetenergies
have

to
be

corrected
before

they
can

be
interpreted

as
parton

energies:

E
corr =

E
m

eas
−

O
R

(1
−

S
)

w
here:

O
:

offsetdue
to

m
ultiple

interactions,
underlying

event,
238U

radioactivity
determ

ined
from

com
paring

data
at

differentlum
inosities;zero-bias

triggers

R
:

calorim
eter

response
determ

ined
(as

function
of

E
jet)

from
γ+jetevents,using

E
M

scale
as

reference
(use

know
n

M
Z )

S
:

correction
for

radiation
effects

determ
ined

from
M

C
,separate

for
light

quark
jets,

tagged
b

jets,
untagged

b
jets

(depends
on

jetassignm
ent)

q g
qγ

q q̄
gγ

q q̄
gγ

.

.

.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.

.
.
.

.

.

.

.

.

.

.
.

.

.
.

.

.
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Interm
ezzo:

Jet
energy

scale

N
otes:

&

jetenergy
resolution

is
dom

inated
by

radiation
rather

than
by

detector
effects!

&

jetenergy
scale

uncertainty:σ
E

=
0.025E

+
0.5

G
eV

C
D

F
uses

E
/p

to
m

easure
energy

scale,then
cross-checks

using
γ+jetevents

500

1000

100
150

200
250

100

200

100
150

200
250

U
nsm

eared,
parton level,

*no radiation.

(a)
M

ean: 170

W
idth: 2.4

+

U
nsm

eared,
generator level,

radiation on.

,

(b)
M

ean: 163

W
idth: 25.6

+

F
ull detector

sim
ulation.

(c)
M

ean: 165

W
idth: 24.7

+

F
itted m

ass (G
ev/c 2)

Events/4 Gev/c2

100

200

100
150

200
250

E
T γ  (G

eV
)

Relative data/MC difference
-

-0.1

-0.05 0

0.05

0.1

20
40

60
80

100
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Top
m

ass:lepton
+jets

A
tthis

point,the
background

is
from

W
+jets

and
Q

C
D

m
ultijets

(as
for

the
cross-section

analysis).
P

lotsignaland
background

distributions
s

i ,
b

i
of

variables
x

i
only

w
eakly

correlated
to

m
t

(and
am

ong
each

other):

&

E/
T ,

,
H

T2
≡

H
T

−
E

j1T

|p 'z |+
|p

νz |+.
j |p

jz | ,
∆

R
m

in
jj

E
m

in
T

E
LT

From
these

distributions,
construct

a
likeli-

hood
for

an
event

to
be

tt̄
as

opposed
to

background:

i
=

s
i (x

i )/b
i (x

i ),

=
4i=1

i ,

=
/(1

+
)

F
or

untagged
events,cuton

x
1  =

 M
issing ET

x
2  =

 A
planarity

x
3

x
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Top
m

ass:lepton
+jets

F
itresults:m

t =
173.3

±
5.6

G
eV

0 1 2 3 4 5 6 7 8 9

F
it to

p
 q

u
a

rk
 m

a
s
s
 (G

e
V

/c
2
)

d
a

ta

fit

b
k
g

d

(a
)

0 1
0

02460

∆ ln L

8
0

1
2

0
1

6
0

2
0

0
2

4
0

2
8

0

(b
)

F
it m

a
s
s

1
0

0
2

6
0

L
B

N
N

(c
)

1
5

0
2

0
0

T
ru

e
 m

a
s
s

S
ystem

atic
uncertainties:

S
ource

σ
(m

t )
(G

eV
)

Jetenergy
scale

4.0

tt̄M
odeling

1.9

B
ackground

m
odeling

2.5

N
oise

/m
ultiple

interactions
1.3

M
C

statistics
0.9

F
itm

ethod
1.3

Total
5.5

C
D

F
have

obtained
sim

ilar
results:

m
t =

175.9
±

4.8(stat.)±
4.9(syst.)

G
eV

w
here

the
system

atic
uncertainty

is
again

dom
inated

by
the

jet
energy

scale
uncer-

tainty
(4.4

G
eV

)
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Top
m

ass:dilepton
channel

Tour
de

force
#3

(and
an

exercise
in

advanced
statistics)

1.
Tw

o
ν

in
finalstate

rather
than

one
⇒

underconstrained
(“-1C

”)
system

2.
A

ssum
e

m
t

&

justenough
constraints

to
“solve”

system

&

butnotenough
to

estim
ate

goodness
ofconstraint??

3.
...B

utthe
eventshould

also
be

consistentw
ith

dynam
ics!

&

M
ass-dependenttop

decay
spectra

from
S

M
couplings

P
(E '0 |m

t )∼
dσ
dE '0

∼
4m

t E '0 (m
2t −

m
2b

−
2m

t E '0 )
(m

2t −
m

2b ) 2+
M

2W
(m

2t +
m

2b )−
2M

4W

w
here

E '0
is

the
lepton

energy
in

the
top

restfram
e

&

P
arton

x
values

fixed
by

choice
ofm

t should
be

consistentw
ith

know
n

parton
distribution

functions

⇒
w

eighteach
event,for

each
assum

ed
m

t ,w
ith

w
(m

t )=
N

(m
t )P

(E ' +

0
|m

t )P
(E ' −

0
|m

t )ƒ(x
a )ƒ(x

b )

w
here

the
norm

alisation
N

(m
t )

ensures
〈w

(m
t )〉=1

F
or

all(6!)
events:
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Top
m

ass:dilepton
channel

4.
R

esolutions
have

to
be

accounted
for:

&
each

event’s
kinem

atics
is

sm
eared

m
any

tim
es,

and
the

result
is

aver-
aged
(the

sm
alleventsam

ple
helps

here...)

5.
A

lso
average

over
pairings

of
jets

w
ith

leptons

6.
O

btain
corresponding

distributions
ƒ

s ,
ƒ

b
for

signal,
background;

norm
alise

data,signal,background
to

1

7.
F

it
signal,

background,
true

m
t

to
binned

w
(m

t )
distributions

=
1

1

2πσ
b

e
−(n

b −n̄
b ) 2/2σ

2b (n
s +

n
b ) N

e
−(n

s +n
b )

N
!

×
Ni=1

n
s ƒ

s (2 w3

i |m
t )+

n
b ƒ

b (2 w3

i )
n

s +
n

b

0
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T
op Q

uark M
ass

Average Weight

11 12 13 14 15 16

100
200
m

t        

-ln L        

m
t =

168.4
±

12.3(stat.)±
3.6(syst.)

G
eV

S
ystem

atics
again

dom
inated

by
jetenergy

scale
(2.4

G
eV

).
S

im
ilarly

for
C

D
F

:

m
t =

167.4
±

10.3(stat.)±
4.8(syst.)

G
eV
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Top
m

ass:all-hadr
onic

channel
and

results

C
D

F
have

also
perform

ed
a

m
ass

m
easurem

ent
in

the
all-hadronic

channel(notaccessible
to

D
Ø

because
ofoverw

helm
ing

background):

4

A
nalysis

as
for

cross
section,

but
require

6
jets;relax

H
T

cut,require
only

1
b

tag

4

A
pply

3C
kinem

atic
fit,assigning

tagged
jets

to
be

b
jets

⇒
30

com
binations

(6
in

case
of

2
b

tags),
choose

com
bination

yielding
low

estχ
2

A
gain,

the
largest

system
atic

uncer-
tainty

in
the

result

m
t =

186
±

10(stat.)±
8(syst.)

G
eV

is
due

to
the

jet
energy

scale
uncer-

tainty...
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S
ingle

top
production

A
s

said
in

the
beginning,|V

tb |≈
1.

T
his

is
true

only
in

the
case

ofthree
generations.

F
or

m
ore

generations
the

C
K

M
m

atrix
elem

ents
are

significantly
less

constrained:

V
C

K
M

= 5
66667

0.9721–0.9747
0.215–0.224

0.002–0.005
...

0.209–0.227
0.966–0.976

0.038–0.044
...

0–0.09
0–0.12

0.08–0.9993
...

...
...

...
... 8

9999:

T
his

cannotbe
tested

w
ith

tt̄production,as

4

the
extra

generations
are

presum
ably

large
⇒

no
additionaltop

quark
decay

m
odes

4

the
top

decay
w

idth
cannotbe

m
easured

(;

experim
entalresolution)

H
ow

ever,itw
ould

show
up

as
a

decreased
single

top
production

cross
section

∼
|V

tb | 2

T
he

cross
section

w
ould

also
be

sensitive
to

other
extensions

ofthe
“know

n”
electrow

eak
interactions

4

extra
gauge

bosons
coupling

specifically
to

the
3

rd
fam

ily,extra
scalars,...

4

m
any

ofthese
lead

to
an

increased
cross

section
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S
ingle

top
production

T
he

S
M

single
top

production
cross

section
is

ofthe
sam

e
order

as
thatfor

tt̄.
A

tN
LO

:

σ
(q <

q̄
→

tb)
=

0.73
±

0.10
pb

σ
(q <

g
→

tqb)
=

1.70
±

0.24
pb

H
ow

ever,the
background

situation
is

m
uch

w
orse:

tw
o

(one)
jets

less
for

the
s-channel

(t-channel)
process,and

low
er

ŝ,so
Q

C
D

and
W

+jets
are

expected
to

be
overw

helm
ing

D
Ø

has
been

brave
enough

to
try

nevertheless...

=>

(jet3) +
 5 × =>

(jet4)   [G
eV

]

No. of Events

D
Ø

 D
ata

B
ackground

???@BA?A

10
-3

10
-2

10
-1

1 10 10
25

47
89

131
173

215

CDDE
FDG DH?

R
esult:σ

(q <

g
→

tqb)
<

58
pb,

σ
(q <

q̄
→

tb)
<

39
pb
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A
n

oppor
tu

nity
for

H
ig

gs
searches

C
onsider

the
follow

ing
process:

q̄ q

t̄
H

t

(and
w

ith
H

branching
offt)

I

adds
another

heavy
boson

to
already

heavy
tt̄system

I

but
coupling

g
ttH

=
m

t /v
⇒

non-negligible
cross

section

T
his

finalstate
has

a
low

cross
section

(requir-
ing

fullR
un

IIlum
inosity),butis

practically
back-

ground
free

(backgrounds
from

tt̄jj,tt̄W
,tt̄Z

)

I

W
+W

−bb̄bb̄
for

M
H

<
140

G
eV

I

W
+W

−W
+W

−bb̄
for

M
H

>
140

G
eV
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P
rospects

for
R

un
II

J

Top
quark

analysis
in

R
un

Iatthe
Tevatron

has
been

challenging,butvery
rew

arding

–
analysis

ofR
un

Idata
is

in
factstillgoing

on:
so

far
w

e’ve
been

sm
artonly

w
here

it
w

as
really

necessary!

K

a
new

D
Ø

m
t analysis

(w
ith

substantially
reduced

uncertainties)
has

been
presented

atconferences

J

In
R

un
II(

(10
fb

−1)),expectim
provem

ents
in

severalareas:

–
statistics:

factor
100

from
lum

inosity,factor
1.4

from
increase

ofL

s:
1.8

→
1.96

TeV

–
b

tagging:
both

experim
ents

have
im

proved
their

tracking
and

vertexing

–
system

atics
(especially

for
m

t ):
jetenergy

scale
uncertainty

is
to

a
large

extent
statistics

dom
inated

–
system

atics:
effects

ofe.g.
gluon

radiation
are

becom
ing

better
understood

⇒
m

ore
reliable

M
C

predictions?

T
hese

im
provem

ents
w

on’tcom
e

overnight–
butR

un
IIdata

are
being

analyzed
now

!
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