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ÿ
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The D
iscovery of the top quark in 1995 was no big surprise.  W

hat
was surprising is that its m

ass is 40 tim
es b quark m

ass, close to
the scale of EW

SB. M
any basic things to know!!!

ÿ
 W

hy is top so heavy ? (really SM
-like particle?)

ÿ
 Is top involved with EW

SB ?

ÿ
 Is it connected to new physics ?

W
hy study top physics?

SM
 only says “top is just a heavy.”, even with great success for

last three decade.

M
any exotic m

odels are available, just waiting for savior…
Tevatron has taken a leading role in top until LH

C turns on.
Tevatron RunIIa (2fb

-1): 30 tim
es m

ore top events (~2k)
LH

C: top factory (~8M
 with 10fb

-1), now, im
portant bckgs
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Production and decay of the Top Q
uark

3 classes of signal (m
ulti-objects)

D
ilepton: 2 high-P

T  leptons,

 2 bjets, large M
issing E

T  (5%
)

Lepton + Jets: 1 high-P
T  lepton,

4 jets (2 b's), large E
T (30%

)

A
ll-hadronic: 6 jets (44%

)

A
t the Tevtron, top quarks are prim

arily produced in pairs,
dom

inated by qq annihilation (85%
).  LH

C by gg (90%
)

ÿ
ttop ~ 4 x 10 -25 s ( due to large m

ass )

ÿTop decays as free quark  ( L
-1 ~ (200M

eV) -1 ~10 -23 s )

ÿ
Top pair production rates

ÿ
Kinem

atic distributions

ÿ
Top decays (W

 helicity)
     (see C. Florentia’s talk)

ÿ
Top m

ass

ÿ
Rare decays
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Cross sections at Tevatron

•
D

ilepton: 2 CD
Fs, 1D

0
•

Lepton-jet: 2 CD
Fs, 4 D

0s

ÿ
D

iscrepancy from
 Q

CD
 is an

indication of non-SM
 physics,

SU
SY, top-color objects.

-
precisise studies of Pt of
top, inv. m

ass (ttbar)

ÿ
Tevatron: currently lim

ited
by statistics.

   ds/s <10%
 at RunII(2fb-1)

ÿ
A

t LH
C, stat. uncertainty <1%

    A
ccurate understanding of

the Q
CD

 dynam
ics is crucial

to explore beyond SM
.
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Kinem
atic distributions

- Events with very large m
issing E

T in Run 1

RunII  L = 126 pb
-1

1.96 TeV
RunI  L = 109 pb

-1

1.8 TeV



6

T
op M

ass

ß
Top M

ass: Fundam
ental SM

 param
eter

–
needed to determ

ine ttH
 coupling

–
im

portant in radiative corrections:
constrain DM

h /M
h to 35%

 in RunII

ß
Experim

ental handles:
–

B tagging: reduce
background & com

binatorial
–

D
ata driven system

atics scale with
1/÷N

 (energy scale, gluon radiation)

C
D

F
/D

0
2 fb

-1goal!
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T
op M

ass M
easurem

ent

ß
Tem

plate m
ethod:

–
Kinem

atic fit under the tt
hypotesis

–
Com

binatorial issues
–

 best c
2 com

bination chosen
–

Likelihood fit
ß

D
ynam

ical m
ethod:

–
Event probability of being
signal or background as a
function of m

(t)
–

Better use of event
inform

ation ‡
 increase

statistical power
–

W
ell m

easured events
contribute m

ore
•

N
ew D

0 Run I result:
factor 2.5 im

provem
ent on

the statistical
uncertainty!

R
un I sum

m
ary 

2
5.4G

eV
/c

180.1
±

D
0 l+

jets
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H
andles for a precision

m
easurem

ent

ß
Jet energy scale

–
gam

m
a-jet balancing: basic in situ calibration tool

–
Z+jet balancing: interesting with large statistics

–
H

adronic W
 m

ass: calibration tool in tt double tagged events
–

Z
‡

bb m
ass: calibration line for b-jets, dedicated trigger

ß
Theory/M

C Generators: understand ISR/FSR, PD
F’s

ß
Sim

ulation: accurate detector m
odeling

ß
Fit m

ethodology: how to optim
ally use event inform

ation
ß

Event selection: large statistic will allow to pick best m
easured events

A precise m
easurem

ent of the 
top m

ass com
bines cutting edge 

theoretical know
ledge w

ith state 
of the art detector calibration

D0 prelim
inary

Top m
ass (G

eV)
W

 m
ass (G

eV)
L/L(max)

L/L(max)
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First look at top m
ass in R

un II

2
12.7
9.4

G
eV

/c
   

7.1(syst)
(stat)

177.5
±

+-

M
ass in lepton+

jets channel
w

ith a b-tagged jet
M

ass in dilepton channel
2

17.4
16.9

G
eV

/c
 

7.9(syst)
(stat)

175.0
±

+-

C
D
F RunII prelim

inary, 1
0
8
 pb

-1
C
D
F RunII prelim

inary, 1
2
6
 pb

-
1

6 events

Data 22 evts
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... T
op m

ass m
easurem

ent

ß
what is the interest in going from

 Dm
t  = 2

GeV to Dm
t  = 1 GeV (<1%

)?

ß
the 1 GeV error in m

t  induces an
uncertainty about the sam

e as today’s
theoretical error
ß

if m
H  is known (Tevatron or LH

C) the
im

proved accuracy  in m
t  and m

W
 leads to

a stringent consistency test of the theory
LEP2/Tevatron: dm

W
 =±

30M
eV, sin

2q
eff lept =

1.7
¥10

-4

LH
C: dm

W
 =±

15M
eV, sin

2q
eff lept = 1.7

¥10
-4

D
m

t
D

th
e

o
d

(
D

a
h

a
d)0.000162 G

eV
1 G

eV

D

m
W

/
m

W
(M

eV
)63.0126.1

D

sin
2

q

e
ffle

p
t 

¥

 10
545.66.13.1

present
theoretical
uncertainty from
unknow

n higher
order
corrections
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Initial state radiation effect

ÿ
 ISR/FSR effects are not isolated problem

s.
ÿ

 ISR/FSR are controlled by D
GLA

P evolution eq. 
    (Q

2, pdf, Lam
bda Q

CD
, splitting functions)

          
a

(Q
2)*Pq->qg(x/y) x fpdf (y, Q

2)
- ISR: com

pare D
Y data with M

C at  different D
Y m

ass
region (different Q

2 ) , Pt(D
Y), N

jet, jet flow at high-eta etc

Z
30

2M
t

PYTH
IA

Pt of dilepton
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U
nderlying events from

 Tevatron to LH
C

"T
ra

n
s

v
e

rs
e

" C
h

a
rg

e
d

 P
T

s
u

m
 D

e
n

s
ity

: d
P

T
s

u
m

/d
?

d
?
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P
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ed
 jet#1)  (G

eV
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H
E

R
W
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 6

.4

P
Y

T
H

IA
 6

.2
0

6
 S

e
t A

| ?
|<

1
.0

 P
T

>
0

 G
e

V
  

C
T

E
Q

5
L

1
4

 T
e

V

1
.8

 T
e

V

P
Y

T
H

IA
 6

.2
0

6
 (d

e
fa

u
lt)

by R.  Field

ÿ
The tuned PYTH

IA
 with CD

F data predicts 200%
 increase

at the LH
C in charged SPt density of the “underlying event”.

ÿ
H

ERW
IG 6.4, and default PYTH

IA
 show big difference.

!
Tunning with Tevatron data at diff. energy (0.6, 1.8, and 1.96 TeV).

!
Eventually with LH

C data
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A
ssociated production, ttH

 at LH
C

ÿ
Com

plem
entary to H

iggs
discovery at low H

iggs
m
ass.

ÿ
D
irect probe of top Yukawa

coupling, 20
~30%

 precision
possible at early stage.

¸
Crucial to understand bckgs

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8100

110
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H
Æ

b
b

H
Æ

W
+W

-

H
Æ

t
+t

-

M
H  [G

eV
/c

2]

D
g

ttH /g
ttH

  (L = 30 fb-1)

R. TA
N

A
KA

 et al.

H
Æ

b
b

,W
W

,tt
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Top Yukawa coupling

ÿ
Precision m

easurem
ent of

Yukawa coupling is crucial to
obtain direct evidence of
physics beyond SM

.
¸

U
nderstanding of heavy flavors

(t,b,t) contents.
¸

U
nderstanding of Q

CD
/EW

bckgs (tt+n-jets, ttW
, ttZ

etc.)

ÿ
A
ll of knowledge on top

productions from
 Tevatron and

coherent work with theorists.
N

jets in ttbar(l-jet)

H
Æ

W
+W

-
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N
new physics in top pair production

M
odel independent search for a narrow

 resonance
X
‡

tt exclude a narrow
, leptophobic X boson w

ith
m

X  <
 560 G

eV/c
2 (CD

F) and m
X  <

 585 G
eV/c

2 (D
0)
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C
onclusions

ß
Top quark existence established at the Tevatron in 1995

ß
Several top properties studied using Run I data
–

 lim
ited statistic

ß
The Tevatron is the top quark factory until LH

C:
–

Run II ~50 tim
es Run I statistics ‡

 precision m
easurem

ents
–

Constraints on the SM
 H

iggs boson m
ass and SM

 consistency
–

…
or surprises?

–
First Run II results cover a variety of channels and topics

–
CD

F and D
0 are exploiting their upgraded detector features

A
 very rich

 to
p

 p
h

ysics p
ro

g
ram

 is u
n

d
erw

ay:

let’s see w
h

at th
e to

p
 q

u
ark can

 d
o

 fo
r u

s!
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E
vent rates at A

T
L

A
S

   Process                Events/s     Events for 10 fb
-1      Total  statistics collected

                                                                                             at previous m
achines by 2007

   W
Æ

 en                  30                       10
8                                 10

4 LEP / 10
7 Tevatron 

  Z
Æ

 ee                      3                     10
7                                             10

7  LEP

                                     2                      10
7                                       10

4  Tevatron  

                                  10
6                      10

12 – 10
13                   10

9 Belle/BaBar   ? 

g
g

~
~

ttbb

H
  m

=130 GeV           0.04                 10
5                                   ? 

 m
= 1 TeV            0.002               10

4                                  --- 

Lum
inosity L = 2 x10

33 cm
–2 s

-1

Early results: 1 year of operation at low lum
inosity

                         integrated lum
inosity 10 fb

-1 

A
ll results and plots correspond to this lum

inosity 
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C
om

m
issioning

Several steps:

• T
est beam

s
• M

apping of detector m
aterial

and m
agnetic field

• A
lignm

ent
• E

lectronic calibration
• C

osm
ic running

• O
ne proton beam

• Proton proton collisions

Precision of detector understanding
is given by desired precision of
physics results

E
qual error on H

iggs m
ass from

W
- and top m

ass m
easurem

ent:

top
W

m
m

D
¥

ª
D

-2
10

7.
0

E
rror on top m

ass: 2  G
eV

E
rror on W

 m
ass:  15 M

eV
this puts severe constraints on
detector understanding



19

Q
C

D

- Q
C

D
 processes represent m

ajor background to m
ost analyses

- P
roduction cross-sections for m

ost processes are controlled by Q
C

D

N
eed detailed understanding of Q

C
D

 before any other analyses

m
easurem

ent of pdf at L
H

C
 via D

rell-Y
an (for quark distribution)

and direct photon and jet production (gluon distribution)
‡

check agreem
ent w

ith previous m
easurem

ents

M
ost im

portant at L
H

C
 is gluon distribution

G
lobal fits needed for final check

P
arton distribution functions need to be know

n (from
 H

E
R

A
 and T

evatron)
w

ith great precision

E
volution in Q

2 w
ith D

G
L

A
P

 equations, but uncertainties in F
2  (several %

)
from

 uncertainty in a
s
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H
iggs

M
ost w

anted particle in  Standard m
odel

m
H  > 114.4 GeV

here discovery “easy” 
with H

 Æ
 4

l

1051

m
H

iggs  (G
eV

)
10

2
10

3

Signal significance

O
ne or several H

iggs bosons m
ay exist

T
heoretical lim

its:
M

(H
iggs) < 1 T

eV

E
xperim

ental lim
its:

M
(H

iggs) > 114.4 G
eV

Indirect constraints:
M

(H
iggs) < 211 G

eV
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L
arge m

ass region

200 G
eV

 < m
(H

iggs) < 600 G
eV

:
- discovery in H

 Æ
 Z

Z
 Æ

 l +l - l +l -

background sm
aller than signal,

H
iggs natural w

idth larger than
experim

ental resolution (m
H

iggs  > 300 G
eV

)

- confirm
ation in H

 Æ
 Z

Z
 Æ

 l +l - jj channel

m
(H

iggs) > 600 G
eV

: 
4 lepton channel statistically lim

ited
H

 Æ
 Z

Z
 Æ

 l +l -  nn
H

 Æ
 Z

Z
 Æ

 l +l - jj , H
 Æ

 W
W

 Æ
 ln

 jj (150 tim
es larger B

R
 than 4l channel)

E
vent signature: high p

T  lepton, tw
o high p

T  jets

H
 Æ

 Z
Z

 Æ
 l +l - l +l -

C
om

bination of analyses allow
s H

iggs discovery in full m
ass range
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L
ow

 m
ass H

iggs

         H
 Æ

 gg    ttH
 Æ

 ttbb   qqH
 Æ

 qqtt
                                                      (ll + l-had)
S              130              15                  ~ 10
B             4300             45                 ~ 10 

S/ ÷B        2.0              2.2                ~ 2.7
        

included
not 

   
2 

 
ó ó 

factor 
K

L
O

N
L

O
ª

≡
-

M
(H

iggs) ~ 115 G
eV

, favored from
 L

E
P

Several channels give ~ 2 s significance
Æ

 observation of  all channels im
portant to

extract convincing signal in first year

H
 Æ

 gg relies only on electrom
agnetic

calorim
eter, constant term

 <
 0.7 %

 needed
for observation

H
 Æ

 gg

bb

ttH
 Æ

 tt bb Æ
 bln bjj bb

H

tt

qqH
 Æ

 qqtt

qq

qq

W
,Z

W
,Z

H
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V
ector B

oson Fusion

1051

m
H

iggs  (G
eV

)
              200

 100     120    140    160    180     200

Signal significance

     A
T

L
A

S

qqH
 Æ

 qqtt  
qqH

 Æ
 qqW

W
A

ll channels

R
ecent studies dem

onstrate that
vector boson fusion channels m

ay be
accessible in the low

 m
ass region

already in the first year.

Several studies to im
prove

perform
ance

F
or m

(H
iggs) =

 115 G
eV

 com
bined

significance ~ 5s

R
esults are conservative:

- K
-factor not included

- very sim
ple analyses used 
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L
ow

 m
ass rem

arks

T
he 3 channels are com

plem
entary Æ

 robustness:
•  different production and decay m

odes
•  different backgrounds
•  different detector/perform

ance

requirem
ents:

      -- E
C

A
L

 crucial for H
 Æ

 gg
(in particular response uniform

ity) :
s

/m
 ~ 1%

 needed
      -- b-tagging crucial for ttH

 :
4 b-tagged jets needed to reduce
com

binatorics
      -- efficient jet reconstruction over |h

| <
 5

crucial for qqH
 Æ

 qq
tt :

forw
ard jet tag and central jet veto

needed against background

N
ote :

all require “low
” trigger thresholds.

        e.g. ttH
 analysis cuts :

                     p
T  (l) >

 20 G
eV

,
                     p

T  (jets) >
 15-30 G

eV
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Interest in dilepton channel
ß

In Run I we expected: 6.0 ±  0.5 events,
   observed 9 events
   - Run I cross-section:  s

tt  = 8.2 +4.4 –3.4  pb
   - A

nom
alous events with very large m

issing energy
or very high lepton m

om
enta

ß
M

any new physics processes which m
ay generate a

dilepton-like signal:
  - SU

SY m
odels

  - leptoquarks
  - tt resonances
  - H

iggs production (ZH
)
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T
op Q

uark M
ass

ß
Fundam

ental param
eter of Standard M

odel (SM
)

ß
A

ffects predictions of SM
 via radiative corrections

–
BB m

ixing

–
W

 and Z m
ass

–
m

easurem
ents of M

W , m
t  constrain M

H

ß
Large m

ass of top quark
–

Yukawa coupling ª 1
–

m
ay provide clues about electroweak sym

m
etry breaking

)
l
n
(

,
2

H
t

W
M

m
M

µ
d

W
W

tb
W

W
H

W
W

bd
b d

t
t

bd
b d

tt

WW
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W
hy study top physics at L

H
C

ß
several questions to answer:

–why m
t  so different from

 other quarks?
•is it really a SM

-like particle?
–study it’s production, couplings and decays
any deviation from

 SM
 values will be a sign

of new physics
ß

in the SM
, the m

t , m
W

 and m
H  are coupled:

�
D

 m
W

 ª 0.7 ¥ 10
-2 Dm

t  to get sim
ilar

errors
ß

top quark events are a m
ajor source of

background for m
any physics searches

ß
im

portant sam
ple for absolute jet energy

calibration

ßthe top quark exists and will be copiously produced at LH
C

ßit’s properties can be studied with good accuracy due to large
statistics available

ß
dm

W
 =±

0.042GeV(current),
±

0.015GeV(LH
C)

m
top
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T
op production &

 tagging at
L

H
C

ßt-pair production m
ainly through gg-fusion

    ~90%
10%

ß
The LH

C m
achine is a real  top factory!!!

top factory!!!
ß

N
LO

: s(t) ~830 pb
ß

low lum
inosity 10 fb

-1(Æ
1 year at 10

33 cm
-2 s -1)

–~ 8 m
illion t pairs

in addition:
–~ 3 m

illion single top events
1 top event per second at LH

C startup!
ß

no problem
 with statistics

ß
background can be kept sm

all in m
ost of the cases

gg
g

t`t

q`q

t`t
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...T
op production &

 tagging at
L

H
C

single lepton + jets channel
ß

~29.6%
 Br, ~2.5M

 events/year
ß

isolated lepton for trigger (p
T >20

GeV)
ß

selection cuts:
–lepton: p

T > 20 GeV, |h|< 2.5
–E

T m
iss > 20 GeV

–jets: ≥ 4, p
T > 20 GeV, |h|< 5,

DR=0.7
–b-tag jets: ≥ 1
Æ

 33.3%
 efficiency,

~ 820 000 t events/year,
S/B(m

ainly W
+jets) ~ 18.6

top events can be easily reconstructed in single/double lepton
channels with good statistics and sm

all background
contam

ination

 j2

j1
b

W
+

t
p

t

b

p

l(e,m
)

n

W
-

ßsub-sam
ples can also be exploited for specific studies

–e.g. high p
T  sam

ple for top m
ass m

easurem
ent (see later...)
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...T
op production &

 tagging at
L

H
C

di-lepton channel
ß

~4.9%
 Br, ~400 000 events/year

ß
selection cuts:

–two opposite sign leptons:
•p

T > 35(20) GeV, |h|< 2.5
–E

T m
iss > 40 GeV

–jets: ≥ 2, p
T > 25 GeV, |h|< 5,

DR=0.7
–like-flavour case (e

+e
-, m

+m
-)

•|m
ll  - M

Z | > 10 GeV
Æ

 ~ 80 000 t events/year, S/B~10
–b-tag jets: ≥ 1
Æ

 ~ 58 000 t events/year, S/B~50

b

W
+

t
p

t
b

p

l(e,m
)

n

W
-

n

l(e,m
)

m
,e  or J/Y

(m
m

)

ßagain sub-sam
ples can also be exploited for specific studies

–e.g. J/Y
 sam

ple for top m
ass m

easurem
ent (see later...)
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...T
op production &

 tagging at
L

H
C

m
ulti-jet channel
ß

~44.4%
 Br, ~3.7M

 events/year
ß

but huge background
–Q

CD
 m

ulti-jet
–not easy to have an efficient trigger

•m
ulti-jet + total E

T  threshold
ß

selection cuts:
–jets: ≥ 6, p

T > 15 GeV, |h|< 3, DR=0.7
–b-tag jets: ≥ 2, |h|< 2.5
–sum

 P
T jets >200 GeV

Æ
 19.3%

 signal efficiency,
only 0.29%

 of Q
CD

 m
ulti-jets

rem
aining

ß
S/B ~ 1/57 assum

ing:
�

s(Q
CD

 m
ulti-jet) = 1.4

¥10
-3 m

b for
  P

T hp >100 GeV

ß
further im

provem
ent possible using

event topology and kinem
atic cuts

–W
 reconstruction

–both t & t reconstruction
Æ

 S/B im
proved to ~ 1/8

in m
t  [130, 200] GeV

–harder jet cuts: p
T > 25 GeV

Æ
 S/B im

proves to ~ 1/6
in m

t  [130, 200] GeV

ß
it m

ight be possible to extract the
signal from

 the background,
but
ß

it will suffer from
 the uncertainties

in the m
ulti-jet rates and topologies.
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...T
 event reconstruction - t tH H

associated production
ssociated production

ßcom
bine the two rem

aining b-jets to reconstruct the H
 Æ

b
decay

top Yukawa coupling 
top Yukawa coupling y y

t t

ß
for 30 fb

-1

–N
signal  = 61 events

– N
bcckground  = 150 events

Æ
 d y

t (stat) = 12%
ß

for 100 fb
-1

Æ
 d y

t (stat) = 5%
 for m

H  = 100 GeV
Æ

 d y
t (stat) = 10%

 for m
H  = 120 GeV

ß
system

atics can be controlled by
com

paring to the standard t production

m
H =

100 G
eV

100 fb
-1
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Sum
m

ary

ß
A

n overview of the top studies perform
ed by both experim

ents A
TLA

S and
CM

S has been presented here
ß

A
 broad spectrum

 of top physics has been studied so far in the context of the
TD

R (A
TLA

S) and of the LH
CC SM

 W
orkshop (A

TLA
S+CM

S)
ß

The im
portance of top physics at LH

C is very m
uch acknowledged

–top is a critical tool in both to understand the SM
 physics but also as an

im
portant background for m

any new physics searches beyond that
–in addition, it is an im

portant tool to understand and tune the detector
perform

ance and in particular the jet E-scale calibration
ß

Before LH
C turns on, results from

 the Tevatron Run-II will be available which
will be an im

portant guide

ß
we are looking very forward for the LH

C startup at ] 2005

new exciting physics m
ight be just about to show up ...
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Sum
m

ary

ÿ
Run 2a is well underway and m

ost of anlysis
tools are in Place for precision
m
easurem

ents and search.

ÿ
W

ith larger sam
ples, we will be able to

explore top properties and new phenom
ena,

and we hope to answer heart-beating
questions from

 lack of SM
.
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A
ll channel plot
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Pt of top and ttbar


