
B
O

S
O

N
B

O
S

O
N

S
C

A
T

T
E

R
IN

G

A
T

L
H

C
E

.
M

A
IN

A

U
N

IV
.

O
F

T
O

R
IN

O
A

N
D

I.
N

.F
.N

.
T

O
R

IN
O

W W
WW

u
d

d
u

W W
γ
,Z

γ
,Z

u
u

d
d

T
O

R
IN

O
,

D
E

C
E

M
B

E
R

1
6

,
2

0
0

4



W
H

A
T

C
A

N
W

E
O

B
S

E
R

V
E

A
T

L
H

C
?

•
V

E
R

Y
E

N
E

R
G

E
T

IC
IS

O
L

A
T

E
D

L
E

P
T

O
N

S
IN

C
E

N
T

R
A

L
R

E
G

IO
N

•
2

W
,Z

-J
E

T
S

+
L

O
W

E
X

T
R

A
J

E
T

A
C

T
IV

IT
Y

IN
C

E
N

T
R

A
L

R
E

G
IO

N

•
T

W
O

H
IG

H
L

Y
E

N
E

R
G

E
T

IC
,

L
O

W
P

T
S

P
E

C
T

A
T

O
R

J
E

T
S
,

W
E

L
L

S
E

P
A

R
A

T
E

D
IN

η

•
V

1
,V

2
A

L
W

A
Y

S
O

F
F
-S

H
E

L
L



W
H

Y
D

O
W

E
W

A
N

T
T

O
O

B
S

E
R

V
E

IT
A

T
L

H
C

?

R
E

A
S

O
N

#
1

:H
IG

G
S



H
IG

G
S

P
R

O
D

U
C

T
IO

N
A

T
L

H
C



H
IG

G
S

D
E

C
A

Y





B
O

S
O

N
B

O
S

O
N

S
C

A
T

T
E

R
IN

G
A

N
D

U
N

IT
A

R
IT

Y

ε T
=

( 0;
±

1 √ 2
,
−i √ 2

,0
)

ε L
=

1
m

W

( |� k|
;0

,0
,E

W

)
� k
//

ẑ

F
O

R
E

W
�

m
W

εµ L
≈

k
µ

m
W

εL W
+
·ε

L W
−
≈

k
W

+
·k

W
−

m
2 W

=
s

m
2 W

−→
D

i
∝

k
W

+
·k

W
−

m
2 W

k
W

+
·k

W
−

m
2 W

=
s2 m
4 W

Σ
∝

s

G
A

U
G

E
!

Σ
∝

s

Σ
a
ll
≈

s0



B
O

S
O

N
B

O
S

O
N

S
C

A
T

T
E

R
IN

G
A

N
D

U
N

IT
A

R
IT

Y
C

O
N

T
IN

U
E

D

U
N

IT
A

R
IT

Y
IS

T
H

E
S

T
A

T
E

M
E

N
T

T
H

A
T

T
H

E
T

O
T

A
L

P
R

O
B

A
B

IL
IT

Y
O

F
A

L
L

P
O

S
S

IB
L

E

F
IN

A
L

S
T

A
T

E
S

IS
1

F
O

R
A

N
Y

G
IV

E
N

IN
IT

IA
L

S
T

A
T

E

∑ j

<
i|S

† |j
>

<
j|S

|k
>

=
δ i

k

<
j|S

|i
>

IS
T

H
E

A
M

P
L

IT
U

D
E

T
O

O
B

T
A

IN
|j

>
A

T
t
=

∞
F

R
O

M
|i

>
A

T
t
=

−∞
N

O
F

U
L

L
A

M
P

L
IT

U
D

E
C

A
N

G
R

O
W

IN
D

E
F

IN
E

T
L

Y
W

IT
H

E
N

E
R

G
Y

W
E

O
N

L
Y

K
N

O
W

T
H

E
L

O
W

E
S

T
O

R
D

E
R

T
E

R
M

S
IN

P
E

R
T

U
R

B
A

T
IO

N
T

H
E

O
R

Y



T
H

E
R

E
A

R
E

D
IF

F
E

R
E

N
T

W
A

Y
S

O
F

C
O

N
S

T
R

U
C

T
IN

G
A

M
P

L
IT

U
D

E
S

W
H

IC
H

S
A

T
IS

F
Y

U
N

IT
A

R
IT

Y
C

O
N

S
T

R
A

IN
T

S
F

R
O

M
L

O
W

O
R

D
E

R
A

M
P

S

B
U

T
T

E
R

W
O

R
T

H
,C

O
X

,F
O

R
S

H
A

W
,P

R
D

6
5

(0
2

)9
6

0
1

4

(A
4

,A
5

):
U

L
:(

0
,0

.0
0

3
),

U
R

:(
0

.0
0

2
,-

0
.0

0
3

),
L

L
:(

0
.0

0
8

,0
),

L
R

:(
0

;0
)U

L
=

U
P
L

E
F

T
E

T
C

.

P
A

D
Á E:

C
O

N
T

IN
O

U
S

N
/

D
:
M

=
1
0
3

D
A

S
H

,
M

=
1
0
4

D
O

T
D

A
S

H
,
M

=
1
0
5

D
O

T



A
T

T
H

E
L

H
C

W W
WW

u
d

d
u

W W
γ
,Z

γ
,Z

u
u

d
d

W W

W

γ
,Z

u
d

d
u

W W
γ
,Z

u
d

d
u



L
A

R
G

E
IN

T
E

R
F

E
R

E
N

C
E

S
:

W
W

S
C

A
T

T
E

R
IN

G
A

N
D

T
H

E
R

E
S

T
K

L
E

IS
S
-S

T
IR

L
IN

G
,P

L
1

8
2

B
(8

6
)7

5

V
L
(q

2 1
=

m
2

+
4
√ s∆

1
)V

L
(q

2 2
=

m
2

+
4
√ s∆

2
)
→

X

T
H

E
H

IG
H

-E
N

E
R

G
Y

O
F

F
-S

H
E

L
L

B
E

H
A

V
IO

U
R

IS
W

O
R

S
E

T
H

A
N

O
N

-S
H

E
L

L

P
R

O
C

O
F

F
-O

F
F

O
N

-O
F

F
O

N
-O

N

Z
Z

→
ee

∆
1
∆

2
m

2
∆

1
/
√ s

m
4
/
s

Z
Z

→
Z

Z
(m

2 h
;∆

1
∆

2
)

m
2 h

m
2 h

Z
Z

→
W

W
∆

1
∆

2
s2

/
m

4
∆

1
s√ s/

m
2

(m
2 h
;m

2
)

W
W

→
W

W
∆

1
∆

2
s2

/
m

4
∆

1
s√ s/

m
2

(m
2 h
;m

2
)

T
H

E
P

R
O

B
L

E
M

C
A

N
B

E
T

R
A

C
E

D
T

O
T

R
IP

L
E

A
N

D
Q

U
A

R
T

IC
V

E
R

T
IC

E
S
.

W
H

E
N

T
H

E
IN

C
O

M
IN

G
V

’S
A

R
E

O
F

F
S

H
E

L
L

V
E

C
T

O
R

E
M

IS
S

IO
N

F
R

O
M

T
H

E
F

E
R

M
IO

N

M
U

S
T

B
E

IN
C

L
U

D
E

D
.

D
O

N
O

T
M

A
K

E
A

P
P

R
O

X
IM

A
T

IO
N

S
!

A
T

T
H

E
L

H
C

A
N

D
L

C
IN

C
O

M
IN

G
V

E
C

T
O

R
S

A
R

E
B

O
T

H
A

L
W

A
Y

S
O

F
F
-M

A
S

S
-S

H
E

L
L
.

( A
;B

)=
L

IN
E

A
R

C
O

M
B

IN
A

T
IO

N
O

F
A

A
N

D
B



L
A

R
G

E
IN

T
E

R
F

E
R

E
N

C
E

S
:

W
W

S
C

A
T

T
E

R
IN

G
A

N
D

T
H

E
R

E
S

T
A

T
L

H
C

E
.A

C
C

O
M

A
N

D
O

,A
.B

A
L

L
E

S
T

R
E

R
O

,E
.M

.

•
u
d
→

u
d
W

+
W

−
→

u
d
µ
−

ν
µ
cs

•
IN

IT
IA

L
S

T
A

T
E

:
p

u
A

L
O

N
G

z
,
p

d
A

L
O

N
G
−z

,

•
1

<
η
(d

)
<

5
.5

,
−1

>
η
(u

)
>

−5
.5

.
S

E
L

E
C

T
IN

G
W

W
F

U
S

IO
N

D
IA

G
R

A
M

S
.

•
E

(u
,d

)
>

2
0

G
eV

,
P

t
(u

,d
)

>
1
0

G
eV

•
7
0

<
M

(c
s,

eν
)

<
9
0

G
eV

.
F

IN
A

L
S

T
A

T
E

W
’S

C
L

O
S

E
T

O
M

A
S

S
-S

H
E

L
L
.

M
h

W
W

S
IG

N
A

L
T

O
T

A
L

1
2

0
0

.2
1

0
6

6
7

2
0

.1
3

1
9

1
3

8
E

-0
2

2
0

0
0

.2
1

7
4

1
1

5
0

.7
9

6
0

2
9

9
E

-0
2

5
0

0
0

.2
1

1
4

0
5

4
0

.2
8

0
4

9
9

3
E

-0
2

2
0

0
0

0
.2

1
0

0
0

7
6

0
.1

4
9

0
7

9
7

E
-0

2

N
O

H
0

.2
0

9
9

8
9

1
0

.1
4

6
8

9
8

3
E

-0
2

σ
(P

B
)



M
O

N
T

E
C

A
R

L
O

G
E

N
E

R
A

T
O

R
S

M
C

G
E

N
E

R
A

T
O

R
S

A
R

E
E

S
S

E
N

T
IA

L
:

•
G

E
N

E
R

A
T

E
R

E
A

L
IS

T
IC

S
A

M
P

L
E

S
T

O
D

E
V

E
L

O
P

A
N

D
O

P
T

IM
IZ

E
S

E
A

R
C

H

S
T

R
A

T
E

G
IE

S

•
R

E
L

A
T

E
M

E
A

S
U

R
E

D
Q

U
A

N
T

IT
IE

S
T

O
T

H
E

O
R

E
T

IC
A

L
(IN

C
L

U
S

IV
E

)
Q

U
A

N
T

IT
IE

S

•
E

S
T

IM
A

T
E

E
X

P
E

R
IM

E
N

T
A

L
E

F
F

IC
IE

N
C

IE
S

T
H

E
Y

M
U

S
T
:

•
D

E
S

C
R

IB
E

A
S

F
A

IT
H

F
U

L
L

Y
A

S
P

O
S

S
IB

L
E

A
L

L
R

E
L

E
V

A
N

T
P

H
Y

S
IC

A
L

P
R

O
C

E
S

S
E

S

•
A

L
L

O
W

IN
T

E
R

F
A

C
E

W
IT

H
S

H
O

W
E

R
IN

G
/

H
A

D
R

O
N

IZ
A

T
IO

N
M

C
’S



A
C

T
IV

IT
Y

IN
T

O
R

IN
O

T
H

E
O

R
Y

E
.A

C
C

O
M

A
N

D
O

,
A

.
B

A
L

L
E

S
T

R
E

R
O

,
E

.
M

A
IN

A
,

A
.

B
E

L
H

O
U

A
R

I,
V

.
K

A
S

H
K

A
N

,
G

.
B

E
V

IL
A

C
Q

U
A

E
X

P
E

R
IM

E
N

T
:

C
M

S

C
.

M
A

R
IO

T
T

I,
G

.
G

E
R

M
IN

A
R

A
,

R
.

B
E

L
L

A
N

,
S

.
B

O
L

O
G

N
E

S
I



P
H

A
S

E
P

H
A

C
T

A
D

A
P

T
IV

E
S

IX
-F

E
R

M
IO

N
E

V
E

N
T
-G

E
N

E
R

A
T

O
R

A
D

E
D

IC
A

T
E

D
E

V
E

N
T

G
E

N
E

R
A

T
O

R
:

•
A

L
L

q 1
q 2

→
q 3

q 4
q 5

q 6
lν

l
P

R
O

C
E

S
S

E
S

A
T
O(

α
6 e
m

)
T

H
IS

IS
W

H
E

R
E

W
W

S
C

A
T

T
E

R
IN

G
IS

!
q 1

q 2
→

q 3
q 4

q 5
q 6

ll
A

N
D

q 1
q 2

→
q 3

q 4
l 1

ν l
1
l 2

ν l
2

A
L

S
O

IN
T

E
R

E
S

T
IN

G
,
τ
’S

?
qq

→
6q

H
A

V
E

L
A

R
G

E
B

A
C

K
G

R
O

U
N

D
S

•
O

N
E

-S
H

O
T
:

A
L

L
P

R
O

C
E

S
S

E
S

G
E

N
E

R
A

T
E

D
S

IM
U

L
T

A
N

E
O

U
S

L
Y
.

S
U

B
S

E
T

S
P

O
S

S
IB

L
E

.

•
O

V
E

R
T

H
E

F
U

L
L

P
H

A
S

E
S

P
A

C
E

:
E

F
F

IC
IE

N
C

Y

•
IN

T
E

R
F

A
C

E
D

W
IT

H
P

Y
T

H
IA

/
H

E
R

W
IG

W
IT

H
L

E
S

H
O

U
C

H
E

S
P

R
O

T
O

C
O

L

P
R

O
B

L
E

M
S

•
L

A
R

G
E

N
U

M
B

E
R

O
F

P
R

O
C

E
S

S
E

S

•
L

A
R

G
E

N
U

M
B

E
R

O
F

D
IA

G
R

A
M

S
/

P
R

O
C

E
S

S

•
L

A
R

G
E

N
U

M
B

E
R

O
F

C
H

A
N

N
E

L
S
/

E
N

H
A

N
C

E
D

R
E

G
IO

N
S



W
H

IC
H

P
R

O
C

E
S

S
E

S
IN

q 1
q 2

→
q 3

q 4
q 5

q 6
µ
ν µ

A
T
O(

α
6 em

)?

•
E

Q
U

IV
A

L
E

N
T

P
R

O
C

E
S

S
E

S
W

IT
H

A
L

L
F

E
R

M
IO

N
S

O
U

T
G

O
IN

G
:

∑ 8 i=
1
Q

i
=

0

•
F

IX
O

N
E

P
A

IR
T

O
B

E
cs

•
q 1

q 2
→

q 3
q 4

cs
µ
ν µ

W
IT

H
∑ 4 i=

1
Q

i
=

0



P
R

O
C

E
S

S
E

S

�
��
��
��
�	

�

�
�

�
��


�
�
��
��
��
��

��
�
�
��
�
�

��

��
�

�
�
�

�
�
�
�
��
�
�

��
��

��
�

�
�
�

�
�
��
��
�
�

��
��

��
�

��
�
�

�
�
�
�
��
�
�

��
��

��
�

��
�
�

�
�
��
��
�
�

��
��

��
�

��
�
�

�
�
�
�
��
�
�

��
��

��
�

�
�
�

�
�
��
��
�
�

��
��

��
�

��
�
�

�
�
�
�
��
�
�

��
��

��
�

��
�
�

�
�
��
��
�
�

��
��

��
�

��
�
�

��
��
��
�
�

��
��

��
��

�
�
�

��
��
��
�
�

��
��

��
�

��
�
�

�
�
�
��
�
�
�

��
��

��
��

�
�
�

�
�
��
��
�
�

��
��

��
�

��
�
�

��
��
��
�
�

��
��

��
�

�
�
�

�
�
�
�
��
�
�

��
��
�
��

��
�

��
�
�

��
�
��
�
�
�

��
��
�
��

��
��

�
�
�

�
�
�
�
�

��
�
�
��

A
L

L
P

A
R

T
IC

L
E

S
O

U
T

G
O

IN
G

1
6

1
W

IT
H

D
IF

F
E

R
E

N
T

M
.E

.

1
4

1
X

2
+

2
0

=
3

0
2

W
IT

H
D

IF
F

E
R

E
N

T
P

D
F

(u
,d

)
↔

(c
,s

)
S

Y
M

M
E

T
R

Y

C
C

S
Y

M
M

E
T

R
Y

3
0

2
X

4
=

1
2

0
8

T
R

IV
IA

L
(µ

,ν
µ
)
↔

(e
,ν

e
)



IN
T

E
G

R
A

T
IO

N

IT
IS

A
B

S
O

L
U

T
E

L
Y

N
E

C
E

S
S

A
R

Y
T

O
O

B
T

A
IN

A
P

R
E

C
IS

E
C

R
O

S
S

S
E

C
T

IO
N

:
IT

E
N

S
U

R
E

S
T

H
A

T
T

H
E

P
H

A
S

E
-S

P
A

C
E

P
A

R
A

M
E

T
R

IZ
A

T
IO

N
M

A
T

C
H

E
S

R
E

A
S

O
N

A
B

L
Y

W
E

L
L

T
H

E
B

E
H

A
V

IO
U

R
O

F
T

H
E

A
M

P
L

IT
U

D
E

S
Q

U
A

R
E

D
.

O
T

H
E

R
W

IS
E

G
E

N
E

R
A

T
IO

N
E

F
F

IC
IE

N
C

Y
W

IL
L

B
E

E
X

T
R

E
M

E
L

Y
P

O
O

R
.

0
0.

1
0.

2
0.

3
0.

4
0.

5
0.

6
0.

7
0.

8
0.

9
1

05010
0

15
0

20
0

25
0

In
te

g
ra

ti
o

n
 a

n
d

 e
ve

n
t 

g
en

er
at

io
n

IN
T

E
G

R
A

T
IO

N
C

A
N

B
E

U
S

E
D

T
O

A
D

A
P

T
M

O
R

E
C

L
O

S
E

L
Y

T
O

T
H

E
IN

T
E

G
R

A
N

D



P
O

S
S

IB
L

E
S

T
R

A
T

E
G

IE
S
:

•
A

D
A

P
T

IV
E

IN
T

E
G

R
A

T
IO

N
(V

E
G

A
S
)

-
A

D
A

P
T

S
W

E
L

L
T

O
C

U
T

S

-
A

R
O

U
G

H
E

S
T

IM
A

T
E

O
F

M
A

P
P

IN
G

P
A

R
A

M
E

T
E

R
S

IS
U

S
U

A
L

L
Y

S
U

F
F

IC
IE

N
T

-
F

A
IL

S
IF

S
E

V
E

R
A

L
S

E
T

S
O

F
E

N
H

A
N

C
E

M
E

N
T

S
IN

|A
m

p
|2

O
R

A
L

O
N

G

D
IA

G
O

N
A

L
S

�
�

•
M

U
L

T
IC

H
A

N
N

E
L

-
R

E
Q

U
IR

E
S

A
L

A
R

G
E

N
U

M
B

E
R

O
F

C
H

A
N

N
E

L
S

(E
A

S
Y

T
O

A
D

D
)

-
A

L
L

C
H

A
N

N
E

L
S

A
R

E
IN

T
E

G
R

A
T

E
D

O
V

E
R

S
IM

U
L

T
A

N
E

O
U

S
L

Y

-
S

E
N

S
IT

IV
E

T
O

C
U

T
S
,

E
F

F
IC

IE
N

C
Y

G
E

N
E

R
A

L
L

Y
S

M
A

L
L

�
�

-
M

A
P

P
IN

G
P

A
R

A
M

E
T

E
R

S
T

O
B

E
D

E
T

E
R

M
IN

E
D

W
IT

H
H

IG
H

A
C

C
U

R
A

C
Y

�
�

•
A

D
A

P
T

IV
E

+
M

U
L

T
IC

H
A

N
N

E
L

-
A

D
A

P
T

S
W

E
L

L
T

O
C

U
T

S

-
A

R
O

U
G

H
E

S
T

IM
A

T
E

O
F

M
A

P
P

IN
G

P
A

R
A

M
E

T
E

R
S

IS
U

S
U

A
L

L
Y

S
U

F
F

IC
IE

N
T

-
A

L
L

C
H

A
N

N
E

L
S

H
A

V
E

T
O

B
E

IN
T

E
G

R
A

T
E

D
S

E
P

A
R

A
T

E
L

Y
�

�



d
σ
/d

M
V

W
:P

H
A

S
E

V
S

P
Y

T
H

IA

M
(’

V
V

’)
20

0
40

0
60

0
80

0
10

00
12

00
14

00
16

00
18

00
20

00

/dM(’VV’) σd

0

0.
00

1

0.
00

2

0.
00

3

0.
00

4

0.
00

5

0.
00

6

0.
00

7

0.
00

8
-1

x1
0

In
va

ri
an

t 
M

as
s 

o
f 

2 
ce

n
tr

al
 q

,le
p

 a
n

d
 n

u

P
H

A
S

E
 V

V
->

V
W

P
Y

T
H

IA
 V

V
->

V
W

M
(’

V
V

’
50

0
10

00
15

00
20

00
25

00
30

/dM(’VV’) σd 10
-6

10
-5

10
-4

10
-3

In
va

ri
an

t 
M

as
s 

o
f 

2 
ce

n
tr

al
 q

,le
p

 a
n

d
 n

u

P
H

A
S

E
 V

V
->

V
W

P
Y

T
H

IA
 V

V
->

V
W

•
C

U
T

S
:

T
O

P
R

E
J

E
C

T
IO

N
,

W
M

A
S

S

•
B

IG
D

IF
F

E
R

E
N

C
E

S
O

V
E

R
T

H
E

W
H

O
L

E
R

A
N

G
E

•
G

O
O

D
K

N
O

W
L

E
D

G
E

O
F

B
A

C
K

G
R

O
U

N
D

N
E

C
E

S
S

A
R

Y
F

O
R

D
IS

C
O

V
E

R
Y



d
σ
/d

M
V

W
:P

R
O

D
U

C
T

IO
N
×D

E
C

A
Y

V
S

F
U

L
L

u
d
→

u
d
cs

µ
ν

V
S

u
d
→

u
d
W

+
W

−
→

u
d
cs

µ
ν

(A
L

P
G

E
N

-L
IK

E
)

   
(G

eV
)

W
W

M

20
0

40
0

60
0

80
0

10
00

12
00

14
00

16
00

18
00

20
00

  (pb/GeV) WW /dM σd 10
-8

10
-7

10
-6

10
-5

re
co

n
st

ru
ct

ed
 W

W
 m

as
s

h
4

E
n

tr
ie

s 
 2

00

M
ea

n
  

   
 4

95
R

M
S

   
  2

58
.8

h
2

E
n

tr
ie

s 
 2

00
M

ea
n

  
  5

17
.6

R
M

S
   

  3
64

.9

h
1

E
n

tr
ie

s 
 2

00
M

ea
n

  
  4

41
.5

R
M

S
   

  2
99

.9

m
h

:5
00

 a
ll 

 b
la

ck
m

h
:5

00
 W

W
   

re
d

m
h

:2
00

00
 a

ll 
 b

lu
e

m
h

:2
00

00
 W

W
   

p
in

k

•
|η(

j)
|<

6.
5,

2
<

η
(j

f
)

<
6.

5,
−6

.5
<

η
(j

b
)

<
−2

•
E

(j
,µ

)
>

20
G

eV
,
P

t
(j

,µ
)

>
10

G
eV

•
M

(j
j)

>
20

G
eV

,
|M

(j
c
j c

)
−

M
W
|<

20
G

eV
,
M

T
(µ

ν
)

<
M

W
+

20
G

eV

D
IF

F
H

IG
G

S
-N

O
H

IG
G

S
L

A
R

G
E

R
B

U
T

σ
L

O
W

E
R

F
O

R
F

U
L

L
C

A
L

C
U

L
A

T
IO

N



P
H

Y
S

IC
A

L
S

U
B

P
R

O
C

E
S

S
E

S

M
(’

V
V

’)
20

0
40

0
60

0
80

0
10

00
12

00

/dM(’VV’) σd

0

0.
00

02

0.
00

04

0.
00

06

0.
00

08

0.
00

1

0.
00

12

0.
00

14

0.
00

16

0.
00

18

In
va

ri
an

t 
M

as
s 

o
f 

2 
ce

n
tr

al
 q

,le
p

 a
n

d
 n

u

al
l p

ro
ce

ss
es

to
p

to
p 

to
p

 a
nd

 C
.C

.
-

W-
->

W
-

W-
W

-
W

+
->

W
-

W+
W Z

W
->

Z
W

Z
Z

->
W

W

T
h

e 
sa

m
e 

p
ro

ce
ss

 c
an

 b
el

o
n

g
 t

o
 d

if
fe

re
n

t 
cl

as
se

s 
(m

u
lt

ip
le

 c
o

u
n

ti
n

g
)

M
(’

V
V

’
20

0
40

0
60

0
80

0
10

00
12

/dM(’VV’) σd

0

0.
00

1

0.
00

2

0.
00

3

0.
00

4

0.
00

5

0.
00

6

0.
00

7

-1
x1

0

In
va

ri
an

t 
M

as
s 

o
f 

2 
ce

n
tr

al
 q

,le
p

 a
n

d
 n

u

al
l p

ro
ce

ss
es

to
p

to
p 

to
p

 a
nd

 C
.C

.
-

W-
->

W
-

W-
W

-
W

+
->

W
-

W
+

W Z
W

->
Z

W

Z
Z

->
W

W

T
h

e 
sa

m
e 

p
ro

ce
ss

 c
an

 b
el

o
n

g
 t

o
 d

if
fe

re
n

t 
cl

as
se

s 
(m

u
lt

ip
le

 c
o

u
n

ti
n

g
)

C
U

T
S
:

•
T

O
P
-T

O
P

A
N

D
S

IN
G

L
E

T
O

P
R

E
J

E
C

T
IO

N

•
6

0
<

M
(q

q)
<

1
0

0
G

E
V

•
M

T
(µ

ν
)

<
1

0
0

G
E

V



V
V

–F
U

S
IO

N
IN

C
M

S
•

W
E

W
A

N
T

T
O

D
E

T
E

R
M

IN
E

-
R

E
S

O
L

U
T

IO
N

O
N

M
(W

W
)

A
N

D
M

(Z
Z

)
T

H
A

T
IS

T
H

E
E

N
E

R
G

Y
S

C
A

L
E

-
L

A
R

G
E

S
T

M
(V

V
)

M
E

A
S

U
R

A
B

L
E

A
T

L
H

C

-
L

U
M

IN
O

S
IT

Y
R

E
Q

U
IR

E
M

E
N

T
S

•
S

IN
C

E
σ

IS
S

M
A

L
L

E
F

F
IC

IE
N

C
Y

M
U

S
T

B
E

K
E

P
T

H
IG

H
A

N
D

S
/

B
S

M
A

L
L

P
R

E
L

IM
IN

A
R

Y
S

T
U

D
IE

S
H

A
V

E
S

H
O

W
N

T
H

A
T

V
V

–F
U

S
IO

N
C

A
N

B
E

S
T

U
D

IE
D

IN

C
M

S
U

P
T

O
≈2

T
E

V

P
se

u
d

o
ra

p
id

it
y

-6
-4

-2
0

2
4

6
P

se
u

d
o

ra
p

id
it

y
-6

-4
-2

0
2

4
6

events

02468101214
qu

ar
ks

 fr
om

 V
 d

ec
ay

fo
rw

ar
d-

ba
ck

w
ar

d 
qu

ar
ks



S
IG

N
A

L
V

S
B

A
C

K
G

R
O

U
N

D

W
W

S
IG

N
A

L

M
h

=
5
0
0

G
E

V
σ

=
6
0

F
B

N
o
−

H
ig

g
s

σ
=

2
0

F
B

B
A

C
K

G
R

O
U

N
D

T
O

P
–T

O
P

σ
=

6
.2

×
1
0
5

F
B

W
+

J
E

T
S

σ
=

7
.7

×
1
0
4

F
B

W
W

σ
=

1
.1

×
1
0
3

F
B

Z
Z

+
Z

W

S
IG

N
A

L

M
h

=
5
0
0

G
E

V
σ

=
9
.1

F
B

/
0
.7

F
B

N
o
−

H
ig

g
s

σ
=

1
.7

F
B

/
1
.4

F
B

B
A

C
K

G
R

O
U

N
D

T
O

P
–T

O
P

σ
=

6
.2

×
1
0
5

F
B

Z
+

J
E

T
S

σ
=

1
.4

×
1
0
7

F
B

Z
Z

σ
=

6
.6

×
1
0
5

F
B

W
Z

σ
=

6
.6

×
1
0
5

F
B



A
N

A
L

Y
S

IS

•
T

O
E

N
H

A
N

C
E

S
IG

N
A

L
A

N
D

S
U

P
P

R
E

S
S

B
K

G
,

C
U

T
S

A
R

E
A

P
P

L
IE

D
,

B
A

S
E

D
O

N

T
H

E
D

IF
F

E
R

E
N

T
K

IN
E

M
A

T
IC

S

-
H

IG
H

p
t

M
U

O
N

S

-
2

J
E

T
S

W
IT

H
M

(j
j)

=
M

Z
,W

-
H

IG
H

p
t

Z
,W

-
1

F
O

R
W

A
R

D
,

1
B

A
C

K
W

A
R

D
J

E
T

S
,

H
IG

H
p

t
,E

,
L

A
R

G
E

∆
η

A
N

D
M

(j
j)

•
S

IG
N

A
L

E
F

F
IC

IE
N

C
Y

IS
H

IG
H
≈

3
5

-5
0

%

•
M

(V
V

)
R

E
S

O
L

U
T

IO
N

IS
G

O
O

D
(4

%
Z

Z
A

N
D

1
0

%
W

W
)

•
H

IG
H

S
/√ B

;
3

-1
1



Z
Z

+
W

Z
F

IN
A

L
S

T
A

T
E

W
W

F
IN

A
L

S
T

A
T

E

]2
  [

G
eV

/c
in

v
M

0
20

0
40

0
60

0
80

0
10

00
12

00
14

00
16

00
18

00
20

00 ]2
  [

G
eV

/c
in

v
M

0
20

0
40

0
60

0
80

0
10

00
12

00
14

00
16

00
18

00
20

00

efficiency

-4
10

-3
10

-2
10

-1
10

1

si
gn

al  Z
Z

→
ff 

 Z
W

→
ff ttb

ar

)2
W

W
 s

ys
te

m
 in

va
ri

an
t 

m
as

s 
(G

eV
/c

0
20

0
40

0
60

0
80

0
10

00
12

00
14

00
16

00
18

00
20

00 )2
W

W
 s

ys
te

m
 in

va
ri

an
t 

m
as

s 
(G

eV
/c

0
20

0
40

0
60

0
80

0
10

00
12

00
14

00
16

00
18

00
20

00

efficiency

0

0.
1

0.
2

0.
3

0.
4

0.
5

N
o 

H
ig

gs
 c

as
e

R
es

o
lu

ti
o

n
-0

.2
-0

.1
0

0.
1

0.
2

0.
3

R
es

o
lu

ti
o

n
-0

.2
-0

.1
0

0.
1

0.
2

0.
3

events

012345

W
W

 s
ys

te
m

 in
va

ri
an

t 
m

as
s 

re
so

lu
ti

o
n

-1
-0

.8
-0

.6
-0

.4
-0

.2
0

0.
2

0.
4

0.
6

0.
8

1
W

W
 s

ys
te

m
 in

va
ri

an
t 

m
as

s 
re

so
lu

ti
o

n
-1

-0
.8

-0
.6

-0
.4

-0
.2

0
0.

2
0.

4
0.

6
0.

8
1

events / 0.02 

010203040506070

P
Y

T
H

IA
(P

R
O

C
E

S
E

S
7

1
-7

7
)

+
C

M
S

J
E

T



C
O

N
C

L
U

S
IO

N
S

•
W

W
S

C
A

T
T

E
R

IN
G

IS
M

O
S

T
S

IG
N

IF
IC

A
N

T
H

IG
G

S
D

IS
C

O
V

E
R

Y
C

H
A

N
N

E
L

F
O

R

M
h

<
1
9
0

G
E

V

•
W

W
S

C
A

T
T

E
R

IN
G

H
O

L
D

S
T

H
E

K
E

Y
T

O
T

H
E

E
W

S
B

M
E

C
H

A
N

IS
M

•
E

X
C

IT
IN

G
P

H
E

N
O

M
E

N
A

C
O

U
L

D
T

A
K

E
P

L
A

C
E

.
S

M
P

R
E

D
IC

T
IO

N
M

U
S

T
B

E
P

R
E

C
IS

E
L

Y

K
N

O
W

N

•
P

H
A

S
E

IS
A

T
P

R
O

D
U

C
T

IO
N

S
T

A
G

E

A
L

O
T

M
O

R
E

W
O

R
K

L
IE

S
A

H
E

A
D

!

F
R

U
IT

F
U

L
C

O
L

L
A

B
O

R
A

T
IO

N
B

E
T

W
E

E
N

T
H

E
O

R
Y

A
N

D
E

X
P

E
R

IM
E

N
T

H
A

S
S

T
A

R
T

E
D

IN
T

O
R

IN
O


