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“Structure of the Photon”

Dual nature of photons: uncertainty principle allows photon p y p p p
to fluctuate into various states (leptons, quarks, …)

Photon is ideal tool for probing structure of objects

Photon 2007 K. Dehmelt – July 11, 2007



Dilepton Formalism

e+e− → e+e−γ∗γ∗ → e+e−μ+μ−

Photon 2007 K. Dehmelt – July 11, 2007



D
ile

pt
on

 F
or

m
al

is
m

D
ile

pt
on

 F
or

m
al

is
m

L 
   

   
 T

ρ i
M

N
: d

en
si

ty
 m

at
rix

σ
τ

PQ
PQ

,
: c

ro
ss

-s
ec

tio
ns

fo
r d

iff
er

en
t h

el
ic

ity

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7

st
at

es
 o

f t
he

 p
ho

to
n



D
ile

pt
on

 F
or

m
al

is
m

D
ile

pt
on

 F
or

m
al

is
m

ρ i
M

N
: d

en
si

ty
 m

at
rix

σ
τ

PQ
PQ

,
: c

ro
ss

-s
ec

tio
ns

fo
r d

iff
er

en
t h

el
ic

ity

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7

st
at

es
 o

f t
he

 p
ho

to
n



Si
ng

le
 T

ag
Fo

rm
al

is
m

→
O

ne
 e

le
ct

ro
n 

de
te

ct
ed

→
O

ne
 e

le
ct

ro
n 

es
ca

pe
s u

nd
et

ec
te

d

⇒ →
Ph

ot
on

 w
ith

 –
q 1

2 
= 

Q
2 : 

pr
ob

e 
ph

ot
on

→
Ph

ot
on

 w
ith

 –
q 2

2
= 

P2 : 
ta

rg
et

 p
ho

to
n

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



St
ru

ct
ur

e 
Fu

nc
tio

n
Ex

tra
ct

io
n 

of
   

   
   

   
   

 
E

d
i

fS
F

i
F

Q
ED

2,γ

Ex
pr

es
s d

σ
in

 te
rm

s o
f S

tru
ct

ur
e 

Fu
nc

tio
ns

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



St
ru

ct
ur

e 
Fu

nc
tio

n
Ex

tra
ct

io
n 

of
   

   
   

   
  

N
li

h
i

f
F

Q
ED

2,γ

F
γ

N
or

m
al

iz
e

th
e 

po
rti

on
 o

f  
   F

Q
ED

2,γ

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



L3
 –

Th
e 

D
et

ec
to

r

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



Tw
o-

Ph
ot

on
 In

te
ra

ct
io

ns
 w

ith
D

im
uo

n 
Ev

en
ts

e+
e−

→
e+

e−
γ
∗ γ

∗
→

e+
e−

μ
+

μ
−

D
a
ta

sa
m

p
le

:

E
cm

s
=

1
8
9

..
.2

0
6

G
eV

1

Ev
en

t S
ig

na
tu

re
:

L i
n
t
=

6
0
0

p
b−

1

•S
in

gl
e 

Ta
gg

ed
 E

le
ct

ro
n,

 H
ig

h 
En

er
gy

D
ep

os
iti

on
 in

 E
le

ct
ro

m
ag

ne
tic

C
al

or
im

et
er

s
C

al
or

im
et

er
s

•T
w

o 
tra

ck
s, 

at
 le

as
t o

ne
 to

 b
e 

id
en

tif
ie

d 
as

 
a 

le
pt

on
 (μ

± )

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7

a
ep

to
(μ

)
•V

ER
M

A
SE

R
EN

 M
on

te
 C

ar
lo

 g
en

er
at

or



L3
 T

ag
gi

ng
 S

ub
de

te
ct

or
s

 

Ve
ry

 S
m

al
l A

ng
le

 T
ag

ge
r –

V
SA

T
Lu

m
in

os
ity

 M
on

ito
r –

LU
M

I
y

A
ct

iv
e 

Le
ad

 R
in

g 
–

A
LR

El
ec

tro
m

ag
ne

tic
 C

al
or

im
et

er
 E

nd
ca

ps
 –

B
G

O
 E

nd
ca

ps

Ta
gg

in
g 

de
te

ct
or

s u
se

d 
to

 
id

en
tif

y 
sc

at
te

re
d 

el
ec

tro
n

V
SA

T:
ba

ck
gr

ou
nd

du
e

to

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7

V
SA

T:
 b

ac
kg

ro
un

d 
du

e 
to

 
pr

ox
im

ity
 to

 b
ea

m
 p

ip
e



L3
 T

ag
gi

ng
 S

ub
de

te
ct

or
s:

 V
SA

T
Q

ua
dr

up
ol

e

Q
ua

dr
up

ol
e

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



Se
le

ct
io

n 
C

rit
er

ia
Si

ng
le

ta
g:

an
d

on
ly

on
e

an
d 

on
ly

 o
ne

Tw
o 

w
el

l-m
ea

su
re

d 
tra

ck
s w

ith
 Σ

Q
i=

0
Q

i

A
t l

ea
st

 o
ne

 tr
ac

k 
to

 b
e 

id
en

tif
ie

d 
as

 μ

Sq
ua

re
d 

fo
ur

-m
om

en
tu

m
 tr

an
sf

er
:

w
ith

 tr
ac

k 
in

fo
rm

at
io

n:

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



Se
le

ct
io

n 
C

rit
er

ia

“C
le

an
s”

 u
p 

fr
om

 u
ni

de
nt

ifi
ed

 b
ac

kg
ro

un
d

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



B
ac

kg
ro

un
d 

so
ur

ce
s

→
N

on
 M

ul
tip

er
ip

he
ra

l

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



D
at

a 
A

na
ly

si
s S

um
m

ar
y

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



C
ro

ss
-S

ec
tio

n 
&

 S
tru

ct
ur

e-
Fu

nc
tio

n
C

S
&

S
V

ER
M

A
SE

R
EN

 -
G

A
LU

G
A

A
da

pt
at

io
n 

of
 p

ar
am

et
er

s
G

A
LU

G
A

 -
V

ER
M

A
SE

R
EN

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



C
ro

ss
-S

ec
tio

n
&

 S
tru

ct
ur

e-
Fu

nc
tio

n
C

S
&

S
V

ER
M

A
SE

R
EN

 -
G

A
LU

G
A

D
iff

er
en

tia
l C

ro
ss

-S
ec

tio
n

Pr
el

im
in

ar
y

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



C
ro

ss
-S

ec
tio

n 
&

 S
tru

ct
ur

e-
Fu

nc
tio

n
C

S
&

S
V

ER
M

A
SE

R
EN

 -
G

A
LU

G
A

Le
pt

on
ic

 S
tru

ct
ur

e-
Fu

nc
tio

n
p

F 2
Li

m
ite

d 
x-

ra
ng

e
d

ll
Q

2
du

e 
to

 sm
al

l Q
2

Pr
el

im
in

ar
y

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



Su
m

m
ar

y
M

ea
su

re
m

en
t o

f

di
ffe

re
nt

ia
l c

ro
ss

-s
ec

tio
n

st
ru

ct
ur

e-
fu

nc
tio

n
st

ru
ct

ur
e

fu
nc

tio
n

in
th

e
ki

ne
m

at
ic

al
ra

ng
e

in
 th

e 
ki

ne
m

at
ic

al
 ra

ng
e

D
at

a
su

gg
es

tP
2

>
0

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7

D
at

a 
su

gg
es

t P
> 

0



O
ut

lo
ok

M
ea

su
re

m
en

t o
f

di
ffe

re
nt

ia
l c

ro
ss

-s
ec

tio
n

st
ru

ct
ur

e-
fu

nc
tio

n
st

ru
ct

ur
e

fu
nc

tio
n

w
ith

LU
M

Ii
n

pr
og

re
ss

w
ith

 L
U

M
I i

n 
pr

og
re

ss

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



B
ac

ku
p 

Sl
id

es

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



D
ile

pt
on

 F
or

m
al

is
m

Ta
gg

in
g 

ca
se

s:

1.
Si

ng
le

 T
ag

2.
A

nt
i T

ag

3
D

ou
bl

e
Ta

g
3.

D
ou

bl
e 

Ta
g

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



Tw
o-

Ph
ot

on
 In

te
ra

ct
io

ns
 w

ith
D

im
uo

n 
Ev

en
ts

e+
e−

→
e+

e−
γ
∗ γ

∗
→

e+
e−

μ
+

μ
−

D
a
ta

sa
m

p
le

:

E
cm

s
=

1
8
9

..
.2

0
6

G
eV

1
L i

n
t
=

6
0
0

p
b−

1

Q
2

=
( �p

T
,1

+
�p
T

,2

) 2
(

,
,

)

x
=

Q
2

Q
2
+

P
2
+

W
2 γ
γ

=
Q

2

Q
2
+

W
2 μ
μ

P
2

0

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7

⇒
P

2
=

0



Tw
o-

Ph
ot

on
 In

te
ra

ct
io

ns
 w

ith
D

im
uo

n 
Ev

en
ts

e+
e−

→
e+

e−
γ
∗ γ

∗
→

e+
e−

μ
+

μ
−

D
a
ta

sa
m

p
le

:

E
cm

s
=

1
8
9

..
.2

0
6

G
eV

1
L i

n
t
=

6
0
0

p
b−

1

Q
2

=
( �p

T
,1

+
�p
T

,2

) 2
(

,
,

)

x
=

Q
2

Q
2
+

P
2
+

W
2 γ
γ

=
Q

2

Q
2
+

W
2 μ
μ

P
2

0

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7

⇒
P

2
=

0



Tr
ig

ge
r E

ff
ic

ie
nc

y

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



Se
le

ct
io

n 
C

rit
er

ia
M

uo
n 

id
en

tif
ic

at
io

n:

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



Se
le

ct
io

n 
C

rit
er

ia
M

uo
n 

id
en

tif
ic

at
io

n:

w
ith

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



Se
le

ct
io

n 
C

rit
er

ia
M

uo
n 

id
en

tif
ic

at
io

n:

H
C

A
L 

M
IP

 p
ro

ba
bi

lit
y 

> 
0.

5

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



Se
le

ct
io

n 
C

rit
er

ia
M

uo
n 

id
en

tif
ic

at
io

n:

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



Se
le

ct
io

n 
C

rit
er

ia

“C
le

an
s”

 u
p 

fr
om

 u
ni

de
nt

ifi
ed

 b
ac

kg
ro

un
d

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



Sy
st

em
at

ic
 E

rr
or

 E
st

im
at

io
n

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



B
ac

kg
ro

un
d 

so
ur

ce
s

→
N

on
 M

ul
tip

er
ip

he
ra

l

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



B
ac

kg
ro

un
d 

so
ur

ce
s

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



D
at

a 
A

na
ly

si
s S

um
m

ar
y

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7



Su
m

m
ar

y

Ph
ot

on
 2

00
7

K
. D

eh
m

el
t –

Ju
ly

 1
1,

 2
00

7

Ph
ys

 R
ep

 3
32

 (2
00

0)
 1

65
-3

17


