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n
ow
a
d
ay
s

w
el
l
u
n
d
er
st
o
o
d
,
a
su
rp
ri
si
n
g
d
is
co
v
er
y
w
a
s
m
a
d
e
w
h
en
p
o
la
ri
ze
d
in
cl
u
si
v
e
d
ee
p
in
el
a
st
ic

sc
a
tt
er
in
g
re
v
ea
le
d
th
a
t
le
ss
th
a
n
h
a
lf
o
f
th
e
n
u
cl
eo
n
sp
in
w
a
s
ca
rr
ie
d
b
y
th
e
q
u
a
rk
s.
T
h
e

m
is
si
n
g
p
a
rt
o
f
th
e
n
u
cl
eo
n
sp
in
co
u
ld
th
en
b
e
d
u
e
to
th
e
g
lu
o
n
s
a
n
d
/
o
r
th
e
o
rb
it
a
l
a
n
g
u
-

la
r
m
o
m
en
tu
m

o
f
th
e
q
u
a
rk
s
a
n
d
g
lu
o
n
s.
T
h
e
H
E
R
M
E
S
(H
E
R
a
M
E
a
su
re
m
en
t
o
f
S
p
in
)

ex
p
er
im
en
t
a
t
H
E
R
A
(H
a
d
ro
n
-E
le
ct
ro
n
R
in
g
A
cc
el
er
a
to
r)
w
a
s
d
es
ig
n
ed
a
s
a
h
ig
h
p
re
ci
-

si
o
n
to
o
l
to
st
u
d
y
th
e
p
u
zz
le
o
f
th
e
sp
in
st
ru
ct
u
re
o
f
th
e
n
u
cl
eo
n
b
y
sc
a
tt
er
in
g
a
p
o
la
ri
ze
d

le
p
to
n
b
ea
m

d
ee
p
ly
in
el
a
st
ic
o
�
a
p
o
la
ri
ze
d
n
u
cl
eo
n
ta
rg
et
.
T
o
a
cc
o
m
p
li
sh
th
is
ta
sk
a

m
u
lt
ip
u
rp
o
se
fo
rw
a
rd
sp
ec
tr
o
m
et
er
w
a
s
b
u
il
t
ca
p
a
b
le
o
f
p
er
fo
rm
in
g
b
o
th
(u
n
)p
o
la
ri
ze
d

in
cl
u
si
v
e
a
n
d
se
m
i-
in
cl
u
si
v
e
m
ea
su
re
m
en
ts
.
In
cl
u
si
v
e
sp
in
a
sy
m
m
et
ri
es
le
a
d
to
th
e
d
e-

te
rm
in
a
ti
o
n
o
f
g 1
[1
],
th
e
sp
in
d
ep
en
d
en
t
n
u
cl
eo
n
st
ru
ct
u
re
fu
n
ct
io
n
,
w
h
il
e
se
m
i-
in
cl
u
si
v
e

h
a
d
ro
n
a
sy
m
m
et
ri
es
y
ie
ld
d
et
a
il
ed
in
fo
rm
a
ti
o
n
o
n
th
e
in
d
iv
id
u
a
l
q
u
a
rk

av
o
r
sp
in
d
is
tr
i-

b
u
ti
o
n
s
[2
]
a
n
d
p
o
ss
ib
ly
ev
en
o
n
th
e
g
lu
o
n
sp
in
d
is
tr
ib
u
ti
o
n
[3
].

T
h
e
p
a
rt
ic
le
id
en
ti
�
ca
ti
o
n
ca
p
a
b
il
it
ie
s
o
f
th
e
H
E
R
M
E
S
d
et
ec
to
r
a
ll
ow
,
a
p
a
rt
fr
o
m
a
n

ex
te
n
si
v
e
sp
in
p
h
y
si
cs
p
ro
g
ra
m
,
a
ls
o
th
e
st
u
d
y
o
f
a
w
id
e
va
ri
et
y
o
f
m
es
o
n
p
ro
d
u
ct
io
n

p
ro
ce
ss
es
.
Im
p
o
rt
a
n
t
to
p
ic
s
in
cl
u
d
e
e.
g
.
ch
a
rm

d
et
ec
ti
o
n
,
w
h
ic
h
m
ay
le
a
d
to
a
d
et
er
m
i-

n
a
ti
o
n
o
f
th
e
g
lu
o
n
sp
in
d
is
tr
ib
u
ti
o
n
.
A
n
o
th
er
m
a
jo
r
is
su
e
is
th
e
st
u
d
y
o
f
a
sp
ec
ia
l
cl
a
ss
o
f

m
es
o
n
s,
ca
ll
ed
v
ec
to
r
m
es
o
n
s,
w
h
er
e
th
e
sp
in
-1
=
2
q
u
a
rk
a
n
d
a
n
ti
q
u
a
rk
co
u
p
le
to
a
sp
in
-1

2

In
tr
o
d
u
c
ti
o
n

st
a
te
.
T
h
es
e
m
es
o
n
s
a
p
p
ea
r
in
p
u
re
fr
a
g
m
en
ta
ti
o
n
p
ro
ce
ss
es
in
d
ee
p
in
el
a
st
ic
sc
a
tt
er
in
g
,

b
u
t
ca
n
a
ls
o
b
e
p
ro
d
u
ce
d
in
ex
cl
u
si
v
e
sc
a
tt
er
in
g
re
a
ct
io
n
s,
w
h
ic
h
is
w
h
er
e
th
ey
p
ro
v
e
to

b
e
o
f
m
o
st
in
te
re
st
.

E
x
cl
u
si
v
e
v
ec
to
r
m
es
o
n
p
ro
d
u
ct
io
n
g
iv
es
a
cc
es
s
to
a
la
rg
e
va
ri
et
y
o
f
to
p
ic
s
b
o
th
in
p
a
r-

ti
cl
e
a
n
d
n
u
cl
ea
r
p
h
y
si
cs
.
It
is
re
la
te
d
to
th
e
o
�
-f
o
rw
a
rd
p
a
rt
o
n
d
is
tr
ib
u
ti
o
n
fo
rm
a
li
sm
,

w
h
ic
h
n
o
t
o
n
ly
p
ro
v
id
es
th
e
li
n
k
b
et
w
ee
n
se
v
er
a
l
d
i�
er
en
t
ex
cl
u
si
v
e
p
ro
d
u
ct
io
n
p
ro
ce
ss
es
,

b
u
t
m
ay
ev
en
tu
a
ll
y
le
a
d
to
a
v
er
y
�
rs
t
d
et
er
m
in
a
ti
o
n
o
f
th
e
q
u
a
rk
a
n
d
g
lu
o
n
o
rb
it
a
l
a
n
-

g
u
la
r
m
o
m
en
tu
m
co
n
tr
ib
u
ti
o
n
to
th
e
n
u
cl
eo
n
sp
in
.
In
th
e
v
ec
to
r
m
es
o
n
d
o
m
in
a
n
ce
m
o
d
el

ex
cl
u
si
v
e
p
h
o
to
p
ro
d
u
ct
io
n
o
f
v
ec
to
r
m
es
o
n
s
is
cl
o
se
ly
re
la
te
d
to
h
a
d
ro
n
ic
sc
a
tt
er
in
g
a
n
d

th
er
ef
o
re
�
ts
in
to
a
u
n
if
o
rm

d
es
cr
ip
ti
o
n
o
f
h
a
d
ro
n
-h
a
d
ro
n
a
n
d
p
h
o
to
n
-h
a
d
ro
n
p
ro
ce
ss
es

a
n
d
a
ll
ow
s
a
d
et
a
il
ed
st
u
d
y
o
f
th
e
h
a
d
ro
n
ic
p
ro
p
er
ti
es
o
f
th
e
p
h
o
to
n
.
In
th
e
p
er
tu
rb
a
ti
v
e

Q
C
D
re
g
im
e
v
ec
to
r
m
es
o
n
p
ro
d
u
ct
io
n
is
co
n
n
ec
te
d
to
th
e
g
lu
o
n
co
n
te
n
t
o
f
th
e
p
ro
to
n

a
n
d
m
ay
p
ro
v
id
e
a
va
lu
a
b
le
to
o
l
to
m
ea
su
re
th
e
g
lu
o
n
d
is
tr
ib
u
ti
o
n
.
It
a
ls
o
se
rv
es
a
s
a

n
ic
e
ex
p
er
im
en
ta
l
w
ay
to
p
ro
v
id
e
m
o
re
in
si
g
h
t
in
th
e
n
a
tu
re
o
f
st
ro
n
g
in
te
ra
ct
io
n
s
a
n
d

to
ch
ec
k
th
e
va
ri
o
u
s
d
i�
er
en
t
Q
C
D
m
o
d
el
s
d
es
cr
ib
in
g
h
ig
h
en
er
g
y
a
n
d
h
a
rd
in
te
ra
ct
io
n
s.

T
h
e
st
u
d
y
o
f
v
ec
to
r
m
es
o
n
p
ro
d
u
ct
io
n
o
n
co
m
p
o
u
n
d
n
u
cl
ea
r
ta
rg
et
s
p
ro
v
id
es
in
fo
rm
a
ti
o
n

o
n
in
it
ia
l
a
n
d
�
n
a
l
st
a
te
in
te
ra
ct
io
n
s
a
n
d
co
u
ld
b
e
a
w
ay
to
o
b
se
rv
e
n
ew
p
h
en
o
m
en
a
li
k
e

co
lo
r
tr
a
n
sp
a
re
n
cy
.

In
th
is
w
o
rk
ex
cl
u
si
v
e
p
ro
d
u
ct
io
n
o
f
�
0
a
n
d
!
v
ec
to
r
m
es
o
n
s
is
st
u
d
ie
d
in
th
e
k
in
em
a
ti
c

re
g
im
e
a
cc
es
si
b
le
w
it
h
th
e
H
E
R
M
E
S
ex
p
er
im
en
t.
B
a
se
d
o
n
th
e
si
m
il
a
r
q
u
a
rk
co
n
te
n
t
o
f

th
es
e
m
es
o
n
s,
b
o
th
p
ro
d
u
ct
io
n
p
ro
ce
ss
es
a
re
ex
p
ec
te
d
to
ex
h
ib
it
si
m
il
a
r
fe
a
tu
re
s
in
th
is

en
er
g
y
re
g
io
n
,
w
h
ic
h
is
o
n
e
o
f
th
e
is
su
es
w
e
tr
y
to
co
n
�
rm
h
er
e.
In
te
rm
s
o
f
v
ec
to
r
m
es
o
n

p
ro
d
u
ct
io
n
H
E
R
M
E
S
is
si
tu
a
te
d
in
th
e
in
te
rm
ed
ia
te
en
er
g
y
re
g
io
n
w
h
er
e
a
tr
a
n
si
ti
o
n

is
ex
p
ec
te
d
b
et
w
ee
n
th
e
lo
w
en
er
g
y
p
ro
d
u
ct
io
n
p
h
y
si
cs
p
ro
b
ed
b
y
va
ri
o
u
s
�
x
ed
ta
rg
et

ex
p
er
im
en
ts
in
th
e
p
a
st
a
n
d
th
e
h
ig
h
en
er
g
y
d
o
m
a
in
w
h
ic
h
is
n
ow
a
ct
iv
el
y
u
n
d
er
st
u
d
y

a
ls
o
a
t
H
E
R
A
.
T
h
e
la
y
o
u
t
o
f
th
e
H
E
R
M
E
S
d
et
ec
to
r
a
ll
ow
s
to
st
u
d
y
th
e
p
ro
d
u
ct
io
n
o
f

d
i�
er
en
t
k
in
d
s
o
f
v
ec
to
r
m
es
o
n
s
a
t
th
e
sa
m
e
ti
m
e,
y
ie
ld
in
g
a
v
er
y
co
m
p
le
te
p
ic
tu
re
o
f

th
es
e
p
ro
ce
ss
es
in
th
is
p
a
rt
ic
u
la
r
k
in
em
a
ti
c
re
g
io
n
.
M
o
re
ov
er
,
w
it
h
it
s
p
o
la
ri
ze
d
ta
rg
et

a
n
d
th
e
p
o
la
ri
ze
d
H
E
R
A
le
p
to
n
b
ea
m
,
H
E
R
M
E
S
h
a
s
th
e
u
n
iq
u
e
p
o
ss
ib
il
it
y
to
p
er
fo
rm

m
ea
su
re
m
en
ts
o
f
p
o
la
ri
ze
d
ex
cl
u
si
v
e
v
ec
to
r
m
es
o
n
p
ro
d
u
ct
io
n
.

C
h
a
p
te
r
2
is
d
ev
o
te
d
to
a
n
ov
er
v
ie
w
o
f
th
e
th
eo
ry
a
ss
o
ci
a
te
d
w
it
h
ex
cl
u
si
v
e
v
ec
to
r

m
es
o
n
p
ro
d
u
ct
io
n
.
S
ev
er
a
l
m
o
d
el
s
a
n
d
to
o
ls
to
d
es
cr
ib
e
th
is
k
in
d
o
f
p
ro
ce
ss
es
in
th
e

d
i�
er
en
t
k
in
em
a
ti
ca
l
d
o
m
a
in
s
a
re
p
re
se
n
te
d
.
A
fe
w
o
f
th
es
e
m
o
d
el
s
w
il
l
b
e
te
st
ed
a
g
a
in
st

o
u
r
re
su
lt
s
in
th
e
fo
ll
ow
in
g
ch
a
p
te
rs
.

T
h
e
ex
p
er
im
en
ta
l
se
tu
p
is
d
es
cr
ib
ed
in
ch
a
p
te
r
3
,
w
h
er
e
w
e
st
a
rt
w
it
h
a
sh
o
rt
ov
er
v
ie
w

o
f
th
e
H
E
R
A
a
cc
el
er
a
to
r
co
m
p
le
x
.
N
ex
t,
th
e
d
i�
er
en
t
H
E
R
M
E
S
ta
rg
et
s
a
re
p
re
se
n
te
d
in

m
o
re
d
et
a
il
,
fo
ll
ow
ed
b
y
a
d
es
cr
ip
ti
o
n
o
f
th
e
va
ri
o
u
s
sp
ec
tr
o
m
et
er
co
m
p
o
n
en
ts
a
n
d
th
e

d
a
ta
a
cq
u
is
it
io
n
sy
st
em
.

A
ft
er
th
e
1
9
9
5
-9
7
H
E
R
A
p
h
y
si
cs
ru
n
,
th
e
H
E
R
M
E
S
sp
ec
tr
o
m
et
er
w
a
s
p
a
rt
ia
ll
y
u
p
-

g
ra
d
ed
to
im
p
ro
v
e
it
s
ca
p
a
b
il
it
ie
s
fo
r
se
m
i-
in
cl
u
si
v
e
m
ea
su
re
m
en
ts
.
T
h
e
ex
is
ti
n
g
th
re
sh
o
ld

� C
er
en
k
ov
co
u
n
te
r
w
a
s
re
p
la
ce
d
b
y
a
R
in
g
Im
a
g
in
g
� C
er
en
k
ov
d
et
ec
to
r.
T
h
e
G
en
t
g
ro
u
p
w
a
s

in
v
o
lv
ed
in
th
e
co
n
st
ru
ct
io
n
a
n
d
st
a
rt
-u
p
p
h
a
se
o
f
th
e
d
et
ec
to
r
w
h
o
se
d
es
ig
n
is
p
re
se
n
te
d

in
ch
a
p
te
r
4
.

T
h
e
d
ec
o
d
in
g
a
n
d
re
co
n
st
ru
ct
io
n
o
f
th
e
m
ea
su
re
d
d
a
ta
is
ex
p
la
in
ed
in
ch
a
p
te
r
5
,
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w
h
er
e
th
e
o
�
in
e
so
ft
w
a
re
ch
a
in
a
n
d
in
p
a
rt
ic
u
la
r
th
e
tr
a
ck
in
g
ro
u
ti
n
e
a
n
d
th
e
p
a
rt
ic
le

id
en
ti
�
ca
ti
o
n
a
lg
o
ri
th
m
a
re
d
es
cr
ib
ed
.
A
sh
o
rt
p
re
se
n
ta
ti
o
n
is
g
iv
en
o
f
th
e
g
en
er
a
l
M
o
n
te

C
a
rl
o
co
d
e
u
se
d
to
si
m
u
la
te
th
e
H
E
R
M
E
S
d
et
ec
to
r.

T
h
e
p
h
y
si
cs
a
n
a
ly
si
s
p
a
rt
o
f
th
is
w
o
rk
st
a
rt
s
in
ch
a
p
te
r
6
,
w
h
er
e
w
e
b
eg
in
w
it
h
a

d
et
a
il
ed
d
es
cr
ip
ti
o
n
o
f
th
e
se
le
ct
io
n
o
f
th
e
d
a
ta
a
n
d
ev
en
t
sa
m
p
le
s
to
b
e
u
se
d
in
th
e

fo
ll
ow
in
g
a
n
a
ly
si
s
se
ct
io
n
s.

T
h
e
a
n
a
ly
si
s
p
re
se
n
te
d
h
er
e
re
li
es
h
ea
v
il
y
o
n
M
o
n
te
C
a
rl
o
si
m
u
la
ti
o
n
s
o
f
th
e
ex
p
er
i-

m
en
t.
T
h
e
d
i�
er
en
t
g
en
er
a
to
rs
u
se
d
in
th
is
w
o
rk
,
to
g
et
h
er
w
it
h
so
m
e
a
p
p
li
ca
ti
o
n
s
o
f
th
es
e

si
m
u
la
ti
o
n
s
in
o
u
r
v
ec
to
r
m
es
o
n
a
n
a
ly
si
s
a
re
d
es
cr
ib
ed
in
ch
a
p
te
r
7
.

C
h
a
p
te
r
8
d
ea
ls
w
it
h
a
d
et
a
il
ed
st
u
d
y
o
f
th
e
�
0

a
n
d
!
in
va
ri
a
n
t
m
a
ss
d
is
tr
ib
u
ti
o
n
.

E
sp
ec
ia
ll
y
fo
r
th
e
�
0
in
te
re
st
in
g
p
h
en
o
m
en
a
li
k
e
th
e
sk
ew
in
g
o
f
th
e
in
va
ri
a
n
t
m
a
ss
d
is
tr
i-

b
u
ti
o
n
a
n
d
�
0
�
!
in
te
rf
er
en
ce
a
re
in
v
es
ti
g
a
te
d
.

T
h
e
ex
tr
a
ct
io
n
o
f
th
e
a
b
so
lu
te
�
0
a
n
d
!
p
ro
d
u
ct
io
n
cr
o
ss
se
ct
io
n
s
b
y
v
ir
tu
a
l
p
h
o
to
n
s,

to
g
et
h
er
w
it
h
th
e
d
ep
en
d
en
ci
es
o
n
d
i�
er
en
t
k
in
em
a
ti
ca
l
va
ri
a
b
le
s
is
d
es
cr
ib
ed
in
ch
a
p
te
r

9
.
T
h
e
p
re
d
ic
ti
o
n
s
o
f
se
v
er
a
l
th
eo
re
ti
ca
l
m
o
d
el
s
a
re
te
st
ed
a
g
a
in
st
th
e
re
su
lt
s.

T
h
e

!
=
�
0

p
ro
d
u
ct
io
n
ra
ti
o
is
d
et
er
m
in
ed
a
n
d
th
e
v
ir
tu
a
l
p
h
o
to
p
ro
d
u
ct
io
n
cr
o
ss
se
ct
io
n
s
a
re

ex
tr
a
p
o
la
te
d
to
th
e
re
a
l
p
h
o
to
p
ro
d
u
ct
io
n
re
g
io
n
.
T
h
e
ch
a
p
te
r
is
en
d
ed
w
it
h
a
d
is
cu
ss
io
n

o
n
n
u
cl
ea
r
m
ed
iu
m
e�
ec
ts
in
v
ec
to
r
m
es
o
n
p
ro
d
u
ct
io
n
o
n
co
m
p
o
si
te
n
u
cl
ei
.

C
h
a
p
te
r
1
0
d
ea
ls
w
it
h
a
n
a
lt
er
n
a
ti
v
e
ex
tr
a
ct
io
n
o
f
th
e
re
a
l
p
h
o
to
p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
fo
r
!
m
es
o
n
s.

T
h
e
a
n
a
ly
si
s
o
f
th
e
v
ec
to
r
m
es
o
n
a
n
g
u
la
r
d
ec
ay
re
la
te
d
to
th
e
d
es
cr
ip
ti
o
n
o
f
th
e
h
el
ic
it
y

tr
a
n
sf
er
in
th
e
p
ro
d
u
ct
io
n
m
ec
h
a
n
is
m
,
is
p
re
se
n
te
d
in
ch
a
p
te
r
1
1
.
D
i�
er
en
t
a
lg
o
ri
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re
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b
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f
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p
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p
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(2
.4
)

so
th
a
t
�
re
p
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+
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:
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f
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ro
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.5
G
eV
g
iv
es
p
s
=
7
:2
G
eV
.

F
ig
u
re
2
.1
:
S
ch
em
a
ti
c
re
p
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�
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;
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p
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ra
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d
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p
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n
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d
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ra
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ra
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ro
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d
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b
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e
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b
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b
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b
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b
eh
av
io
r
o
f
th
e
st
ru
ct
u
re
fu
n
ct
io
n
s
th
er
ef
o
re
le
a
d
s
to
th
e
in
te
rp
re
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d
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b
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b
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d
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b
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ra
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h
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b
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b
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c
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d
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b
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q
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p
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b
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d
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b
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b
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b
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ra
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ri
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b
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v
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d
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e
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p
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p
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p
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ra
ry
.
T
h
e
co
n
v
en
ti
o
n
p
ro
p
o
se
d
b
y
G
il
m
a
n
[7
]
is
to

ch
o
o
se

K
G
i
lm

a
n

=
p �
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b
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p
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b
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a
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w
el
l
d
e�
n
ed
a
s
th
ey
a
re
d
et
er
m
in
ed
b
y
a
n
ex
p
er
im
en
ta
ll
y

m
ea
su
ra
b
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a
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p
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n
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=
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h
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th
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a
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n
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c
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ra
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b
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b
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b
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ra
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b
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b
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b
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p
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p
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b
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d
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p
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n
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p
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p
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p
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b
il
it
y
a
m
p
li
tu
d
es
d
u
e
to
th
e
li
n
ea
ri
ty
o
f

th
e
S
ch
r�o
d
in
g
er
eq
u
a
ti
o
n
a
n
d
b
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ra
ct
io
n
p
h
en
o
m
en
o
n
in
h
a
d
ro
n
sc
a
tt
er
in
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c
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c
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b
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.
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h
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b
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b
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p
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d
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a
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.
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b
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b
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d
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f
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e
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g
h
t
w
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u
m
b
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k
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n
�
�
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h
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f
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e
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.
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ra
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p
er
tu
re
a
n
d
ex
h
ib
it
s
m
in
im
a
fo
r
jx
j=
3
:8
3
;7
:0
2
::
:

F
ig
u
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e
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l
el
a
st
ic
p
p
cr
o
ss
se
ct
io
n
d
�
=
d
t
fo
r
d
i�
er
en
t
in
ci
d
en
t
p
ro
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b
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f
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b
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b
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p
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r
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b
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b
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p
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p
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b
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ra
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ra
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d
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c
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c
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�
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=

�
i
n
(s
)
=
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=
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e
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ra
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u
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=
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the forward region, i.e. for jtj . 0:5 GeV2, as

d�=dt

(d�=dt)t=0
= ebt � 1� b(p�)2; (2.35)

with p the center-of-mass momentum of the particles. Comparison with equation 2.31

yields the following relation between the radius of interaction and the slope parameter

b =
R2

4
: (2.36)

This means that just like in optics, the slope of the forward elastic peak reects the size

of the scattering object or the interaction radius. Taking as an example the typical radius

for strong interactions R = 1=m� with m� the pion mass, gives b = 12:8 GeV�2, which is

inside the range of experimentally measured slope factors in elastic pp scattering [14] at

high energy.

2.6 Regge Theory

In the late �fties Regge showed it proved useful to regard the angular momentum l as a

complex variable. The basis of Regge theory used in particle physics lies in the analytical

continuation of a scattering amplitude into the complex angular momentum plane [15].

The scattering amplitude singularities encountered in the complex l plane were poles,

called Regge poles. These poles correspond to bound states or resonances if they occur

for positive integer values of l.

Regge theory makes use of the so-called crossing symmetry principle : an incoming

particle of momentum p can be viewed as an outgoing antiparticle of momentum �p. The

reaction a(pa)+b(pb)! c(pc)+d(pd) has squared center of mass energy s = (pa+pb)
2 > 0

and the scattering angle is related to the momentum transfer t = (pa � pc)
2 < 0. For

the crossed reaction a(pa) + �c(�pc) ! �b(�pb) + d(pd) one has that the center of mass

energy squared is given by (pa � pc)
2 > 0 and the scattering angle is now related to the

momentum transfer (pa+pb)
2 < 0. As one can see, the positive region of t and the negative

region of s of the �rst reaction play the role of the center of mass energy squared and

the momentum transfer respectively of the crossed process. The �rst reaction is called an

s-channel reaction, while the second process is refered to as the t-channel counterpart of

the �rst one. Both reactions are described by the same amplitude, however in di�erent

and non-overlapping kinematical regions in s and t.

To demonstrate the basic principles of Regge theory we start with the standard decom-

position of a scattering amplitude A(s; t) into partial waves Al with angular momentum l

A(s; t) =

1X
l=0

(2l + 1)Al(t)Pl(zt); (2.37)

with Pl the Legendre polynomials of the �rst kind, zt = cos � where � is the scattering

angle, which is a function of s and t, and the partial wave amplitudes Al given by

Al(t) =
1

2
Z +1

�1

Pl(zt)A(s(zt; t); t) dzt: (2.38)

16 Di�ractive Vector Meson Production

One assumes that Al(t) only has isolated singularities in l so that it can be continued

into the complex angular momentum plane, which is one of the basic postulates of Regge

theory in particle physics and is sometimes called postulate of maximal analyticity of the

second kind. Thus when regarding the angular momentum l as a complex variable, one

can rely on Cauchy's theorem to replace equation 2.37 by

A(s; t) = �
1

2i
Z

C1
(2l + 1)Al(t)

Pl(�zt)

sin �l
dl; (2.39)

where the integral is evaluated in the complex l plane along path C1 avoiding any singu-

larities of Al(t) as shown in �gure 2.5.

1 2 3 4 5 6 7-1-2-3-5-6-7 -4 0

C 12C

Re l

Im l
infinity

infinity

Figure 2.5: The complex angular momentum l plane. Indicated are the integration paths

C1 and C2 as used in equations 2.39 and 2.40 respectively.

One can now enlarge the integration path in equation 2.39 to C2 which encloses the

entire complex l plane with positive real part as indicated in �gure 2.5. In this case the

path will pass along complex poles of Al, where we assume for illustrative purposes that

there is only one pole l = �(t) = �(t)=(l� �(t)). Equation 2.39 then becomes

A(s; t) = ��(2�(t) + 1)�(t)
P�(t)(�zt)

sin��(t)
�

1
2i

Z
C2

(2l + 1)Al(t)
Pl(�zt)

sin�l
dl (2.40)

The second term in the previous equation is called the background integral and can be

proven to be proportional to s�1=2 [15] and therefore vanishes as s goes to in�nity. The

�rst term, corresponding to the pole in the complex l plane, is called a Regge pole term2

and will be denoted as AR in the following. This Regge pole is the dominant contribution

2The expression for the Regge pole term give here actually corresponds to what is referred to as a
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to the scattering amplitude at high energy and can also be decomposed into partial waves

with amplitudes
AR
l
(t) =

1
2

Z +1

�1

Pl(zt)A
R(s; t) dzt =

(2�(t) + 1)�(t)

(l � �(t))(l + �(t) + 1)
; (2.42)

which in the limit of l ! �(t) reduces back to �(t)=(l � �(t)) con�rming that the Regge

pole term in equation 2.40 really gives rise to a pole in the l plane. One can now decompose

�(t) into its real and imaginary part �R(t) and �I(t) and make an expansion at the point

tr where �R(tr) = l with l a positive integer value. This gives in �rst order

�(t) � l + �0
R
(tr)(t� tr) + i�I(tr) + i�0
I
(tr)(t� tr): (2.43)

Assuming that �0
I

� �0
R

[15], one obtains for �R � l

AR
l
(t) �

�(tr)=�
0
R
(tr)

tr � t� i�I(tr)=�
0
R
(tr)

; (2.44)

which denotes the Breit-Wigner formula for a resonance with mass M2
r

= tr and width

�r = �I(tr)=�
0
R
(tr)Mr, indicating that the occurance of a Regge pole corresponds to a

resonance or a physical particle exchange in the t-channel. This basically holds for any

arbitrary number of poles; as l = �(t) moves around in the complex l-plane, each time a

positive integer is crossed, a resonance in the Regge amplitude will occur.

Strong interacting elementary particles, hadrons, can be classi�ed according to a series

of quantum numbers, like e.g. isospin, strangeness and baryon number. For a given set of

these quantum numbers particles exist which only di�er in their spin and mass. Plotting

the spin of the particles versus their mass squared t = M2, they all seem to align in

di�erent families on straight lines. These trajectories can be parametrized as

�(t) = �(0) + �0 t; (2.45)

and are called Regge trajectories. When adding to this so-called Chew-Frautschi plot

experimental results of di�ractive scattering processes3, which have negative momentum

transfer t, the data points seem to align along the extensions to t < 0 of the Regge

trajectories, whose quantum numbers match possible resonances that could be exchanged

in the crossed process. In view of the discussion of the Regge poles given above, one

can picture these scattering reactions as being mediated by the exchange of resonances

in the t-channel whose interpolation is given by a Regge trajectory or Reggeon �(t). An

example is depicted in �gure 2.6 for the reaction ��p! �0n. The parity transfer in the

signature amplitude. The physical amplitude is given by

AR(s; t) = ��(2�(t) + 1)�(t)(1 + Se�i��(t))
P�(t)(�zt)

sin��(t)
; (2.41)

where the factor (1 + Se�i��(t)) is called the signature factor which ensures that a trajectory of given

signature S = �1 leads to a pole in the scattering amplitude only when �(t) passes through the right-

signature integer, i.e. even integers (l = 0; 2; 4 : : :) for even signature S = +1 and odd integers (l =

1; 3; 5 : : :) for odd signature S = �1.

3The real part of �(t) can be derived from experimental data using equation 2.47, as will be discussed

further on in the text.
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-2
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M2=t (GeV2)

R
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I=0 mesons
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Figure 2.6: Chew-Frautschi plot for two di�erent (however almost identical) Regge tra-

jectories corresponding to natural parity exchange. The full line shows a �t to the mesons

according to equation 2.45, while the dashed line is the extension of the �t to t < 0.

The points at t < 0 were derived from ��p ! �0n scattering data [16]. The dotted line

represents the trajectory corresponding to Pomeron exchange.

reaction is positive and given by �P = (�1)JP with J and P the angular momentum and

parity of the object exchanged in the t-channel. To conserve all quantum numbers, the

reaction can therefore only proceed via exchange of �, a2 and �3 with quantum numbers

JP = 1�, 2+ and 3�, which all lie on the Regge trajectory passing through the measured

data points. This Regge trajectory is actually nearly identical to the !=f trajectory also

shown in the �gure.

To determine a cross section the scattering amplitude needs to be evaluated in the

s-channel region with t < 0. Assuming jtj � s we have for high energy that P�(t) �

e���(t)(s=s0)
�(t) leading to the Regge pole term given by

AR(s; t) � �(t)
�
s

s0
��(t)

; (2.46)

where �(t) represents the part of the Regge pole independent of s and s0 is a mass scale

factor. This illustrates that the asymptotic behavior in a given channel of a process is
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p
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.
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p
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b
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P
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p
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ra
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d
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b
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d
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p
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a
rt
o
n
ic
co
n
te
n
t
a
n
d

th
a
t
th
e
p
a
rt
o
n
d
is
tr
ib
u
ti
o
n
fu
n
ct
io
n
s
a
re
d
o
m
in
a
te
d
b
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a
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b
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b
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b
et
w
ee
n
0
.6
4
a
n
d
0
.9
4
.



2
.8
V
e
c
to
r
M
e
so
n
D
o
m
in
a
n
c
e
M
o
d
e
l

2
3

2
.8

V
e
c
to
r
M
e
so
n
D
o
m
in
a
n
c
e
M
o
d
e
l

T
h
e
co
n
ce
p
t
o
f
th
e
p
h
o
to
n
o
ri
g
in
a
te
d
in
th
e
ea
rl
y
2
0
st
ce
n
tu
ry
w
h
en
M
.
P
la
n
ck
a
ss
u
m
ed

th
a
t
b
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f
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a
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p
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ra
y
s
o
n
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p
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b
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p
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f
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p
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ra
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d
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p
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p
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e
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�
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b
il
it
y
o
n
ly
o
f
th
e
o
rd
er
o
f
�
�
1
=
1
3
7
a
s
co
m
p
a
re
d
to
th
e
b
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b
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a
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f
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b
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b
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p
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p
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b
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b
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p
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b
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b
ov
e
a
fe
w
G
eV

th
ey
b
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p
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b
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p
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p
ro
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ra
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p
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f
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p
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p
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ra
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ra
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b
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p
li
tu
d
es
fo
r
ex
cl
u
si
v
e
v
ec
to
r
m
es
o
n
p
h
o
to
p
ro
d
u
ct
io
n

p
!
V
p
ca
n
b
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p
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ra
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f
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ra
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p
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p
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d
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b
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b
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b
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ra
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b
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f
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f
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v
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p
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p
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T
h
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b
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d
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b
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b
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d
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ra
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b
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ra
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b
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el
a
st
ic

v
ec
to
r
m
es
o
n
sc
a
tt
er
in
g
o
�
a
n
u
cl
eo
n
.

In
p
er
tu
rb
a
ti
o
n
th
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d
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b
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b
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b
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b
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f
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f
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h
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2.10 O�-forward Parton Distributions

As was shown in section 2.2 the structure of nucleons is described in deep-inelastic scatter-

ing in terms of unpolarized and polarized parton distribution functions. A generalization

of these parton distributions are the so-called o�-forward parton distributions (OFPD's),

which are sometimes also referred to as skewed or o�-diagonal parton distributions. They

allow a uni�ed theoretical approach to a wide variety of exclusive processes in perturbative

QCD and provide an interpretation of these reactions in terms of the nucleon structure.

Recent theoretical interest for these OFPD's has risen since it was shown [35] that the

second moment of these distributions is related to the contribution of the spin and orbital

angular momentum of the quarks to the nucleon spin.

x x

γ(q)*γ

x

*(q)γ*(q)

(a) (b)

(q’)γ

p p’pp

x’

Figure 2.9: (a) The Born level diagram of the forward Compton amplitude. The blob

denotes the quark and antiquark distributions in the proton. (b) The Born diagram for

deep virtual Compton scattering. Here the blob is described by OFPD's.

A good example [36] to demonstrate the meaning of these OFPD's and how they are

connected to the usual parton densities is provided by the amplitude for virtual Compton

scattering. The optical theorem links the imaginary part of the forward Compton ampli-

tude �p ! �p to the inclusive deep-inelastic scattering cross section �p ! X. In the

Bjorken limit this can be calculated as a parton-photon scattering amplitude times the

usual parton distributions in the proton. As depicted in �gure 2.9 (a), no momentum is

transferred across the cut in the diagram (t = 0) and the parton lines connecting to the

proton have the same momentum fractions equal to Bjorken-x. If now the virtual photon

on the righthand side of the diagram is replaced by a real photon as in �gure 2.9 (b), one

obtains the amplitude of the deep virtual Compton scattering (DVCS) �p! p process.

In this case there is a momentum transfer t = �2 = (p0 � p)2 = (q � q0)2 between the

proton on the left and right side. The parton lines connecting to the proton have di�erent

momentum fractions, which introduces a sort of imbalance or skewedness in the graph.

The factorization shown in the so-called handbag diagram in �gure 2.9 (b) is valid for the

DVCS amplitude at large Q2 and �xed Bjorken-x, and small and �xed t. The amplitude is

factorized in a hard scattering part calculable in pQCD, and a non-perturbative nucleon

structure part which is described in terms of OFPD's. In [37] (see also section 2.12) a

general proof of factorization was given also for hard exclusive production by longitudinal

photons of vector mesons (�, !. . . ) and pseudo-scalar mesons (�, �. . . ) so that OFPD's

can be accessed via these reactions too.

28 Di�ractive Vector Meson Production

The nucleon structure information contained in these handbag diagrams can be para-

metrized in leading order QCD in terms of four generalized structure functions, which in

the notation of [35] are the OFPD'sHf , ~Hf , Ef and ~Ef for each quark avor f (u, d and s).

The OFPD's are function of three independent kinematical variables denoted as x, � and t.

These variables are de�ned in a frame where the virtual photon momentum q� and nucleon

momentum P � are collinear along the z-axis and in opposite direction. The physical

momenta are then expressed as function of the two lightlike vectors p� = P+=
p
2�(1; 0; 0; 1)

and n� = 1=
p
2P+ � (1; 0; 0;�1), where the light-cone components are de�ned as a� =

(a0�a3)=
p
2. x is the light-cone momentum fraction of the exchanged parton with respect

to the incoming nucleon as de�ned by x = k=P+; the variable � = ��+=2P+, where

� = p0 � p and t = �2. In the Bjorken limit one has that 2� ! xB=(1� xB=2) with xB

the Bjorken-x variable. The light-cone momentum fraction is restricted to [�1; 1], where

positive (negative) values correspond to quarks (antiquarks). The di�erence between the

parton fractional momenta x� x0 is approximately equal to Bjorken-x.

The usual parton densities are matrix elements of an operator between identical nu-

cleon states. They express the squared amplitude or probability for a nucleon to emit

a parton of given momentum fraction x. The OFPD's are matrix elements of the same

operators, but now between di�erent nucleon states. They represent the amplitude for

a nucleon to emit a parton with momentum fraction x times the conjugated amplitude

expressing the absorption of a parton with a di�erent momentum fraction fraction x0. In

case x > 0 and x0 < 0, one can interpret the parton with negative momentum fraction x0

as an antiparton with positive momentum fraction �x0, which leads to the picture of a

nucleon emitting a quark-antiquark pair.

In the forward direction the OFPD's H and ~H reduce to the familiar quark density

and spin distribution functions

Hq
f
(x; 0; 0) = qf(x); ~Hq
f
(x; 0; 0) = �qf (x): (2.74)

The �rst moments of the OFPD's are related [35] to the elastic form factors4Z +1

�1

dxH(x; �; t) = F1(t);
Z +1

�1

dxE(x; �; t) = F2(t);Z +1

�1

dx ~H(x; �; t) = GA(t);
Z +1

�1

dx ~E(x; �; t) = GP (t); (2.75)

where F1 and F2 are the Dirac and Pauli form factors and GA and GP are axial-vector

and pseudo-scalar form factors. The second moments of the unpolarized OFPD's at t = 0

give

1
2

Z +1

�1

dx x [Hq(x; �; 0) + Eq(x; �; 0)] =
1

2
�� + Lq = Jq; (2.76)

where ��=2 and Lq are the quark spin and orbital angular momentum contribution to

the nucleon spin. The former quantity is also accessed in polarized DIS measurements,

so that the measurement of the sum rule (2.76) would lead to the determination of the

quark orbital momentum contribution to the nucleon spin and according to

1
2

= Jq + Jg (2.77)

4This is after an appropriate summation over the quark avors depending on the nucleon type [45].
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p
ro
d
u
ct
io
n
.
T
h
e
h
a
rd
sc
a
le
ca
n
b
e
in
tr
o
d
u
ce
d
b
y
g
o
in
g

to
h
ig
h
va
lu
es
o
f
th
e
m
o
m
en
tu
m

tr
a
n
sf
er
Q
2

o
r
jt
j
o
r
a
ls
o
b
y
g
en
er
a
ti
n
g
v
ec
to
r
m
es
o
n
s

co
n
ta
in
in
g
h
ea
v
y
q
u
a
rk
s
(c
o
r
b
q
u
a
rk
s)
.
T
h
e
tw
o
co
ll
id
er
ex
p
er
im
en
ts
a
t
H
E
R
A

ca
n

a
cc
es
s
th
is
k
in
d
o
f
h
a
rd
re
g
im
e
a
n
d
p
ro
v
id
ed
a
la
rg
e
a
m
o
u
n
t
o
f
m
ea
su
re
m
en
ts
a
ll
ow
in
g
to

te
st
th
e
va
ri
et
y
o
f
p
Q
C
D
m
o
d
el
s.

W
h
en
lo
o
k
in
g
a
t
ex
cl
u
si
v
e
v
ec
to
r
m
es
o
n
p
ro
d
u
ct
io
n
,
o
n
e
h
a
s
to
re
m
em
b
er
th
a
t
th
e

in
it
ia
l
a
n
d
�
n
a
l
st
a
te
s
in
th
e
sc
a
tt
er
in
g
p
ro
ce
ss
ca
n
n
o
t
b
e
d
es
cr
ib
ed
in
a
p
er
tu
rb
a
ti
v
e

re
g
im
e
a
n
d
th
er
ef
o
re
h
av
e
to
b
e
se
p
a
ra
te
d
fr
o
m
th
e
sh
o
rt
d
is
ta
n
ce
,
h
a
rd
in
te
ra
ct
io
n
p
a
rt
.

A
g
en
er
a
l
fa
ct
o
ri
za
ti
o
n
th
eo
re
m

p
ro
v
en
b
y
C
o
ll
in
s,
F
ra
n
k
fu
rt
a
n
d
S
tr
ik
m
a
n
[3
7
]
st
a
te
s

th
a
t
a
t
la
rg
e
va
lu
es
o
f
Q
2
�
�
2 Q
C
D

,
fo
r
sm
a
ll
jt
j
a
n
d
a
ss
u
m
in
g
th
a
t
th
e
m
es
o
n
m
a
ss
ca
n

b
e
n
eg
le
ct
ed
M
2 V

�
s,
th
e
le
p
to
p
ro
d
u
ct
io
n
cr
o
ss
se
ct
io
n

�
p
!
V
p
0
ca
n
b
e
ex
p
re
ss
ed
a
s
a

co
n
v
o
lu
ti
o
n
o
f
a
n
o
n
-f
o
rw
a
rd
p
a
rt
o
n
d
is
tr
ib
u
ti
o
n
fu
n
ct
io
n
o
f
th
e
p
ro
to
n
,
a
h
a
rd
sc
a
tt
er
in
g

fu
n
ct
io
n
a
n
d
a
m
es
o
n
w
av
e
fu
n
ct
io
n
.

In
th
e
p
ro
to
n
re
st
fr
a
m
e,
v
ec
to
r
m
es
o
n
p
ro
d
u
ct
io
n
a
t
h
ig
h
en
er
g
y
ca
n
b
e
se
en
to

o
cc
u
r
in
th
re
e
d
is
ti
n
ct
st
ep
s
o
rd
er
ed
in
ti
m
e
:
th
e
v
ir
tu
a
l
p
h
o
to
n
b
re
a
k
s
u
p
in
a
q
u
a
rk
-

a
n
ti
q
u
a
rk
p
a
ir
;
th
e
q
u
a
rk
-a
n
ti
q
u
a
rk
p
a
ir
in
te
ra
ct
s
h
a
rd
w
it
h
th
e
ta
rg
et
;
th
e
sc
a
tt
er
ed

q
u
a
rk
-a
n
ti
q
u
a
rk
p
a
ir
fo
rm
s
th
e
�
n
a
l
st
a
te
v
ec
to
r
m
es
o
n
.
T
h
e
sc
a
tt
er
in
g
p
ro
ce
ss
o
n
th
e

p
ro
to
n
o
cc
u
rs
o
n
a
m
u
ch
sh
o
rt
er
ti
m
es
ca
le
th
a
n
th
e

u
ct
u
a
ti
o
n
o
f
th
e
p
h
o
to
n
in
th
e
q
�q

p
a
ir
o
r
th
e
v
ec
to
r
m
es
o
n
fo
rm
a
ti
o
n
ti
m
e,
a
ll
ow
in
g
to
tr
ea
t
th
e
sc
a
tt
er
in
g
a
s
a
p
er
tu
rb
a
ti
o
n
.

3
2

D
i�
r
a
c
ti
v
e
V
e
c
to
r
M
e
so
n
P
r
o
d
u
c
ti
o
n

T
h
e
a
m
p
li
tu
d
e
ca
n
th
u
s
b
e
fa
ct
o
ri
ze
d
in

A
=
	
� 
�

!

q
�q


A
q
�q
+
p
!

q
�q
+
p



	
q
�q
!

V

:

(2
.8
7
)

T
h
e
�
rs
t
te
rm

re
p
re
se
n
ts
th
e
a
m
p
li
tu
d
e
fo
r
th
e

u
ct
u
a
ti
o
n
o
f
th
e
v
ir
tu
a
l
p
h
o
to
n
in
to
a

q
�q
p
a
ir
.
T
h
e
la
st
te
rm
d
es
cr
ib
es
th
e
re
co
m
b
in
a
ti
o
n
o
f
th
e
�
n
a
l,
sc
a
tt
er
ed
h
a
d
ro
n
ic
st
a
te

in
to
th
e
v
ec
to
r
m
es
o
n
.
T
h
e
m
id
d
le
te
rm

co
rr
es
p
o
n
d
s
to
th
e
sh
o
rt
d
is
ta
n
ce
a
m
p
li
tu
d
e
o
f

th
e
sc
a
tt
er
in
g
o
f
th
e
h
a
d
ro
n
ic
st
a
te
w
it
h
th
e
ta
rg
et
.
T
h
is
la
tt
er
te
rm

ca
n
b
e
ca
lc
u
la
te
d

in
p
Q
C
D
m
o
d
el
s
a
n
d
th
e
ex
ch
a
n
g
ed
co
lo
r
si
n
g
le
t
sy
st
em

is
a
t
h
ig
h
en
er
g
y
(o
r
sm
a
ll
x
)

u
su
a
ll
y
m
o
d
el
ed
a
s
a
g
lu
o
n
p
a
ir
o
r
a
g
lu
o
n
L
ip
a
to
v
la
d
d
er
.
T
h
e
o
b
ta
in
ed
a
m
p
li
tu
d
e
is

p
ro
p
o
rt
io
n
a
l
to
th
e
sq
u
a
re
o
f
th
e
g
lu
o
n
d
en
si
ty
in
th
e
p
ro
to
n
(x
g
(Q
2
;x
))
2
.
T
h
is
m
a
k
es

h
a
rd
v
ec
to
r
m
es
o
n
p
ro
d
u
ct
io
n
m
o
re
se
n
si
ti
v
e
to
va
ri
a
ti
o
n
s
in
th
e
g
lu
o
n
d
is
tr
ib
u
ti
o
n
th
a
n

th
e
in
cl
u
si
v
e
p
ro
ce
ss
,
w
h
ic
h
d
ep
en
d
s
o
n
ly
li
n
ea
rl
y
o
n
x
g
(x
;Q
2
).
S
ig
n
i�
ca
n
t
th
eo
re
ti
ca
l

u
n
ce
rt
a
in
ti
es
a
ri
se
d
u
e
to
th
e
ch
o
ic
e
o
f
th
e
sc
a
le
a
t
w
h
ic
h
th
e
g
lu
o
n
d
en
si
ty
is
p
ro
b
ed
,

th
e
p
a
ra
m
et
ri
za
ti
o
n
o
f
th
e
g
lu
o
n
d
is
tr
ib
u
ti
o
n
a
n
d
th
e
m
o
d
el
li
n
g
o
f
th
e
v
ec
to
r
m
es
o
n
w
av
e

fu
n
ct
io
n
[4
2
].

p
Q
C
D
li
k
e
ca
lc
u
la
ti
o
n
s
ex
h
ib
it
so
m
e
g
en
er
a
l
co
m
m
o
n
fe
a
tu
re
s
:

�
T
h
e
cr
o
ss
se
ct
io
n
fo
r
h
a
rd
d
i�
ra
ct
iv
e
v
ec
to
r
m
es
o
n
p
ro
d
u
ct
io
n
is
re
la
te
d
to
th
e

sq
u
a
re
o
f
th
e
g
lu
o
n
d
en
si
ty
in
th
e
n
u
cl
eo
n
a
n
d
th
er
ef
o
re
p
ro
v
id
es
a
se
n
si
ti
v
e
p
ro
b
e

o
f
th
e
g
lu
o
n
co
n
te
n
t
in
th
e
ta
rg
et
.

�
T
h
e
cr
o
ss
se
ct
io
n
sh
o
u
ld
b
e
d
o
m
in
a
te
d
b
y
p
ro
d
u
ct
io
n
d
u
e
to
lo
n
g
it
u
d
in
a
ll
y
p
o
la
ri
ze
d

p
h
o
to
n
s
a
t
h
ig
h
Q
2
,
m
ea
n
in
g
th
a
t
R
=
�
L
=
�
T

sh
o
u
ld
in
cr
ea
se
w
it
h
Q
2

to
va
lu
es

a
b
ov
e
u
n
it
y.

�
A
t
h
ig
h
Q
2
th
e
lo
n
g
it
u
d
in
a
l
cr
o
ss
se
ct
io
n
g
o
es
li
k
e
Q
�
6
.

�
T
h
e
v
ec
to
r
m
es
o
n
p
ro
d
u
ct
io
n
ra
ti
o
�
:
!
:
�
:
J
=
	
is
p
re
d
ic
te
d
to
b
e
9
:
1
:
2
:
8

d
ed
u
ce
d
fr
o
m

th
e
n
a
iv
e
S
U
(4
)

av
o
r
sy
m
m
et
ry
q
u
a
rk
co
u
n
ti
n
g
ru
le
s
ta
k
in
g
th
e

q
u
a
rk
ch
a
rg
es
in
to
a
cc
o
u
n
t.
A
t
lo
w
Q
2
th
is
ra
ti
o
d
o
es
n
o
t
h
o
ld
d
u
e
th
e
su
p
p
re
ss
io
n
o
f

h
ea
v
ie
r
q
u
a
rk

av
o
rs
in
�
a
n
d
J
=
	
v
ec
to
r
m
es
o
n
s,
w
h
il
e
fo
r
h
ig
h
Q
2
th
e
p
ro
d
u
ct
io
n

m
ec
h
a
n
is
m

se
em
s
to
b
ec
o
m
e

av
o
r
in
d
ep
en
d
en
t
re
su
lt
in
g
in
a
re
st
o
ra
ti
o
n
o
f

av
o
r

sy
m
m
et
ry
.

2
.1
2
.1

T
h
e
R
y
s
k
in
M
o
d
e
l

T
h
e
m
o
d
el
p
ro
p
o
se
d
b
y
R
y
sk
in
in
[3
8
]
w
a
s
o
ri
g
in
a
ll
y
d
ev
el
o
p
ed
to
d
es
cr
ib
e
d
i�
ra
ct
iv
e
J
=
	

el
ec
tr
o
p
ro
d
u
ct
io
n
in
th
e
le
a
d
in
g
lo
g
(
1 x
)
a
p
p
ro
x
im
a
ti
o
n
(L
L
A
(
1 x
))
5
o
f
p
Q
C
D
.
D
u
e
to
th
e

h
ig
h
J
=
	
m
a
ss
p
ro
v
id
in
g
a
la
rg
e
en
o
u
g
h
sc
a
le
co
m
p
a
re
d
to
th
e
co
n
�
n
em
en
t
sc
a
le
�
Q
C
D

,

a
p
Q
C
D
ca
lc
u
la
ti
o
n
b
ec
o
m
es
fe
a
si
b
le
,
ev
en
a
t
lo
w
Q
2
.
In
th
e
B
o
rn
a
p
p
ro
x
im
a
ti
o
n
th
e

tw
o
d
ia
g
ra
m
s
sh
ow
n
in
�
g
u
re
2
.1
0
a
re
ta
k
en
in
to
a
cc
o
u
n
t.
T
h
e
v
ec
to
r
m
es
o
n
p
ro
d
u
ct
io
n

is
d
es
cr
ib
ed
v
ia
th
e
ex
ch
a
n
g
e
o
f
a
co
lo
rl
es
s
g
lu
o
n
la
d
d
er
,
w
h
ic
h
in
th
e
li
m
it
t
=
0
ca
n
b
e

m
o
d
el
ed
v
ia
th
e
p
ro
to
n
g
lu
o
n
d
is
tr
ib
u
ti
o
n
.

5
le
a
d
in
g
lo
g
(
1 x
):
�
s
(Q
2
)
ln
Q
2
�

1
a
n
d
�
s
(Q
2
)
ln
1 x

�

1
.



2
.1
2
P
e
r
tu
r
b
a
ti
v
e
Q
C
D

M
o
d
e
ls

3
3

F
ig
u
re
2
.1
0
:
L
ow
es
t
o
rd
er
d
ia
g
ra
m
s
ta
k
en
in
to
a
cc
o
u
n
t
in
th
e
R
y
sk
in
m
o
d
el
.
T
h
e
ex
-

ch
a
n
g
ed
v
ir
tu
a
l
p
h
o
to
n

u
ct
u
a
te
s
in
to
a
q
�q
p
a
ir
w
h
ic
h
su
b
se
q
u
en
tl
y
in
te
ra
ct
s
w
it
h
th
e

p
ro
to
n
v
ia
a
g
lu
o
n
la
d
d
er
.

T
h
e
m
o
d
el
u
se
s
a
n
o
n
-r
el
a
ti
v
is
ti
c
ch
a
rm
o
n
iu
m
co
n
st
it
u
en
t
q
u
a
rk
m
o
d
el
w
av
e
fu
n
ct
io
n

fo
r
th
e
J
=
	
sy
st
em
w
it
h
th
e
q
u
a
rk
a
n
d
a
n
ti
q
u
a
rk
ea
ch
h
av
in
g
a
m
o
m
en
tu
m
eq
u
a
l
to
h
a
lf

th
e
m
es
o
n
m
o
m
en
tu
m
.
T
h
e
o
b
ta
in
ed
cr
o
ss
se
ct
io
n
is

d
� d

t
(
�
p
!
V
p
)
=

� F2
g
N

(t
)� 2

�
2 s
(�q
2
)
�
V e
e
M
3 V

3
�
e
m

�
3

� �x
g
(�x
;
�q2
)

2
�q2
�
p
2 T

(2
�q2
)3

� 2�
1
+

Q
2

M
2 V

� :
(2
.8
8
)

T
h
e
cr
o
ss
se
ct
io
n
is
se
en
to
b
e
se
n
si
ti
v
e
to
th
e
sq
u
a
re
o
f
th
e
p
ro
to
n
g
lu
o
n
d
en
si
ty
p
ro
b
ed

a
t
th
e
e�
ec
ti
v
e
p
h
o
to
n
v
ir
tu
a
li
ty
a
n
d
fr
a
ct
io
n
a
l
g
lu
o
n
m
o
m
en
tu
m

�q2
=

Q
2
+
M
2 V

+
p
2 T

4

;

�x
=

4
�q2 s
:

(2
.8
9
)

w
h
er
e
p
T

is
th
e
v
ec
to
r
m
es
o
n
tr
a
n
sv
er
se
m
o
m
en
tu
m

w
it
h
re
sp
ec
t
to
th
e
v
ir
tu
a
l
p
h
o
to
n

d
ir
ec
ti
o
n
.

T
h
e
n
ew
ly
in
tr
o
d
u
ce
d
2
-g
lu
o
n
p
ro
to
n
fo
rm
fa
ct
o
r
F

2
g
N

(t
)
(w
it
h
F

2
g
N

(0
)
=
1
)
ta
k
es
in
to

a
cc
o
u
n
t
th
e
t
d
ep
en
d
en
ce
o
f
th
e
a
m
p
li
tu
d
e
a
n
d
ch
a
ra
ct
er
iz
es
th
e
co
rr
el
a
ti
o
n
s
b
et
w
ee
n
tw
o

g
lu
o
n
s
in
si
d
e
th
e
p
ro
to
n
.
T
h
is
fo
rm
fa
ct
o
r
re
m
a
in
s
u
n
m
ea
su
re
d
u
p
to
n
ow
a
n
d
is
u
su
a
ll
y

a
p
p
ro
x
im
a
te
d
b
y
th
e
el
ec
tr
o
m
a
g
n
et
ic
fo
rm
fa
ct
o
r.

T
h
e
la
st
te
rm
in
eq
u
a
ti
o
n
2
.8
8
a
ll
ow
s
th
e
p
ro
d
u
ct
io
n
v
ia
lo
n
g
it
u
d
in
a
l
p
o
la
ri
ze
d
p
h
o
to
n
s

w
it
h
�
L
=
�
T

�
Q
2
=M
2 V
.
T
h
e
a
m
p
li
tu
d
e
in
th
is
2
-g
lu
o
n
P
o
m
er
o
n
ex
ch
a
n
g
e
m
o
d
el
co
n
se
rv
es

th
e
in
it
ia
l
p
h
o
to
n
h
el
ic
it
y
a
n
d
fo
r
la
rg
e
Q
2
�
M
2 V

o
n
e
h
a
s
th
a
t
�
L

�
�
T
.

T
h
e
ca
lc
u
la
ti
o
n
w
a
s
ex
te
n
d
ed
b
ey
o
n
d
th
e
le
a
d
in
g
ln
Q
2
a
p
p
ro
x
im
a
ti
o
n
in
[3
9
].
S
ev
er
a
l

co
rr
ec
ti
o
n
s,
in
cl
u
d
in
g
re
la
ti
v
is
ti
c
e�
ec
ts
in
th
e
v
ec
to
r
m
es
o
n
w
av
e
fu
n
ct
io
n
d
u
e
to
F
er
m
i

m
o
ti
o
n
,
re
sc
a
tt
er
in
g
a
n
d
a
b
so
rp
ti
o
n
o
f
th
e
q
u
a
rk
-a
n
ti
q
u
a
rk
p
a
ir
a
n
d
n
ex
t-
to
-l
ea
d
in
g
o
rd
er

Q
C
D
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s,
w
er
e
es
ti
m
a
te
d
.
T
h
es
e
co
rr
ec
ti
o
n
s
p
a
rt
ia
ll
y
co
m
p
en
sa
te
ea
ch

o
th
er
a
n
d
b
ec
o
m
e
in
si
g
n
i�
ca
n
t
fo
r
W

.
2
0
G
eV
;
th
ey
le
av
e
th
e
cr
o
ss
se
ct
io
n
b
a
si
ca
ll
y

u
n
a
lt
er
ed
,
b
u
t
d
o
in
tr
o
d
u
ce
la
rg
e
n
o
rm
a
li
za
ti
o
n
u
n
ce
rt
a
in
ti
es
.

T
h
a
p
p
ro
a
ch
fo
ll
ow
ed
in
th
e
R
y
sk
in
m
o
d
el
is
su
p
p
o
rt
ed
b
y
th
e
H
1
m
ea
su
re
m
en
ts
o
f
th
e

J
=
	
re
a
l
p
h
o
to
p
ro
d
u
ct
io
n
cr
o
ss
se
ct
io
n
[4
0
].
T
h
e
cr
o
ss
se
ct
io
n
ex
h
ib
it
s
a
st
ro
n
g
in
cr
ea
se

w
it
h
en
er
g
y,
w
h
ic
h
is
co
m
p
a
ti
b
le
w
it
h
th
e
st
ro
n
g
ri
se
o
f
th
e
p
ro
to
n
st
ru
ct
u
re
fu
n
ct
io
n
a
t

lo
w
B
jo
rk
en
x
.

3
4

D
i�
r
a
c
ti
v
e
V
e
c
to
r
M
e
so
n
P
r
o
d
u
c
ti
o
n

In
p
ri
n
ci
p
le
th
e
R
y
sk
in
m
o
d
el
ca
n
a
ls
o
b
e
a
p
p
li
ed
to
le
p
to
p
ro
d
u
ct
io
n
o
f
li
g
h
te
r
v
ec
to
r

m
es
o
n
s.

2
.1
2
.2

T
h
e
M
o
d
e
l
o
f
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of the quarks in the vector meson leads to a signi�cant suppression of the cross section

towards lower Q2, which slows down the Q2 dependence. They claim that substantial

next-to-leading order corrections should be present in di�ractive vector meson production,

which requires a rescaling of the photon virtualityQ2 at which the gluon density is probed,

to an e�ective value Q2
eff
. For � production this results in a decrease of the cross section

Q2
eff

< Q2, while for J=	 production where Q2
eff

> Q2 one obtains an increase.

The production ratio of various di�erent vector mesons at large Q2 is predicted ac-

cording to equation 2.90 to be
�L(V1)

�L(V2)
����

t=0
=

MV1

MV2

�V1
ee

�V2ee
�2
V1

�2
V2

; (2.91)

making the ratios closely related to the vector meson wave functions. All dependence

on the quark masses is contained in the meson wave function and not in the scattering

amplitude. Using experimental values of the leptonic decay widths and estimates of �V [43]

one has according to equation 2.91

� : ! : � : J=	 = 9 : (1 � 0:8) : (2 � 1:0) : (8 � 1:9); (2.92)

predicting an approximate restoration of SU(4) avor symmetry. At asymptotically large

Q2 all q�q wave functions are expected to converge to a universal asymptotic wave function

with � = 3 giving

� : ! : � : J=	 = 9 : (1 � 0:8) : (2 � 1:2) : (8 � 3:5); (2.93)

resulting in a clear enhancement of heavy avor resonance production. Due to the larger

photon virtuality which enters the gluon distribution for heavy avor production, an

increase of the relative yield of heavy avor production with decreasing x is predicted.

2.12.3 The Model of Martin et al.

It is suggested by Martin, Ryskin and Teubner in [44] that any description of vector meson

production in terms of a convolution of the wave function of the q�q pair (produced by the

�) with the one of the vector meson, yields a prediction for the longitudinal cross section

consistent with the behavior of the data, while the transverse cross section is predicted

much too small and falls too rapidly with increasing Q2.

The authors present an alternative pQCD approach to � electroproduction based on

the production of open light q�q pairs and the parton-hadron duality assumption, where the

convolution with the � wave function is omitted. The parton-hadron duality hypothesis

states that the total hadron (�, !, . . . ) production cross section averaged over a mass

interval of typically 1 GeV2 is well represented by the partonic cross section. In the low

mass region containing the � meson, complicated partonic states (with e.g. additional

gluon emission) are suppressed, while on the hadronic side one mainly has 2� and some

3� states. The cross section is therefore modeled according to

�(�p! �p) � 0:9
X

q=u;d
Z
M2
high

M2
low

dM2 d�(
�p! (q�q)p)

dM2

; (2.94)
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p p

γ*
(1-z),-k

→
T

z,k
→
T

M2

Figure 2.11: The di�ractive production of an open light q�q pair with invariant mass M ,

as used in the model of Martin et al.. z and (1� z) are the momentum fractions of the

quark and antiquark relative to the virtual photon momentum. �kT denote the transverse

momenta of the quark and antiquark.

where the integration limits are chosen to span the � invariant mass region (e.g. 0:6 <

M < 1:05 GeV) with M2
high

�M2
low

� 1 GeV2 and where the factor 0.9 is introduced to

allow for ! production. The basic diagram in their calculation is depiced in �gure 2.11.

The virtual photon uctuates into a u�u or d �d pair, which then interacts hard with the

proton via the exchange of a 2-gluon system or gluon ladder. A long time after the

interaction the q�q pair is distorted by con�nement and has due to phase space restrictions

little alternative but to hadronize into a � meson.

Both the longitudinal and transverse part of the cross section are found to be propor-

tional to the square of the gluon density which is probed at a scale

K2 = z(1� z)Q2 + k2
T
; (2.95)

where z and 1 � z are the longitudinal momentum fractions of the quark and antiquark

relative to the virtual photon momentum and �kT are the transverse momenta of the

quark with respect to the direction of the virtual photon. This scale represents the

typical transverse distance probed in the process bT � 1=K.

The calculations are done under the assumption of s-channel helicity conservation and

for t = 0. The model has no explicit dependence on t and therefore an exponential behav-

ior exp(�bjtj) is added to the cross section with b = 5:5 GeV�2 as seen in experimental

data for large Q2.

Their prediction for the R ratio may be written as

�L
�T

=

Q2

M2
�


 + 1
�2

; (2.96)

with M the invariant mass of the q�q pair and  the e�ective anomalous dimension of the

gluon as de�ned by  � d ln(xg(x;K2)=d lnK2. This anomalous dimension is seen to
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decrease with increasing Q2 and therefore slows down the strong increase with Q2 of the

R ratio at high Q2.

The model su�ers from large normalization uncertainties on the predicted cross section.

One problem is the choice of the width of the invariant mass interval over which the parton-

hadron duality assumption has to be applied. Another one is the e�ect of virtual gluon

corrections to open q�q production, which lead to the so-called K factor enhancement

exp(�sCf�) with the color factor Cf = 4=3. The major ambiguity here is the choice of

the scale for �s. Nevertheless, the prediction of the R ratio is rather free of the above

uncertainties and should therefore, according to the authors, provide a valuable probe of

the gluon distribution g(x;K2) in the domain x � Q2=W and K2 . Q2=4.

2.12.4 The Model of Vanderhaeghen et al.

A calculation based on the OFPD framework for vector meson production in the valence

region (x � 0:3) is presented in [45, 46] by Vanderhaeghen, Guichon and Guidal. The

model is limited to the longitudinal cross section, as only there the factorization theorem

holds.
The �-dependent parametrization of Hq was based on using the product of the un-

polarized quark distribution (e.g. MRST98 [47]) with the appropriate form factor as in

equation 2.75. Contributions from Eq are always multiplied with the momentum transfer

� and can in the near-forward region be safely neglected. The dependence on the quark

content of the vector meson is taken into account via appropriate combinations of Hq, so

that di�erent vector meson avors probe di�erent quark avor combinations of unpolar-

ized OFPD's. The leading order amplitude corresponding to the diagram in �gure... (a)

is found to behave as 1=Q, resulting together with the kinematical phase factor going like

1=Q4, in a longitudinal cross section d�L=dt varying like 1=Q
6 for large Q2.

Corrections to the leading order amplitude due to the intrinsic transverse momentum

of the quarks in the meson wave function and the nucleon were estimated and lead to

a suppression of the cross section, especially at lower Q2. Also the contributions from

soft overlap mechanisms, where the meson is formed without the exchange of a gluon

between the quarks, were calculated as this can compete with the hard one-gluon exchange

amplitude at leading order. The overlap contribution to the longitudinal cross section was

found to drop approximately as 1=Q8 and was estimated to be an order of magnitude below

the hard contribution in the valence region at Q2 � 3 GeV2.

To allow comparison with experimental data at low x, a contribution due to pertur-

bative 2-gluon exchange as modeled in [42] (see paragraph 2.12.2) was also implemented

in their calculations. For small x the 2-gluon exchange mechanism will dominate as it

probes the gluon distribution. The quark exchange mechanism dominates in the valence

region as it is proportional to the quark distributions. This latter contribution also rises

towards lower x due to the quark sea distribution. However it remains lower than the

gluon exchange part.

The model predicts a �0
L
=!L ratio of about 5 : 1 in the valence region.
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2.12.5 The Model of Royen et al.

The model presented by Royen et al. in [48] is a lowest order pQCD calculation and

thus designed for high energy and Q2 values. However, it also seems to describe the

di�erential cross sections in the non-perturbative photoproduction region. The model

uses the factorization approach, where the process is pictured via the exchange of a pair

of gluons interacting with a q�q pair emerging from the photon as shown in �gure 2.12.

V V

P ’ P ’P P

k kk - k - 

γ ∗ γ ∗-V/2 + l -V/2 + l

V/2 + l V/2 + l

∆ ∆

Figure 2.12: The two diagrams for exclusive VM production via 2 gluon exchange as

implemented in the calculations of Royen et al.

In a �rst approach [49] the vector meson was modeled by its lowest Fock state (q�q)

with no Fermi momentum, where the quark and antiquark each carried half of the meson

four-momentum and had equal masses mq = MV =2. The proton was represented in a

constituent quark model by a form factor based on the sum of two dipole form factors.

The model could not predict any energy dependence, so that the latter was taken into

account via a Regge factor, which was found to be independent of Q2 and MV . The

di�ractive slope was described in terms of a contribution coming from the proton form

factor, the Regge factor (or Pomeron) and a part coming from the quark loop. This model

was able to correctly reproduce the cross section ratios for �, � and J=	 at both high and

low Q2 and to describe the dependence of the slopes on the mass of the vector meson.

However, it produced a transverse cross section falling like 1=Q8 at high Q2, giving an R

ratio rising linearly for all Q2, whereas experimental data indicates that the ratio reaches

a plateau at high Q2.

The lower part of the diagram mainly controls the energy and t dependence of the

process, whereas the upper loop is responsible for the helicity structure of the amplitude

and the Q2 dependence. Therefore, in a second approach the problem with the transverse

amplitude was addressed by reconsidering the upper part of the diagram. Instead of the

usual wave function formalism, the q�q ! V transition was now modeled as a 3-point

vertex function �(l2) with l being the relative quark four-momentum. The quark and

antiquark did no longer carry the same four-momentum and could now go o�-shell. By

doing so the vertex contained a pole in l, so that the integration over l2 in the quark loop

gave rise to two terms in the amplitude, one imaginary part coming from the discontinuity,

which was analogous to the amplitude obtained with the wave function formalism, and

one real contribution coming from the principle part of the amplitude. The latter behaved
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2.13.2 The Vector Meson Spin Density Matrix

The paragraphs above dealt with the lepton vertex only, leading to the spin density matrix

of the virtual photon. To come to the spin density matrix of the vector meson, we now

consider the hadron vertex corresponding to the scattering reaction �N ! V N . The

cross section for this process looks like

d��N!V N

dt d�

=

1

32�2(�2 +Q2)
2(1� �)

Q2

1
4

X
spins

jMj2; (2.109)

where the factor 2(1 � �)=Q2 is introduced to normalize to unit transverse photon ux.

The cross section can be rewritten in terms of the helicity amplitudes of Jacob and Wick,

describing the transfer of the photon helicity to the vector meson after summing over the

nucleon helicities

T�V �N0��N

=< �V �N 0 jj� j�N >; (2.110)

with j�=�1 = jx � ijy and j�=0 = jz, resulting in

d��N!V N

dt d�

=

1

32�2(�2 +Q2)
1

2
Tr

�
T�()T y

�
: (2.111)

The vector meson spin density matrix is then

�(V ) =
1

2
(T�()T y)=

Z
d�

2�
Tr(T�()T y); (2.112)

where a summation over the nucleon helicities is understood and the integral is used to

normalize the matrix. The density matrix can now also be decomposed into hermitian

matrices in a similar way as for the photon density matrix

�(V ) =

8X
�=0

���
�; (2.113)

with

��
�V �
0
V

=

1
2N�

X
�
N0 ;�N ;� ;�

0


T�V �N0��N

��
��
0


T �
�0
V

�
N0�

0
�N

; (2.114)

where the N� are normalization constants and the vector �� is a known function of �, �,

R = �L=�T , � and the lepton polarization vector. Each of these nine hermitian matrices

�� again represent production by di�erent virtual photon polarization states. � = 0

corresponds to unpolarized transverse photons, � = 1; 2 to the two directions of linear

polarization, � = 3 represents circular photons and � = 4 gives longitudinally polarized

photon production. � = 5 � � �8 provide the transverse/longitudinal interference part,

where only � = 5; 6 contribute for an unpolarized lepton beam, while a polarized lepton

beam gives the additional � = 7; 8 terms.

Due to parity conservation the following symmetry relation for the helicity amplitudes

holds

T��V ��N0����N

= (�1)(�V ��N0 )�(���N )T�V �N0��N

: (2.115)
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One can prove that as a consequence of the previous relation and the symmetry prop-

erties of the �� matrices, the vector meson spin density matrix elements de�ned by

equation 2.114 obey the symmetry relation

��
����0
=

�
(�1)���

0
��
��0
; � = 0; 1; 4; 5; 8;

�(�1)���
0
��
��0
, � = 2; 3; 6; 7:

(2.116)

2.13.3 Vector Meson Decay Angular Distribution

The �0 or ! vector meson are spin-1 objects and hence in their rest frame they carry a total

angular momentum J = L + S = 1. Due to angular momentum conservation, the decay

meson system also has J = 1. When looking at the most common decay modes, �0 ! 2�

and ! ! 3�, the decay particles have spin 0, meaning that the angular momentum L of

the decay system must be 1. When a vector meson decays, its spin-state will be reected

in the orbital angular momentum of the decay particles.

The decay distribution of the vector meson will be described in the vector meson rest

frame using the so-called s-channel helicity system, in which the quantization axis (z-axis)

is chosen opposite to the direction of the outgoing nucleon in the center-of-mass frame

(see �gure 2.13). The decay angles � and � are, in the case of the �0, de�ned as the

polar and azimuthal angle of one of the decay pions, where usually the �+ is taken. For

a three particle decay, one takes the polar and azimuthal angle of the unit vector along

the normal to the decay plane.

ρ

π− γ∗

Recoiling

target

π+

Θ φ
ρ0

Φ

T

e

e

γ∗

Figure 2.13: The de�nition of the angles used in the �0 vector meson polarization analysis.

� is the angle between the scattering plane and the hadron production plane. (�; �) are

the polar and azimuthal angle of the decay �+ in the vector meson rest frame in the

s-channel helicity system.

In the vector meson rest frame the decay angular distribution for the decay into 2 or

3 pseudoscalar mesons is given by

dN

d cos � d�
� W (cos �; �) =

X
�V �
0
V

< �; �jM j�V > �(V )�V �0V < �0
V

jM yj�; � >; (2.117)
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e
h
el
ic
it
y
o
f
th
e
p
h
o
to
n
a
n
d
v
ec
to
r
m
es
o
n

re
sp
ec
ti
v
el
y
th
a
t

jT
0
0
j>
jT
1
1
j>
jT
0
1
j>
jT
1
0
j>
jT
1
�
1
j;

(2
.1
3
5
)

w
h
er
e
jT
1
�
1
ji
s
a
ct
u
a
ll
y
to
o
sm
a
ll
to
b
e
co
m
p
u
te
d
.
In
th
e
H
E
R
A
k
in
em
a
ti
ca
l
re
g
io
n
8
th
e

m
o
d
el
p
re
d
ic
ts
th
a
t
jT
1
0
j
is
a
b
o
u
t
2
0
ti
m
es
sm
a
ll
er
th
a
n
jT
0
1
j,
w
h
ic
h
it
se
lf
is
a
fa
ct
o
r
3
0

sm
a
ll
er
th
a
n
jT
0
0
j.
T
h
ey
p
re
d
ic
t
a
ra
ti
o
o
f
h
el
ic
it
y

ip
to
n
o
n
-
ip
a
m
p
li
tu
d
es
o
f
1
4
�
0
:8
a
t

jt
j=
0
:1
4
G
eV
2
.
T
h
e
sp
in

ip
a
m
p
li
tu
d
es
T
0
1
a
n
d
T
1
0
va
n
is
h
w
h
en
th
e
F
er
m
i
m
o
m
en
tu
m
is

p
u
t
to
ze
ro
,
in
d
ic
a
ti
n
g
th
e
im
p
o
rt
a
n
ce
o
f
th
e
n
o
n
-z
er
o
F
er
m
i
m
o
m
en
tu
m
fo
r
th
es
e
h
el
ic
it
y

n
o
n
-c
o
n
se
rv
in
g
a
m
p
li
tu
d
es
.
In
th
e
li
m
it
o
f
Q
2
=
0
,
T
0
0
a
n
d
T
1
0
re
d
u
ce
to
ze
ro
,
w
h
er
ea
s

T
1
1

a
n
d
T
0
1

re
m
a
in
d
i�
er
en
t
fr
o
m

ze
ro
.
F
o
r
jt
j
�
0
,
a
ll
sp
in

ip
a
m
p
li
tu
d
es
ca
n
ce
l;
th
e

si
n
g
le

ip
a
m
p
li
tu
d
es
T
0
1
a
n
d
T
1
0
a
re
se
en
to
re
a
ch
th
ei
r
m
a
x
im
u
m
a
t
v
er
y
sm
a
ll
jt
j.
In

g
en
er
a
l
a
ll
a
m
p
li
tu
d
es
d
ec
re
a
se
w
it
h
in
cr
ea
si
n
g
jt
j.
F
o
r
la
rg
e
Q
2
th
ey
p
re
d
ic
t
th
a
t

T
0
1

T
0
0

/
p jt
j

Q

:

(2
.1
3
6
)

In
th
e
m
o
d
el
fr
o
m

Iv
a
n
ov
et
a
l.
[5
4
]
th
e
h
el
ic
it
y
a
m
p
li
tu
d
es
a
re
ca
lc
u
la
te
d
a
t
la
rg
e

Q
2

in
p
Q
C
D
a
n
d
a
re
p
ro
p
o
rt
io
n
a
l
to
th
e
g
lu
o
n
st
ru
ct
u
re
fu
n
ct
io
n
o
f
th
e
p
ro
to
n
.
A
ls
o

h
er
e,
th
e
si
n
g
le
-h
el
ic
it
y

ip
a
m
p
li
tu
d
es
re
q
u
ir
e
a
lo
n
g
it
u
d
in
a
l
F
er
m
i
m
o
ti
o
n
o
f
th
e
q
u
a
rk
s

a
n
d
va
n
is
h
in
th
e
n
o
n
-r
el
a
ti
v
is
ti
c
li
m
it
.
S
im
il
a
rl
y,
th
e
d
o
u
b
le
-h
el
ic
it
y

ip
a
m
p
li
tu
d
e
n
ee
d
s

tr
a
n
sv
er
se
F
er
m
i
m
o
ti
o
n
o
f
q
u
a
rk
s.
T
h
e
a
u
th
o
rs
�
n
d
th
e
le
a
d
in
g
s-
ch
a
n
n
el
h
el
ic
it
y
n
o
n
-

co
n
se
rv
in
g
e�
ec
t
to
b
e
a
n
in
te
rf
er
en
ce
b
et
w
ee
n
T
0
0

a
n
d
T
0
1
.
T
h
e
ca
lc
u
la
ti
o
n
s
a
re
a
ls
o

va
li
d
fo
r
h
ea
v
y
v
ec
to
r
m
es
o
n
s
a
n
d
th
e
a
u
th
o
rs
cl
a
im

th
a
t
th
e
co
n
cl
u
si
o
n
s
co
n
ce
rn
in
g

th
e
su
b
st
a
n
ti
a
l
s-
ch
a
n
n
el
h
el
ic
it
y
n
o
n
-c
o
n
se
rv
in
g
e�
ec
ts
sh
o
u
ld
h
o
ld
b
ey
o
n
d
th
e
p
Q
C
D

a
p
p
ro
a
ch
a
n
d
a
re
a
ls
o
a
p
p
li
ca
b
le
to
re
a
l
p
h
o
to
p
ro
d
u
ct
io
n
.
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E
R
A
k
in
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a
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'
m
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n
s
th
e
re
g
io
n
a
cc
es
si
b
le
fo
r
th
e
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ll
id
er
ex
p
er
im
en
ts
a
t
H
E
R
A
,
b
ei
n
g
H
1
a
n
d

Z
E
U
S
.



2
.1
4
M
e
a
su
r
e
m
e
n
ts
o
f
V
e
c
to
r
M
e
so
n
P
r
o
d
u
c
ti
o
n

4
7

2
.1
3
.7

D
o
u
b
le
P
o
la
r
iz
e
d
F
o
r
m
a
li
s
m

S
o
fa
r
w
e
h
av
e
o
n
ly
co
n
si
d
er
ed
th
e
ca
se
o
f
a
p
o
la
ri
ze
d
le
p
to
n
b
ea
m

sc
a
tt
er
in
g
o
n
a
n

u
n
p
o
la
ri
ze
d
ta
rg
et
.
T
h
e
fo
rm
a
li
sm
p
re
se
n
te
d
a
b
ov
e
ca
n
b
e
ex
te
n
d
ed
in
a
si
m
il
a
r
fa
sh
io
n

to
th
e
m
o
st
g
en
er
a
l
ca
se
o
f
a
p
o
la
ri
ze
d
b
ea
m
in
te
ra
ct
in
g
o
n
a
p
o
la
ri
ze
d
ta
rg
et
[5
2
].
In
th
is

ca
se
th
e
ex
p
re
ss
io
n
fo
r
th
e
(u
n
n
o
rm
a
li
ze
d
)
v
ec
to
r
m
es
o
n
sp
in
d
en
si
ty
m
a
tr
ix
is
(c
o
m
p
a
re

w
it
h
eq
u
a
ti
o
n
2
.1
1
3
a
n
d
2
.1
1
4
)

�
(V
)
=

8 X �
=
0

3 X �
=
0

�
�

� �
�
�
�
;

(2
.1
3
7
)

w
it
h �

�
�
�
V

�
0 V

=

X
�
N

0
;�
N

;�
0 N

;�

;�
0 

ei
�
(�

�
�
0 
)
T
�
V

�
N

0
�

�
N

�
(N
)� �
N

�
0 N

�
(
)� �

�
0 

T
� �
0 V

�
N

0
�
0 
�
0 N

:

(2
.1
3
8
)

�
is
th
e
a
n
g
le
b
et
w
ee
n
th
e
le
p
to
n
a
n
d
h
a
d
ro
n
p
la
n
e,
�
(N
)
a
n
d
�
(
)
a
re
th
e
n
u
cl
eo
n
a
n
d

v
ir
tu
a
l
p
h
o
to
n
sp
in
d
en
si
ty
m
a
tr
ix
re
sp
ec
ti
v
el
y
a
n
d
�
�

a
n
d
� �
a
re
k
n
ow
n
fu
n
ct
io
n
s.
J
u
st

li
k
e
b
ef
o
re
w
e
h
av
e
n
in
e
d
i�
er
en
t
p
o
la
ri
za
ti
o
n
st
a
te
s
�
fo
r
th
e
p
h
o
to
n
.
F
o
r
th
e
n
u
cl
eo
n

w
e
h
av
e
fo
u
r
:
u
n
p
o
la
ri
ze
d
�
=
0
,
tr
a
n
sv
er
se
p
o
la
ri
za
ti
o
n
in
th
e
p
ro
d
u
ct
io
n
p
la
n
e
�
=
1
,

p
o
la
ri
za
ti
o
n
n
o
rm
a
l
to
th
e
p
ro
d
u
ct
io
n
p
la
n
e
�
=
2
a
n
d
lo
n
g
it
u
d
in
a
l
p
o
la
ri
za
ti
o
n
�
=
3
.

T
h
e
fo
rm
a
li
sm
in
d
ic
a
te
s
th
a
t
in
ca
se
o
f
th
e
�
0
a
lo
n
g
it
u
d
in
a
ll
y
p
o
la
ri
ze
d
ta
rg
et
d
o
es

n
o
t
y
ie
ld
a
n
y
ex
tr
a
in
fo
rm
a
ti
o
n
a
s
co
m
p
a
re
d
to
a
n
u
n
p
o
la
ri
ze
d
ta
rg
et
.
A
tr
a
n
sv
er
se
ly

p
o
la
ri
ze
d
ta
rg
et
m
ay
h
el
p
to
st
u
d
y
u
n
n
a
tu
ra
l
p
a
ri
ty
ex
ch
a
n
g
e,
w
h
ic
h
in
th
e
li
m
it
o
f
lo
w

m
o
m
en
tu
m
tr
a
n
sf
er
jt
jc
a
n
b
e
id
en
ti
�
ed
w
it
h
o
n
e-
p
io
n
ex
ch
a
n
g
e.
A
p
o
la
ri
ze
d
le
p
to
n
b
ea
m

y
ie
ld
s
o
n
ly
a
d
d
it
io
n
a
l
in
fo
rm
a
ti
o
n
fo
r
n
a
tu
ra
l
p
a
ri
ty
ex
ch
a
n
g
e
p
ro
ce
ss
es
.
C
o
n
si
d
er
in
g

th
es
e
co
n
cl
u
si
o
n
s,
w
e
sh
a
ll
n
o
t
p
u
rs
u
e
th
is
d
o
u
b
le
p
o
la
ri
ze
d
fo
rm
a
li
sm
a
n
y
fu
rt
h
er
in
th
is

w
o
rk
.

2
.1
4

M
e
a
s
u
r
e
m
e
n
ts
o
f
V
e
c
to
r
M
e
so
n
P
r
o
d
u
c
ti
o
n

E
x
cl
u
si
v
e
li
g
h
t
v
ec
to
r
m
es
o
n
p
ro
d
u
ct
io
n
h
a
s
b
ee
n
st
u
d
ie
d
ex
p
er
im
en
ta
ll
y
in
th
e
p
a
st
b
y

m
a
n
y
d
i�
er
en
t
g
ro
u
p
s.
A
d
et
a
il
ed
ov
er
v
ie
w
o
f
th
e
ex
p
er
im
en
ta
l
d
a
ta
ta
k
en
b
ef
o
re
1
9
7
8
is

g
iv
en
in
[1
2
8
].
R
ef
er
en
ce
s
to
m
o
re
re
ce
n
t
v
ec
to
r
m
es
o
n
ex
p
er
im
en
ts
ca
n
b
e
fo
u
n
d
in
[5
5
].

P
h
o
to
p
ro
d
u
ct
io
n
m
ea
su
re
m
en
ts
w
it
h
p
h
o
to
n
en
er
g
ie
s
b
et
w
ee
n
2
a
n
d
1
8
G
eV
o
n
h
y
d
ro
-

g
en
�
x
ed
ta
rg
et
s
w
er
e
co
n
d
u
ct
ed
a
t
D
E
S
Y
,
S
L
A
C
,
C
o
rn
el
l
a
n
d
th
e
C
a
m
b
ri
d
g
e
E
le
ct
ro
n

A
cc
el
er
a
to
r.
E
le
ct
ro
-
a
n
d
m
u
o
p
ro
d
u
ct
io
n
o
f
li
g
h
t
v
ec
to
r
m
es
o
n
s
w
a
s
in
v
es
ti
g
a
te
d
u
p
to
Q
2

va
lu
es
o
f
a
b
o
u
t
2
G
eV
2
a
t
D
E
S
Y
,
S
L
A
C
a
n
d
C
o
rn
el
l.
H
ig
h
en
er
g
y
m
u
o
p
ro
d
u
ct
io
n
o
f
�
0

m
es
o
n
s
w
a
s
st
u
d
ie
d
b
y
th
e
C
H
IO
co
ll
a
b
o
ra
ti
o
n
a
t
F
N
A
L
,
b
y
E
M
C
a
n
d
N
M
C
a
t
C
E
R
N
.

M
o
re
re
ce
n
tl
y,
th
e
E
6
6
5
co
ll
a
b
o
ra
ti
o
n
a
t
F
N
A
L
st
u
d
ie
d
�
0
p
ro
d
u
ct
io
n
w
it
h
m
u
o
n
-p
ro
to
n

sc
a
tt
er
in
g
a
t
th
e
F
er
m
il
a
b
T
ev
a
tr
o
n
in
th
e
k
in
em
a
ti
ca
l
d
o
m
a
in
0
:1
5
<
Q
2
<
2
0
G
eV
2
a
n
d

9
:5
<
W

<
2
4
G
eV
.

T
h
e
m
a
in
co
m
m
o
n
fe
a
tu
re
s
o
f
li
g
h
t
v
ec
to
r
m
es
o
n
p
ro
d
u
ct
io
n
fo
u
n
d
b
y
th
es
e
p
a
st

m
ea
su
re
m
en
ts
ca
n
b
e
su
m
m
a
ri
ze
d
a
s
fo
ll
ow
s
:

�
A
t
sm
a
ll
va
lu
es
o
f
t,
th
e
cr
o
ss
se
ct
io
n
ex
h
ib
it
s
a
n
ex
p
o
n
en
ti
a
l
b
eh
av
io
r
d
�
=
d
t
/
e�
b
jt
j .

4
8

D
i�
r
a
c
ti
v
e
V
e
c
to
r
M
e
so
n
P
r
o
d
u
c
ti
o
n

�
A
t
lo
w
en
er
g
y,
th
e
cr
o
ss
se
ct
io
n
is
se
en
to
d
ec
re
a
se
w
it
h
en
er
g
y,
w
h
il
e
a
t
h
ig
h
en
er
g
y

th
e
cr
o
ss
se
ct
io
n
re
m
a
in
s
n
ea
rl
y
co
n
st
a
n
t
o
r
sh
ow
s
a
sm
a
ll
ri
se
.

�
T
h
e
d
a
ta
sa
ti
sf
y
th
e
s-
ch
a
n
n
el
h
el
ic
it
y
co
n
se
rv
a
ti
o
n
a
ss
u
m
p
ti
o
n
to
a
la
rg
e
ex
te
n
t.

O
n
ly
sm
a
ll
fr
a
ct
io
n
s
o
f
h
el
ic
it
y
n
o
n
-c
o
n
se
rv
in
g
a
m
p
li
tu
d
es
h
av
e
b
ee
n
fo
u
n
d
in
p
h
o
-

to
p
ro
d
u
ct
io
n
m
ea
su
re
m
en
ts
.

T
o
d
ay
v
ec
to
r
m
es
o
n
p
ro
d
u
ct
io
n
is
in
te
n
si
v
el
y
st
u
d
ie
d
b
y
th
e
Z
E
U
S
a
n
d
H
1
co
ll
a
b
o
ra
-

ti
o
n
a
t
D
E
S
Y
.
T
h
ey
re
p
o
rt
re
su
lt
s
sp
a
n
n
in
g
th
e
k
in
em
a
ti
ca
l
d
o
m
a
in
fr
o
m
p
h
o
to
p
ro
d
u
ct
io
n

u
p
to
Q
2
va
lu
es
o
f
a
b
o
u
t
5
0
G
eV
2
a
n
d
2
0
<
W

<
1
8
0
G
eV
.
H
E
R
M
E
S
m
ea
su
re
s
v
ec
to
r

m
es
o
n
p
ro
d
u
ct
io
n
a
t
D
E
S
Y
o
n
d
i�
er
en
t
li
g
h
t
a
n
d
h
ea
v
y
n
u
cl
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in
a
�
x
ed
ta
rg
et
in
th
e

en
er
g
y
ra
n
g
e
o
f
a
b
o
u
t
4
<
W

<
6
G
eV
w
it
h
p
h
o
to
n
v
ir
tu
a
li
ti
es
g
o
in
g
fr
o
m
q
u
a
si
-r
ea
l
u
p

to
ro
u
g
h
ly
5
G
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2
.



C
h
a
p
te
r
3

T
h
e
H
E
R
M
E
S
E
x
p
e
r
im
e
n
ta
l
S
e
tu
p

In
th
is
ch
a
p
te
r
th
e
H
E
R
M
E
S
ex
p
er
im
en
ta
l
se
tu
p
is
p
re
se
n
te
d
.
T
h
is
in
cl
u
d
es
a
d
es
cr
ip
ti
o
n

o
f
th
e
H
E
R
A
st
o
ra
g
e
ri
n
g
w
it
h
th
e
p
o
la
ri
ze
d
le
p
to
n
b
ea
m
,
th
e
H
E
R
M
E
S
in
te
rn
a
l
g
a
s

ta
rg
et
,
th
e
d
i�
er
en
t
co
m
p
o
n
en
ts
o
f
th
e
H
E
R
M
E
S
d
et
ec
to
r
a
n
d
th
e
d
a
ta
a
cq
u
is
it
io
n
sy
st
em
.

3
.1

T
h
e
H
E
R
A

S
to
r
a
g
e
R
in
g
F
a
c
il
it
y

T
h
e
le
p
to
n
b
ea
m

u
se
d
in
th
e
H
E
R
M
E
S
ex
p
er
im
en
t
is
p
ro
v
id
ed
b
y
th
e
H
E
R
A
st
o
ra
g
e

ri
n
g
,
w
h
ic
h
is
p
a
rt
o
f
th
e
D
E
S
Y
(D
eu
tc
h
es
E
le
k
tr
o
n
en
S
y
n
ch
ro
tr
o
n
)
a
cc
el
er
a
to
r
co
m
p
le
x

lo
ca
te
d
in
H
a
m
b
u
rg
(G
er
m
a
n
y
).
H
E
R
A
,
d
ep
ic
te
d
in
�
g
u
re
3
.1
,
is
a
n
u
n
d
er
g
ro
u
n
d
st
o
ra
g
e

ri
n
g
fa
ci
li
ty
w
h
ic
h
b
ec
a
m
e
o
p
er
a
ti
o
n
a
l
fo
r
p
a
rt
ic
le
p
h
y
si
cs
re
se
a
rc
h
in
1
9
9
2
.
T
h
e
H
E
R
A

tu
n
n
el
h
a
s
a
ci
rc
u
m
fe
re
n
ce
o
f
6
.3
k
il
o
m
et
er
s
a
n
d
li
es
a
b
o
u
t
1
0
to
2
5
m
u
n
d
er
th
e
g
ro
u
n
d
.
In

th
e
tu
n
n
el
th
er
e
a
re
tw
o
se
p
a
ra
te
a
cc
el
er
a
to
rs
;
o
n
e
b
ea
m
li
n
e
is
u
se
d
to
ci
rc
u
la
te
2
7
.5
G
eV

el
ec
tr
o
n
s
o
r
p
o
si
tr
o
n
s
in
o
n
e
d
ir
ec
ti
o
n
,
w
h
il
e
th
e
o
th
er
ri
n
g
co
n
ta
in
s
th
e
8
2
0
G
eV
p
ro
to
n
s1

g
o
in
g
th
e
o
p
p
o
si
te
w
ay
.
T
h
e
le
p
to
n
ri
n
g
m
a
g
n
et
s
co
n
ta
in
n
o
rm
a
l
co
n
d
u
ct
o
rs
,
w
h
il
e
fo
r

th
e
p
ro
to
n
ri
n
g
su
p
er
co
n
d
u
ct
in
g
m
a
g
n
et
s
a
re
n
ee
d
ed
w
h
ic
h
o
p
er
a
te
a
t
4
.4
K
.
B
o
th
H
E
R
A

b
ea
m
s
a
re
fe
d
b
y
th
e
P
E
T
R
A
(P
o
si
tr
o
n
-E
le
ct
ro
n
T
a
n
d
em
R
in
g
A
cc
el
er
a
to
r)
fa
ci
li
ty
w
h
ic
h

h
a
s
a
ci
rc
u
m
fe
re
n
ce
o
f
2
.3
k
il
o
m
et
er
a
n
d
n
ow
a
d
ay
s
m
a
in
ly
se
rv
es
a
s
a
p
re
a
cc
el
er
a
to
r2
.

P
E
T
R
A
it
se
lf
is
�
ll
ed
b
y
th
e
tw
o
sm
a
ll
er
D
E
S
Y
ri
n
g
s
a
n
d
tw
o
li
n
a
cs
.
In
ea
ch
o
f
th
e
fo
u
r

st
ra
ig
h
t
se
ct
io
n
s
a
lo
n
g
th
e
H
E
R
A
tu
n
n
el
a
n
ex
p
er
im
en
ta
l
h
a
ll
w
it
h
a
n
in
te
ra
ct
io
n
zo
n
e
w
a
s

b
u
il
d
,
ea
ch
h
o
u
si
n
g
a
d
i�
er
en
t
ex
p
er
im
en
t.
T
w
o
o
f
th
em
,
Z
E
U
S
a
n
d
H
1
,
u
se
th
e
H
E
R
A

st
o
ra
g
e
ri
n
g
in
co
ll
id
er
m
o
d
e.
B
o
th
ex
p
er
im
en
ts
ca
m
e
o
n
li
n
e
in
1
9
9
2
a
n
d
st
u
d
y
h
ig
h
en
er
g
y

d
ee
p
-i
n
el
a
st
ic
el
ec
tr
o
n
-p
ro
to
n
sc
a
tt
er
in
g
a
n
d
p
h
o
to
p
ro
d
u
ct
io
n
p
ro
ce
ss
es
in
a
v
er
y
b
ro
a
d

k
in
em
a
ti
ca
l
ra
n
g
e.
T
h
e
o
th
er
tw
o
,
H
E
R
M
E
S
a
n
d
H
E
R
A
-B
,
a
re
�
x
ed
-t
a
rg
et
ex
p
er
im
en
ts
.

1
A
s
o
f
1
9
9
8
H
E
R
A
w
a
s
a
b
le
to
ra
m
p
th
e
p
ro
to
n
b
ea
m
u
p
to
9
2
0
G
eV
a
ft
er
so
m
e
m
o
d
i�
ca
ti
o
n
s
to
th
e

ri
n
g
sy
st
em
.

2
W
h
en
P
E
T
R
A
w
a
s
st
il
l
u
se
d
a
s
a
n
el
ec
tr
o
n
-p
o
si
tr
o
n
co
ll
id
er
,
ex
p
er
im
en
ta
l
ev
id
en
ce
fo
r
th
e
ex
is
te
n
ce

o
f
g
lu
o
n
s
w
a
s
g
iv
en
in
1
9
7
9
b
y
th
e
M
A
R
K
-J
,
P
L
U
T
O
,
T
A
S
S
O
a
n
d
J
A
D
E
co
ll
a
b
o
ra
ti
o
n
s
w
it
h
th
e
d
is
co
v
er
y

o
f
3
-j
et
ev
en
t
to
p
o
lo
g
ie
s
[5
6
].

5
0

T
h
e
H
E
R
M
E
S
E
x
p
e
r
im
e
n
ta
l
S
e
tu
p

T
h
e
la
tt
er
o
n
e
w
a
s
in
it
ia
te
d
in
1
9
9
5
to
st
u
d
y
C
P
v
io
la
ti
o
n
in
B
-m
es
o
n
sy
st
em
s
a
n
d
u
se
s
th
e

h
a
lo
o
f
th
e
H
E
R
A
p
ro
to
n
b
ea
m
to
sc
a
tt
er
o
n
ta
rg
et
w
ir
es
.
H
E
R
M
E
S
b
ec
a
m
e
o
p
er
a
ti
o
n
a
l

in
1
9
9
5
a
n
d
u
ti
li
se
s
o
n
ly
th
e
H
E
R
A
le
p
to
n
b
ea
m

to
sc
a
tt
er
o
n
a
n
in
te
rn
a
l
g
a
s
ta
rg
et
,

w
h
il
e
th
e
p
ro
to
n
b
ea
m
li
n
e
p
a
ss
es
th
ro
u
g
h
th
e
d
et
ec
to
r
w
it
h
o
u
t
in
te
ra
ct
io
n
.

F
ig
u
re
3
.1
:
T
h
e
D
E
S
Y
a
cc
el
er
a
to
r
co
m
p
le
x
.
S
h
ow
n
is
th
e
H
E
R
A
co
ll
id
er
w
it
h
th
e
p
ro
to
n

a
n
d
el
ec
tr
o
n
/
p
o
si
tr
o
n
st
o
ra
g
e
ri
n
g
s
a
n
d
th
e
fo
u
r
ex
p
er
im
en
ta
l
h
a
ll
s,
w
h
er
e
th
e
H
E
R
M
E
S

d
et
ec
to
r
is
lo
ca
te
d
in
th
e
E
a
st
H
a
ll
.
A
ls
o
sh
ow
n
a
re
th
e
sm
a
ll
er
b
o
o
st
er
ri
n
g
s
to
g
et
h
er

w
it
h
th
e
sy
n
ch
ro
tr
o
n
ra
d
ia
ti
o
n
fa
ci
li
ti
es
(D
O
R
IS
/
H
A
S
Y
L
A
B
).

T
h
e
H
E
R
A
ri
n
g
w
a
s
st
a
rt
ed
u
p
a
s
a
n
el
ec
tr
o
n
-p
ro
to
n
co
ll
id
er
.
H
ow
ev
er
,
th
e
n
eg
a
ti
v
el
y

ch
a
rg
ed
el
ec
tr
o
n
b
ea
m
te
n
d
s
to
a
tt
ra
ct
p
o
si
ti
v
el
y
io
n
iz
ed
d
u
st
in
it
s
p
a
th
a
n
d
th
e
li
fe
ti
m
e

o
f
th
e
b
ea
m
is
se
v
er
el
y
li
m
it
ed
d
u
e
to
B
re
m
ss
tr
a
h
lu
n
g
lo
ss
es
.
D
u
ri
n
g
th
e
1
9
9
5
-9
7
ru
n
n
in
g

th
e
m
a
ch
in
e
w
a
s
th
er
ef
o
re
o
p
er
a
te
d
w
it
h
p
o
si
tr
o
n
s.
Im
p
ro
v
em
en
ts
in
th
e
va
cu
u
m
sy
st
em

a
ll
ow
ed
to
sw
it
ch
b
a
ck
to
el
ec
tr
o
n
ru
n
n
in
g
fr
o
m

1
9
9
8
o
n
.
A
t
H
E
R
M
E
S
en
er
g
ie
s
m
o
st

sc
a
tt
er
in
g
p
ro
ce
ss
es
a
re
d
o
m
in
a
te
d
b
y
o
n
e-
p
h
o
to
n
ex
ch
a
n
g
e
in
lo
w
es
t
o
rd
er
a
n
d
th
e
ch
a
rg
e

o
f
th
e
th
e
b
ea
m
m
a
k
es
n
o
d
i�
er
en
ce
3
O
n
th
e
co
n
tr
a
ry
el
ec
tr
o
-w
ea
k
p
ro
ce
ss
es
w
h
ic
h
ca
n

b
e
p
ro
b
ed
a
t
h
ig
h
er
en
er
g
ie
s
li
k
e
fo
r
th
e
Z
E
U
S
a
n
d
H
1
ex
p
er
im
en
t,
a
re
se
n
si
ti
v
e
to
th
e

le
p
to
n
b
ea
m
ch
a
rg
e.

T
h
e
p
o
si
tr
o
n
s
in
th
e
H
E
R
A
le
p
to
n
b
ea
m
w
er
e
st
o
re
d
in
1
8
9
in
d
iv
id
u
a
l
b
u
n
ch
es
w
h
ic
h

h
a
d
a
9
6
n
s
(2
9
m
)
se
p
a
ra
ti
o
n
a
n
d
w
er
e
a
rr
a
n
g
ed
in
3
b
u
n
ch
tr
a
in
s.
H
E
R
A

ra
n
1
7
4

co
ll
id
in
g
b
u
n
ch
es
a
n
d
1
5
n
o
n
-c
o
ll
id
in
g
o
r
so
-c
a
ll
ed
p
il
o
t
le
p
to
n
b
u
n
ch
es
,
w
h
ic
h
w
er
e
u
se
d

in
b
a
ck
g
ro
u
n
d
st
u
d
ie
s
fo
r
th
e
co
ll
id
er
ex
p
er
im
en
ts
.
E
a
ch
le
p
to
n
b
u
n
ch
w
a
s
2
7
p
s
(8
m
m
)

lo
n
g
a
n
d
co
n
ta
in
ed
a
b
o
u
t
2
.9
�1
0
1
0

p
a
rt
ic
le
s.
T
h
e
av
er
a
g
e
li
fe
ti
m
e
o
f
th
e
p
o
si
tr
o
n
b
ea
m

3
A
n
ex
a
m
p
le
w
h
er
e
th
e
ch
a
rg
e
o
f
th
e
le
p
to
n
b
ea
m

p
la
y
s
a
ro
le
is
d
ee
p
v
ir
tu
a
l
C
o
m
p
to
n
sc
a
tt
er
in
g
.



3
.2
B
e
a
m

P
o
la
r
iz
a
ti
o
n
a
t
H
E
R
M
E
S

5
1

p
-r
in
g

e-
ri
n
g

U
n
it

N
o
m
in
a
l
en
er
g
y

8
2
0

3
0
(2
7
.5
)

G
eV

c.
m
.s
.
en
er
g
y

3
1
4
(3
0
0
)

G
eV

M
a
x
im
u
m
m
o
m
en
tu
m
tr
a
n
sf
er

9
8
4
0
0
(9
0
2
0
0
)

G
eV
2

lu
m
in
o
si
ty

1
.5
(1
.4
)
�1
0
3
1

cm
�
2
s�
1

N
u
m
b
er
o
f
in
te
ra
ct
io
n
zo
n
es

4

C
ro
ss
in
g
a
n
g
le

0

�

C
ir
cu
m
fe
re
n
ce

6
3
3
6

m

B
en
d
in
g
ra
d
iu
s

5
8
8

6
0
8

m

M
a
g
n
et
ic
�
el
d

4
.6
5

0
.1
6
5

T

E
n
er
g
y
ra
n
g
e

3
0
0
-8
2
0

1
0
-3
3

G
eV

In
je
ct
io
n
en
er
g
y

4
0

1
2

G
eV

A
v
er
a
g
e
in
je
ct
ed
cu
rr
en
t

1
6
3
(7
6
)

5
8
(3
6
)

m
A

N
u
m
b
er
o
f
b
u
n
ch
b
u
ck
et
s

2
2
0

N
u
m
b
er
o
f
st
o
re
d
b
u
n
ch
es

2
1
0
(1
8
0
)

2
1
0
(1
8
9
)

N
u
m
b
er
o
f
p
a
rt
ic
le
s
p
er
b
u
n
ch

1
0
(7
.7
)

3
.6
(2
.9
)

1
0
1
0

B
u
n
ch
le
n
g
th

1
1

0
.8

cm

T
im
e
b
et
w
ee
n
co
ll
is
io
n
s

9
6

n
s

T
a
b
le
3
.1
:
T
h
e
m
a
in
H
E
R
A
d
es
ig
n
p
a
ra
m
et
er
s.
T
h
e
n
u
m
b
er
s
in
b
ra
ck
et
s
g
iv
e
th
e
a
tt
a
in
ed

va
lu
es
fo
r
th
e
1
9
9
5
-9
7
ru
n
n
in
g
.

w
a
s
a
ro
u
n
d
1
0
h
o
u
rs
.
T
h
e
m
a
in
ch
a
ra
ct
er
ic
s
o
f
th
e
H
E
R
A
st
o
ra
g
e
ri
n
g
a
re
su
m
m
a
ri
ze
d

in
ta
b
le
3
.1
.

3
.2

B
e
a
m

P
o
la
r
iz
a
ti
o
n
a
t
H
E
R
M
E
S

In
th
is
se
ct
io
n
w
e
d
is
cu
ss
th
e
b
u
il
d
-u
p
o
f
th
e
H
E
R
A
le
p
to
n
b
ea
m

p
o
la
ri
za
ti
o
n
to
g
et
h
er

w
it
h
th
e
m
o
st
im
p
o
rt
a
n
t
d
ep
o
la
ri
za
ti
o
n
e�
ec
ts
.
A
sh
o
rt
d
es
cr
ip
ti
o
n
is
g
iv
en
o
f
th
e
H
E
R
A

sp
in
ro
ta
to
rs
w
h
ic
h
ro
ta
te
th
e
le
p
to
n
b
ea
m
sp
in
fr
o
m
th
e
tr
a
n
sv
er
se
in
to
th
e
lo
n
g
it
u
d
in
a
l

d
ir
ec
ti
o
n
fo
r
th
e
H
E
R
M
E
S
ex
p
er
im
en
t.
T
h
e
se
ct
io
n
is
co
n
cl
u
d
ed
w
it
h
a
d
is
cu
ss
io
n
o
f
th
e

tw
o
le
p
to
n
b
ea
m
p
o
la
ri
m
et
er
s.

3
.2
.1

S
p
o
n
t
a
n
e
o
u
s
P
o
la
r
iz
a
t
io
n
in
S
t
o
r
a
g
e
R
in
g
s

E
le
ct
ro
n
s
o
r
p
o
si
tr
o
n
s
in
a
st
o
ra
g
e
ri
n
g
em
it
sy
n
ch
ro
tr
o
n
ra
d
ia
ti
o
n
u
n
d
er
th
e
in

u
en
ce

o
f
th
e
m
a
g
n
et
s
in
th
e
a
cc
el
er
a
to
r.
T
er
n
ov
,
L
o
st
u
k
ov
a
n
d
K
o
ro
v
in
a
[5
7
]
d
is
co
v
er
ed
th
a
t

th
is
ra
d
ia
ti
o
n
p
ro
ce
s
sl
ig
h
tl
y
d
ep
en
d
s
o
n
th
e
in
it
ia
l
sp
in
st
a
te
o
f
th
e
le
p
to
n
.
It
co
n
ta
in
s
a

sm
a
ll
a
sy
m
m
et
ri
c
sp
in
-
ip
a
m
p
li
tu
d
e
th
a
t
en
h
a
n
ce
s
th
e
p
o
la
ri
za
ti
o
n
st
a
te
w
h
er
e
th
e
sp
in

o
f
th
e
p
o
si
tr
o
n
(e
le
ct
ro
n
)
is
p
a
ra
ll
el
(a
n
ti
-p
a
ra
ll
el
)
to
th
e
m
a
g
n
et
ic
�
el
d
o
f
th
e
ri
n
g
.
T
h
is

p
h
en
o
m
en
o
n
re
su
lt
s
in
a
n
a
tu
ra
l
b
u
il
d
-u
p
o
f
tr
a
n
sv
er
se
p
o
la
ri
za
ti
o
n
in
st
o
ra
g
e
ri
n
g
s.

5
2

T
h
e
H
E
R
M
E
S
E
x
p
e
r
im
e
n
ta
l
S
e
tu
p

T
h
e
le
p
to
n
b
ea
m
tr
a
n
sv
er
se
p
o
la
ri
za
ti
o
n
P
is
d
e�
n
ed
a
s

P
=

N
#

�
N
"

N
#

+
N
"
;

(3
.1
)

w
h
er
e
N
"
(N
#
)
st
a
n
d
s
fo
r
th
e
n
u
m
b
er
o
f
le
p
to
n
s
w
it
h
sp
in
p
a
ra
ll
el
(a
n
ti
-p
a
ra
ll
el
)
to
th
e

m
a
g
n
et
ic
�
el
d
in
th
e
ri
n
g
.
S
o
k
o
lo
v
a
n
d
T
er
n
ov
[5
8
]
ca
lc
u
la
te
d
th
e
ra
te
o
f
p
h
o
to
n
em
is
si
o
n

in
a
co
n
st
a
n
t,
u
n
if
o
rm

m
a
g
n
et
ic
�
el
d
fo
r
a
n
el
ec
tr
o
n
w
it
h
g
iv
en
in
it
ia
l
a
n
d
�
n
a
l
sp
in

st
a
te
in
th
e
d
ir
ec
ti
o
n
p
a
ra
ll
el
o
r
a
n
ti
-p
a
ra
ll
el
to
th
e
m
a
g
n
et
ic
�
el
d
.
T
h
e
ra
d
ia
ti
o
n
p
ro
ce
ss

a
cc
o
m
p
a
n
ie
d
b
y
a
sp
in
-
ip
is
su
p
p
re
ss
ed
b
y
a
b
o
u
t
1
0
o
rd
er
s
o
f
m
a
g
n
it
u
d
e
a
s
co
m
p
a
re
d

to
th
e
n
o
n
-
ip
ra
d
ia
ti
o
n
.
H
ow
ev
er
,
th
e
a
sy
m
m
et
ry
in
th
e
sm
a
ll
sp
in
-
ip
a
m
p
li
tu
d
e
is

q
u
it
e
la
rg
e
a
n
d
le
a
d
s
to
a
b
u
il
d
-u
p
o
f
th
e
p
o
la
ri
za
ti
o
n
.
T
h
e
re
su
lt
in
g
tr
a
n
sv
er
se
d
eg
re
e
o
f

p
o
la
ri
za
ti
o
n
fo
r
a
n
id
ea
l
p
la
n
a
r
ri
n
g
ca
n
th
en
b
e
co
m
p
u
te
d
,
w
h
ic
h
le
a
d
s
to
th
e
ex
p
o
n
en
ti
a
l

la
w
fo
r
th
e
ri
se
o
f
th
e
p
o
la
ri
za
ti
o
n
in
ti
m
e

P
(t
)
=
P
S
T

�� 1
�
e�

t

�
S
T

� ;

(3
.2
)

w
it
h
P
S
T

th
e
S
o
k
o
lo
v
-T
er
n
ov
a
sy
m
p
to
ti
c
d
eg
re
e
o
f
p
o
la
ri
za
ti
o
n
eq
u
a
l
to
8

p
3
=
1
5
�
9
2
:4
%
,

co
rr
es
p
o
n
d
in
g
to
th
e
a
sy
m
m
et
ry
in
th
e
sp
in
-
ip
a
m
p
li
tu
d
e,
a
n
d
th
e
ch
a
ra
ct
er
is
ti
c
p
o
la
r-

iz
a
ti
o
n
ri
se
ti
m
e

� S
T

=

8
m
e

5
p
3
r e
~
c2

�
3


5

(3
.3
)

w
it
h
r e
th
e
cl
a
ss
ic
a
l
el
ec
tr
o
n
ra
d
iu
s,

=
E
=
m
e

w
it
h
E
th
e
b
ea
m
en
er
g
y
a
n
d
�
th
e
b
en
d
in
g

ra
d
iu
s
in
th
e
m
a
g
n
et
ic
�
el
d
.
F
o
r
th
e
H
E
R
A
st
o
ra
g
e
ri
n
g
th
is
g
iv
es
a
p
o
la
ri
za
ti
o
n
ri
se
ti
m
e

o
f
a
b
o
u
t
4
0
m
in
u
te
s.

T
h
e
re
su
lt
s
g
iv
en
a
b
ov
e
ca
n
b
e
g
en
er
a
li
ze
d
fo
r
m
o
re
re
a
li
st
ic
ri
n
g
s
w
h
er
e
th
e
sp
in

v
ec
to
rs
a
re
n
o
t
a
lw
ay
s
v
er
ti
ca
l
a
n
d
th
e
m
a
g
n
et
ic
�
el
d
s
ca
n
b
e
in
h
o
m
o
g
en
eo
u
s.
T
h
e
sp
in

d
y
n
a
m
ic
s
in
su
ch
m
a
g
n
et
ic
�
el
d
s
ca
n
b
e
d
es
cr
ib
ed
b
y
th
e
T
h
o
m
a
s-
B
a
rg
m
a
n
n
-M
ic
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3.2 Beam Polarization at HERMES 55

the photons and leptons are 100% polarized. The linearly polarized photon beam provided

by an argon ion laser delivering continuous green light at 514.5 nm, was converted by a

Pockels cell to a circularly polarized beam. During the measurements the polarization

helicity was ipped at 83.3 Hz. A system of remotely controlable mirrors transported

the photon beam over about 200 m to the interaction point in the HERA tunnel, where

a set of lenses focussed the photons onto the lepton beam with a crossing angle of 3.1

mrad. The backscattered photons, which could have energies up to about 13.8 GeV, were

measured in a position sensitive tungsten-scintillator calorimeter positioned about 65 m

away from the interaction point. It consisted of two optically decoupled halves symmetric

around the lepton beam plane. The polarimeter was operated in the single-photon method

meaning that the laser intensity was chosen low enough to detect only single photons. The

measured asymmetry of the shower development in the two halves and the total energy

deposit can be related to the vertical impact position and energy of the photon giving

access to the lepton polarization according to equation 3.9. The analyzing power of the

measurement was optimized by selecting the backscattered photon energy range where

the asymmetry is largest.

In 1997 the second HERMES polarimeter became fully operational, measuring directly

the longitudinal polarization in the region between the two spin rotators. The polarimeter

used the energy asymmetry of the Compton cross section on longitudinally polarized

leptons for circularly polarized photons. A pulsed Nd:YAG laser produced, with a Pockels

cell, circularly polarized photons at 532 nm. The photons were transported in an optical

system, similar to that of the transverse polarimeter, to the lepton beam interaction point

about 52 m downstream of the HERMES experiment. The backscattered photons were

detected in a calorimeter which was positioned about 54 m away from the interaction point

and consisted of 4 NaBi(WO4) �Cerenkov crystals. As the Bremsstrahlung background in

the area downstream of the HERMES target was too large, the polarimeter operated

in the multi-photon regime where over 103 backscattered photons may be generated per

laser pulse. One of the di�erences with the transverse polarimeter was e.g. that the

longitudinal one could measure the polarization of the individual lepton beam bunches.
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Figure 3.4: The rise time curves of the HERA lepton beam polarization as measured by

both the transverse and longitudinal Compton polarimeter.

56 The HERMES Experimental Setup

The exponential rise of the polarization to its asymptotic value can be seen in �gure 3.4,

where a comparison between measurements of the transverse and longitudinal polarimeter

is given. In the analysis the beam polarization was smoothed by a �t of an exponential, so

that the statistical uncertainty on the measurements could be neglected. The systematic

uncertainty on the measured beam polarization was 5.5 % in 1995, while 3.4 % for 1996-97.

3.3 The HERMES Internal Gas Target

Since the insertion of a liquid or solid target into the lepton beam is incompatible with

the running conditions of HERA, HERMES uses an internal gas target. This type of

target gives a high degree of nuclear polarization with at the same time a low dilution of

spectator nuclei. Moreover, the direction of the target polarization can be ipped rapidly,

reducing systematic uncertainties in the experiment. The target area is schematically

drawn in �gure 3.5.
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Figure 3.5: Diagram of the HERMES target region during the 1995 running period.

Shown is the target storage cell inside the vacuum chamber together with the target

optical monitor (TOM) and the collimator systems.

The HERMES target consisted of a windowless internal storage cell, where the lepton

beam passed through coaxially. The cell was a 29�9:8 mm elliptical cylinder with a length

of 550 mm made of about 100 micron aluminum. Only 400 mm of the tube was included

in the target region and the remaining 150 mm forms an extension on the spectrometer

side to ensure that particles leaving the target under small angles pass through the same

amount of material. The target gas was injected via a gas inlet tube in the central part

of the cell which con�nes the injected particles around the beam line. The chances of

interaction with the beam is increased by the high number of wall bounces of the target

gas particles before they leave the cell at the open ends. The resulting target thickness was

about two orders of magnitude larger than for a free gas jet crossing the beam [66]. As the

target density increases with decreasing cell temperature, the cell could be cryogenically

cooled down to 15 K by owing cold helium gas through the cell support structure. The
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equilibrium target density pro�le along the cell obtained by the injection of the gas in the

central part of the cell and the gas di�usion towards both ends, had a triangular shape

as shown in �gure 3.6.
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Figure 3.6: The event scattering vertex distribution in the target cell. Shown is the lon-

gitudinal vertex position, where the triangular shape is clearly visible, and the transverse

vertex distribution. The boundaries of the target cell are drawn on both �gures.

The cell was mounted within an aluminum vacuum chamber with a 0.3 mm stainless

steel exit window. A di�erential vacuum pumping system removed the target gas to

prevent degradation of the lepton ring vacuum. Two turbomolecular pumps maintained

a pressure level of 1:5 � 10�7 mbar in the target region. Three additional pump stations,

two upstream and one downstream, reduced the pressure to the level of the ring vacuum

of about 5 � 10�9 mbar.

A set of two collimators positioned upstream of the target protected the target cell

from synchrotron radiation emitted by the lepton beam. The �rst collimator C1 located

2 m upstream of the target consisted of a horizontal and a vertical movable piece and

shielded direct radiation. Collimator C2 which was slightly larger than C1, was �xed

and located just upstream of the cell. It was the smallest �xed aperture in the ring and

blocked secondary scattered radiation from the C1 collimator.

As the target cell had an open geometry it formed a discontinuity in the beam pipe

which could generate wake �elds causing energy loss in the beam with subsequent heating

in the target chamber [66]. Therefore thin-walled metallic meshes, so-called wake �eld

suppressors, were used to create a smoothly varying bore between the cell and the beam

pipe on the downstream end and the C2 collimator on the other end.

The target cell could basically hold any gas type. The maximal allowed target density

was restricted by the impact the target gas had on the lepton beam lifetime, where the

limit was set to 45 hours.

The polarized target systems actually consisted of a polarized gas source, the inter-

nal target storage cell, a magnetic holding �eld and a target polarimeter. In 1995 the

HERMES polarized 3He target was used, while for the 1996-97 running the system was
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exchanged with the polarized H-D target. Both systems had the possibility to introduce

unpolarized gas into the storage cell through a direct unpolarized gas feed system (UGFS).

In this way measurements on unpolarized H2, D2,
3He, N2 and Kr2 have been performed

with areal target gas densities up to about 1015 nucleons/cm2. Both target systems will

be discussed in the following sections.

3.3.1 The Polarized 3He Target

The polarized 3He target actually served as an e�ective polarized neutron target since

about 90% of the 3He wavefunction is in the S-state where the proton spin states com-

pensate each other and the total spin is generated by the neutron [67].
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Figure 3.7: The atomic energy levels of 3He relevant for the optical pumping. The

metastable 23S1 is populated by RF discharge, while circularly polarized light induces

the C8 and C9 transitions to the 23P0 state.

The 3He gas was polarized via metastability-exchange optical pumping [68] in a cubic

quartz pumping cell with a volume of 705 cm3 and 0.635 cm thick walls. Figure 3.7

shows the relevant electron energy level structure in 3He. A small fraction (10�6) of

the 3He atoms is excited from the ground state 11S0 into the long-lived metastable 23S1

state by a radio-frequency (RF) discharge from two square electrodes on opposite sides

of the cell. An infrared laser system with a La:85Nd:15MgAl11O19 (LNA) crystal lasing

medium provided circulary polarized light at 1.083 �m to induce transitions between the

23S1 and 23P0 state. The angular momentum of the polarized photons is transferred

to the metastable atoms which become polarized. Right-handed (left-handed) circularly

polarized light incident upon the 3He gas along a weak applied magnetic �eld induces
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Figure 3.9: The polarized H-D target consisting of the atomic beam source (ABS), Breit-

Rabi polarimeter (BRP) and the target gas analyzer (TGA).
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Figure 3.10: Hyper�ne splitting of hydrogen. The energy is plotted in units of the hyper-

�ne splitting energy EH
HFS

= 1420:4 MHz versus the magnetic �eld strength in units of

the critical �eld BH
C

= 50:7 mT.

Here 1� �0 is the initial fraction of protons which enter the cell in molecules with �0 =

0:99 � 0:01. The dominant source for these molecules are the residual gas in the target

chamber and the ow of undissociated hydrogen in the ABS. 1��r represents the fraction

of atoms that recombine to molecules in the cell, where �r = 0:88 � 0:03 during 1996

and �r = 0:93 � 0:04 for 1997. � speci�es the nuclear polarization of these recombined

molecules relative to the atomic nuclear polarization given by P atom

T

. This molecular

polarization is basically unknown and leads to a systematic uncertainty of the target

polarization value. Additional information on the molecular polarization was obtained by

performing an inclusive asymmetry Ak measurement sensitive to the nucleon polarization

for a high and low value of �TGA
r

. This constrained the range for the molecular polarization

to 0:25 � � � 1:0 for a nominal cell temperature of 100 K [70].

In general the quantities �TGA
r

and PBRP for the gas sample as measured by the TGA

and BRP respectively, di�er from the actual quantities which are seen by the lepton

beam. During the atomic di�usion spin relaxation by wall and spin exchange collisions
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and recombination will change the atomic fraction and the polarization of the target gas.

Therefore one needs to introduce sampling corrections as de�ned by

�r = c��
TGA

r

; (3.12)

P atom

T

= cPPBRP : (3.13)

which can be estimated by means of Monte Carlo simulations [70, 72]. The luminosity

monitor (see section 3.4.4) can be used to measure a large spin dependent Bhabba scat-

tering asymmetry of polarized beam positrons on polarized target electrons when electron

polarized atoms are injected in the cell. This asymmetry can be related to the electron

polarization as measured by the BRP and the �TGA
r

as seen by the TGA, which further

constrains the Monte Carlo models [73].

The proton polarization could be reversed on a timescale of a second, however during

data taking it was ipped every 45 s. The average nuclear polarization was 82 � 6:3 %

in 1996 and 88 � 4:5 % during 1997. The systematic uncertainty on the 1996 target

polarization was high due to the low value of �r. The average areal target density was

about 7 � 1013 nucleons/cm2 for an ABS atomic ux of 6:4 � 1016 nucleons/s.

3.4 The HERMES Spectrometer

The HERMES spectrometer was designed to measure both inclusive and semi-inclusive

scattering to study the nucleon spin structure functions. Apart from detecting scattered

leptons it also had to be able to measure hadronic particles formed in the various scattering

processes.

Figure 3.11 shows the sideview diagram of the HERMES spectrometer. The system

consisted of two identical halves located symmetrically above and below the HERA lepton

beamline. The proton beam pipe also passes in between the two halves, at a horizontal

distance of 72 cm from the lepton beam. The entire apparatus was mounted on a movable

platform which allowed the experiment to move out of the beamlines completely during

major HERA shutdown periods, when large service equipment and material had to enter

the tunnel in the East Hall.

The spectrometer was divided in three parts. The front region contained only tracking

devices which identify the scattering angles and trajectories of charged particles. The big

spectrometer magnet in the center bent these particles according to their momenta and

contained extra tracking chambers to match the tracks reconstructed in the front and

back region. The back region itself contained more tracking chambers and some trigger

and particle identi�cation detectors.

The HERMES coordinate system has the z-axis along the lepton beam direction, the

y-axis pointing vertically upwards and the x-axis pointing horizontally towards the outside

of the ring, which from the lepton beam point of view means to the left.

The di�erent components of the spectrometer will be discussed in the following para-

graphs. A more detailed description of the system can be found in [74] and references

therein.



3
.4
T
h
e
H
E
R
M
E
S
S
p
e
c
tr
o
m
e
te
r

6
3

1 02 -1 -2

0
1

2
3

4
5

6
7

8
m

m
D

R
IF

T
 C

H
A

M
B

E
R

S

L
U

M
IN

O
S

IT
Y

C
H

A
M

B
E

R
S

D
R

IF
T

V
C

 1
/2

F
C

 1
/2

V
E

R
T

E
X

 C
H

A
M

B
E

R
S

T
A

R
G

E
T

C
E

L
L

D
V

C

M
C

 1
-3

H
O

D
O

S
C

O
P

E
 H

0

M
O

N
IT

O
R

B
C

 1
/2

B
C

 3
/4

T
R

D
C

A
L

O
R

IM
E

T
E

R

T
R

IG
G

E
R

 H
O

D
O

S
C

O
P

E
 H

1

M
A

G
N

E
T

P
R

O
P

.
C

H
A

M
B

E
R

S

F
IE

L
D

 C
L

A
M

P
S

P
R

E
S

H
O

W
E

R
 (

H
2

)

C
E

R
E

N
K

O
V

S
T

E
E

L
 P

L
A

T
E

F
ig
u
re
3
.1
1
:
S
ch
em
a
ti
c
d
ra
w
in
g
o
f
th
e
H
E
R
M
E
S
sp
ec
tr
o
m
et
er
.
O
n
e
ca
n
se
e
th
e
ta
rg
et

ce
ll
,
th
e
tr
a
ck
in
g
ch
a
m
b
er
s,
th
e
sp
ec
tr
o
m
et
er
m
a
g
n
et
in
th
e
ce
n
te
r
a
n
d
th
e
tr
ig
g
er
a
n
d

p
a
rt
ic
le
id
en
ti
�
ca
ti
o
n
d
et
ec
to
rs
in
th
e
b
a
ck
re
g
io
n
.

3
.4
.1

T
r
a
c
k
in
g
D
e
t
e
c
t
o
r
s

T
h
e
H
E
R
M
E
S
tr
a
ck
in
g
sy
st
em
co
n
si
st
ed
in
th
e
fr
o
n
t
re
g
io
n
o
f
th
e
v
er
te
x
ch
a
m
b
er
s
(V
C
),

d
ri
ft
v
er
te
x
ch
a
m
b
er
s
(D
V
C
)
a
n
d
th
e
fr
o
n
t
ch
a
m
b
er
s
(F
C
).
T
h
es
e
d
et
ec
to
rs
p
ro
v
id
ed

th
e
ch
a
rg
ed
p
a
rt
ic
le
s
sc
a
tt
er
in
g
a
n
g
le
s,
th
e
ev
en
t
v
er
te
x
p
o
si
ti
o
n
s
a
n
d
p
o
ss
ib
le
d
is
p
la
ce
d

p
a
rt
ic
le
d
ec
ay
v
er
ti
ce
s.
T
h
e
m
a
in
sp
ec
tr
o
m
et
er
m
a
g
n
et
in
th
e
ce
n
te
r
p
ro
d
u
ce
d
a
d
e
ec
t-

in
g
p
ow
er
o
f

R B
d
l
=

1
:3
T
�m
b
en
d
in
g
th
e
ch
a
rg
ed
p
a
rt
ic
le
s
in
th
e
h
o
ri
zo
n
ta
l
p
la
n
e,

w
h
ic
h
w
a
s
u
se
d
fo
r
th
e
p
a
rt
ic
le
m
o
m
en
tu
m

d
et
er
m
in
a
ti
o
n
.
A
h
o
ri
zo
n
ta
l
se
p
tu
m

p
la
te

w
it
h
co
m
p
en
sa
to
r
co
il
s
w
a
s
m
o
u
n
te
d
in
th
e
m
id
d
le
o
f
th
e
m
a
g
n
et
in
th
e
b
ea
m

p
la
n
e
to

av
o
id
d
is
to
rt
io
n
s
o
f
th
e
H
E
R
A

b
ea
m
s
b
y
th
e
m
a
g
n
et
ic
�
el
d
.
In
si
d
e
th
e
sp
ec
tr
o
m
et
er

m
a
g
n
et
w
er
e
th
e
m
a
g
n
et
tr
a
ck
in
g
ch
a
m
b
er
s
w
h
ic
h
h
el
p
ed
to
m
a
tc
h
th
e
ch
a
rg
ed
p
a
rt
ic
le

tr
a
je
ct
o
ri
es
in
th
e
fr
o
n
t
re
g
io
n
a
n
d
th
e
b
a
ck
re
g
io
n
a
ft
er
d
e
ec
ti
o
n
in
th
e
d
ip
o
le
�
el
d
.

T
h
e
b
a
ck
re
g
io
n
co
n
ta
in
ed
th
e
b
a
ck
ch
a
m
b
er
s
w
h
ic
h
m
ea
su
re
d
th
e
d
e
ec
te
d
p
a
rt
ic
le
tr
a
-

je
ct
o
ri
es
b
eh
in
d
th
e
m
a
g
n
et
.
T
h
es
e
b
a
ck
w
a
rd
tr
a
ck
s
w
er
e
u
se
d
to
a
ss
o
ci
a
te
h
it
s
in
th
e

p
a
rt
ic
le
id
en
ti
�
ca
ti
o
n
d
et
ec
to
rs
to
th
e
re
co
n
st
ru
ct
ed
p
a
rt
ic
le
tr
a
je
ct
o
ri
es
a
n
d
to
m
ea
su
re

th
e
d
e
ec
ti
o
n
o
f
th
e
tr
a
je
ct
o
ri
es
in
th
e
m
a
g
n
et
y
ie
ld
in
g
th
e
p
a
rt
ic
le
s
m
o
m
en
ta
.

T
h
e
a
n
g
u
la
r
a
cc
ep
ta
n
ce
in
th
e
fr
o
n
t
re
g
io
n
w
a
s
4
0
m
ra
d
<
j�
y
j<
1
4
0
m
ra
d
a
n
d
j�
x
j<

1
7
0
m
ra
d
,
w
h
er
e
th
e
la
tt
er
w
a
s
in
cr
ea
se
d
b
eh
in
d
th
e
m
a
g
n
et
to
2
7
0
m
ra
d
.

T
h
e
tr
a
ck
in
g
ch
a
m
b
er
s
d
et
er
m
in
e
th
e
tr
a
ck
p
o
si
ti
o
n
s
u
si
n
g
w
ir
e
p
la
n
es
in
w
h
ic
h
th
e

p
o
si
ti
o
n
se
n
si
ti
v
it
y
is
a
lo
n
g
th
e
co
o
rd
in
a
te
p
er
p
en
d
ic
a
l
to
th
e
d
ir
ec
ti
o
n
o
f
th
e
w
ir
es
a
n
d

th
e
b
ea
m
.
T
h
e
h
o
ri
zo
n
ta
l
x
co
o
rd
in
a
te
w
a
s
m
ea
su
re
d
u
si
n
g
v
er
ti
ca
l
w
ir
e
p
la
n
es
,
w
h
il
e

p
la
n
es
w
it
h
w
ir
es
ti
lt
ed
3
0
�

ri
g
h
t
a
n
d
le
ft
d
e�
n
ed
u
a
n
d
v
co
o
rd
in
a
te
s
re
sp
ec
ti
v
el
y.
A

co
m
b
in
a
ti
o
n
o
f
p
la
n
es
w
it
h
d
i�
er
en
t
w
ir
e
o
ri
en
ta
ti
o
n
s
y
ie
ld
s
tr
a
je
ct
o
ry
sp
a
ce
p
o
in
ts
.

T
h
e
re
la
ti
v
e
p
o
si
ti
o
n
in
g
o
f
th
e
tr
a
ck
in
g
d
et
ec
to
rs
w
a
s
d
et
er
m
in
ed
d
u
ri
n
g
in
st
a
ll
a
ti
o
n

w
it
h
co
n
v
en
ti
o
n
a
l
o
p
ti
ca
l
m
ea
su
re
m
en
ts
.
A
�
n
e
tu
n
in
g
o
f
th
e
a
li
g
n
m
en
t
co
u
ld
b
e
d
o
n
e

6
4

T
h
e
H
E
R
M
E
S
E
x
p
e
r
im
e
n
ta
l
S
e
tu
p

b
y
st
u
d
y
in
g
tr
a
ck
re
si
d
u
a
ls
in
th
e
a
n
a
ly
si
s
o
f
d
a
ta
ta
k
en
w
it
h
th
e
sp
ec
tr
o
m
et
er
m
a
g
n
et

o
�
ca
u
si
n
g
a
ll
p
a
rt
ic
le
tr
a
je
ct
o
ri
es
to
b
e
st
ra
ig
h
t
li
n
es
.
T
h
e
re
la
ti
v
e
a
li
g
n
m
en
t
w
a
s
a
ls
o

co
n
ti
n
u
o
u
sl
y
m
o
n
it
o
re
d
b
y
th
e
la
se
r
a
li
g
n
m
en
t
sy
st
em
(s
ee
p
a
ra
g
ra
p
h
3
.4
.2
).

V
e
rt
e
x

D
ri
ft
V
e
rt
e
x

F
ro
n
t

M
a
g
n
e
t

B
a
ck

D
e
te
c
to
r

V
C
1

V
C
2

D
V
C

F
C
1

F
C
2

M
C
1

M
C
2

M
C
3

B
C
1
/
2

B
C
3
/
4

C
e
ll
d
e
si
g
n

m
ic
ro
-s
tr
ip
g
a
s

h
o
ri
z
o
n
ta
l
d
ri
ft

h
o
ri
z
o
n
ta
l
d
ri
ft

p
ro
p
o
rt
io
n
a
l

h
o
ri
z
o
n
ta
l
d
ri
ft

m
m

fr
o
m

ta
rg
e
t

7
3
1

9
6
5

1
1
0
0

1
5
3
0

1
6
5
0

2
7
2
5

3
0
4
7

3
3
6
9

4
0
5
5

5
8
0
0

A
c
ti
v
e
a
re
a

h
o
r.
(m
m
)

3
2
3

3
9
3

4
7
4

6
6
0

9
9
6

1
2
1
0

1
4
2
4

1
8
8
0

2
8
9
0

v
e
rt
.
(m
m
)

1
3
7

1
3
7

2
9
0

1
8
0

2
6
3

3
0
6

3
4
7

5
2
0

7
1
0

C
e
ll
w
id
th
(m
m
)

0
.1
9
3

6

7

2

1
5

C
h
a
m
b
e
r
g
a
s

D
M
E
/
N
E

A
r/
C
O
2
/
C
F
4

A
r/
C
O
2
/
C
F
4

A
r/
C
O
2
/
C
F
4

A
r/
C
O
2
/
C
F
4

G
a
s
m
ix
(%
)

5
0
/
5
0

9
0
/
5
/
5

9
0
/
5
/
5

6
5
/
3
0
/
5

9
0
/
5
/
5

N
u
m
b
e
r
o
f
m
o
d
u
le
s

1

1

1

1

1

1

1

1

2

2

M
o
d
u
le
c
o
n
�
g
.

V
U
X

X
V
U

X
X
'U
U
'V
V
'

U
U
'X
X
'V
V
'

U
X
V

U
U
'X
X
'V
V
'

C
h
a
n
n
e
ls
/
m
o
d
u
le

6
0
1
4

6
3
8
6

5
4
4

5
7
6

1
5
2
0

1
8
2
4

2
1
6
0

7
6
8

1
1
5
2

W
ir
e
s
in
X

p
la
n
e

1
6
7
4

2
0
4
6

8
0

9
6

4
9
6

6
0
8

7
2
0

1
2
8

1
9
2

W
ir
e
s
in
U
,V
p
la
n
e

2
1
7
0

9
6

9
6

5
1
2

6
0
8

7
2
0

1
2
8

1
9
2

R
a
d
.
le
n
./
m
o
d
.
(%
)

0
.8

0
.2
5

0
.0
7
5

0
.2
9

0
.2
6

R
e
so
l.
/
p
la
n
e
(�
m
)

6
5

2
2
0

2
2
5

7
0
0

2
7
5

3
0
0

R
e
a
d
o
u
t

d
ig
it
a
l
(A
P
C
)

T
D
C

T
D
C

d
ig
it
a
l
(P
C
O
S
)

T
D
C

T
a
b
le
3
.2
:
R
el
ev
a
n
t
p
ro
p
er
ti
es
o
f
th
e
tr
a
ck
in
g
ch
a
m
b
er
s

T
h
e
m
a
in
p
ro
p
er
ti
es
o
f
th
e
ch
a
m
b
er
s
a
re
li
st
ed
in
ta
b
le
3
.2
.
A
ll
tr
a
ck
in
g
d
ev
ic
es
w
il
l
b
e

d
is
cu
ss
ed
b
ri
e
y
in
th
e
fo
ll
ow
in
g
se
ct
io
n
s.
T
h
e
m
o
m
en
tu
m
re
so
lu
ti
o
n
o
b
ta
in
ed
w
it
h
th
is

tr
a
ck
in
g
sy
st
em
w
a
s
a
ro
u
n
d
1
%
ov
er
th
e
en
ti
re
k
in
em
a
ti
c
ra
n
g
e
o
f
th
e
ex
p
er
im
en
t,
w
h
il
e

th
e
u
n
ce
rt
a
in
ty
o
n
th
e
re
co
n
st
ru
ct
ed
sc
a
tt
er
in
g
a
n
g
le
w
a
s
b
el
ow
0
.6
m
ra
d
.
T
h
e
re
so
lu
ti
o
n

fo
r
th
e
k
in
em
a
ti
c
va
ri
a
b
le
s
x
a
n
d
Q
2
w
a
s
o
f
th
e
o
rd
er
o
f
4
-8
%
a
n
d
2
%
re
sp
ec
ti
v
el
y.

3
.4
.1
.1

T
h
e
V
e
r
te
x
C
h
a
m
b
e
r
s

T
h
e
v
er
te
x
ch
a
m
b
er
s
h
a
d
to
p
ro
v
id
e
a
h
ig
h
-p
re
ci
si
o
n
m
ea
su
re
m
en
t
o
f
th
e
sc
a
tt
er
in
g
a
n
g
le

a
n
d
th
e
v
er
te
x
p
o
si
ti
o
n
ov
er
th
e
fu
ll
a
cc
ep
ta
n
ce
o
f
th
e
sp
ec
tr
o
m
et
er
.
T
h
e
ch
a
m
b
er
s
w
er
e

p
o
si
ti
o
n
ed
d
ir
ec
tl
y
b
eh
in
d
th
e
ta
rg
et
ex
it
w
in
d
ow
,
w
h
ic
h
im
p
o
se
d
se
v
er
e
g
eo
m
et
ri
ca
l

co
n
st
ra
in
ts
,
a
n
d
th
ey
w
er
e
d
em
a
n
d
ed
to
o
p
er
a
te
in
th
e
p
re
se
n
ce
o
f
a
h
ig
h
b
a
ck
g
ro
u
n
d


u
x
.
T
h
es
e
re
q
u
ir
em
en
ts
co
u
ld
b
e
m
et
w
it
h
m
ic
ro
st
ri
p
g
a
s
ch
a
m
b
er
(M
S
G
C
)
te
ch
n
o
lo
g
y.

E
a
ch
V
C
p
la
n
e
co
n
si
st
ed
o
f
a
2
0
0
�
m

th
ic
k
g
la
ss
su
b
st
ra
te
a
t
a
d
is
ta
n
ce
o
f
3
m
m

fr
o
m
a
p
la
n
a
r
ca
th
o
d
e.
O
n
th
e
su
b
st
ra
te
w
er
e
et
ch
ed
a
lt
er
n
a
ti
n
g
a
lu
m
in
u
m
7
�
m
a
n
o
d
e

st
ri
p
s
a
n
d
8
5
�
m
ca
th
o
d
e
st
ri
p
s,
w
h
er
e
th
e
d
is
ta
n
ce
b
et
w
ee
n
tw
o
a
n
o
d
e
li
n
es
w
a
s
1
9
3
�
m
.

T
h
e
ca
th
o
d
e
p
la
n
es
w
er
e
k
ep
t
a
t
1
8
0
0
V
,
w
h
er
ea
s
a
v
o
lt
a
g
e
d
i�
er
en
ce
o
f
5
8
0
V

w
a
s

a
p
p
li
ed
b
et
w
ee
n
th
e
a
n
o
d
e
a
n
d
ca
th
o
d
e
st
ri
p
s.
Io
n
is
a
ti
o
n
el
ec
tr
o
n
s
cr
ea
te
d
b
y
p
a
rt
ic
le
s

tr
av
er
si
n
g
th
e
ch
a
m
b
er
g
a
s
m
ov
ed
u
n
d
er
in

u
en
ce
o
f
th
e
d
ri
ft
�
el
d
aw
ay
fr
o
m
th
e
ca
th
o
d
e

p
la
n
e
to
w
a
rd
s
th
e
su
b
st
ra
te
,
w
h
er
e
g
a
s
m
u
lt
ip
li
ca
ti
o
n
o
cc
u
re
d
in
th
e
v
ic
in
it
y
o
f
th
e
a
n
o
d
e.

T
o
g
et
a
h
ig
h
g
a
s
a
m
p
li
�
ca
ti
o
n
a
t
5
8
0
V
a
5
0
/
5
0
d
im
et
h
y
l-
et
h
er
(D
M
E
)/
N
e
m
ix
tu
re
w
a
s

u
se
d
a
ch
a
m
b
er
g
a
s.

T
h
e
u
p
p
er
a
n
d
lo
w
er
V
C
a
ss
em
b
li
es
ea
ch
co
n
ta
in
ed
si
x
M
S
G
C
p
la
n
es
g
ro
u
p
ed
in
to
tw
o

m
o
d
u
le
s
w
it
h
p
la
n
e
co
n
�
g
u
ra
ti
o
n
s
V
U
X
(V
C
1
)
a
n
d
X
U
V
(V
C
2
).
T
h
e
U
a
n
d
V
p
la
n
es

w
er
e
m
a
d
e
o
f
�
v
e
su
b
st
ra
te
s,
w
h
il
e
th
e
X

p
la
n
es
co
n
si
st
ed
o
f
th
re
e
su
b
st
ra
te
s,
w
h
er
e



3
.4
T
h
e
H
E
R
M
E
S
S
p
e
c
tr
o
m
e
te
r

6
5

th
e
o
u
te
r
tw
o
w
er
e
ti
lt
ed
b
y
�
1
2
0
m
ra
d
w
it
h
re
sp
ec
t
to
th
e
x
�
y
p
la
n
e
to
in
cr
ea
se
th
e

d
et
ec
ti
o
n
e�
ci
en
cy
a
n
d
re
so
lu
ti
o
n
fo
r
tr
a
ck
s
a
t
la
rg
e
a
n
g
le
s.
T
h
e
d
ig
it
a
l
re
a
d
o
u
t
o
f
th
e

st
ri
p
s
w
a
s
b
a
se
d
o
n
th
e
A
n
a
lo
g
P
ip
el
in
e
C
h
ip
(A
P
C
).

T
h
e
v
er
te
x
ch
a
m
b
er
s
su
�
er
ed
fr
o
m

re
a
d
o
u
t
p
ro
b
le
m
s
in
1
9
9
5
a
n
d
in
1
9
9
6
o
n
ly
th
e

u
p
p
er
h
a
lf
w
a
s
fu
n
ct
io
n
in
g
.
T
h
er
ef
o
re
th
e
V
C
w
er
e
o
n
ly
u
se
d
fo
r
tr
a
ck
in
g
fr
o
m

1
9
9
7

o
n
.
T
h
e
a
tt
a
in
ed
re
so
lu
ti
o
n
p
er
p
la
n
e
w
a
s
a
b
o
u
t
6
5
�
m
,
w
h
ic
h
is
cl
o
se
to
th
e
ca
lc
u
la
te
d

re
so
lu
ti
o
n
o
f
1
9
3
�
m
/

p
1
2
=
5
6
�
m
.

3
.4
.1
.2

T
h
e
D
r
if
t
C
h
a
m
b
e
r
s

T
h
e
d
ri
ft
v
er
te
x
ch
a
m
b
er
s,
th
e
fr
o
n
t
ch
a
m
b
er
s
a
n
d
th
e
b
a
ck
ch
a
m
b
er
s
w
er
e
co
n
v
en
ti
o
n
a
l

h
o
ri
zo
n
ta
l
d
ri
ft
ch
a
m
b
er
s.
A
d
ri
ft
ce
ll
la
y
er
w
a
s
m
a
d
e
o
f
a
p
la
n
e
o
f
a
lt
er
n
a
ti
n
g
a
n
o
d
e
a
n
d

ca
th
o
d
e
w
ir
es
b
et
w
ee
n
a
p
a
ir
o
f
ca
th
o
d
e
fo
il
s.
T
h
e
ca
th
o
d
e
w
ir
es
a
n
d
fo
il
s
w
er
e
ru
n
a
t

n
eg
a
ti
v
e
h
ig
h
v
o
lt
a
g
e
w
it
h
th
e
a
n
o
d
e
se
n
se
w
ir
es
k
ep
t
a
t
g
ro
u
n
d
p
o
te
n
ti
a
l.
E
a
ch
ch
a
m
b
er

m
o
d
u
le
co
n
si
st
ed
o
f
si
x
d
ri
ft
ce
ll
la
y
er
s
in
th
re
e
co
o
rd
in
a
te
d
o
u
b
le
ts
U
U
',
X
X
'
a
n
d
V
V
'.

T
h
e
X
',
U
'
a
n
d
V
'
p
la
n
es
w
er
e
st
a
g
g
er
ed
b
y
h
a
lf
a
ce
ll
si
ze
w
it
h
re
sp
ec
t
to
th
ei
r
p
a
rt
n
er

p
la
n
es
in
o
rd
er
to
re
so
lv
e
le
ft
-r
ig
h
t
p
o
si
ti
o
n
a
m
b
ig
u
it
ie
s.
T
h
e
ch
a
m
b
er
g
a
s
w
a
s
a
m
ix
tu
re

o
f
A
r/
C
O
2
/
C
F
4
(9
0
/
5
/
5
),
w
h
ic
h
w
a
s
b
o
th
n
o
n
-
a
m
m
a
b
le
to
av
o
id
h
a
za
rd
s
in
th
e
H
E
R
A

tu
n
n
el
en
v
ir
o
n
m
en
t
a
n
d
fa
st
to
li
m
it
th
e
d
ri
ft
ce
ll
o
cc
u
p
a
ti
o
n
ti
m
e.
T
h
e
p
o
si
ti
o
n
o
f
a

p
a
rt
ic
le
tr
a
je
ct
o
ry
in
th
e
d
ri
ft
ce
ll
w
a
s
d
ed
u
ce
d
fr
o
m
th
e
sp
a
ce
d
ri
ft
ti
m
e
re
la
ti
o
n
(S
D
T
R
)

u
si
n
g
th
e
ti
m
e
d
i�
er
en
ce
b
et
w
ee
n
th
e
d
et
ec
to
r
tr
ig
g
er
si
g
n
a
l
a
n
d
th
e
se
n
se
w
ir
e
p
u
ls
e

m
ea
su
re
d
w
it
h
a
T
D
C
.

T
h
e
fr
o
n
t
ch
a
m
b
er
s
F
C
1
a
n
d
F
C
2
w
er
e
p
o
si
ti
o
n
ed
ri
g
h
t
in
fr
o
n
t
o
f
th
e
sp
ec
tr
o
m
et
er

m
a
g
n
et
a
n
d
ea
ch
ch
a
m
b
er
a
b
ov
e
a
n
d
b
el
ow
th
e
b
ea
m
li
n
e
co
n
si
st
ed
o
f
o
n
e
m
o
d
u
le
.
T
h
ei
r

d
ri
ft
ce
ll
si
ze
w
a
s
7
m
m

a
n
d
th
ey
h
a
d
to
p
ro
v
id
e
g
o
o
d
sp
a
ti
a
l
re
so
lu
ti
o
n
fo
r
th
e
fr
o
n
t

re
g
io
n
tr
a
ck
in
g
.
T
h
e
si
n
g
le
-p
la
n
e
e�
ci
en
cy
w
a
s
a
b
ov
e
9
7
%

w
it
h
a
re
so
lu
ti
o
n
p
er
p
la
n
e

o
f
a
b
o
u
t
2
2
5
�
m
.

T
h
e
d
ri
ft
v
er
te
x
ch
a
m
b
er
s
w
er
e
lo
ca
te
d
in
b
et
w
ee
n
th
e
V
C
a
n
d
F
C
a
n
d
ea
ch
ch
a
m
b
er

a
ls
o
co
n
si
st
ed
o
f
a
si
n
g
le
m
o
d
u
le
.
T
h
ey
w
er
e
in
tr
o
d
u
ce
d
in
1
9
9
7
to
en
su
re
re
d
u
n
d
a
n
cy
in

th
e
fr
o
n
t
re
g
io
n
tr
a
ck
in
g
.
T
h
ei
r
d
ri
ft
ce
ll
d
es
ig
n
w
a
s
si
m
il
a
r
b
u
t
sl
ig
h
tl
y
sm
a
ll
er
th
a
n
th
e

o
n
e
o
f
th
e
F
C
.
T
h
e
D
V
C
a
cc
ep
ta
n
ce
h
ow
ev
er
,
ra
n
g
ed
fr
o
m
�
3
5
to
�
2
7
0
m
ra
d
v
er
ti
ca
ll
y

a
n
d
co
v
er
ed
�
2
0
0
m
ra
d
h
o
ri
zo
n
ta
ll
y
to
p
ro
v
id
e
fr
o
n
t
tr
a
ck
in
g
a
ft
er
fu
tu
re
sp
ec
tr
o
m
et
er

u
p
g
ra
d
es
to
a
ll
ow
m
u
o
n
d
et
ec
ti
o
n
b
ey
o
n
d
th
e
H
E
R
M
E
S
st
a
n
d
a
rd
a
cc
ep
ta
n
ce
.
T
h
e
D
V
C

re
a
d
o
u
t
sy
st
em
w
a
s
id
en
ti
ca
l
to
th
a
t
o
f
th
e
F
C
,
g
iv
in
g
a
si
m
il
a
r
p
er
fo
rm
a
n
ce
.

T
h
e
b
a
ck
ch
a
m
b
er
s
se
ts
B
C
1
/
2
a
n
d
B
C
3
/
4
p
ro
v
id
ed
th
e
tr
a
ck
in
g
in
th
e
re
g
io
n
b
eh
in
d

th
e
sp
ec
tr
o
m
et
er
m
a
g
n
et
.
T
h
ei
r
d
es
ig
n
w
a
s
a
g
a
in
si
m
il
a
r
to
th
a
t
o
f
th
e
F
C
.
H
ow
ev
er
,

d
u
e
to
th
e
la
rg
e
d
is
ta
n
ce
fr
o
m
th
e
ta
rg
et
a
n
d
th
e
en
la
rg
ed
sp
ec
tr
o
m
et
er
a
cc
ep
ta
n
ce
a
ft
er

th
e
m
a
g
n
et
th
e
a
ct
iv
e
a
re
a
o
f
th
e
m
o
d
u
le
s
w
a
s
m
u
ch
la
rg
er
.
D
u
e
to
th
is
la
rg
e
si
ze
sp
ec
ia
l

ca
re
w
a
s
re
q
u
ir
ed
in
th
e
d
es
ig
n
to
en
su
re
u
n
if
o
rm
w
ir
e
te
n
si
o
n
a
n
d
a
li
g
n
m
en
t.
E
a
ch
se
t

o
f
B
C
co
n
ta
in
ed
tw
o
m
o
d
u
le
s
o
f
si
x
p
la
n
es
,
w
h
er
e
B
C
1
/
2
w
a
s
p
o
si
ti
o
n
ed
in
b
et
w
ee
n
th
e

sp
ec
tr
o
m
et
er
m
a
g
n
et
a
n
d
th
e
� C
er
en
k
ov
d
et
ec
to
r
a
n
d
B
C
3
/
4
ri
g
h
t
b
eh
in
d
th
e
la
tt
er
.
T
h
e

se
p
a
ra
ti
o
n
o
f
th
e
tw
o
se
ts
p
ro
v
id
ed
a
g
o
o
d
le
v
er
a
rm
to
re
co
n
st
ru
ct
th
e
tr
a
je
ct
o
ry
a
n
g
le

a
n
d
a
ll
ow
ed
,
to
g
et
h
er
w
it
h
th
e
lo
w
er
tr
a
ck
d
en
si
ty
in
th
e
b
a
ck
re
g
io
n
,
a
w
id
er
d
ri
ft
ce
ll
si
ze

o
f
1
5
m
m
.
T
h
e
av
er
a
g
e
p
la
n
e
e�
ci
en
cy
w
a
s
a
ro
u
n
d
9
7
%
,
w
h
il
e
th
e
a
tt
a
in
ed
re
so
lu
ti
o
n

p
er
p
la
n
e
fo
r
B
C
1
/
2
a
n
d
B
3
/
4
w
a
s
a
b
o
u
t
2
7
5
�
m
a
n
d
3
0
0
�
m
re
sp
ec
ti
v
el
y.

6
6

T
h
e
H
E
R
M
E
S
E
x
p
e
r
im
e
n
ta
l
S
e
tu
p

3
.4
.1
.3

T
h
e
M
a
g
n
e
t
C
h
a
m
b
e
r
s

T
h
e
m
a
g
n
et
ch
a
m
b
er
s
w
er
e
m
u
lt
i-
w
ir
e
p
ro
p
o
rt
io
n
a
l
ch
a
m
b
er
s
(M
W
P
C
)
m
o
u
n
te
d
a
b
ov
e

a
n
d
b
el
ow
th
e
se
p
tu
m
p
la
te
in
th
e
g
a
p
o
f
th
e
sp
ec
tr
o
m
et
er
m
a
g
n
et
.
T
h
ei
r
o
ri
g
in
a
l
p
u
rp
o
se

w
a
s
to
h
el
p
m
a
tc
h
in
g
th
e
re
co
n
st
ru
ct
ed
tr
a
ck
s
in
th
e
fr
o
n
t
a
n
d
b
a
ck
re
g
io
n
fo
r
h
ig
h

m
u
lt
ip
li
ci
ty
ev
en
ts
.
It
tu
rn
ed
o
u
t
th
a
t
th
e
lo
w
b
a
ck
g
ro
u
n
d
m
a
d
e
th
is
u
n
n
ec
ce
ss
a
ry
a
n
d

th
a
t
th
e
M
C
co
u
ld
b
e
u
se
d
to
d
et
er
m
in
e
th
e
p
a
rt
ia
l
tr
a
ck
s
a
n
d
m
o
m
en
ta
o
f
lo
w
en
er
g
y

p
a
rt
ic
le
s
th
a
t
w
er
e
d
e
ec
te
d
in
to
th
e
ir
o
n
y
o
k
e
o
f
th
e
sp
ec
tr
o
m
et
er
m
a
g
n
et
b
ef
o
re
th
ey

co
u
ld
en
te
r
th
e
b
a
ck
re
g
io
n
.

E
a
ch
m
a
g
n
et
ch
a
m
b
er
co
n
si
st
ed
o
f
th
re
e
m
o
d
u
le
s
co
n
ta
in
in
g
th
re
e
su
b
m
o
d
u
le
s
w
it
h

w
ir
e
o
ri
en
ta
ti
o
n
s
U
X
V
.
E
a
ch
su
b
m
o
d
u
le
co
n
ta
in
ed
tw
o
ca
th
o
d
e
p
la
n
es
m
a
d
e
o
f
9
0
�
m

w
ir
es
a
t
a
0
.5
m
m

p
it
ch
w
it
h
co
m
m
o
n
n
eg
a
ti
v
e
h
ig
h
v
o
lt
a
g
e,
ty
p
ic
a
ll
y
2
8
5
0
V
,
a
n
d
a

p
la
n
e
o
f
a
n
o
d
e
w
ir
es
a
t
g
ro
u
n
d
p
o
te
n
ti
a
l
w
it
h
a
w
ir
e
d
is
ta
n
ce
o
f
2
m
m
.
T
h
e
d
is
ta
n
ce

b
et
w
ee
n
th
e
a
n
o
d
e
a
n
d
ca
th
o
d
e
p
la
n
es
w
a
s
a
b
o
u
t
4
m
m
.
T
h
e
ch
a
m
b
er
g
a
s
h
a
d
th
e

sa
m
e
co
n
st
it
u
en
ts
a
s
fo
r
th
e
d
ri
ft
ch
a
m
b
er
s
b
u
t
w
it
h
d
i�
er
en
t
p
ro
p
o
rt
io
n
s
A
r/
C
0
2
/
C
F
4

(6
5
/
3
0
/
5
)
to
o
p
ti
m
iz
e
it
fo
r
m
u
lt
i-
w
ir
e
p
ro
p
o
rt
io
n
a
l
ch
a
m
b
er
a
p
p
li
ca
ti
o
n
.
T
h
e
d
ig
it
a
l

re
a
d
o
u
t
o
f
th
e
w
ir
es
w
a
s
a
cc
o
m
p
li
sh
ed
w
it
h
th
e
L
ec
ro
y
P
C
O
S
IV
sy
st
em
.

T
h
e
M
C
su
�
er
ed
fr
o
m

el
ec
tr
o
n
ic
s
fa
il
u
re
in
1
9
9
5
.
A
ft
er
a
re
d
es
ig
n
o
f
p
a
rt
o
f
th
e

re
a
d
o
u
t
el
ec
tr
o
n
ic
s
th
e
ch
a
m
b
er
s
st
a
rt
ed
w
o
rk
in
g
re
li
a
b
ly
fr
o
m

1
9
9
6
o
n
w
it
h
a
ty
p
ic
a
l

p
la
n
e
e�
ci
en
cy
o
f
9
8
-9
9
%
.
T
h
e
a
tt
a
in
ed
re
so
lu
ti
o
n
p
er
p
la
n
e
w
a
s
a
b
o
u
t
7
0
0
�
m
,
w
h
er
ea
s

th
e
ca
lc
u
la
te
d
re
so
lu
ti
o
n
is
2
m
m
/

p
1
2
=
5
7
7
�
m
.

3
.4
.2

T
h
e
L
a
s
e
r
A
li
g
n
m
e
n
t
S
y
s
t
e
m

T
o
co
n
ti
n
u
o
u
sl
y
m
o
n
it
o
r
th
e
re
la
ti
v
e
a
li
g
n
m
en
t
o
f
th
e
tr
a
ck
in
g
d
et
ec
to
rs
a
la
se
r
a
li
g
n
m
en
t

sy
st
em

(L
A
S
)
w
a
s
im
p
le
m
en
te
d
m
o
n
it
o
ri
n
g
th
e
ch
a
m
b
er
p
o
si
ti
o
n
s
o
n
li
n
e.
E
a
ch
d
et
ec
to
r

m
o
d
u
le
w
a
s
eq
u
ip
p
ed
w
it
h
tw
o
o
p
ti
ca
l
ta
rg
et
s
a
t
x
=
�
4
5
cm
.
T
h
e
o
p
ti
ca
l
ta
rg
et
s
w
er
e

2
4
.5
m
m
d
ia
m
et
er
F
re
sn
el
zo
n
e
p
la
te
s
m
o
u
n
te
d
o
n
a
re
m
o
te
ly
co
n
tr
o
ll
a
b
le
sy
st
em
w
h
ic
h

co
u
ld
m
ov
e
th
e
ta
rg
et
s
in
to
th
e
p
a
th
o
f
a
la
se
r
b
ea
m
.
A
H
e-
N
e
la
se
r
to
g
et
h
er
w
it
h
a

se
m
i-
tr
a
n
sp
a
re
n
t
m
ir
ro
r
p
ro
v
id
ed
tw
o
2
cm
d
ia
m
et
er
la
se
r
b
ea
m
s
p
a
ra
ll
el
to
a
n
d
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Figure 3.13: The response, normalized to 1, of the �Cerenkov counter in 1995 for positrons

(light) and hadrons (dark). The top graph gives the response below the pion threshold,

while the response above the pion threshold is shown in the bottom graph.

polyethylene/polypropylene �bers arranged in layers. They had a density of 0.059 g/cm3

and a thickness of 6.35 cm which corresponded to about 300 layers. The MWPC were

2.54 cm thick and had 256 vertical gold coated Be-Cu anode wires of 75 �m with a

spacing of 1.27 cm between two cathode foils. A 3100 V potential was applied to the

anodes, while the cathode foils remained at ground potential. The chambers ran a gas

mixture of Xe/CH4 (90/10), where Xe was chosen for its high X-ray absorption factor

and CH4 served as quenching gas to absorb secondary photons. On either side of the

chambers were 6.35 mm ush gaps through which CO2 owed, reducing the di�usion of

oxygen and nitrogen into the wire chamber.

Both hadrons and leptons deposited energy in the TRD due to the ionization of the

chamber gas. Leptons however, produced on average much larger signals than hadrons

due to the additional emitted transition radiation. The TRD signals were calibrated

using the peak of minimum ionizing particles and by studying spectra of electrons and

pions that were recognized in the calorimeter or the �Cerenkov. The response of the TRD,

normalized to 1, for hadrons and positrons is shown in �gure 3.15. The upper graph

displays the response in a single module, where both response functions are rather broad

and show large overlap, indicating that several modules had to be combined to provide

good PID. Therefore the TRD response was analyzed using the truncated mean method,

which implies that the largest signal from the six modules is discarded and the average is

taken of the remaining �ve modules. This procedure reduced the size of the long hadron

tail which was mainly caused by energetic �-ray electron production, and resulted in a

well separated positron and hadron distribution as shown in the lower graph of the �gure.
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(all measures in cm)
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Figure 3.14: Schematic view of the TRD. One can see for both detector halfs the six

modules each consisting of a radiator and a proportional chamber.

This method gave for a 90 % positron e�ciency an energy averaged pion rejection factor

of 150. Using a probability based analysis similar to the one described in section 5.4, a

PRF of about 1500 was obtained.

3.4.3.3 The Hodoscopes

The HERMES spectrometer contained two hodoscope walls in the back region providing

both particle identi�cation information and trigger signals. In each detector half the

counters were built of 42 vertical 1 cm thick (2.3 % radiation length) scintillator paddles

with an area of 9:3� 91 cm2. The paddles were staggered with an overlap of 2-3 mm to

maximize detection e�ciency and each one was coupled via a light guide at the outside end

with respect to the beam to a 5.2 cm diameter photomultiplier detecting the scintillation

light.
Hodoscope H1, positioned in between BC3/4 and the TRD, served as trigger device and

provided time-of-ight information. The hodoscope wall H2 was located behind the TRD

and was used as a preshower counter allowing discrimination between leptons and hadrons.

This was accomplished (see �gure 3.16) by putting in front of the paddles a passive radiator

made of an 11 mm (2 radiation lengths) thick Pb layer sandwiched in between two 1.3 mm

stainless-steel sheats. While hadrons hardly produced any electromagnetic showering in

the radiator and thus only gave minimum ionizing signals, leptons do shower and deposit

much more energy in the scintillators. The hodoscope paddles were calibrated using

the signals from minimum ionizing particles. The preshower response to positrons and

hadrons is plotted in �gure 3.17. Hadrons deposited about 2 MeV in the preshower almost

independent of their energy, while positrons produced a broad response distribution with
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Figure 3.15: The TRD response, normalized to 1, for hadrons (dark) and positrons (light)

integrated over all momenta. The top graph shows the response for a single module, while

the bottom graph gives truncated mean.

an energy deposit roughly proportional to logE. A pion rejection factor of about 10 was

possible with 95 % e�ciency for positron identi�cation.

In 1996 a forward trigger hodoscope (H0) was implemented right in front of the FC.

Its purpose was to improve the suppression of background coming from the proton beam

pipe (see paragraph 3.4.6). Each detector consisted of a single sheet of 3.2 mm thick

(0.7 % radiation length) plastic scintillator. The scintillation light was detected with two

5.08 cm phototubes on the side edges.

3.4.3.4 The Calorimeter

The calorimeter was intended to provide a �rst-level trigger and particle identi�cation

and to perform a coarse position measurement. As shown in �gure 3.16 it consisted in

each detector half of an array of 42�10 radiation-resistant F101 lead-glass blocks with a

length of 50 cm (about 18 radiation lengths) and an area of 9�9 cm2. To provide light

insulation the blocks were polished, wrapped with 51 �m thick aluminized mylar foil and

covered with a 127 �m thick tedlar foil. Each block was coupled at the rear end with

a silicone glue to a 7.62 cm Philips XP3461 photomultiplier surrounded by a �-metal

magnetic shield and an aluminum tube to provide the light seal. To avoid radiation

damage of the lead-glass blocks during injection of the HERA beams or when a beam

dump was foreseen, both calorimeter halves were mounted on movable platforms which

could be retracted vertically away from the beam pipe by 50 cm. To monitor radiation
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Figure 3.16: Schematic view of the preshower counter and the calorimeter. The paddles

of the former were aligned with the corresponding columns of the calorimeter and were

preceded by a Pb sheet.
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Figure 3.17: The response of the preshower detector, normalized to 1, for positrons (light)

and hadrons (dark) integrated over all momenta.

damage indirectly TF1 blocks were placed behind the calorimeter. That material is much

more sensitive to radiation damage than F101, so that a degradation of their response

caused by showers from proton beam losses could be noticed much sooner.

The choice of the size of the blocks was driven by the requirement that the shower

of an axially incident electron was developed for 80 % inside the block, which imposed a

minimum cell size. This implied that more than 95 % of the deposited energy would be

contained within two columns of blocks, which made the calorimeter suitable for trigger

purposes (see paragraph 3.4.6). The maximum cell size was determined by the requirement

that the cell occupancy was less than 1 for most triggers as it is impossible to separate

tracks showering in the same block.

The length of the lead-glass blocks was large enough to ensure that incident leptons

would lose practically all their energy, while hadrons would deposit only a fraction of their
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Figure 3.18: The response of the calorimeter, normalized to 1, for positrons (light) and

hadrons (dark) integrated over all momenta.

energy in the calorimeter. This resulted in the fact that the ratio of the summed energy

deposit in the preshower and calorimeter and the reconstructed momentum from tracking

would be approximately equal to unity for leptons, while much smaller than one for

hadrons. In this way the calorimeter could be used for particle identi�cation purposes,

where the reconstructed tracks in the back region could be extrapolated to match the

energy clusters. The lead-glass calibration constants were known from testbeam data.

The response of the calorimeter, normalized to 1, for positrons and hadrons is depicted

in �gure 3.18. The high energy tail above E=p = 1 could be explained partially by pre-

magnet Bremsstrahlung, where particles losing energy before entering the spectrometer

magnet had a lower measured momentum, while the emitted photons could be detected

in the same calorimeter cluster as the particle itself provided that its deection in the

spectrometer magnetic �eld was small. Most of the electromagnetic showers already

started in the preshower and they give the dominant contribution to the E=p = 1 peak.

However, part of the showers only started inside the lead-glass blocks. These showers

could still deposit all their energy in the calorimeter, but the produced light su�ered less

attenuation in the lead-glass blocks before its detection, which resulted in largeE=p values.

The E=p ratio for positrons can be used for additional calibration of the calorimeter

response.

From CERN testbeam measurements with 1-30 GeV electrons the energy resolution

of the calorimeter was found to be

�E
E

[%] = (1:5� 0:5) +
(5:1� 1:1)p

E[GeV ]
; (3.16)

with a linear energy response to within 1 % and a spatial resolution of about 0.7 cm.

When combined with the preshower detector a pion rejection factor of about 2500 was

found for a 95 % electron detection e�ciency.

Apart from PID information and trigger generation (see paragraph 3.4.6), the calorime-

ter was also used to measure the energy deposit of photons produced in the lepton scat-

tering process. The overall calibration of the calorimeter could actually be cross-checked

by the reconstruction of �0 ! 2 decays.
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3.4.4 The Luminosity Monitor

The HERMES luminosity monitor was based on the detection of elastic Bhabha scattering

(e+e� ! e+e�) of beam positrons from the target gas electrons and their annihilation

into photon pairs (e+e� ! ). The cross sections for these processes including radiative

corrections are precisely known from Quantum Electrodynamics.
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Figure 3.19: The picture on the left shows a schematic view of the luminosity monitor

together with the hit distribution indicated by boxes where the size is proportional to

the number of hits per channel. The shaded area shows the beam pipe acceptance. The

scatter plot on the right indicates the deposited energy in the left versus right luminosity

detector half, where the dashed line shows the trigger threshold of 5 GeV in both halves

for Bhabha events.

The detector consisted of two calorimeter modules anking the beam pipe horizontally

at a distance of 7.2 cm from the target cell. They had a horizontal acceptance of 4.6-

8.9 mrad and where small enough to be placed inside the gap of the lead-glass calorimeter.

With a 27.5 GeV beam the symmetric scattering angle is 6.1 mrad, where both particles

have half of the beam energy. As depicted in �gure 3.19 each calorimeter was a 3�4 array

of 22�22�200 mm3 NaBi(WO4)2 �Cerenkov crystals, which were very radiation hard to

withstand the high radiation background in the region near the beam pipe and had a

small radiation length and Moli�ere radius allowing a compact design. Each crystal was

wrapped in aluminised mylar foil and coupled to a 1.9 cm diameter photomultiplier. The

calibration of the crystals was done in test beams. During beam injection and before

dumping, the luminosity monitor was moved away from the beam pipe horizontally by

about 20 cm.

Bhabha and annihilation events were separated from background by requiring a coin-

cident signal with an energy threshold of 5 GeV in each calorimeter module. A plot of

the deposited energy is shown in �gure 3.19. In 1995 a coincidence rate of about 130 Bq

was measured with a beam current of 20 mA and a 3He areal target density of 1015

nucleons/cm2. When after 1997 HERA started running electrons the luminosity monitor

used the M�ller scattering process (e�e� ! e�e�) instead.
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tr
ig
g
er
co
n
d
it
io
n
s.

T
o
m
o
n
it
o
r
th
e
b
a
ck
g
ro
u
n
d
co
m
in
g
fr
o
m
th
e
p
ro
to
n
b
ea
m
,
a
v
et
o
sc
in
ti
ll
a
to
r
co
u
n
te
r

w
a
s
in
st
a
ll
ed
a
ro
u
n
d
th
e
p
ro
to
n
b
ea
m

p
ip
e
b
eh
in
d
th
e
ca
lo
ri
m
et
er
.
T
h
is
d
ev
ic
e
w
a
s

h
ow
ev
er
n
o
t
in
cl
u
d
ed
in
to
th
e
tr
ig
g
er
sc
h
em
e.

A
n
o
th
er
im
p
o
rt
a
n
t
p
h
y
si
cs
tr
ig
g
er
w
a
s
th
e
p
h
o
to
p
ro
d
u
ct
io
n
tr
ig
g
er
d
es
ig
n
ed
to
d
et
ec
t

h
a
d
ro
n
s
(e
.g
.
K
0 S
,
�
,
!
,
�
0
,
J
/
	
..
.)
p
ro
d
u
ce
d
a
t
lo
w
Q
2
a
n
d
d
ec
ay
in
g
in
to
a
le
a
st
tw
o

ch
a
rg
ed
p
a
rt
ic
le
s.
F
o
r
th
es
e
ev
en
ts
th
e
p
o
si
tr
o
n
w
a
s
sc
a
tt
er
ed
in
to
lo
w
a
n
g
le
s
a
n
d
d
is
a
p
-

p
ea
re
d
in
to
th
e
g
a
p
b
et
w
ee
n
th
e
tw
o
sp
ec
tr
o
m
et
er
h
a
lv
es
w
it
h
o
u
t
p
ro
d
u
ci
n
g
a
st
a
n
d
a
rd

tr
ig
g
er
.
T
h
er
ef
o
re
a
n
ew
tr
ig
g
er
w
h
ic
h
d
id
n
o
t
in
cl
u
d
e
th
e
ca
lo
ri
m
et
er
w
a
s
in
tr
o
d
u
ce
d
in

1
9
9
6
.
T
h
e
tr
ig
g
er
sc
h
em
e
d
em
a
n
d
ed
a
t
le
a
st
o
n
e
ch
a
rg
ed
p
a
rt
ic
le
tr
a
ck
in
ea
ch
sp
ec
tr
o
m
-

et
er
h
a
lf
w
h
er
e
a
tr
a
ck
w
a
s
d
e�
n
ed
u
si
n
g
h
it
s
in
a
ll
th
re
e
h
o
d
o
sc
o
p
es
a
n
d
in
th
e
B
C
1
w
ir
e

ch
a
m
b
er
.
T
h
e
u
sa
g
e
o
f
m
u
lt
ip
li
ci
ty
cu
ts
in
th
e
w
ir
e
ch
a
m
b
er
a
n
d
h
o
d
o
sc
o
p
es
re
d
u
ce
d
th
e

tr
ig
g
er
b
a
ck
g
ro
u
n
d
ra
te
si
g
n
i�
ca
n
tl
y.
In
1
9
9
6
o
n
ly
o
n
e
B
C
1
-x
p
la
n
e
p
er
d
et
ec
to
r
h
a
lf
w
a
s

in
cl
u
d
ed
in
th
e
tr
ig
g
er
,
w
h
er
e
a
cl
u
st
er
m
u
lt
ip
li
ci
ty
o
f
a
t
le
a
st
2
in
ev
er
y
h
o
d
o
sc
o
p
e
a
n
d

th
e
B
C
w
a
s
re
q
u
ir
ed
w
it
h
a
n
u
p
p
er
li
m
it
o
f
8
cl
u
st
er
s
in
H
0
.
In
1
9
9
7
tw
o
B
C
p
la
n
es
p
er

d
et
ec
to
r
h
a
lf
co
u
ld
b
e
u
se
d
in
th
e
tr
ig
g
er
,
so
th
a
t
th
e
re
q
u
ir
em
en
t
fo
r
th
e
B
C
w
a
s
th
en
a
t

le
a
st
o
n
e
cl
u
st
er
in
ei
th
er
o
n
e
o
f
th
e
tw
o
p
la
n
es
p
er
h
a
lf
,
w
h
ic
h
im
p
ro
v
ed
th
e
tr
ig
g
er
e�
-

ci
en
cy
.
A
se
co
n
d
p
h
o
to
p
ro
d
u
ct
io
n
tr
ig
g
er
w
a
s
im
p
le
m
en
te
d
w
it
h
a
si
m
il
a
r
tr
ig
g
er
sc
h
em
e

a
s
th
e
�
rs
t
o
n
e,
h
ow
ev
er
w
it
h
o
u
t
re
q
u
ir
in
g
th
e
tw
o
tr
a
ck
s
to
b
e
in
se
p
a
ra
te
d
et
ec
to
r
h
a
lf
s.

D
u
e
to
it
s
h
ig
h
ra
te
,
th
is
tr
ig
g
er
h
a
d
to
b
e
p
re
sc
a
le
d
a
n
d
is
th
er
ef
o
re
n
o
t
u
se
d
in
th
is

a
n
a
ly
si
s
p
re
se
n
te
d
in
th
is
w
o
rk
.

T
h
e
�
rs
t-
le
v
el
tr
ig
g
er
sy
st
em
d
ec
id
ed
w
it
h
in
4
0
0
n
s
w
h
et
h
er
a
n
ev
en
t
w
a
s
u
sa
b
le
o
r
n
o
t.

T
h
e
tr
ig
g
er
lo
g
ic
w
a
s
im
p
le
m
en
te
d
u
si
n
g
p
ro
g
ra
m
m
a
b
le
lo
g
ic
u
n
it
s
(P
L
U
)
to
a
ll
ow
ea
sy

m
o
d
i�
ca
ti
o
n
if
n
ee
d
ed
.
T
h
e
si
g
n
a
ls
fr
o
m
a
ll
tr
ig
g
er
d
et
ec
to
r
co
m
p
o
n
en
ts
w
er
e
p
ro
ce
ss
ed

a
n
d
co
ll
ec
te
d
in
to
a
si
g
n
a
l
b
u
s
p
ro
v
id
in
g
th
e
in
p
u
t
to
th
e
P
L
U
.
T
h
e
o
u
tp
u
ts
fr
o
m

th
e

P
L
U
w
er
e
co
ll
ec
te
d
a
ft
er
p
re
sc
a
li
n
g
in
to
th
e
M
a
st
er
E
v
en
t
O
R
.
T
h
is
M
a
st
er
E
v
en
t
w
a
s

g
a
te
d
b
y
th
e
n
o
n
-b
u
sy
si
g
n
a
l
fr
o
m

th
e
d
a
ta
a
cq
u
is
it
io
n
a
n
d
p
ro
d
u
ce
d
a
ft
er
re
ti
m
in
g
b
y

th
e
H
E
R
A
cl
o
ck
th
e
M
a
st
er
T
ri
g
g
er
w
h
ic
h
in
it
ia
te
d
th
e
ev
en
t
d
ig
it
iz
a
ti
o
n
a
n
d
re
a
d
o
u
t.



3
.4
T
h
e
H
E
R
M
E
S
S
p
e
c
tr
o
m
e
te
r

7
7

3
.4
.7

D
a
t
a
A
c
q
u
is
it
io
n

T
h
e
d
a
ta
a
cq
u
is
it
io
n
(D
A
Q
)
b
a
ck
b
o
n
e
w
a
s
b
a
se
d
o
n
F
a
st
b
u
s
te
ch
n
o
lo
g
y
a
n
d
co
n
ta
in
ed

fr
o
n
t-
en
d
cr
a
te
s
to
d
ig
it
iz
e
th
e
d
a
ta
fr
o
m

ea
ch
d
et
ec
to
r,
a
n
ev
en
t
co
ll
ec
to
r
cr
a
te
a
n
d

a
n
ev
en
t
re
ce
iv
er
cr
a
te
w
h
ic
h
w
a
s
co
n
n
ec
te
d
to
a
n
o
n
li
n
e
w
o
rk
st
a
ti
o
n
cl
u
st
er
v
ia
S
C
S
I

in
te
rf
a
ce
s.
T
h
e
F
a
st
b
u
s
m
a
st
er
s
w
er
e
C
E
R
N

H
o
st
In
te
rf
a
ce
s
(C
H
I)
eq
u
ip
p
ed
in
m
o
st

p
la
ce
s
w
it
h
S
tr
u
ck
F
a
st
b
u
s
R
ea
d
o
u
t
E
n
g
in
es
(F
R
E
)
to
en
h
a
n
ce
th
ei
r
re
a
d
o
u
t
p
er
fo
rm
a
n
ce
.

T
h
e
fr
o
n
te
n
d
el
ec
tr
o
n
ic
s
w
er
e
lo
ca
te
d
in
a
tr
a
il
er
cl
o
se
to
th
e
ex
p
er
im
en
t,
w
h
er
e
th
e
ev
en
t

co
ll
ec
to
r
w
a
s
co
n
n
ec
te
d
v
ia
a
�
b
re
o
p
ti
ca
l
li
n
k
to
th
e
ev
en
t
re
ce
iv
er
cr
a
te
in
th
e
H
E
R
M
E
S

co
u
n
ti
n
g
ro
o
m
.
A
ll
co
ll
ec
te
d
ev
en
t
in
fo
rm
a
ti
o
n
fr
o
m

th
e
d
et
ec
to
rs
w
a
s
p
ro
ce
ss
ed
a
n
d

re
d
u
ce
d
ty
p
ic
a
ll
y
b
y
a
lm
o
st
a
fa
ct
o
r
2
b
y
th
e
F
R
E
b
ef
o
re
it
w
a
s
tr
a
n
sm
it
te
d
to
a
n
A
lp
h
a

3
0
0
0
X
o
n
li
n
e
w
o
rk
st
a
ti
o
n
.
T
h
e
ev
en
t
co
ll
ec
ti
o
n
w
a
s
d
o
n
e
in
p
a
ra
ll
el
w
it
h
th
e
re
a
d
o
u
t

o
f
th
e
fo
ll
ow
in
g
ev
en
t.
A
p
a
rt
fr
o
m

th
e
st
a
n
d
a
rd
d
et
ec
to
r
re
a
d
o
u
t
se
v
er
a
l
a
sy
n
ch
ro
n
o
u
s

in
d
ep
en
d
en
t
ev
en
ts
w
er
e
im
p
le
m
en
te
d
fo
r
e.
g
.
th
e
lu
m
in
o
si
ty
m
o
n
it
o
r
a
n
d
eq
u
ip
m
en
t

ca
li
b
ra
ti
o
n
o
r
m
o
n
it
o
ri
n
g
.
A
d
d
it
io
n
a
l
V
M
E
a
n
d
C
A
M
A
C
b
ra
n
ch
es
w
er
e
co
n
n
ec
te
d
to
th
e

ev
en
t
co
ll
ec
to
r
cr
a
te
to
h
a
n
d
le
sp
ec
ia
l
d
a
ta
a
cq
u
is
it
io
n
ta
sk
s
a
n
d
sl
ow
co
n
tr
o
l.

T
h
e
in
co
m
in
g
d
a
ta
w
a
s
w
ri
tt
en
a
s
ru
n
�
le
s
in
E
P
IO
5

fo
rm
a
t
to
st
a
g
in
g
d
is
k
s.
In

b
et
w
ee
n
tw
o
H
E
R
A
m
a
ch
in
e
�
ll
s
a
ll
ru
n
�
le
s
w
er
e
co
p
ie
d
to
a
ta
p
in
g
ro
b
o
t
in
th
e
D
E
S
Y

co
m
p
u
te
r
ce
n
te
r
a
n
d
to
a
lo
ca
l
ta
p
e
b
a
ck
u
p
sy
st
em
.
T
h
e
m
a
x
im
a
l
D
A
Q
th
ro
u
g
h
p
u
t
a
s

d
et
er
m
in
ed
b
y
th
e
C
P
U
a
n
d
I/
O

b
a
n
d
w
it
h
o
f
th
e
d
is
tr
ib
u
ti
n
g
o
n
li
n
e
w
o
rk
st
a
ti
o
n
,
w
a
s

1
.5
M
B
/
s
co
rr
es
p
o
n
d
in
g
to
a
n
ev
en
t
ra
te
o
f
a
b
o
u
t
1
5
0
B
q
.
In
1
9
9
7
th
is
ev
en
t
ra
te
w
a
s

d
o
u
b
le
d
a
ft
er
a
n
u
p
g
ra
d
e
o
f
th
e
1
7
5
M
H
z
w
o
rk
st
a
ti
o
n
to
a
2
6
6
M
H
z
A
lp
h
a
5
/
2
6
6
.

3
.4
.8

O
n
li
n
e
M
o
n
it
o
r
in
g

A
n
o
n
li
n
e
m
o
n
it
o
ri
n
g
sy
st
em

is
n
ee
d
ed
fo
r
se
v
er
a
l
re
a
so
n
s.
F
ir
st
o
f
a
ll
th
e
st
a
tu
s
o
f
th
e

ex
p
er
im
en
t
h
a
s
to
b
e
a
cc
es
si
b
le
p
er
m
a
n
en
tl
y
to
th
e
sh
if
t
cr
ew
,
w
h
ic
h
h
a
s
to
sp
o
t
a
n
d
if

p
o
ss
ib
le
to
cu
re
p
ro
b
le
m
s
w
it
h
a
n
y
co
m
p
o
n
en
t
o
f
th
e
ex
p
er
im
en
t.
S
ec
o
n
d
,
a
ll
th
is
st
a
tu
s

in
fo
rm
a
ti
o
n
h
a
s
to
b
e
re
co
rd
ed
fo
r
u
sa
g
e
in
th
e
o
�
in
e
a
n
a
ly
si
s
a
ft
er
w
a
rd
s.

T
h
e
d
a
ta
st
ru
ct
u
re
o
f
th
e
m
o
n
it
o
ri
n
g
sy
st
em

w
a
s
ju
st
li
k
e
fo
r
th
e
m
ea
su
re
d
p
h
y
si
cs

d
a
ta
(s
ee
se
ct
io
n
5
.2
)
b
a
se
d
o
n
th
e
A
D
A
M
O
(A
le
p
h
D
A
ta
M
O
d
el
)
[7
6
]
en
ti
ty
re
la
ti
o
n
-

sh
ip
m
o
d
el
fo
r
d
a
ta
h
a
n
d
li
n
g
.
D
a
ta
w
er
e
st
o
re
d
in
A
D
A
M
O

o
b
je
ct
s
ca
ll
ed
d
a
ta

ow
s,

w
h
ic
h
co
m
b
in
e
se
v
er
a
l
sm
a
ll
er
o
b
je
ct
s
li
k
e
e.
g
.
ta
b
le
s
a
n
d
re
la
ti
o
n
sh
ip
s
b
et
w
ee
n
th
em
.
A

cl
ie
n
t/
se
rv
er
b
a
se
d
D
is
tr
ib
u
te
d
A
D
A
M
O
D
a
ta
b
a
se
(D
A
D
)
[7
7
]
w
a
s
d
ev
el
o
p
ed
to
im
p
ro
v
e

th
e
a
cc
es
si
b
il
it
y
o
f
th
e
A
D
A
M
O
in
fo
rm
a
ti
o
n
fo
r
m
u
lt
ip
le
p
ro
ce
ss
es
o
r
fo
r
d
i�
er
en
t
co
m
-

p
u
ti
n
g
p
la
tf
o
rm
s,
b
y
in
tr
o
d
u
ci
n
g
in
fo
rm
a
ti
o
n
p
ro
v
id
er
s
(s
er
v
er
s)
b
et
w
ee
n
ev
er
y
A
D
A
M
O

d
a
ta
b
a
se
�
le
a
n
d
th
e
d
a
ta
p
ro
ce
ss
in
g
ta
sk
s
(c
li
en
ts
).
G
ra
p
h
ic
a
l
u
se
r
in
te
rf
a
ce
s
(G
U
Is
)

w
er
e
a
p
a
rt
ic
u
la
r
k
in
d
o
f
D
A
D
-c
li
en
ts
w
ri
tt
en
in
P
IN
K
[7
8
],
w
h
ic
h
is
a
T
C
L
/
T
K
6
in
te
r-

fa
ce
to
A
D
A
M
O
a
n
d
D
A
D
o
b
je
ct
s.
T
h
es
e
G
U
Is
w
er
e
u
se
d
a
s
p
er
m
a
n
en
t
d
is
p
la
y
s
in
th
e

H
E
R
M
E
S
co
u
n
ti
n
g
ro
o
m
a
n
d
m
o
n
it
o
re
d
v
ir
tu
a
ll
y
ev
er
y
d
et
ec
to
r
co
m
p
o
n
en
t
a
n
d
th
e
st
a
-

tu
s
o
f
th
e
H
E
R
A
m
a
ch
in
e.
H
a
rd
w
a
re
cl
ie
n
ts
re
p
o
rt
ed
th
e
d
et
ec
to
r
st
a
tu
s
to
D
A
D
se
rv
er
s

a
n
d
se
n
t
co
m
m
a
n
d
s
fr
o
m

se
rv
er
s
to
h
a
rd
w
a
re
,
w
h
il
e
m
o
n
it
o
ri
n
g
cl
ie
n
ts
lo
o
k
ed
in
to
th
e

5
E
x
p
er
im
en
ta
l
P
h
y
si
cs
In
p
u
t
O
u
tp
u
t
P
a
ck
a
g
e
[7
5
]

6
T
o
o
l

C
o
m
m
a
n
d

L
a
n
g
u
a
g
e/
T
o
o
l

K
it
,

m
o
re

in
fo
rm
a
ti
o
n

ca
n

b
e

fo
u
n
d

a
t

fo
r

ex
a
m
p
le

h
tt
p
:/
/
w
w
w
.t
cl
tk
.c
o
m
/

7
8

T
h
e
H
E
R
M
E
S
E
x
p
e
r
im
e
n
ta
l
S
e
tu
p

co
n
te
n
ts
o
f
a
D
A
D
se
rv
er
to
p
ro
d
u
ce
st
a
tu
s
m
es
sa
g
es
.
A
ta
p
in
g
cl
ie
n
t
co
ll
ec
te
d
th
e
sl
ow

co
n
tr
o
l
in
fo
rm
a
ti
o
n
fr
o
m
a
ll
se
rv
er
s
to
w
ri
te
it
to
d
is
k
a
n
d
ta
p
e
fo
r
fu
rt
h
er
u
sa
g
e
in
th
e

p
h
y
si
cs
a
n
a
ly
si
s.



C
h
a
p
te
r
4

T
h
e
H
E
R
M
E
S
R
in
g
Im
a
g
in
g

� C
e
r
e
n
k
o
v
D
e
te
c
to
r

D
u
ri
n
g
th
e
H
E
R
A

sh
u
td
ow
n
in
th
e
su
m
m
er
o
f
1
9
9
8
th
e
ex
is
ti
n
g
th
re
sh
o
ld
� C
er
en
k
ov

co
u
n
te
r
w
a
s
re
p
la
ce
d
b
y
a
ri
n
g
im
a
g
in
g
� C
er
en
k
ov
(R
IC
H
)
d
et
ec
to
r.
T
h
e
H
E
R
M
E
S
G
en
t

g
ro
u
p
w
a
s
in
v
o
lv
ed
in
th
e
d
es
ig
n
o
f
th
e
d
a
ta
a
q
u
is
it
io
n
so
ft
w
a
re
a
n
d
se
tu
p
o
f
th
e
p
h
o
to
-

m
u
lt
ip
li
er
te
st
b
en
ch
,
th
e
a
ss
em
b
li
n
g
a
n
d
te
st
in
g
o
f
th
e
p
h
o
to
m
u
lt
ip
li
er
m
a
tr
ix
a
n
d
th
e

�
n
a
l
im
p
le
m
en
ta
ti
o
n
o
f
th
e
d
et
ec
to
r
in
to
th
e
H
E
R
M
E
S
sp
ec
tr
o
m
et
er
.
In
th
is
ch
a
p
te
r
a
n

ov
er
v
ie
w
w
il
l
b
e
g
iv
en
o
f
th
e
d
es
ig
n
,
th
e
u
se
d
p
a
rt
ic
le
id
en
ti
�
ca
ti
o
n
a
lg
o
ri
th
m
s
a
n
d
so
m
e

�
rs
t
re
su
lt
s
o
f
th
e
R
IC
H
.

4
.1

P
h
y
si
c
s
M
o
ti
v
a
ti
o
n
o
f
th
e
R
IC
H

D
u
ri
n
g
th
e
1
9
9
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pion, kaon and proton threshold of 2.7, 9.4 and 17.9 GeV respectively. The aerogel has to

take up the PID in the low momentum region between roughly 2 to 10 GeV and to this

end the index of refraction for the aerogel was chosen to be about n = 1:03, leading to a

pion, kaon and proton threshold of 0.6, 2.0 and 3.8 GeV respectively.
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Figure 4.1: The �Cerenkov angle as function of the particle momentum for e, �, K and p

for the aerogel and gas radiators.

The particle identi�cation capability of a RICH detector is usually quanti�ed [80] in

terms of the maximum separation momentum pmax de�ning the maximum momentum for

which the average �Cerenkov angle of two particle types (masses m1 and m2) is separated

by a number of standard deviations n�

pmax =
s
m2
2 �m2
1

2kfn�
; (4.1)

with kf = tan � ��=
p
N the RICH detector constant, N the number of detected photons,

� the �Cerenkov angle and �� the standard deviation of its distribution. In the design n�

was taken to be 4.652, corresponding to a misidenti�cation of 1 % if one assumes equal

particle uxes and detector responses and no background.

The RICH consists of two symmetric halves located above and below the HERA

beamline. A drawing of one half of the detector is displayed in �gure 4.2. It shows the

detector body containing the aerogel radiator directly behind the entrance window, a

reecting mirror system and a photomultiplier (PMT) matrix on top.

The geometrical design of the RICH counter was largely constrained by the require-

ment that the detector had to �t into the spectrometer at the position of the old �Cerenkov
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aluminum box

mirror array

soft steel plate
PMT matrix

aerogel tiles

Figure 4.2: A cutaway drawing of the RICH. One can see the aerogel radiator box at the

entrance of the detector, the segmented spherical mirror in the back and the photomulti-

plier matrix mounted on top.

counter, which meant it could have a length of about 1.25 m. The detector body is con-

structed of aluminum and has a volume of about 4000 l. The entrance and exit windows

are made of 1 mm thick aluminum. The main volume is �lled with C4F10 radiator gas,

which is recirculated through the box and kept at a pressure slightly above the atmo-

spheric level by a gas control system. The inside of the box is blackened to reduce light

reections from the walls. The aerogel radiator is an assembly of individual tiles covering

the entire entrance window of the detector. The radiation length of the detector material

in the path of the particles traversing the detector volume has to be as low as possible,

which imposed large contraints on the mirror design. The segmented mirror system is

build out of 8 parts (2 rows of 4) and has a radius of curvature of 2.20 m. The segments

are constructed with a graphite �ber composite backing which is coated with an epoxy

�lm to obtain an optically smooth surface. The surface is also aluminized and gives re-

ectivity above 85 % in the 300 to 600 nm range. The mirror system contributes less than

1 % to the radiation length, the radiator gas 5 %, the entrance and exit windows 3 % and

the aerogel 2.8 %.

The resolution on the reconstructed �Cerenkov angle for a single photon is estimated

to be about 7 mrad for both radiators. This includes for the gas and the aerogel the

uncertainty in the point of emission along the particle track in the radiator, the pixel size

of the detector and (for the aerogel only) the chromatic aberration due to the variation

of the index of refraction with the photon wavelength. The high end of the considered

hadron momentum range �xes the number of PMT hits one needs to be able to perform
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π/K  aerogel

K/p   aerogel

/K  gasπ

K/p   gas

effective threshold average angle

GeV10 155

Figure 4.3: Momentum ranges for the hadron identi�cation for the two radiators.

a full hadron identi�cation. From equation 4.1 one gets for pmax(�;K) = 15 GeV that

N should be 12 for the gas. Assuming that N = 10 for the aerogel, one can deduce the

momentum ranges for hadron identi�cation with both radiators as displayed in �gure 4.3.

The dashed lines correspond to the limits on the momenta for hadron separation. The

lightly colored regions indicate the momentum ranges where identi�cation is possible

based on the presence of a ring or not. The dark regions indicate the ranges where the

identi�cation is based on the measured average �Cerenkov angle.

4.3 The PCOS4 System

The readout of the PMT matrix is done via the Lecroy PCOS4 system, which was basically

designed for MWPC readout purposes. The system was updated for application in the

HERMES magnet chambers by Lecroy and INFN-Sanita [81]. It consists of three main

parts : the front-end readout cards, the VME/CAMAC control modules and interfaces

called backplanes between the latter two.

The front-end cards amplify and digitize the input signals, which are then delayed for

a certain amount of time. This delay has to be remotely calibrated and varies between

300 ns and 1 �s. If after this delay an external trigger gate signal arrives, then the

processed signals are stored in a data register on each card (if not, then the signal is lost

and the system is immediately ready for the next event). Afterwards the data acquisition

has to initiate, via a read signal from the VME control modules, a data transfer from the

cards to the backplane electronics or has to give a clear signal to the cards to allow new

data to come in. Each card holds 4 preampli�ers and 2 programmable Lecroy MDL108

chips, which need 3 di�erent low voltage levels and a common ground. Each preampli�er

can handle 4 detector channels and each MDL chip gets input from 2 preampli�ers. The

threshold for the discriminators varies between roughly 0 and 1.3 V and can be set via

two 6-bit registers (one for positive and one for negative values) which are common to 4

channels. Every chip contains an 8-bit data register and also holds 8 16-bit con�guration

registers used to store their remotely given con�guration. Data are sent and received by

the cards over a high speed serial readout line.

The PCOS4 backplanes serve on the one hand as a simple interface between the front-
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end cards and the VME/CAMAC control modules and on the other hand as mechanical

and electrical support for the cards, where one side of each card is connected to the

chamber wires and the other side �ts into the backplane. Each backplane can hold up to

16 cards. The design of the backplanes is based on the Xilinx 4005 FPGA1 chip, which

can be con�gured by software and serves as a bu�er between the VME modules and the

MDL chips on the cards. The cards are read by the FPGA in parallel over their serial

line at a rate of 10 MHz, after which the data is sent to the VME modules serially at a

rate of 20 MHz. Serial con�guration data coming in from the VMD modules, is written

by the FPGA to each MDL chip in parallel via their serial line at a rate of 0.6 MHz.

The control and readout of the PCOS4 system is basically performed by the Lecroy

VME2748 and VME2749 modules. Each 2748 module can be connected to up to 4 back-

planes via 4 8-channel at cables. The modules handle the reading and writing of the

processed signals from the front-end cards via the backplanes and can also transfer the

proper con�guration data and test signals to the MDL chips. The 2749 module is mainly

used to distribute the read signal to the 2748 modules and to calibrate the delay of the

cards. For this delay calibration, the 2749 has to send a series of two separated 50 ns

pulses. These pulses resemble the measured data signal and the subsequent delayed read-

out gate signal and are used by the MDL chips to adjust their internal delay lines according

to the time di�erence between them, which can be set in steps of 50 ns. The 2749 can also

generate test pulses used for various card tests. The backplane FPGAs are controlled by

a Lecroy CAMAC PLM2366 module via a fan-out board. The 2366 handles the needed

control signals for the initial FPGA con�guration after a power-up and the FPGA mode

selection during readout. It receives the read signal from the trigger logic and passes it on

after a delay to the 2749 module. The 2366 also provides the FPGA with the 0.6-10 MHz

clock pulses for the readout of the cards.

The PCOS4 system has several advantages. The con�guration, e.g. threshold and

delay setting, of the system can be done fully remotely. It has a compact design and

requires only a small amount of electronics and detector cabling. The system provides a

high gain of about 4.3 �V=e with a low noise level below 3000e, has a high input sensitivity

with a threshold of 3000e and has a high data transfer rate. One of the drawbacks of the

system is that it needs three di�erent low voltage levels and a common ground for the

front-end cards.

4.4 The PMT Testbench

The selection of a suitable photomultiplier tube for the HERMES RICH was based on sev-

eral tests. The PMT sensitivity was checked and compared to the spectral light emittance

of the aerogel and gas radiators. As can be seen from the curves in �gure 4.4, the C4F10

gas radiates predominantly in the UV-region, which favors PMTs with a UV-entrance

window, while the aerogel requires a good sensitivity in the blue-green-red visible light

region.
The PMT responses were tested using blue and red light emitting diodes (LED) cou-

pled with an optical �bre to the PMTs mounted in a light-tight, black box. The LEDs

1Field Programmable Gate Array
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Figure 4.4: Light emittance spectra for the RICH radiator gas and aerogel.

were ashed using a custom-made LED driver, �ring at a rate of 30 Hz to 1 MHz with

an adjustable amplitude. PMTs from di�erent manufacturers were evaluated using the

same negative high-voltage bleeder. Test measurements included several items :

� The capability of the tube to resolve the one photo-electron (PE) peak with a

standard 50 fC/chan. charge sensitive ADC was determined using a 100 ns gate.

Measurements at a �xed LED amplitude (corresponding to the 2 PE peak) with

varying HV level and vice versa were performed.

� The PMT plateau curve was measured where the PMT signal was fed via an ampli-

�er into a discriminator, which provided the stop signal for a TDC. The start signal

of the TDC was provided by the �ring of the LED and the threshold was set between

10 and 30 mV for an ampli�cation factor of 10. The number of non-overow TDC

events versus HV for a �xed number of LED triggers yields the PMT plateau curve.

� The dark rate was checked as function of the applied high voltage with a �xed

threshold using the same method as for the plateau curve measurements.

The �nally selected tube was the Philips 3/4" green enhanced XP1911/UV. This tube

provides an excellent resolution and has a high quantum e�ciency in the blue and red

region. Due its high sensitivity the PMT does su�er from a relatively high noise level.

This however, decreases strongly after a few hours of warm-up and being kept in the dark.

Before the PMTs were installed into the photondetector matrix, nearly all 4000 PMTs

were tested to judge their quality and to determine best individual working conditions. To

accomplish this task an automated testing set-up was built. Two black, light-tight metal

boxes were constructed as shown in �gure 4.5, where the PMTs were put into a wooden

matrix capable of holding 49 tubes. The PMT matrix was ashed by a single 470 nm

LED, where the individual PMT holes were covered with transparent foil depending on

their position to ensure a uniform illumination of the matrix. To monitor the stability of

the testbench, each box contained one reference tube which remained there for the entire

86 The HERMES Ring Imaging �Cerenkov Detector

PMTs

LED

To PCOS4 cards

pulser

HV input

From LED

Signal cables
HV cables

Figure 4.5: Schematic drawing of the black box in the PMT test bench. A wooden matrix

holding the PMTs inside a metal lighttight box is lighted uniformly by a pulsed LED.

The PMT signals are read out by the PCOS4 system.

testing period. During the measurements the plateau curve for each tube was determined

together with the noise rate. The HV was raised from 600 to 1900 V in steps of 50 V,

while the PCOS 6-bit threshold value was varied from 0 to 50 in steps of 10. The noise

level of the tubes was required to be below 5 kHz at a threshold of 0.2 PE. While the

measurements were going on for the PMTs stored in one box, the next PMT batch to be

tested was kept in the dark in the second black box. About 60 PMTs could be tested in

8 hours.

The readout of the testbench was partially2 based on the PCOS4 system as shown in

�gure 4.6. Per measurement 32 PMTs connected to 2 PCOS cards in a single backplane

and to a single HV channel were tested. The calibration and triggering of the system

was performed using an output register (Jorway 41). Six outputs of the output register

were connected to the PCOS backplane to control the readout. One output generated the

overal system trigger forming the PCOS gate puls, the LED puls and the DAQ trigger

for the event collection in a CHI (STR330), which had a SCSI connection to a DEC

workstation. The LED puls could be disabled using another output on the register. Two

more outputs were used to generate the dual pulses for the delay calibration of the PCOS

cards and in the meantime to veto the system trigger. The positive HV (see section 4.5

for the PMTs was supplied by a CAEN SY527 board which was controlled by software

using a CAMAC CAENET controller C117B module.

4.5 The Photon Detector

The choice of dimensions of the photon matrix was based on Monte Carlo simulations,

indicating that a 120� 60 cm planar surface is enough to contain about 95 % of the ring

centers and about 90 % of all produced photons. These measures serve as a lower limit

of the �nal design. Both photon detectors contain a hexagonally closed packed matrix

of 1934 PMTs arranged in 73 columns of alternately 26 and 27 tubes, where the area

covered by PMTs was about 147� 63 cm. The 0.75 inch XP1911 tube has a guaranteed

minimum active photocathode diameter of 15 mm. Each hole in the matrix has a light-

2At the time of the set-up of the testbench some modules like the CAMAC 2366 and VME 2749 were

not available at DESY yet.
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4.6 The Aerogel Radiator

The clear hydrophobic aerogel (SiO2) used in the RICH consists of silica particles in a

porous netlike structure. It was manufactured by Matsushita Electric Works in the form

of tiles with average dimensions of 11:4� 11:4� 11:3 cm3. The aerogel radiator is made

up of stacks of individual tiles, where the wall is 5 tiles thick and contains 5 rows and

15 columns. Opaque black tedlar sheets placed between the aerogel stacks reduce the

distortion e�ects due to reection of �Cerenkov light crossing the stack boundaries. The

aerogel wall is contained in an aluminum frame with a 1 mm thick aluminum entrance

window and a 3.2 mm UV transmitting lucite exit window. Black plastic spacers between

the tiles and the frame hold the aerogel in place when the detector is moved. The container

is sealed gas tight and is continuously ushed with dry nitrogen to avoid possible aerogel

degradation due the C4F10 gas.

Important parameters of the aerogel tiles are their light transmission, their index of

refraction, the density and the quality of the surface. These properties were measured

for each tile and the latter three were used to determine the location of every tile in the

radiator wall. The average index of refraction of the tiles is 1.03040 with a spread of

3:6 � 10�4. Tiles with similar refractive indices were put together into one stack to assure

that particles traversing the stack emit �Cerenkov light under similar angles giving the

best possible ring resolution. Variations in the refractive index between di�erent stacks

could be corrected for in a calibration procedure using relativistic electrons. Due to the

speci�c manufacturing process of the aerogel tiles in a mold, the surface of the tiles is

not entirely at, but rises steeply close to (at � 5 mm of) the edges of the tile giving

di�erences in height between the center and the edges of a tile up to 2 mm.

�Cerenkov light produced in the aerogel may scatter di�usely throughout the material

due to Rayleigh scattering which is nearly isotropic. This scattered light poses no problem

for threshold applications, but becomes a problem for a RICH where the unscattered light

yield is important. The transmittance of light with wavelength � through material with

thickness L is given in the long wavelength limit by the Hunt formula as [82]

T = Ae�
C L

�4 ; (4.2)

where C and A are called Hunt parameters (C is the clarity coe�cient) characterizing the

light attenuation due to isotropic Rayleigh scattering in the material and the absorption

e�ects independent of the wavelength respectively. Measurements done for the HERMES

RICH tiles give C � L = 0:0094 �m4 and A = 0:964, indicating that the aerogel is highly

transparent. Due to the ��4 dependence of the Rayleigh scattering cross section the scat-

tered light is found predominantly at lower wavelengths than the unscattered light. The

UV transmitting lucite exit window was chosen to suppress this background of Rayleigh

scattered light as this material has an absorption cuto� around 290 nm. Most of the

�Cerenkov light produced in the lucite itself, which has a refractive index of about n = 1:5,

is emitted at such high angles that it is internally reected at the lucite-gas border. The

total thickness of the radiator wall was chosen to optimize the yield of unscattered photons

with respect to the amount of scattered photons.
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4.7 The Readout System

The readout system of the HERMES RICH is based on the PCOS4 system which was

described in paragraph 4.3. A schematic drawing of the RICH electronics is shown in

�gure 4.8.
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Figure 4.8: Schematic diagram of the RICH readout electronics.

The HERMES electronics trailer contains the RICH trigger electronics, the high and

low voltage power supplies and the cooling system control units. The entire detector is

readout using four 2748 (two for each detector half), one 2749 VME module and one 2366

CAMAC module. Each 2748 module is connected via 4 long at cables to 4 backplanes

which are mounted onto the photon detector on the HERMES detector platform. The 2366

module is connected via a splitted 16-channel at cable to 2 fan-outs (1 for each detector

half) which are mounted on the detector platform, where each fan-out is connected via

4 splitted 16-channel at cables to 8 backplanes. The 3 low voltage levels needed for

the backplanes come from 2 supplies (1 for each detector half) for each level. The entire

PMT matrix gets its HV from 8 16-channel HV boards mounted in a single CAEN crate.

Cables going between the electronics trailer and the detector platform are roughly 40 m

long.
The RICH trigger logic is schematically drawn in �gure 4.9. It must be a multipurpose
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Figure 4.10: Reconstructed angle spectra under the assumption that the photons were

emitted in the aerogel (top) or in the gas (bottom) for single track, low background

electron events with momenta above 5 GeV.

hadron type giving the highest likelihood is then assigned to the particle. This algorithm

can be extended to incorporate the threshold aspects of the RICH and also to take into

account a certain level of background (due to e.g. electronic noise or Rayleigh scattered

photons) in the hit patterns.

4.8.2 Direct Ray Tracing Based Algorithm

Another PID approach relies on the direct ray tracing technique where a Monte Carlo

algorithm is used to generate a sample of �Cerenkov photons from each track under a

certain particle type hypothesis, which are propagated to their impact points on the

PMT matrix after reection from the mirror. This technique can be used to calculate

the relative probability P (h;t;r)(i) = N (h;t;r)(i)=N (h;t;r) that a certain PMT i will be hit

by photons from a particular track t by generating a number N (h;t;r) =
P

i
N (h;t;r)(i) of

photons for radiator r under the hypothesis h. The total number of photoelectrons in

each PMT under hypothesis h can be evaluated as

Nh
pe
(i) =

X
t;r

n(h;t;r) � P (h;t;r)(i) +Bh
pe
(i); (4.5)

where n is the expected number of photoelectrons in the ring and B is an additional

background term. A Poisson distribution yields the probability not to �re or to �re PMT

i, �P h
PMT
(i) = exp(�Nh
pe
(i)) and P h
PMT
(i) = 1� �P h
PMT
(i). Finally the hypothesis likelihood

is then de�ned as
Lh =

Y
i

�
P h
PMT
(i)CPMT (i) + �P h
PMT
(i)(1� CPMT (i))

�

(4.6)
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where C is 1 or 0 depending on whether the PMT did or did not �re. The hypothesis

yielding the highest likelihood is assumed to be the true one. The drawback of this

particular method is the large number of Monte Carlo calculations which have to be

performed for each track, particle hypothesis and radiator, which makes this algorithm

several times slower than the IRT based method.

4.8.3 First Results of the RICH

A RICH event display is depicted in �gure 4.11 showing some typical aerogel and gas rings

in the photon detector. The asymptotic (towards high particle momenta) number of PMT

hits for the aerogel and the gas is about 8 and 12, respectively for hadrons, which is in

rough agreement with the design values. About half of the tracks is a�ected by acceptance

e�ects due to the tile structure of the aerogel radiator. Roughly one third of the particles

producing clear rings cannot be assigned to a full track in the spectrometer (e.g. �-rays)

and these rings represent background to the rings which can be associated with tracks.

Other background sources include Rayleigh scattered photons, �Cerenkov light produced

in the lucite window, radiator gas scintillation, proton beam induced showers hitting the

tubes directly and a small amount of electronic noise.

Figure 4.11: A view of the RICH photon detector for an event containing a gas and aerogel

ring for a 14.6 GeV electron and an aerogel ring for a 1.5 GeV �� in the bottom half and

an aerogel ring corresponding to a 5.5 GeV K+ in the top half. The solid dots mark the

hit PMTs, while the markers in the ring centers indicate the extrapolated positions of the

tracks if they would be reected from the spherical mirror. The lines show a �t to some

simulated photon hits generated using the known track parameters and particle types.

Apart from the e�ects mentioned in paragraph 4.2 the experimental single photon

resolution contains some more contributions. For the aerogel one has to include a tile

contribution due to refraction of light near the edges of the tiles where the surface is

sharply curved, one has to account for the variation of the index of refraction between the

tiles and one must include a forward scattering contribution [84]. For the gas angles there
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5.3 Tracking and Clustering 99

Finally a �lter program extracted the relevant data for physics analysis from the HRC

output and combined it with the corresponding information from the slow control �ll �les

to produce compact run �les called �DSTs (Data Summary Tapes). These �DSTs form

the basis for all further physics analysis.

HDC

HRC

ACE

Mapping
Data

Geometry,
Calibration,

Event Data
EPIO

Expert Analysis

Enhanced

Slow Control 

HRC GAF
Data

Data
Efficiency

Data
Diagnosis

Taping Client Fill Files

External Data

Production

Slow Control
Information

µ DSTwriter µ DST s

Slow Control
Data

Figure 5.1: Diagram of the HERMES data production chain. Boxes represent software

packages handling the data stored on disks or tape depicted by elliptical shapes.

5.3 Tracking and Clustering

Data coming from the HERMES decoder or from the HERMES Monte Carlo were ana-

lyzed by the HERMES Reconstruction Code which used a pattern recognition algorithm

to reconstruct the charged particle trajectories from the information recorded by the

tracking chambers. Tracking was done separately for the front and back region, resulting

in the reconstruction of partial tracks. A bridging algorithm identi�ed the backward and

forward partial tracks belonging to a single trajectory yielding full tracks for each event.

The tracking algorithm started by combining the detector hits in each of the three wire

directions (U, X, V) to reconstruct track projections, called tree-lines, in each of these

three planes. This was accomplished by a pattern recognition routine which matched the

detector information against a pattern database representing all possible tracks in the

spectrometer. As depicted in �gure 5.2 a recursive tree-search algorithm started in a �rst

step with an arti�cal detector resolution of two bins. The hit pattern obtained in this way

was matched against a �rst-level database pattern. In each successive step the resolution

was doubled and the hit patterns were compared to all physically possible child patterns

deduced from the matching parent pattern found in the previous step. This procedure

was repeated until the bin size was of the order of the spatial resolution of the tracking

chambers. The algorithm was able to tolerate a certain number of missing hits in the

patterns to account for possible detector ine�ciencies.

100 Event Reconstruction and Data Analysis

Over a 100 million possible patterns for particle trajectories exist for the HERMES

spectrometer given the chamber resolutions. The database contained only straight tracks

as the magnetic �elds in the forward or backward regions were negligible. The number of

possible patterns to be stored in the database could be reduced by symmetry arguments

and the size of the database could be compressed even more using pattern scaling and

shifting properties.

1

5

3

2

4

Figure 5.2: The tree-line search algorithm recursively matches the detected hit pattern

against a database with increasing resolution.

When a trajectory was identi�ed by the algorithm the track parameters (e.g. the

slope) were calculated from a straight line �t to the detector hits along the trajectory

where the detector resolutions were applied as weights in the �2 �t. Once all tree-lines in

the U, X, V projections were found, they were combined into 3-dimensional partial tracks

by combining a U and V tree-line and comparing this to the reconstructed X tree-lines.

The reconstructed partial tracks in the two spectrometer regions then had to be con-

nected to form full tracks. This could be done by comparing the projected position

of the forward and backward partial tracks in the middle of the spectrometer magnet

(z = 275 cm). Deviations for true particles trajectories were below 1.0 cm. This type

of tracking includes the information coming from the vertex chambers and is referred

to as `standard tracking'. In 1995-96 the VC performance was too low to be included

into the tracking and only the FC information was available to reconstruct the forward

partial tracks. This resulted in a high uncertainty for the forward track and limited the

performance of the tracking system. The problem was dealt with by the concept of forced

bridging, where the matching point of the backward track in the center of the magnet was

used as an extra space point in an iterative recalculation of the parameters of the forward

partial track. This tracking method is referred to as `NOVC tracking'. When the magnet

chamber were operational their information could be incorporated into the bridging using

a so-called Kalman �lter. In this algorithm the backward partial tracks were extrapolated

into the magnet and de�ned a region where hits in the chambers should be present given
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Figure 5.3: Correlation of PID3 and truncated mean TRD response for 1995 data. A

clean separation of leptons and hadrons is visible.

The ux ratio � could be neglected provided it was not a strong function of momentum

and angle. This simply shifted the PID distribution.

In 1995 the probability analysis of the TRD was not yet fully �nished. Instead one

relied on the truncated mean response of the TRD modules and parent distributions

were generated from the TRD puls spectra without any momentum dependence. The

calorimeter, preshower and �Cerenkov counter were combined to form a log-likelihood

quantity given by

PID3 = PIDcal + PIDpre + PID �Cer = log10
 
Lcal
e

Lpre
e

L �Cer

e

Lcal
h

Lpre
h

L �Cer

h

!
: (5.8)

A similar quantity PID2 was de�ned using only the calorimeter and preshower and also

PID4 was constructed including the TRD with parent distributions as mentioned above.

The more commonly used PID parameter in 1995 was a combination of PID3 and the

TRD mean response. The correlation plot of both quantities is given in �gure 5.3 which

shows a clean separation between positrons and hadrons. The optimal PID quantity

was derived from a valley cut whose position was determined in a 2-dimensional �tting

procedure �nding the cut which had the smallest number of particles close to it, resulting

in

PID95 = PID3 + 0:31 � TRDpulse � 5:48: (5.9)

If the �Cerenkov performance was limited a similar cut in the PID2-TRD plane gave

PID95 = PID2 + 0:51 � TRDpulse � 9:0; (5.10)

whereas if the TRD failed then

PID95 = PID3: (5.11)
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Figure 5.4: Distribution of PID3+PID5 used as PID parameter for the 1996-97 data.

In 1996-97 the full probability analysis for the TRD was done and a quantity

PID5 = PIDTRD = log10
 Q6

m=1 L
TRD;m

eQ6
m=1 L

TRD;m

h

!

(5.12)

was introduced based on the responses of the six individual TRD modules. The commonly

used PID quantity was then simply

PID96�97 = PID3 + PID5; (5.13)

as shown in �gure 5.4.

The contamination of the lepton or hadron samples and the e�ciencies of the applied

cuts were estimated by �tting e.g. Gaussian curves to the lepton and hadron PID param-

eter distributions in the region around the cut. An overall positron e�ciency of better

than 97 % with a hadronic contamination level of less than 1 % was achieved with this

PID method.

A more detailed description of the HERMES PID can be found in [86].

5.5 The HERMES Monte Carlo

Monte Carlo simulations of a particle physics experiment are usually needed to study

the inuence of the experimental apparatus on the detected physics events. The spec-

trometer has a �nite geometrical acceptance which allows detection of only a fraction

of the induced physics events. Detection systems have a certain �nite resolution and

e�ciency and can also inuence measurements due to e.g. multiple scattering, energy
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losses, Bremsstrahlung or particle showering. This will lead to smearing e�ects in the

reconstructed event quantities with respect to their real values. After the reconstruction

each event has to pass a certain analysis software chain, which also has a certain intrinsic

e�ciency. All these e�ects have to be estimated and corrected for using a full Monte

Carlo simulation of the measurement. Apart from that Monte Carlo studies can also be

used to estimate e.g. event count rates or to perform studies of background processes.

The HERMES Monte Carlo (HMC) program [87] was able to simulate several di�er-

ent scattering processes using di�erent, appropriate physics event generators. The default

parameters were set to use LEPTO [88] which is a leptoproduction event generator for

the simulation of deep-inelastic scattering. LEPTO contains the parton level interactions

based on the standard model leading order electro-weak cross sections. Due to the rel-

atively low energy scale at HERMES no higher order QCD radiation e�ects leading to

parton showers were included. To simulate polarized deep-inelastic scattering at HER-

MES an extension of LEPTO called PEPSI [91] was used. The (un)polarized quark-parton

distribution functions serve as input to the Monte Carlo to describe the target partonic

substructure. The fragmentation and decay of unstable primary hadrons was governed by

JETSET [89] based on the LUND string model [90]. HMC also contained other event gen-

erators like e.g. PYTHIA [89], capable of generating hard and soft processes in collisions

between photons, leptons and hadrons, and AROMA [92], a generator for heavy-avor

processes in leptoproduction.

The tracking and modelling of the detector responses was implemented using the

GEANT1 detector description and simulation tool [93]. Using experimental resolutions

and e�ciency functions, the generated detector signals were �nally digitized into more

realistic responses. The entire output of HMC was stored in ADAMO formatted GAF

�les which were readable by the HERMES reconstruction program, so that Monte Carlo

data could be treated just like actual measured data.

The Monte Carlo studies of vector meson production were performed with some stand-

alone generators (see chapter 7), where the event output was redirected into speci�c GAF

�les. The HERMES Monte Carlo had the feature that it could read these special user

generated GAF �les and feed each event through the GEANT tracking and digitization

chain without performing any event generation itself. This had the advantage that basi-

cally any physics event generator could be coupled to HMC to make a simulation of the

entire experiment feasible.

Figure 5.5 displays a HMC simulated e�p ! e�!p event generated with DIPSI (see

section 7.2) where the ! decays into �+���0. All components of the HERMES spec-

trometer can be seen from the top and from the side. The picture includes the particle

trajectories and the produced hits in the di�erent detectors. Also the bending of the

charged particles in the spectrometer magnet was simulated.

1Generation of Events ANd Tracks

106 Event Reconstruction and Data Analysis

e−

p

π−γ
γ

e−

p

π−
γγ

Figure 5.5: A picture of a simulated e�p! e�!p event with the DIPSI generator coupled

to HMC. The plot on top shows a detector view from the top, while the bottom picture

gives a side view. One can clearly see the recoiling proton (which is not detected) and

the tracks of the scattered lepton and the two charged pions. Only the electron produces

�Cerenkov light and a calorimeter shower in the top right half. One also notices the two �0

decay photons indicated by the dashed lines, which also induce large calorimeter showers

in the bottom left half. The bending of the charged tracks in the spectrometer magnet is

also visible.
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lt
s
o
f
th
e
d
a
ta
q
u
a
li
ty
se
le
ct
io
n
o
n
th
e
b
u
rs
t
le
v
el
a
re
su
m
m
a
ri
ze
d
in
A
p
p
en
d
ix
A
,

w
h
er
e
th
e
e�
ec
t
o
f
th
e
d
i�
er
en
t
cu
ts
o
n
th
e
a
m
o
u
n
t
o
f
u
se
fu
l
d
a
ta
is
q
u
a
n
ti
�
ed
.
In
th
e

fo
ll
ow
in
g
se
ct
io
n
s
a
ll
d
a
ta
q
u
a
li
ty
se
le
ct
io
n
cr
it
er
ia
fo
r
th
e
in
cl
u
si
v
e
a
sy
m
m
et
ry
a
n
a
ly
si
s

w
il
l
b
e
d
es
cr
ib
ed
in
d
et
a
il
.

6
.1
.1

B
e
a
m

a
n
d
T
a
r
g
e
t
C
r
it
e
r
ia

T
h
e
d
eg
re
e
o
f
p
o
la
ri
za
ti
o
n
o
f
th
e
le
p
to
n
b
ea
m

in
H
E
R
A
a
n
d
th
e
ta
rg
et
p
o
la
ri
za
ti
o
n
a
re

im
p
o
rt
a
n
t
q
u
a
n
ti
ti
es
in
m
ea
su
re
m
en
ts
o
f
sp
in
a
sy
m
m
et
ri
es
.
M
o
re
ov
er
,
th
e
b
ea
m

p
o
la
r-

iz
a
ti
o
n
ca
n
a
ls
o
p
la
y
a
ro
le
in
th
e
a
n
a
ly
si
s
o
f
th
e
v
ec
to
r
m
es
o
n
d
ec
ay
a
n
g
le
d
is
tr
ib
u
ti
o
n
s.

P
er
io
d
s
o
f
lo
w
p
o
la
ri
za
ti
o
n
d
o
n
o
t
co
n
tr
ib
u
te
m
u
ch
to
th
e
m
ea
su
re
d
a
sy
m
m
et
ri
es
a
n
d

a
re
co
n
se
q
u
en
tl
y
re
m
ov
ed
fr
o
m
th
e
d
a
ta
se
t.
T
h
e
sm
o
o
th
ed
b
ea
m
p
o
la
ri
za
ti
o
n
va
lu
e
w
a
s

re
q
u
ir
ed
to
b
e
w
it
h
in
a
ce
rt
a
in
u
p
p
er
a
n
d
lo
w
er
li
m
it
.
T
h
e
lo
w
er
li
m
it
cu
ts
aw
ay
p
er
io
d
s

o
f
lo
w
p
o
la
ri
za
ti
o
n
o
r
p
er
io
d
s
w
h
en
th
e
p
o
la
ri
m
et
er
m
ea
su
re
m
en
ts
w
er
e
u
n
re
li
a
b
le
a
n
d

a
ls
o
re
m
ov
es
d
a
ta
ta
k
en
a
t
th
e
b
eg
in
n
in
g
o
f
ea
ch
�
ll
w
h
en
th
e
p
o
la
ri
za
ti
o
n
va
lu
e
w
a
s
st
il
l

ri
zi
n
g
.
T
h
e
ta
rg
et
w
a
s
re
q
u
ir
ed
to
b
e
in
a
w
el
l-
d
e�
n
ed
n
u
cl
ea
r
p
o
la
ri
za
ti
o
n
st
a
te
p
a
ra
ll
el

o
r
a
n
ti
-p
a
ra
ll
el
to
th
e
b
ea
m

d
ir
ec
ti
o
n
,
w
h
ic
h
is
n
o
t
th
e
ca
se
w
h
il
e
th
e
d
ir
ec
ti
o
n
o
f
th
e

ta
rg
et
p
o
la
ri
za
ti
o
n
is
b
ei
n
g
sw
it
ch
ed
.
F
o
r
d
a
ta
ta
k
en
w
it
h
th
e
A
B
S
o
n
ly
n
u
cl
ea
r
p
o
la
r-

iz
a
ti
o
n
st
a
te
s
a
re
u
se
d
in
th
e
a
n
a
ly
si
s,
si
n
ce
re
si
d
u
a
l
el
ec
tr
o
n
p
o
la
ri
za
ti
o
n
co
u
ld
in
tr
o
d
u
ce

a
sy
m
m
et
ri
es
in
th
e
lu
m
in
o
si
ty
m
ea
su
re
m
en
t.
F
o
r
th
e

~
3
H
e
ta
rg
et
th
e
va
lu
es
o
f
th
e
ta
rg
et

p
o
la
ri
za
ti
o
n
m
ea
su
re
d
w
it
h
ei
th
er
th
e
p
u
m
p
in
g
ce
ll
p
o
la
ri
m
et
er
o
r
th
e
ta
rg
et
o
p
ti
ca
l
m
o
n
-

it
o
r
w
er
e
re
q
u
ir
ed
to
b
e
w
it
h
in
a
ce
rt
a
in
ra
n
g
e,
w
h
il
e
fo
r
th
e
~1 H
ru
n
n
in
g
th
e
p
o
la
ri
za
ti
o
n

va
lu
e
fr
o
m
th
e
B
R
P
w
a
s
d
em
a
n
d
ed
to
b
e
w
it
h
in
a
cc
ep
ta
b
le
li
m
it
s.
T
h
e
lo
w
er
b
o
u
n
d
a
ri
es

o
n
th
e
ta
rg
et
p
o
la
ri
za
ti
o
n
cu
t
aw
ay
th
o
se
b
u
rs
ts
w
h
er
e
th
e
p
o
la
ri
za
ti
o
n
d
id
n
o
t
y
et
re
a
ch

it
s
m
a
x
im
u
m
va
lu
e
a
ft
er
a
sp
in
-
ip
.
T
h
e
u
p
p
er
b
o
u
n
d
a
ri
es
o
n
b
o
th
th
e
b
ea
m
a
n
d
ta
rg
et



6
.1
D
a
ta
Q
u
a
li
ty

1
0
9

p
o
la
ri
za
ti
o
n
re

ec
t
th
e
m
a
x
im
u
m
m
ea
su
re
d
va
lu
es
a
n
d
a
re
u
se
d
to
re
m
ov
e
p
er
io
d
s
w
it
h

a
n
u
n
p
h
y
si
ca
ll
y
h
ig
h
p
o
la
ri
za
ti
o
n
m
ea
su
re
m
en
t.

F
o
r
th
e
~
3
H
e
ru
n
n
in
g
th
e
ta
rg
et
d
en
si
ty
w
a
s
re
q
u
ir
ed
to
st
ay
w
it
h
in
a
re
a
so
n
a
b
le
o
p
er
a
t-

in
g
ra
n
g
e.
A
s
th
er
e
w
er
e
n
o
d
ir
ec
t
m
ea
su
re
m
en
ts
o
f
th
e
ta
rg
et
d
en
si
ty
w
it
h
th
e
A
B
S
,
th
is

k
in
d
o
f
cu
t
w
a
s
n
o
t
p
o
ss
ib
le
fo
r
th
e
~1 H
d
a
ta
.
F
o
r
th
e
la
tt
er
d
a
ta
th
e
a
to
m
ic
fr
a
ct
io
n
s
�
0

a
n
d
�
R

w
er
e
re
st
ri
ct
ed
to
p
o
si
ti
v
e
va
lu
es
a
n
d
a
re
g
u
la
r
u
p
d
a
te
o
f
th
e
�
m
ea
su
re
m
en
t
w
a
s

re
q
u
ir
ed
.
B
u
rs
ts
w
h
ic
h
su
�
er
ed
fr
o
m
ta
rg
et
re
la
te
d
h
a
rd
w
a
re
p
ro
b
le
m
s
w
er
e
d
is
ca
rd
ed
.

6
.1
.2

L
u
m
in
o
s
it
y

T
h
e
lu
m
in
o
si
ty
m
ea
su
re
m
en
t
is
v
er
y
im
p
o
rt
a
n
t
fo
r
se
v
er
a
l
a
n
a
ly
si
s
to
p
ic
s.
F
ir
st
o
f
a
ll
th
e

sp
in
a
sy
m
m
et
ry
m
ea
su
re
m
en
ts
h
av
e
to
b
e
n
o
rm
a
li
ze
d
w
it
h
th
e
(r
el
a
ti
v
e)
lu
m
in
o
si
ty
va
lu
e

b
ec
a
u
se
o
f
th
e
p
er
m
a
n
en
tl
y
ch
a
n
g
in
g
b
ea
m
cu
rr
en
t
a
n
d
th
e
re
la
ti
v
el
y
lo
n
g
ti
m
e
in
b
et
w
ee
n

th
e
ta
rg
et
sp
in

ip
s.
L
u
m
in
o
si
ty
m
ea
su
re
m
en
ts
a
re
a
ls
o
n
ec
es
sa
ry
fo
r
th
e
a
b
so
lu
te
a
n
d

re
la
ti
v
e
n
o
rm
a
li
za
ti
o
n
o
f
th
e
d
a
ta
se
ts
,
w
h
ic
h
is
n
ee
d
ed
fo
r
e.
g
.
cr
o
ss
se
ct
io
n
o
r
n
u
cl
ea
r

tr
a
n
sp
a
re
n
cy
d
et
er
m
in
a
ti
o
n
s.

T
h
e
lu
m
in
o
si
ty
m
o
n
it
o
r
ra
te
s
w
er
e
re
st
ri
ct
ed
to
a
n
o
m
in
a
l
ra
n
g
e.
F
o
r
th
e
1
9
9
5
d
a
ta

th
es
e
ra
te
s
w
er
e
cr
o
ss
-c
h
ec
k
ed
b
y
co
m
p
a
ri
n
g
th
em

to
th
e
p
ro
d
u
ct
o
f
th
e
b
ea
m

cu
rr
en
t

a
n
d
ta
rg
et
d
en
si
ty
va
lu
es
,
w
h
er
e
th
e
la
tt
er
tw
o
q
u
a
n
ti
ti
es
w
er
e
a
ls
o
li
m
it
ed
to
re
a
so
n
a
b
le

va
lu
es
to
en
su
re
a
re
li
a
b
le
co
m
p
a
ri
so
n
.

F
ro
m
1
9
9
6
o
n
,
th
e
lu
m
in
o
si
ty
m
o
n
it
o
r
ca
lo
ri
m
et
er
b
lo
ck
s
w
er
e
a
ls
o
m
o
n
it
o
re
d
b
y
th
e

g
a
in
m
o
n
it
o
ri
n
g
sy
st
em
.
T
h
e
re
q
u
ir
em
en
t
w
a
s
m
a
d
e
th
a
t
a
ll
b
lo
ck
s
o
f
th
e
ca
lo
ri
m
et
er

w
er
e
fu
n
ct
io
n
in
g
o
p
ti
m
a
ll
y.

6
.1
.3

D
a
t
a
A
q
u
is
it
io
n

S
in
ce
th
e
d
a
ta
a
cq
u
is
it
io
n
co
n
tr
o
ls
th
e
re
co
rd
in
g
o
f
th
e
in
co
m
in
g
d
a
ta
,
o
n
e
m
u
st
en
su
re

th
a
t
th
is
sy
st
em
is
o
p
er
a
ti
n
g
st
a
b
ly
.

A
n
im
p
o
rt
a
n
t
D
A
Q

re
la
te
d
q
u
a
n
ti
ty
is
th
e
d
ea
d
ti
m
e
o
r
eq
u
iv
a
le
n
tl
y
th
e
li
v
e
ti
m
e

� l
i
v
e
,
w
h
ic
h
b
a
si
ca
ll
y
in
d
ic
a
te
s
th
e
fr
a
ct
io
n
o
f
ti
m
e
th
e
D
A
Q
sy
st
em
is
a
b
le
to
a
cc
ep
t
a
n
d

re
co
rd
n
ew
in
co
m
in
g
d
a
ta
w
it
h
o
u
t
b
ei
n
g
b
lo
ck
ed
d
u
e
to
th
e
p
ro
ce
ss
in
g
o
f
th
e
p
re
v
io
u
sl
y

a
cc
ep
te
d
d
a
ta
.
T
h
is
fr
a
ct
io
n
ca
n
b
e
es
ti
m
a
te
d
fr
o
m
th
e
to
ta
l
n
u
m
b
er
o
f
g
en
er
a
te
d
tr
ig
g
er
s

a
n
d
tr
ig
g
er
s
a
cc
ep
te
d
b
y
th
e
D
A
Q
p
er
b
u
rs
t

� l
i
v
e

=

T
a
c
c

T
g
e
n

:

(6
.1
)

F
o
r
th
e
1
9
9
7
d
a
ta
q
u
a
li
ty
st
u
d
ie
s
th
is
q
u
a
n
ti
ty
w
a
s
a
ls
o
ca
lc
u
la
te
d
se
p
a
ra
te
ly
fo
r
tr
ig
g
er

2
1
,
� T
r
2
1
.
A
ls
o
,
a
co
rr
ec
ti
o
n
fa
ct
o
r
fo
r
th
e
to
ta
l
li
v
e
ti
m
e
w
a
s
co
m
p
u
te
d
to
a
cc
o
u
n
t
fo
r

m
is
si
n
g
ev
en
ts
in
th
e
d
a
ta
st
re
a
m
,
y
ie
ld
in
g
a
n
a
rt
i�
ci
a
l
li
v
e
ti
m
e
� A
r
t
.
T
h
e
li
v
e
ti
m
e

to
g
et
h
er
w
it
h
th
e
b
u
rs
t
le
n
g
th
,
w
h
ic
h
is
th
e
le
n
g
th
in
ti
m
e
d
u
ri
n
g
w
h
ic
h
th
e
d
a
ta
in
th
a
t

b
u
rs
t
w
a
s
co
ll
ec
te
d
,
en
te
r
th
e
lu
m
in
o
si
ty
n
o
rm
a
li
za
ti
o
n
a
n
d
a
re
th
er
ef
o
re
re
st
ri
ct
ed
to

ce
rt
a
in
ra
n
g
es
.
F
o
r
1
9
9
7
cu
ts
w
er
e
a
ls
o
im
p
o
se
d
o
n
th
e
tr
ig
g
er
2
1
li
v
e
ti
m
e
a
n
d
o
n
th
e

to
ta
l
a
rt
i�
ci
a
l
li
v
e
ti
m
e.
In
1
9
9
5
th
e
b
u
rs
t
le
n
g
th
w
a
s
re
st
ri
ct
ed
to
b
e
cl
o
se
to
th
e
n
o
m
in
a
l

1
1
0

D
a
ta
Q
u
a
li
ty
a
n
d
E
v
e
n
t
S
e
le
c
ti
o
n

va
lu
e
o
f
1
0
se
co
n
d
s,
w
h
il
e
fo
r
1
9
9
6
-9
7
th
is
va
lu
e
co
u
ld
b
e
lo
w
er
d
u
e
to
th
e
sh
o
rt
er
re
co
rd
s

d
u
ri
n
g
th
e
m
u
ch
m
o
re
fr
eq
u
en
t
ta
rg
et
sp
in

ip
s.

T
o
av
o
id
D
A
Q
p
ro
b
le
m
s
d
u
ri
n
g
th
e
b
eg
in
n
in
g
o
r
te
rm
in
a
ti
o
n
o
f
a
ru
n
,
w
h
en
th
e
D
A
Q

h
a
s
to
p
er
fo
rm
se
v
er
a
l
cl
ea
n
-u
p
a
n
d
in
it
ia
li
za
ti
o
n
ta
sk
s,
th
e
�
rs
t
a
n
d
la
st
b
u
rs
ts
fr
o
m
ea
ch

ru
n
w
er
e
re
m
ov
ed
fr
o
m
th
e
d
a
ta
.

F
u
rt
h
er
m
o
re
,
a
n
y
b
u
rs
ts
ex
h
ib
it
in
g
p
ro
b
le
m
s
w
it
h
ti
m
in
g
o
r
sy
n
ch
ro
n
iz
a
ti
o
n
w
it
h
th
e

sl
ow
co
n
tr
o
l
d
a
ta
,
w
h
ic
h
o
cc
u
rr
ed
m
o
st
ly
d
u
ri
n
g
1
9
9
6
-9
7
,
w
er
e
cu
t
o
u
t
fr
o
m
th
e
d
a
ta
.

6
.1
.4

T
r
a
c
k
in
g
C
h
a
m
b
e
r
s

T
h
e
d
et
ec
ti
o
n
a
n
d
re
co
n
st
ru
ct
io
n
o
f
th
e
ch
a
rg
ed
p
a
rt
ic
le
tr
a
je
ct
o
ri
es
d
ep
en
d
s
o
n
th
e

tr
a
ck
in
g
d
et
ec
to
rs
in
th
e
sp
ec
tr
o
m
et
er
so
th
a
t
th
e
st
a
b
il
it
y
a
n
d
e�
ci
en
cy
o
f
th
es
e
d
ev
ic
es

sh
o
u
ld
b
e
m
o
n
it
o
re
d
to
en
su
re
g
o
o
d
tr
a
ck
in
g
p
er
fo
rm
a
n
ce
.

In
1
9
9
5
th
e
tr
a
ck
in
g
e�
ci
en
cy
w
a
s
m
o
n
it
o
re
d
u
si
n
g
th
e
A
C
E
1

co
d
e
[9
6
]
th
a
t
is
a
b
le

to
ca
lc
u
la
te
th
e
in
d
iv
id
u
a
l
tr
a
ck
in
g
ch
a
m
b
er
p
la
n
e
e�
ci
en
ci
es
p
er
b
u
rs
t
fr
o
m

th
e
re
-

co
n
st
ru
ct
ed
tr
a
ck
s
in
th
e
b
u
rs
t.
A
s
in
th
a
t
d
a
ta
ta
k
in
g
y
ea
r
th
e
d
et
ec
to
r
h
ig
h
v
o
lt
a
g
e

in
fo
rm
a
ti
o
n
w
a
s
n
o
t
y
et
re
co
rd
ed
in
th
e
sl
ow
co
n
tr
o
l
d
a
ta
st
re
a
m
,
th
es
e
e�
ci
en
cy
va
lu
es

w
er
e
th
e
o
n
ly
av
a
il
a
b
le
so
u
rc
e
o
f
in
fo
rm
a
ti
o
n
to
id
en
ti
fy
ch
a
m
b
er
tr
ip
s.
C
u
ts
w
er
e
im
-

p
o
se
d
o
n
th
e
to
ta
l
tr
a
ck
in
g
e�
ci
en
cy
o
f
th
e
fr
o
n
t
a
n
d
b
a
ck
d
ri
ft
ch
a
m
b
er
s.
W
h
en
ev
er

a
b
u
rs
t
fa
il
ed
th
e
e�
ci
en
cy
cu
t,
b
o
th
th
e
b
u
rs
t
p
re
ce
d
in
g
a
n
d
fo
ll
ow
in
g
b
u
rs
t
w
er
e
a
ls
o

re
m
ov
ed
to
en
su
re
th
a
t
th
e
en
ti
re
a
�
ec
te
d
p
er
io
d
w
a
s
re
m
ov
ed
.

F
ro
m
1
9
9
6
o
n
th
e
h
ig
h
v
o
lt
a
g
e
in
fo
rm
a
ti
o
n
w
a
s
re
co
rd
ed
so
th
a
t
fo
r
th
e
F
C
's
a
n
d
B
C
's

cu
ts
o
n
H
V
tr
ip
s
co
u
ld
b
e
m
a
d
e
d
ir
ec
tl
y.
F
o
r
th
e
1
9
9
7
d
a
ta
ta
k
in
g
th
es
e
cu
ts
w
er
e
a
ls
o

a
p
p
li
ed
to
th
e
V
C
's
a
n
d
D
V
C
's
a
s
th
ey
w
er
e
in
cl
u
d
ed
in
th
e
st
a
n
d
a
rd
tr
a
ck
in
g
m
et
h
o
d
u
se
d

fo
r
th
e
re
co
n
st
ru
ct
io
n
o
f
th
e
p
o
la
ri
ze
d
ta
rg
et
ru
n
s.
A
p
a
rt
fr
o
m
th
a
t,
b
u
rs
ts
w
h
ic
h
sh
ow
ed

sp
ec
i�
c
p
ro
b
le
m
s
re
la
te
d
to
th
e
V
C
's
w
er
e
a
ls
o
ex
cl
u
d
ed
fr
o
m
th
e
d
a
ta
re
co
n
st
ru
ct
ed
w
it
h

st
a
n
d
a
rd
tr
a
ck
in
g
.
In
1
9
9
6
a
n
en
ti
re
p
er
io
d
o
f
d
a
ta
ta
k
in
g
w
a
s
a
�
ec
te
d
d
u
e
a
n
a
cc
id
en
ta
ll
y

m
is
p
la
ce
d
V
C
p
la
te
co
v
er
in
g
p
a
rt
o
f
th
e
a
cc
ep
ta
n
ce
o
f
th
e
b
o
tt
o
m
d
et
ec
to
r.

6
.1
.5

T
r
ig
g
e
r
a
n
d
P
a
r
t
ic
le
Id
e
n
t
i�
c
a
t
io
n
D
e
t
e
c
t
o
r
s

B
ec
a
u
se
th
e
tr
ig
g
er
e�
ci
en
cy
a
n
d
p
a
rt
ic
le
id
en
ti
�
ca
ti
o
n
p
er
fo
rm
a
n
ce
is
in

u
en
ce
d
b
y

th
e
H
1
h
o
d
o
sc
o
p
e,
th
e
p
re
sh
ow
er
a
n
d
th
e
ca
lo
ri
m
et
er
,
it
is
im
p
er
a
ti
v
e
to
m
o
n
it
o
r
th
es
e

d
et
ec
to
rs
.

In
1
9
9
5
th
e
in
fo
rm
a
ti
o
n
fr
o
m
th
e
g
a
in
m
o
n
it
o
ri
n
g
sy
st
em
fo
r
th
e
ca
lo
ri
m
et
er
a
n
d
th
e

p
re
sh
ow
er
w
a
s
a
cc
es
si
b
le
o
n
ly
o
n
a
ru
n
b
y
ru
n
b
a
si
s,
si
n
ce
th
e
st
a
ti
st
ic
s
o
f
th
e
m
ea
su
re
-

m
en
ts
w
a
s
in
su
�
ci
en
t
to
ev
a
lu
a
te
th
e
p
er
fo
rm
a
n
ce
a
t
th
e
b
u
rs
t
le
v
el
.
T
h
e
st
a
b
il
it
y
o
f
ea
ch

d
et
ec
to
r
m
o
d
u
le
w
a
s
ch
ec
k
ed
o
�
in
e
b
y
co
m
p
a
ri
n
g
it
s
av
er
a
g
e
g
a
in
to
it
s
n
o
m
in
a
l
g
a
in
.
A

ca
lo
ri
m
et
er
b
lo
ck
w
a
s
d
ec
la
re
d
u
n
st
a
b
le
if
th
e
m
ea
su
re
d
g
a
in
d
i�
er
ed
b
y
m
o
re
th
a
n
1
0
%

fr
o
m

it
s
n
o
m
in
a
l
va
lu
e,
w
h
il
e
p
re
sh
ow
er
b
lo
ck
s
w
er
e
a
ll
ow
ed
to
h
av
e
a
g
a
in
w
it
h
in
2
0
%

o
f
th
e
n
o
m
in
a
l
va
lu
e.
C
u
ts
w
er
e
im
p
o
se
d
o
n
th
e
m
a
x
im
u
m
a
ll
ow
ed
n
u
m
b
er
o
f
G
M
S
b
a
d

b
lo
ck
s
in
th
e
to
p
a
n
d
b
o
tt
o
m
h
a
lf
o
f
th
e
sp
ec
tr
o
m
et
er
.
D
u
e
to
th
e
fo
rw
a
rd
n
a
tu
re
o
f
th
e

1
A
li
g
n
m
en
t,
C
a
li
b
ra
ti
o
n
,
E
�
ci
en
ci
es



6
.1
D
a
ta
Q
u
a
li
ty

1
1
1

sc
a
tt
er
in
g
p
ro
ce
ss
th
e
ed
g
es
o
f
th
e
sp
ec
tr
o
m
et
er
w
er
e
n
o
t
h
it
a
s
o
ft
en
a
s
th
e
ce
n
tr
a
l
p
a
rt

a
ro
u
n
d
th
e
b
ea
m
p
ip
e.
T
h
er
ef
o
re
fo
r
th
e
1
9
9
5
d
a
ta
b
o
th
th
e
to
p
a
n
d
b
o
tt
o
m
ca
lo
ri
m
et
er

a
n
d
p
re
sh
ow
er
w
er
e
sp
li
t
in
to
a
n
in
n
er
a
n
d
o
u
te
r
p
a
rt
,
w
h
er
e
th
e
in
n
er
p
a
rt
w
a
s
ta
k
en

a
s
th
e
ce
n
tr
a
l
th
ir
ty
co
lu
m
n
s
o
f
ca
lo
ri
m
et
er
b
lo
ck
s
a
n
d
th
e
ce
n
tr
a
l
th
ir
ty
h
o
d
o
sc
o
p
e
sc
in
-

ti
ll
a
to
rs
.
C
u
ts
o
n
th
e
m
a
x
im
u
m

n
u
m
b
er
o
f
b
a
d
ch
a
n
n
el
s
a
re
a
p
p
li
ed
se
p
a
ra
te
ly
fo
r
th
e

in
n
er
a
n
d
o
u
te
r
re
g
io
n
o
f
th
e
to
p
a
n
d
b
o
tt
o
m
d
et
ec
to
r
h
a
lf
,
w
h
er
e
th
e
cu
ts
o
n
th
e
in
n
er

re
g
io
n
a
re
m
o
re
st
ri
n
g
en
t.
T
h
is
k
in
d
o
f
fa
r-
re
a
ch
in
g
re
q
u
ir
em
en
ts
w
er
e
n
o
t
n
ec
es
sa
ry
fo
r

th
e
1
9
9
6
-9
7
d
a
ta
ta
k
in
g
,
so
th
a
t
fo
r
th
es
e
d
a
ta
se
ts
si
m
p
le
cu
ts
o
n
th
e
to
ta
l
n
u
m
b
er
o
f

d
ea
d
b
lo
ck
s
a
s
se
en
b
y
th
e
G
M
S
w
er
e
m
a
d
e.

F
o
r
b
o
th
th
e
H
1
h
o
d
o
sc
o
p
e
a
n
d
th
e
p
re
sh
ow
er
th
e
n
u
m
b
er
o
f
sc
a
le
r
co
u
n
ts
p
er
ch
a
n
n
el

p
er
b
u
rs
t
w
a
s
u
se
d
to
id
en
ti
fy
m
a
lf
u
n
ct
io
n
in
g
m
o
d
u
le
s
in
1
9
9
5
,
w
h
er
e
a
m
o
d
u
le
w
a
s

m
a
rk
ed
b
a
d
if
ze
ro
co
u
n
ts
w
er
e
m
ea
su
re
d
.

T
h
e
p
a
rt
ic
le
id
en
ti
�
ca
ti
o
n
p
er
fo
rm
a
n
ce
is
a
ls
o
a
�
ec
te
d
b
y
th
e
T
R
D

a
n
d
� C
er
en
k
ov

co
u
n
te
r.
D
u
e
to
th
e
li
m
it
ed
a
m
o
u
n
t
o
f
st
a
ti
st
ic
s
b
o
th
d
et
ec
to
rs
w
er
e
ch
ec
k
ed
a
t
th
e
ru
n

le
v
el
. T

h
e
to
ta
l
n
u
m
b
er
o
f
tr
a
ck
s
in
th
e
to
p
a
n
d
b
o
tt
o
m
d
et
ec
to
r
p
ro
d
u
ci
n
g
a
T
R
D
si
g
n
a
l

a
n
d
th
e
a
m
o
u
n
t
o
f
tr
a
ck
s
w
it
h
o
u
t
a
T
R
D
re
sp
o
n
se
w
er
e
re
co
rd
ed
to
g
et
h
er
w
it
h
th
e
si
m
p
le

m
ea
n
va
lu
es
M

o
f
th
e
p
u
ls
e-
h
ei
g
h
t
d
is
tr
ib
u
ti
o
n
s.
F
o
r
ea
ch
ru
n
th
e
T
R
D
re
sp
o
n
se
to
a

sa
m
p
le
o
f
p
io
n
s
a
n
d
p
o
si
tr
o
n
s
a
s
d
e�
n
ed
b
y
th
e
ca
lo
ri
m
et
er
a
n
d
p
re
sh
ow
er
w
a
s
d
et
er
m
in
ed

fo
r
ea
ch
d
et
ec
to
r
h
a
lf
se
p
a
ra
te
ly
.
T
h
e
p
ea
k
s
in
th
e
p
u
ls
e-
h
ei
g
h
t
sp
ec
tr
a
w
er
e
th
en
�
tt
ed

w
it
h
G
a
u
ss
ia
n
fu
n
ct
io
n
s
to
d
et
er
m
in
e
th
ei
r
m
ea
n
va
lu
e
m
a
n
d
st
a
n
d
a
rd
d
ev
ia
ti
o
n
�
.
F
o
r

p
io
n
s
th
is
�
tt
ed
m
ea
n
va
lu
e
m
(�
)
w
il
l
u
su
a
ll
y
d
i�
er
fr
o
m

th
e
si
m
p
le
m
ea
n
va
lu
e
M
(�
)

o
f
th
e
sp
ec
tr
u
m
d
u
e
to
th
e
L
a
n
d
a
u
-t
a
il
o
f
th
e
d
is
tr
ib
u
ti
o
n
,
m
a
k
in
g
th
e
ra
ti
o
m
(�
)=
M
(�
)

sm
a
ll
er
th
a
n
1
.
T
h
e
n
u
m
b
er
o
f
tr
a
ck
s
w
a
s
u
se
d
to
ch
ec
k
w
h
et
h
er
th
e
T
R
D
w
a
s
o
p
er
a
ti
o
n
a
l

d
u
ri
n
g
th
e
ru
n
.
T
h
e
ca
li
b
ra
ti
o
n
o
f
th
e
d
et
ec
to
r
w
a
s
m
o
n
it
o
re
d
b
y
ch
ec
k
in
g
th
e
st
a
b
il
it
y

o
f
th
e
m
ea
n
a
n
d
si
g
m
a
o
f
th
e
p
io
n
p
ea
k
,
w
h
il
e
th
e
ra
ti
o
m
(e
+
)=
m
(�
)
o
f
th
e
p
o
si
tr
o
n
a
n
d

p
io
n
p
ea
k
p
o
si
ti
o
n
s
in
d
ic
a
te
d
th
e
li
n
ea
ri
ty
o
f
th
e
T
R
D
.
T
ri
p
d
et
ec
ti
o
n
w
a
s
a
cc
o
m
p
li
sh
ed

b
y
ex
a
m
in
in
g
th
e
m
(�
)=
M
(�
),
w
h
er
e
th
e
ra
ti
o
b
ec
o
m
es
la
rg
er
th
a
n
1
w
h
en
a
tr
ip
o
cc
u
rs
.

F
o
r
th
e
� C
er
en
k
ov
d
a
ta
q
u
a
li
ty
st
u
d
ie
s
a
sa
m
p
le
o
f
p
o
si
tr
o
n
s
a
s
d
e�
n
ed
b
y
th
e
ca
lo
ri
m
e-

te
r
a
n
d
p
re
sh
ow
er
w
a
s
ta
k
en
fo
r
ea
ch
ru
n
.
A
cu
t
w
a
s
im
p
o
se
d
o
n
th
e
e�
ci
en
cy
o
f
th
e

d
et
ec
to
r
� c
e
r
,
w
h
ic
h
w
a
s
ca
lc
u
la
te
d
fr
o
m
th
e
ra
ti
o
o
f
th
e
n
u
m
b
er
o
f
p
o
si
tr
o
n
s
re
co
g
n
iz
ed

b
y
th
e
� C
er
en
k
ov
a
n
d
th
e
to
ta
l
n
u
m
b
er
o
f
p
o
si
tr
o
n
tr
a
ck
s.
A
ls
o
th
e
m
ea
n
n
u
m
b
er
o
f
p
h
o
-

to
el
ec
tr
o
n
s
fo
r
h
ig
h
m
o
m
en
tu
m

p
o
si
tr
o
n
s
w
a
s
li
m
it
ed
to
a
n
a
cc
ep
ta
b
le
ra
n
g
e
to
en
su
re

st
a
b
le
o
p
er
a
ti
o
n
.
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O
v
e
r
a
ll
S
t
a
b
il
it
y

In
th
e
1
9
9
5
in
cl
u
si
v
e
a
sy
m
m
et
ry
a
n
a
ly
si
s
it
w
a
s
fo
u
n
d
th
a
t,
in
sp
it
e
o
f
a
ll
th
e
d
a
ta

q
u
a
li
ty
re
q
u
ir
em
en
ts
li
st
ed
a
b
ov
e,
th
e
d
a
ta
st
il
l
sh
ow
ed
in
st
a
b
il
it
ie
s.
H
en
ce
,
th
e
a
m
o
u
n
t

o
f
re
m
a
in
in
g
g
o
o
d
b
u
rs
ts
p
er
ru
n
a
n
d
p
er
�
ll
w
a
s
ex
a
m
in
ed
a
ft
er
th
e
a
p
p
li
ca
ti
o
n
o
f
th
e

cr
it
er
ia
m
en
ti
o
n
ed
a
b
ov
e.
T
o
av
o
id
p
o
ss
ib
le
sy
st
em
a
ti
c
er
ro
rs
d
u
e
to
ch
a
n
g
in
g
d
et
ec
to
r

b
eh
av
io
u
r
th
e
a
sy
m
m
et
ry
w
a
s
ca
lc
u
la
te
d
o
n
a
�
ll
b
y
�
ll
b
a
si
s.
T
h
er
ef
o
re
a
m
in
im
u
m

a
m
o
u
n
t
o
f
g
o
o
d
b
u
rs
ts
p
er
�
ll
fo
r
ea
ch
d
et
ec
to
r
h
a
lf
w
a
s
re
q
u
ir
ed
in
o
rd
er
to
u
se
th
e
�
ll

in
th
e
a
n
a
ly
si
s.
A
ls
o
o
n
th
e
ru
n
le
v
el
a
m
in
im
u
m

fr
a
ct
io
n
o
f
g
o
o
d
b
u
rs
ts
p
er
ru
n
w
a
s

d
em
a
n
d
ed
a
n
d
a
n
u
p
p
er
li
m
it
w
a
s
p
la
ce
d
o
n
th
e
a
m
o
u
n
t
o
f
g
a
p
s
d
e�
n
ed
a
s
th
e
ch
a
n
g
e

1
1
2

D
a
ta
Q
u
a
li
ty
a
n
d
E
v
e
n
t
S
e
le
c
ti
o
n

fr
o
m
g
o
o
d
to
b
a
d
d
a
ta
q
u
a
li
ty
,
a
s
th
es
e
q
u
a
n
ti
ti
es
a
re
a
m
ea
su
re
o
f
th
e
in
st
a
b
il
it
y
o
f
th
e

ex
p
er
im
en
t.

T
h
e
in
st
a
b
il
it
ie
s
in
th
e
d
a
ta
a
s
se
en
in
1
9
9
5
d
id
n
o
t
a
p
p
ea
r
in
th
e
1
9
9
6
-9
7
ru
n
n
in
g
,

m
a
k
in
g
th
is
k
in
d
o
f
re
q
u
ir
em
en
ts
su
p
er

u
o
u
s
fo
r
th
es
e
d
a
ta
ta
k
in
g
y
ea
rs
.

6
.2

E
v
e
n
t
S
e
le
c
ti
o
n

A
ft
er
th
e
a
p
p
li
ca
ti
o
n
o
f
th
e
d
i�
er
en
t
d
a
ta
q
u
a
li
ty
cr
it
er
ia
cl
ea
n
a
n
d
st
a
b
le
d
a
ta
sa
m
p
le
s

a
re
o
b
ta
in
ed
su
it
a
b
le
fo
r
fu
rt
h
er
a
n
a
ly
si
s.
A
s
th
e
H
E
R
M
E
S
sp
ec
tr
o
m
et
er
d
et
ec
ts
a
la
rg
e

va
ri
et
y
o
f
d
i�
er
en
t
p
ro
ce
ss
es
,
a
d
d
it
io
n
a
l
cu
ts
h
av
e
to
b
e
im
p
o
se
d
to
se
le
ct
th
e
ty
p
e
o
f

ev
en
ts
o
n
e
w
a
n
ts
to
st
u
d
y
a
n
d
to
re
m
ov
e
th
o
se
ev
en
ts
w
h
ic
h
o
n
e
is
n
o
t
in
te
re
st
ed
in

a
n
d
fo
rm

th
e
`b
a
ck
g
ro
u
n
d
'
in
th
e
sa
m
p
le
.
In
g
en
er
a
l
th
e
se
le
ct
io
n
cr
it
er
ia
a
re
ch
o
se
n

to
d
im
in
is
h
th
e
co
n
ta
m
in
a
ti
o
n
d
u
e
to
b
a
ck
g
ro
u
n
d
in
ea
ch
sa
m
p
le
,
w
h
il
e
k
ee
p
in
g
th
e

st
a
ti
st
ic
a
l
p
re
ci
si
o
n
o
f
th
e
ev
en
t
si
g
n
a
l
u
n
d
er
st
u
d
y
a
s
h
ig
h
a
s
p
o
ss
ib
le
.
In
th
is
se
ct
io
n
a
ll

a
p
p
li
ed
ev
en
t
se
le
ct
io
n
cu
ts
w
il
l
b
e
li
st
ed
a
n
d
ex
p
la
in
ed
in
d
et
a
il
.

T
h
e
a
n
a
ly
si
s
p
re
se
n
te
d
h
er
e
co
v
er
s
th
e
H
E
R
M
E
S
p
o
la
ri
se
d
d
a
ta
ta
k
in
g
o
n
a

~
3
H
e
ta
rg
et

in
1
9
9
5
a
n
d
o
n
~1 H
in
1
9
9
6
-9
7
a
n
d
a
ls
o
th
e
d
a
ta
co
ll
ec
te
d
d
u
ri
n
g
p
er
io
d
s
o
f
u
n
p
o
la
ri
se
d

ta
rg
et
ru
n
n
in
g
in
1
9
9
6
-9
7
o
n
a
1
H
,
2
H
,
3
H
e
a
n
d
1
4
N
ta
rg
et
.
T
h
e
d
a
ta
sa
m
p
le
s
fr
o
m
th
e

sh
o
rt
p
er
io
d
s
o
f
u
n
p
o
la
ri
se
d
ta
rg
et
ru
n
n
in
g
in
1
9
9
5
o
n
1
H
,
2
H
co
n
ta
in
o
n
ly
a
n
eg
li
g
ib
le

a
m
o
u
n
t
o
f
u
sa
b
le
v
ec
to
r
m
es
o
n
ev
en
ts
a
n
d
w
er
e
th
er
ef
o
re
n
o
t
co
n
si
d
er
ed
in
th
is
a
n
a
ly
si
s.

M
o
st
o
f
th
e
re
su
lt
s
o
b
ta
in
ed
in
th
is
w
o
rk
co
m
p
ri
se
th
e
a
n
a
ly
si
s
o
f
th
e
H
E
R
M
E
S
m
a
in

p
h
y
si
cs
tr
ig
g
er
ev
en
ts
w
h
er
e
sc
a
tt
er
ed
p
o
si
tr
o
n
s
w
er
e
d
et
ec
te
d
in
th
e
�
n
a
l
st
a
te
to
g
et
h
er

w
it
h
(a
fr
a
ct
io
n
o
f)
th
e
p
a
rt
ic
le
s
p
ro
d
u
ce
d
in
th
e
sc
a
tt
er
in
g
p
ro
ce
s.
P
a
rt
o
f
th
e
a
n
a
ly
-

si
s
w
a
s
a
ls
o
d
o
n
e
u
si
n
g
th
e
d
a
ta
co
ll
ec
te
d
w
it
h
th
e
p
h
o
to
p
ro
d
u
ct
io
n
tr
ig
g
er
,
w
h
er
e
th
e

in
fo
rm
a
ti
o
n
o
f
th
e
sc
a
tt
er
ed
p
o
si
tr
o
n
w
a
s
m
is
si
n
g
.

T
h
e
�
0
a
n
d
!
v
ec
to
r
m
es
o
n
s
a
re
u
n
st
a
b
le
sh
o
rt
-l
iv
ed
p
a
rt
ic
le
s
th
a
t
w
il
l
d
ec
ay
im
m
e-

d
ia
te
ly
a
ft
er
fo
rm
a
ti
o
n
2
b
ef
o
re
th
ey
re
a
ch
th
e
sp
ec
tr
o
m
et
er
so
th
a
t
o
n
ly
th
ei
r
�
n
a
l
d
ec
ay

p
ro
d
u
ct
s
co
u
ld
b
e
d
et
ec
te
d
.
T
h
e
m
a
in
d
ec
ay
ch
a
n
n
el
s
o
f
th
e
�
0
a
n
d
!
m
es
o
n
a
re
li
st
ed
in

ta
b
le
6
.4
.
T
h
e
�
0
w
il
l
b
e
a
n
a
ly
se
d
in
th
e
�
0
!
�
+
�
�

d
ec
ay
ch
a
n
n
el
,
w
h
il
e
fo
r
th
e
!
th
e

!
!
�
+
�
�
�
0
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n
d
!
!
�
0

d
ec
ay
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o
d
es
w
il
l
b
e
co
n
si
d
er
ed
.
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h
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H
E
R
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E
S
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er
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o
m
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n
s
o
f
d
et
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n
g
th
e
re
co
il
p
a
rt
ic
le
s
fr
o
m
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n
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sc
a
tt
er
in
g
p
ro
ce
ss
in
g
en
er
a
l3
In
p
a
rt
ic
u
la
r
in
th
e
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se
o
f
ex
cl
u
si
v
e
v
ec
to
r
m
es
o
n
p
ro
d
u
ct
io
n

th
e
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co
il
in
g
p
ro
to
n
(o
r
n
u
cl
eu
s)
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a
in
ed
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n
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d
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n
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e
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t
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n
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n
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n
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e
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ly
th
e
m
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o
n
d
ec
ay
p
ro
d
u
ct
s
a
n
d
p
o
ss
ib
ly

th
e
sc
a
tt
er
ed
p
o
si
tr
o
n
.
F
o
r
th
o
se
ev
en
ts
w
h
er
e
th
e
sc
a
tt
er
ed
p
o
si
tr
o
n
tr
a
ck
co
u
ld
b
e

re
co
n
st
ru
ct
ed
to
g
et
h
er
w
it
h
a
ll
�
n
a
l
st
a
te
d
ec
ay
p
a
rt
ic
le
s
o
f
th
e
v
ec
to
r
m
es
o
n
,
it
w
a
s

p
o
ss
ib
le
to
ca
lc
u
la
te
th
e
n
ec
es
sa
ry
ev
en
t
k
in
em
a
ti
cs
a
n
d
to
se
le
ct
ex
cl
u
si
v
e,
d
i�
ra
ct
iv
e

ev
en
ts
.
F
o
r
th
e
p
h
o
to
p
ro
d
u
ct
io
n
tr
ig
g
er
ev
en
ts
,
p
a
rt
o
f
th
e
ev
en
t
k
in
em
a
ti
cs
co
u
ld
n
o
t
b
e

d
et
er
m
in
ed
a
n
d
n
o
se
le
ct
io
n
o
n
ex
cl
u
si
v
it
y
w
a
s
fe
a
si
b
le
.

2
U
si
n
g
�
=

� h �

o
n
e
ca
n
es
ti
m
a
te
th
e
li
fe
ti
m
e
o
f
th
e
�
0
a
n
d
!
to
b
e
� �
0

=
4
:4
�
1
0
�

2
4
s
a
n
d
� !
=
7
:8
�
1
0
�

2
3
s

re
sp
ec
ti
v
el
y
(s
ee
ta
b
le
6
.4
).
T
h
e
d
is
ta
n
ce
th
es
e
p
a
rt
ic
le
s
w
il
l
tr
a
v
el
b
ef
o
re
d
ec
a
y
in
g
ca
n
b
e
a
p
p
ro
x
im
a
te
d

b
y
c�
w
it
h
c
b
ei
n
g
th
e
sp
ee
d
o
f
li
g
h
t,
w
h
ic
h
g
iv
es
c�
�
0

=
1
:3
fm

a
n
d
c�
!

=
2
3
fm
,
w
h
ic
h
is
ro
u
g
h
ly
th
e

sc
a
le
o
f
th
e
n
u
cl
eo
n
si
ze
.

3
P
la
n
s
to
in
st
a
ll
a
re
co
il
d
et
ec
ti
o
n
sy
st
em
d
o
ex
is
t
[9
7
].
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b
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r
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p
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ra
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a
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p
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b
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b
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a
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ra
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however, that all selection criteria described below are applicable to every HERMES data

set and have qualitatively the same impact. Table 6.7 lists the �nal number of events

after the selection cuts for the di�erent targets and data taking years considered in this

work.

6.2.2.1 Selection of �0 Events

In the �0 analysis one assumes that the detected hadrons are actually pions and the

true resonant �0 production events should appear as a peak in the 2-pion invariant mass

distribution

M2� =
p
(p�+ + p��)2; (6.11)

with p� the four-momenta of the hadrons assumed to be pions. The 2-pion invariant mass

distribution is depicted in �gure 6.1. The �0 events show up clearly in the wide bump

around the expected mass value. The narrow peak in the lower mass region corresponds

to K0
S

mesons which have a mass of 497:672 � 0:031 MeV and also decay into �+��

with a branching ratio of 68:61 � 0:28 % [94]. The �0 events were �ltered out in a �rst

step by imposing a mass window 0:6 < M2� < 1:0 GeV on the event sample. As can

be seen on the plot, the majority of the events selected within the mass window did

not correspond to resonant �0 production, but rather to e.g. hadron pairs produced in

fragmentation processes, production of other particles decaying into hadrons or exclusive

�+�� production without resonant formation of an intermediate �0 meson.
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Figure 6.1: The reconstructedM2� distribution without any additional cuts. The �
0 events

clearly show up around the right mass value. The narrow peak in the lower mass region

corresponds to K0
S

production. The dashed lines indicate the invariant mass window to

select �0 events.

To restrict the event sample further to exclusive and di�ractive production in the
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forward region cuts on �E and �t0 were used. Figure 6.2 (a) shows the �E distribution

of the sample with the �0 mass window. The narrow peak at �E � 0 GeV indicates

the exclusive event candidates, while the majority of the events is non-exclusive and is

contained in the wide structure at higher �E. Exclusive event candidates were selected

using �E < 0:6 GeV. The correlation of �E with �t0 is plotted in �gure 6.2 (b), where

a pile-up of exclusive event candidates occurs at very low �t0. This is a clear sign of a

di�ractive production mechanism. Di�ractive events were selected using �t0 < 0:4 GeV2.
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Figure 6.2: (a) The �E distribution of the event sample within the �0 mass window.

The peak at �E � 0 GeV corresponds to exclusive events. The dashed line indicates the

cut used in the analysis. (b) The correlation between �E and �t0 for the same event

sample. The exclusive events at very low �t0 correspond to di�ractive production. The

lines indicate the cuts used in the analysis.

The �0 event candidates were reconstructed under the assumption that both charged

hadrons were actually pions. As the pion identi�cation capability of the threshold �Cerenkov

counter was limited to a certain momentum range, this information was not used in the

�0 analysis to avoid loss of event statistics. The sample of hadron pairs was therefore

contaminated with e.g. kaons and protons. An important source of background events

may come from production of � vector mesons which have a mass of 1019:413�0:008 MeV

and decay into K+K� pairs with a branching ratio of 49:1 � 0:8 % [94]. To look for �

production events in the sample, one must examine the 2-kaon invariant mass distribution

given by

M2K =
p
(pK+ + pK�)2; (6.12)

with pK the 4-four momenta of the hadrons assumed to be kaons. The 2-kaon invariant

mass spectrum is plotted in �gure 6.3 (a), where the distribution is shown using the cuts

mentioned above on �E and �t0. A narrow peak at the expected mass can be seen,
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corresponding to exclusive, di�ractive � production5. The correlation between M2� and

M2K is depicted in �gure 6.3 (b), where the lines correspond to the cuts given above.

As the plot demonstrates, all � events were clearly outside the �0 event sample when

the 2-pion invariant mass window was imposed. However, to clean up the invariant mass

spectrum of the �0 event candidates (see �gure 6.4), all � production events were removed

from the sample by the additional requirement that M2K > 1:06 GeV.
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Figure 6.3: (a) The 2-kaon invariant mass distribution, where a signal of exclusive, di�rac-

tive � production is present at the expected mass value. The dashed line indicates the

cut used in the analysis. (b) Correlation between M2� and M2K , where the lines indicate

the cuts as outlined in the text. The plot demonstrates that all � events were outside the

�0 event candidate sample when the 2-pion invariant mass window was imposed.

All other sources of background in the event sample de�ned above, were not handled

on the event selection level, but will be discussed and corrected for further on in the

analysis.

The inuence of the cuts given above on the invariant mass distribution of the �0 event

sample is shown in �gure 6.4.

5Apart from the signal at about 1.02 GeV corresponding to � production, one sees another peak

around 1.25 GeV on the lower mass end of the bump in the distribution. As the plot shows, the events

in that region mostly corresponded to �0 production and the small peak in the distribution was found to

be due to a geometrical acceptance e�ect.
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Figure 6.4: The e�ect of the cuts mentioned in the text on the 2-pion invariant mass

spectrum for the exclusive, di�ractive �0 event candidate sample.

6.2.2.2 Selection of ! Events

For both decay modes of the ! considered in the analysis one has to start with the

reconstruction of the �0 from its two decay photons

M2 =
q

(p1 + p2)
2 = 2
p
E1
E2
sin

�
�12

2

�
; (6.13)

where p are the four-momenta of the photons and �12 is the angle between the two

photons in the lab frame. The M2 distribution for events in the 1997 data with exactly

two good photon clusters as de�ned in section 6.2.1, is shown in �gure 6.5 (a), where

a prominent signal from �0 mesons is present. A �t to the distribution with a Gaus-

sian function plus a 4th order polynomial respectively describing the �0 peak and the

background underneath the resonance, yields a �0 mass of M�0 = 134:98� 0:03 MeV, in

agreement with the PDG value [94]. The width of the �0 peak was 12:13 � 0:03 MeV

which serves as a measure for the spectrometer resolution for photons.

The fact that the �0 mass is reconstructed so well is not a coincidence, but merely a

consequence of an extra calibration of the photon energy, which is needed as the calorime-

ter response is calibrated using the positron E=p ratio6, whereas photons have slightly

di�erent showering characteristics leading to a small miscalibration of their energy. To

correct for this e�ect an E scaling factor was determined from a �0 invariant mass �t

using a semi-inclusive �0 production event sample for each data taking year. The ratio

of the PDG M�0 value to the measured one gives according to equation 6.13 the needed

photon energy scale factor, which varies between 0.95 and 0.98 for the 1995 to '97 data.

6E=p is the ratio of the measured calorimeter energy E and the momentum p as determined by the

tracking through the spectrometer dipole magnet.
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Figure 6.5: (a) The reconstructed M2 invariant mass for the entire '97 data set. The

prominent �0 peak shows up on top of some combinatorial background. The distribution

in the region of the �0 resonance can be perfectly described by a Gaussian plus a 4th

order polynomial function, where the �t matches the distribution so well that it is hardly

visible on the plot. (b) The �tted �0 mass for the '97 data as function of the number

of reconstructed charged tracks per event. Only events with at least one single track

(identi�ed as the scattered positron) were considered.

Another small e�ect on M�0 which can be taken into account is displayed in �g-

ure 6.5 (b) where the �tted �0 mass is shown as a function of the number of reconstructed

tracks in the event taken from the semi-inclusive production sample mentioned above.

The higher the charged particle multiplicity in a �0 event is, the larger the probability

becomes for a photon calorimeter cluster or shower to (partially) overlap with the one

of a charged particle, which explains the observed rise of M�0 with the number of tracks

per event. For the 3-pion decay ! analysis, where events are considered containing three

charged tracks, this e�ect was corrected for with another E scaling factor varying be-

tween 0.99 and 1.00 for the 1995 to '97 data. For the �0 decay mode no correction of

this kind is needed.

In the ! analysis, �0 mesons were selected by imposing a cut on the 2-photon invariant

mass 0:10 < M2 < 0:17 GeV.

For the ! 3-pion decay mode, one has to examine the 3-pion invariant mass

M3� =
p
(p�+ + p�� + p�0)2; (6.14)

with p� the four-momenta of the hadrons assumed to be pions. The 3-pion invariant

mass distribution is shown in �gure 6.6 (a). The spectrum reveals a clear resonance

around 780 MeV corresponding to ! production and also a second peak around 550 MeV

corresponding to the production of pseudoscalar � mesons which have a small branching
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Figure 6.6: (a) The 3-pion invariant mass distribution. A clear peak corresponding to

! meson production shows up around the expected invariant mass. The dashed lines

indicate the invariant mass window used in the analysis. A second peak appears around

550 MeV which indicates the production of pseudoscalar � mesons. (b) The (�t0;�E)

correlation for the sample in the selected ! invariant mass region. A small pile-up of

exclusive, di�ractive production events at small �E and �t0 can be seen. The lines

indicate the applied cuts in the analysis.

0

500

1000

1500

2000

2500

3000

0 0.5 1 1.5 2

(a)
Mπoγ (GeV)

E
ve

nt
s

-5

-2.5

0

2.5

5

7.5

10

12.5

15

17.5

20

0 2 4 6

(b)
-t, (GeV2)

∆E
 (

G
eV

)

Figure 6.7: (a) The �0 invariant mass distribution where a slight hint of ! production

is given by the bump around the expected invariant mass. The dashed lines indicate the

invariant mass window used in the analysis. (b) The (�E,�t0) correlation for the �0

event sample in the selected ! invariant mass region. The lines indicate the cuts used to

select the exclusive, di�ractive ! event signal.
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ratio into the 3-pion mode [94] (see also paragraph 6.4). Figure 6.6 (b) shows the (�t0;�E)

correlation for 3-pion decay events in the selected mass range, where again a small pile-up

of exclusive, di�ractive ! events can be spotted at low �t0.

In the case of the ! pion-gamma decay mode one has to examine

M� =
q

(p�0 + p)2; (6.15)

which is shown in �gure 6.7 (a) giving only a slight hint of ! production in this mode with

a shoulder visible around the ! invariant mass. The (�t0;�E) correlation for the events

in the same ! invariant mass region as for the 3-pion mode is given in �gure 6.7 (b).

For both decay modes ! events were in a �rst step selected using 0:72 < M3� <

0:88 GeV.
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Figure 6.8: The ! invariant mass distribution after application of the exclusive, di�ractive

event cuts for the 3-pion sample (a) and the �0 event sample (b).

To select exclusive, di�ractive ! production in the low momentum transfer region we

apply, just like for the �0 analysis, limits on the �E and �t0 range. In this case however,

the cuts are chosen a little wider to be �E < 1:0 GeV and �t0 < 0:5 GeV2, which is done

for two reasons. First, as can be seen from the plots in �gure 6.6 (a) and 6.7 (a) the !

statistics in the samples are much lower than for the �0, which means we cannot a�ord

as tight cuts here as in the �0 analysis. This will result in a somewhat lower signal-to-

background ratio in the exclusive ! sample, but that can be corrected for when needed.

Second, as the ! decay modes used in this analysis contain a �0, or even a �0 and a ,

the resolution on e.g. �E will be worse. This causes a broader �E peak for exclusive

! events as compared to the exclusive �0 case and calls for a wider cut on �E. The

resulting invariant mass distributions in the ! analysis after the cuts described above are

displayed in �gure 6.8.
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6.2.3 Selection of Quasi-real ! Photoproduction Events

As mentioned in paragraph 3.4.6, a special trigger scheme was implemented in 1996 to

detect processes at low Q2 where the scattered positron disappears along the beam pipe

into the gap of the spectrometer and thus cannot generate a standard trigger. The trigger

required at least one charged track in each of the detector halves. This imposed the

additional geometrical constraint that the minimum angle between the two charged tracks,

usually corresponding to decay products of some primary produced hadron, had to be

about 80 mrad.

In the ! analysis events were selected containing exactly two charged tracks cor-

responding to hadrons of opposite charge and two photon clusters associated with the

decayed �0. A photon energy calibration factor of the same order of magnitude as for

the standard trigger data was applied to correct for the di�erence in the calorimeter re-

sponse between leptons and photons and for the presence of other overlapping clusters

from charged particles as explained before.

In the ! analysis, �0 mesons were selected by imposing 0:10 < M2 < 0:17 GeV and

0:02 < �12 < 0:15 rad, where the latter cut provides additional combinatorial background

suppression.

The 3-pion invariant mass distribution for the 1997 1H quasi-real photoproduction

trigger data is displayed in �gure 6.9, where a huge peak corresponding to ! production

and a small signal of � production is found near the expected masses. Due to the lack of

kinematical event information, it is not possible to select exclusive, di�ractive production

events or to suppress the combinatorial background underneath the ! resonance.
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Figure 6.9: The 3-pion invariant mass distribution for the 1997 1H photoproduction trigger

data. A signal of ! production is seen at the expected mass and also a small indication

of � production shows up around 1.02 GeV.
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6.3 Addendum 1: Charged � Production

The �0 is actually part of an isotriplet, where the other two members are the �+ and ��.

As some theoretical interest in terms of OFPD's is attached to the exclusive production

of longitudinal �+ (see section 2.10), a signal of charged �'s was sought in the HERMES

data. The �+(�) vector mesons have a nearly 100 % branching ratio into the �+(�)�0

decay channel [94]. Due to their charge, the exclusive channels for production of both

mesons on 1H di�er

� + p ! �+ + n; �+ +�0 (6.16)

� + p ! �� +�++: (6.17)

The reconstructed �+=��0 invariant mass distributions extracted from the 1997 1H data

are shown in �gure 6.10 (a,b), where one can see a signal for both mesons around the

� mass. Events where selected with one positron, one charged hadron and exactly two

photons adding up to a neutral pion as described above. Both invariant mass distribu-

tions were �tted with a Gaussian signal curve and a third order polynomial background

function. The �tted invariant masses were M�+ = 772� 5 MeV and M�+ = 765� 5 MeV,

compatible with the PDG value [94], with a width of about 60 MeV. Roughly estimated

about 1850 �+ and 1250 �� events were contained in the sample, giving a ratio of �+ to

�� similar to the observed production ratio of semi-inclusive �+ to ��.

The majority of the reconstructed charged � mesons came from fragmentation pro-

cesses. A rough selection of exclusive events could be done using a cut on �E < 1:0 GeV

as shown in the lower panels of �gure 6.10 (a,b). Less than 10 % of the charged � events

in the original sample satis�ed this requirement. For �� however, the exclusive events

should appear around7 �E � 0:34 GeV, resulting in a small but visible upward shift in

the �E distribution as compared to the �+ case. The ratio of the number of exclusive �+

to �� production events was roughly 1.7.

Further analysis on charged � mesons was not pursued here, as this was beyond the

scope of the present work.

6.4 Addendum 2: � Production

The invariant mass spectrum displayed in �gure 6.6 (a) revealed a signal for the pseu-

doscalar � meson. Just like with vector mesons, the exclusive production of pseudoscalar

mesons like �0 and � can e.g. provide access to OFPD's (see section 2.10). Also the �0=�

production ratio in deep-inelastic scattering o�ers a nice test of the SU(6) (SU(3) com-

bined with spin) quark model symmetry [101], where the HERMES data are compatible

with an SU(6) violating s quark suppression of order � � 1=3 [102].

Figure 6.11 (a) displays the 3-pion invariant mass distribution for the entire 1997 data

set in the � production region. The � resonance, which has a 23:0�0:4 % branching ratio

in this mode [94], is �tted with a Gaussian, while the background is described by a 3rd

order polynomial. The measured invariant mass wasM� = 550:9�1:8 MeV, in agreement

7See equation 6.2 with Mx being M� � 1:232 GeV [94]
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Figure 6.10: The �+�0 and ���0 invariant mass distributions with a signal of �+ and ��

production in (a) and (b) respectively. The �t in the upper panels is a Gaussian signal

curve added to a third order polynomial for the background description. The lower panels

have a cut on �E to select exclusive events.
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with the PDG value of M� = 547:30 � 0:12 MeV [94]. The width of the resonance was

about 14 MeV. The � peak for this decay mode contained roughly 250 events for the

entire 1997 data set.

The � meson also has a 39:33 � 0:25 % branching ratio into the 2-photon mode.

Figure 6.11 (b) shows the 2-photon invariant mass for the entire 1997 data set in the

� mass region. Additional cuts on the photon energy and the angle between the two

photons were applied to suppress the large background diluting the large � signal. The

distribution was again �tted with a Gaussian plus 3rd order polynomial, yielding an �

mass ofM� = 535�1 MeV with the width of the peak being about 38 MeV. The fact that

here the � mass is about 10 MeV o� the PDG value is due to the additional cuts applied

to the distribution distorting the slightly energy dependent calorimeter calibration. The

� peak in the �gure contained roughly 9000 events obtained from the entire 1997 data

set.
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Figure 6.11: Signals in the HERMES data of � production in the 3-pion decay channel

(a) and in the 2 photon decay channel (b), where for the latter plot more restrictive cuts

were applied to suppress low energy background. Both �ts are Gaussians to describe the �

resonance plus 3rd order polynomials (dotted lines) to parametrize the background. The

plots were generated for the entire 1997 data set.

Figure 6.12 depicts the 1997 2-photon invariant mass distribution with a cut on z,

which is the fractional energy of the 2-photon system with respect to the virtual photon

z = E2=�, removing a large part of low-energy non-exclusive background from the event

sample. The �gure clearly shows signals of �0, � and also ! production. For the latter

only one of the two �0 decay photons in the �0 mode is detected, causing a broadening

of the resonance in the distribution.

Also for � production no further analysis of this topic was pursued, as this was beyond

the scope of the present work.
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Figure 6.12: The 2-photon invariant mass distribution for the entire 1997 data set with

a cut on z to remove a large portion of the low-energy, non-exclusive background events

in the sample. Prominent signals of �0 and � production can be seen and also a hint of

exclusive ! production. As the latter meson decays in fact into �0+ , where in this case

one of the �0 decay photons was not included, the invariant mass peak is smeared out.
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Figure 7.1: Comparison of the VDM Monte Carlo generated �0 events with the measured

data on 1H as a function of several kinematical variables. The histograms are the results

of the simulation, the dots represent the �0 data. To facilitate the comparison all the

distributions were normalized to unity.
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Figure 7.2: Comparison of the DIPSI Monte Carlo generated ! events with measured

data on 1H as a function of several kinematical variables. The histograms are the results

of the simulation, the dots represent the ! data. To facilitate the comparison all the

distributions were normalized to unity.
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for 4� events going to the box geometry. In a second step, where events were generated

inside the box geometry and then fed through HMC, the reconstruction code and the

o�ine analysis chain, another acceptance could be de�ned for `box' events going to the

HERMES spectrometer. The �nal acceptance to be used in the analysis, is the product

of the latter two. This acceptance value not only accounts for the detector geometry, but

also for the reconstruction e�ciencies, detector smearing and o�ine analysis cuts. The

acceptance in a particular kinematical bin was computed according to

� =
P

acc
wiP

gen

wi
; (7.13)

where the summation runs over the event weights wi of all accepted and generated events
3

in the considered bin. The statistical error on the acceptance is given by [111]

�� =
qP

gen

w2
i

� � � (1� �)P
gen

wi

: (7.14)

Results for the computed acceptance as function of di�erent kinematical variables for

�0 and ! production will be given later on in this work.

7.5 Resolution

The Monte Carlo generators can be used to determine the experimental resolution on all

kinematical variables. The absolute deviation between the generated and reconstructed

value for some of the inclusive event kinematics as determined with the VDM generator is

shown in �gure 7.3. The resolution on the energy transfer � is driven by the measurement

of the scattered lepton momentum via the tracking through the spectrometer magnet.

The energy transfer tends to be a little overestimated, which is due to energy loss of the

lepton while travelling through the detector. The resolution on the photon virtuality Q2

is somewhat worse as there also the scattering angle determined from the tracking comes

in. The e�ect of additional energy of the scattered lepton in the detector results in this

case in an underestimation of Q2. As x and W are determined from Q2 and �, their

resolutions are correlated to the ones of the latter two variables.

Fitting a Gaussian shape to the relative deviation between the generated and recon-

structed variables gives relative resolutions on �, Q2, x and W of about 2 %, 2.5 %, 4 %

and 1 % respectively.

Figure 7.4 shows the absolute resolution for some of the relevant exclusive �0 and !

event kinematics as obtained using the VDM and DIPSI generators. The resolution on

the 2-pion invariant mass is determined by the measurement of two charged pion tracks,

while for the 3-pion invariant mass one includes on top of that a large contribution from

the �0 whose 2-photon decay is detected by the calorimeter. The detection of the third

pion in the ! analysis also results in a worse resolution on �E as compared to the �0

analysis. The resolution on jt0j turns out to be similar for both vector meson channels,

indicating that it is dominated by the resolution on inclusive variables.

3For an unweighted Monte Carlo generator the weights are to be taken equal to 1.
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Figure 7.3: The obtained resolution on the most common inclusive event kinematics

determined from the scattered lepton.
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Figure 7.4: The obtained resolution on the relevant event kinematics for exclusive �0 (�rst

�ve plots) and ! (last �ve plots) production. Note that the ! plots were made with a

weighted Monte Carlo, which may distort the correlation scatter plots somewhat. The

reconstructed �E distributions were �tted with a Gaussian to estimate the resolution.
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Note that in the generators used to compute the resolutions presented above no ra-

diative corrections were applied, which results in slightly overoptimistic values compared

to the `true' resolutions.

7.6 Monte Carlo DIS Background Studies

When studying a particular physics channel, one always has to think about possible

sources of background diluting the signal. Whenever possible one should try to estimate

the amount of background and correct the results accordingly. Here we are looking into

exclusive, di�ractive production of vector mesons. The most important background con-

tamination in that case comes from deep-inelastic scattering fragmentation events. To

correct the signal this deep-inelastic scattering (DIS) background was estimated with a

Monte Carlo simulation based on the LEPTO generator (see section 5.5). The gener-

ated event sample contained hadrons from fragmentation processes (which also includes

hadrons from non-di�ractive vector meson production events). No generation of exclu-

sive, di�ractive vector meson production was included. The generated event sample was

tracked through the GEANT simulation of the detector, reconstructed and subjected to

the same o�ine analysis procedure as the measured data.
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Figure 7.5: Estimation of the DIS background to the exclusive, di�ractive (a) �0 and (b)

! signal with the DIS Monte Carlo using the �E distribution. The Monte Carlo �E

distributions (histograms) are normalized to the data (dots) in the region �E > 3:0 GeV.

These normalized distributions then provide the amount of background in the �E region

of the exclusive signals.

As was explained in section 6.2.2 the variable �E was used as a measure of the

exclusivity of the events : exclusive events have �E � 0 GeV, while DIS events appear

at higher �E values. The shape of the measured �E distribution outside the region of
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Chapter 8

�
0 and ! Invariant Mass Distribution

In this chapter the �0 and ! invariant mass distributions are presented. The �0 invariant

mass distribution �rst needs a correction for acceptance e�ects and for possible back-

ground contributions, e.g. from deep-inelastic scattering fragmentation processes. The

�nal distribution is �tted with several di�erent parametrizations which can account for

the observed skewing and for �0�! interference e�ects. The Q2-dependence of the Ross-

Stodolsky and S�oding lineshape for the �0 is measured.

8.1 �
0 Invariant Mass Distribution

After applying all o�-line cuts as described in section 6.2, the invariant mass distribution

M2� was obtained as shown in �gure 8.1 for the �0 candidate events. The data were

selected in the W range between 4.0 and 6.0 GeV and Q2 between 0.7 and 5.0 GeV2.

No dependence of the invariant mass distribution on the target mass A was seen when

no distinction was made between coherent and incoherent scattering events1. The data

shown in the plot were therefore summed over all data sets for the di�erent targets and

data-taking years considered in this analysis.

This distribution has to be corrected for DIS background events and for possible

contamination by other meson decay channels, e.g. from the ! or � meson. Unlike the

! or � vector meson, the �0 is a relatively wide resonance, which makes an acceptance

correction as a function of invariant mass necessary. One should also consider a possible

mass-dependence of the width of the resonance.

1Very preliminary studies performed after the completion of this work indicate that the �0 resonance

peak for coherent scattering events on a composite target may have a somewhat smaller width compared

to the peak for incoherent production events. However, this �nding requires more study to be con�rmed

and the e�ect it would have on the results presented in this chapter is negligible.
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8.1.1 Background Treatment

The amount of contamination in the �0 invariant mass distribution due to deep-inelastic

scattering fragmentation events was estimated with the DIS Monte Carlo method as

described in section 7.6. The Monte Carlo background distribution was scaled according

to the measured signal-to-background ratio and subtracted from the data, where the

statistical error on the Monte Carlo distribution was taken into account. For the studies

of kinematical dependence of the invariant mass distribution, this background correction

was done for each kinematical bin individually. The estimated background contribution

for the invariant mass distribution at average kinematics is shown in �gure 8.1.
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Figure 8.1: The 2-pion invariant mass distribution. The dots represent the measured dis-

tribution summed over all 1995-97 data sets. The histogram is the Monte Carlo estimated

background contribution from deep-inelastic scattering fragmentation events.

The �0 signal can also receive contributions from the two other light vector mesons, the

! and the �, which both have decay modes containing two oppositely charged hadrons.

The ! meson has two main decay channels which can contribute to the �0 event sample

! !
�
�+ + �� + �0 (88.8%)

�+ + �� (2.21%),

(8.1)

while the � meson could contribute via three di�erent channels

�!
8<

:
K+ +K� (49.1%)

� + �

�+ + �� + �0
�

(15.5%).

(8.2)

To estimate the amount of contamination these branching ratios have to be folded with

the �0 : ! : � cross section ratio, which is here taken to be roughly 1 : 0:20 : 0:075 in the
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HERMES energy region. This makes the ! 3-pion channel the largest possible background

source. This type of background was examined by performing a �0-like analysis on a

! ! 3� sample generated with the DIPSI generator. The reconstructed M2�-distribution

for ! events turns out to be centered around about 0.45 GeV with a Gaussian width of

about 0.075 GeV. This means that the majority of these events is outside the relevant

�0 invariant mass window. Moreover, the tight cut on �E (and �t0) in the �0 analysis

e�ectively suppresses the entire ! ! 3� background completely. The ! 2-pion decay mode

is however indistinguishable from the �0 events and is therefore kept in the sample. This

contribution actually produces a visible �0 � ! interference e�ect (see paragraph 8.1.6).

The � 2-kaon decay channel is removed entirely by the M2K cut used in the �0 analysis.

The remaining � 3-pion and �� decay mode can also be safely neglected. In view of the

considerations made above, no additional corrections for ! or � contributions were made.

8.1.2 �
0 Invariant Mass Acceptance

The acceptance for the �0 invariant mass as determined using the VDM generator is

depicted in �gure 8.2 (a). The error bars reect the statistical precision of the Monte

Carlo simulation. The acceptance function shows an enhancement at lower invariant

mass corresponding to a smaller opening angle between the two decay pions. This e�ect,

combined with the rapid decrease of the cross section for higher invariant mass, results in

the observed bump at the left side of the �0 resonance peak in �gure 6.4.
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Figure 8.2: (a) The �0 invariant mass acceptance as computed with the VDMMonte Carlo

generator. The acceptance was parametrized with a 5th order polynomial function. (b)

The �nal 2-pion invariant mass distribution after the Monte Carlo background subtraction

and acceptance correction.

To avoid too much distortion of the shape of the data due to uctuations in the Monte
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Carlo acceptance distribution, the acceptance correction was smoothed with a simple 5th

order polynomial function which is also shown in �gure 8.2 (a). The resulting function

was used to correct the data distribution, leading to the spectrum shown in �gure 8.2 (b).

No errors on the acceptance correction were taken into account.

8.1.3 The Breit-Wigner Lineshape

The simplest function to �t to a resonance is a non-relativistic Breit-Wigner curve given

by

dN
dM2�

=

��

4(M� �M2�)2 + �2
�

: (8.3)

Here M� and �� represent the mass and the width of the �0 resonance.
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Figure 8.3: The 2-pion invariant mass distribution �tted with (a) a non-relativistic Breit-

Wigner curve given by equation 8.3 and (b) a relativistic p-wave Breit-Wigner function

given by equation 8.4.

However, at high energy one often uses [112, 113] a relativistic p-wave Breit-Wigner

shape describing a spin-1 object decaying into two spin-0 objects

dN
dM2�

� BW (M2�) =

2
�

M2�M� �(M2�)

(M2
�

�M2
2�)

2 +M2
�

�2(M2�)
: (8.4)

Here the width of the resonance �(M2�) is energy dependent as given by lowest order

perturbation theory for a JP = 1� ! 0�0� particle decay [112]

�(M2�) = ��
�
q

q0
�2 l+1

M�

M2�
; (8.5)
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with l = 1 for the p-wave Breit-Wigner. q is the decay pion momentum in the �+��

center of mass frame and q0 is the value of q for M2� =M�

q =
p
M2
2� � 4M2
�

2

; q0 =
p
M2
�

� 4M2
�

2

: (8.6)

Note that other parametrizations for the width of the resonance exist in literature [115,

116, 105]

�(M2�) = ��
�
q

q0
�3

2

1 + (q=q0)2
; (8.7)

�(M2�) = ��
�
q

q0
�3

: (8.8)

The �rst one is an empirical width proposed in [114]

The lowest �2-values were obtained when using equation 8.5 or equation 8.7 as the

parametrization for the width of the resonance, while equation 8.8 always gave the worst

results. For the �ts presented in the following paragraphs equation 8.7 will be used to

describe the resonance width.

Figure 8.3 shows the results of the Breit-Wigner �ts to the 2-pion invariant mass distri-

bution. The free parameters were M� and ��. The results of the �t are listed in table 8.1.

The non-relativistic Breit-Wigner (equation 8.3) gave a satisfactory result. However, the

mass and width of the resonance were far o� the PDG values given in table 6.4. The rel-

ativistic p-wave Breit-Wigner function (equation 8.4) was completely unable to describe

the 2-pion invariant mass distribution. Including additional arbitrary functions to de-

scribe other possible background e�ects did not improve the quality of the �t. This result

clearly shows that the 2-pion invariant mass around the �0 resonance region is skewed as

compared to a simple relativistic Breit-Wigner shape. One sees an enhancement of events

on the low mass side, while the high mass side seems to be suppressed.

8.1.4 The Ross-Stodolsky Lineshape

As was shown in the previous paragraph, the relativistic Breit-Wigner shape could not de-

scribe the data very well. To account for the observed skewing, the following parametriza-

tion was proposed in a phenomenological model by Ross and Stodolsky [117]

dN
dM2�

= BW (M2�)
�
M�

M2�
�nskew

: (8.9)

Here nskew is the skewing parameter. Their model predicted nskew = 4 for �0 photopro-

duction, however, as will be discussed in paragraph 8.1.7, this skewing parameter turns

out to be Q2- and t-dependent.

The result of the �t of equation 8.9 to the 2-pion invariant mass distribution is shown

in �gure 8.4. The free parameters were M�, �� and nskew, and the �tted values are given

in table 8.1. Clearly this skewed shape provides a much better description of the data as

compared to the simple Breit-Wigner curve.
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Figure 8.4: The 2-pion invariant mass distribution �tted with the Ross and Stodolsky

parametrization given by equation 8.9. The dashed line represents the contribution of the

Breit-Wigner.

8.1.5 The S�oding Lineshape

Another phenomenological approach to the apparent �0 mass shift problem was made by

S�oding [118]. There the skewing was explained as an interference e�ect between resonant

�0 production and �� Drell-type background processes [119] in which a virtual photon

di�ractively scatters on the target as shown in �gure 8.5.

This non-resonant background has an amplitude proportional to the pion-proton cross

section ��p and can actually be used to estimate the size of this cross section at high

energies above the region of the existing direct measurements [120]. This background

also leads to a nontrivial dependence of the ratio R = �L=�T on the 2-pion invariant

mass M2�, where the variation becomes less steep for higher Q2 [120]. Note that in the

experimental data this type of background cannot be distinguished from the exclusive,

resonant �0 production diagram and thus cannot be subtracted from the signal like e.g.

the DIS background.

The invariant mass distribution parametrization often used to take this interference

into account was [121, 116, 122]

dN
dM2�

= AresoBW (M2�) + AI I(M2�) + Anr; (8.10)

where we have a sum of a contribution Areso of resonant �
0 production with a Breit-Wigner

shape, a contribution Anr of non-resonant pion pair production and a contribution AI of
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Figure 8.5: Diagrams of (a) resonant vector meson (�0) production and (b) non-resonant

�+�� pair production.

the interference between the two processes given by

I(M2�) =

M2
�

�M2
2�

(M2
�

�M2
2�)

2 +M2
�

�2(M2�)
: (8.11)

Note that the non-resonant term is expected to give a smooth and rather at background

and was here taken to be constant. No constraints were imposed on the relative normaliza-

tion between the di�erent terms in equation 8.10. However, the normalization constants

were all restricted to positive values. Here the ratio of the interference to the resonant

normalization constant AI=Areso, in units of GeV, is taken as the measure of the skewing

of the �0 peak.

Figure 8.6 (a) shows the result of the �t to the 2-pion invariant mass spectrum with

equation 8.10. Free parameters were M�, ��, Areso, AI and Anr. Table 8.1 gives the �tted

values. The �t looks reasonable, but the �2-value was somewhat higher than for the Ross

and Stodolsky �t. The non-resonant background contribution was negligible. Removing

this term from the �ts did not change any of the other parameters or the �2 of the �t.

The �t using equation 8.10 leaves the interference term independent of the resonant

and non-resonant terms. This is not really physically correct as the two diagrams in

�gure 8.5 should be added coherently. Therefore, the following �t function was preferred

over equation 8.10
dN

dM2�

=

�����Areso

p
M2�M� �(M2�)

M2
2� �M2
�

+ iM� �(M2�)
+ Anr

�����
2

;

= A2
reso

M2�M� �(M2�)

(M2
2� �M2
�
)2 +M2
�

�2(M2�)

+2AresoAnr
p
M2�M� �(M2�) (M
2
2� �M2
�
)

(M2
2� �M2
�
)2 +M2
�

�2(M2�)

+ A2
nr
; (8.12)

where the non-resonant amplitude Anr was taken to be constant and real. In this case the

skewing of the �0 resonance is determined by the ratio of the non-resonant to the resonant
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Figure 8.6: The 2-pion invariant mass distribution �tted with the S�oding parametrization

as given by (a) equation 8.10 and (b) equation 8.12. The dashed lines give the Breit-

Wigner contributions, the dotted lines represent the interference terms and the dashed-

dotted lines show the non-resonant parts.

contribution jAnr=Aresoj, expressed in units of GeV�1=2. When comparing equation 8.12

to equation 8.10, one expects the value for jAnr=Aresoj to be roughly a factor 2 higher

than the corresponding AI=Areso ratio.

The result of the �t using equation 8.12 is presented in �gure 8.6 (b). The values

of the �tted free parameters M�, ��, Areso and Anr are listed in table 8.1. Using equa-

tion 8.12 instead of 8.10 to �t the invariant mass distribution clearly resulted in a better

�2 value. Modifying Anr in equation 8.12 to Anre
i� to account for a possible phase dif-

ference between the two processes did not improve the quality of the �t or change the

other parameters. Moreover, the �tted value of � was compatible with zero in support

of our initial assumption that the non-resonant amplitude is real. One also notices from

�gure 8.6 that the non-resonant contribution is no longer negligible as was the case for

the �t using equation 8.10.

8.1.6 �
0-! Interference

The ! meson (isospin 0) has a G-parity violating decay mode into a �+�� pair (isospin

1) with a branching ratio of 2:21� 0:30 %. As the ! has a mass close to that of the �0

meson, a �0 � ! interference can be observed in e.g. the e+e� ! �+�� reaction. This

interference can be modelled as a �0 � ! mixing, ! ! �0 ! 2�, and a possible intrinsic

decay ! ! 2�. A good overview of the history and present developments in the theory

on �� ! mixing is given in [123].

The interference e�ect was taken into account with the following modi�cation of the
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Fitted function M� �� nskew AI=Areso jAnr=Aresoj �2=ndf

(GeV) (GeV) (GeV) (GeV�1=2)

non-relat. BW 0:7577� 0:0007 0:1310� 0:0017 55.42/53

p-wave relat. BW 0:7519� 0:0007 0:1226� 0:0016 462.7/53

Ross & Stodolsky 0:7708� 0:0012 0:1390� 0:0020 2:67� 0:13 52.62/52

S�oding (8.10) 0:7693� 0:0011 0:1298� 0:0019 0:163 � 0:009 56.06/51

S�oding (8.12) 0:7702� 0:0012 0:1383� 0:0020 0:315� 0:016 51.67/52

Table 8.1: The �tted values of the free parameters for the di�erent functions used to

describe the 2-pion invariant mass distribution. For each of the skewed shapes the �tted

�0 mass agreed with the PDG value (see table 6.4), while the width of the resonance

seemed to be somewhat underestimated. The result for the width seemed to improve a

little when the �0�! interference was taken into account (see paragraph 8.1.6). In general

the �2 values increased when the range of the invariant mass in the �t was enlarged a

bit more. The �2 of the �ts also became worse when an additional arbitrary curve was

included to describe possible uncorrected background contributions.

Ross and Stodolsky parametrization [124, 125]

dN
dM2�

=

2
�

M2�M� �(M2�)
�
M�

M2�
�nskew

����� 1

M2
2� �M2
�

+ iM� �(M2�)
+

� ei�

M2
2� �M2
!

+ iM! �!
����
2

; (8.13)

where � is the strength of the interference and � the phase di�erence between the inter-

fering processes.

Given the fact that the ! is a rather narrow resonance, that the �! coupling is much

smaller than the  � �0 coupling and that the branching ratio for ! ! 2� is only a few

percent, the �0�! interference is a small e�ect and one needs a high statistics sample to

obtain a reasonable measurement of its size. As the statistical signi�cance of the weighted

DIS Monte Carlo sample was limited, this background was, unlike for the results above,

not subtracted from the signal in order not to disturb the shape around the interference

region. Instead, an arbitrary function was added to the �t to describe the shape of

the background underneath the �0 resonance peak. This combinatorial background was

parametrized according to

fbg(M2�) = c1M
c2
2� e

�c3M2� : (8.14)

The use of this shape to describe the background was justi�ed by examining the 2-pion

invariant mass distribution outside the exclusive, di�ractive �0 signal region, i.e. at high

�E and high �t0, and the background shape as produced by the DIS Monte Carlo.

Several other background parametrizations were tried in the �tting procedures, including

a simple polynomial shape. However, the functional form given above seemed to give the

most stable results. Furthermore, to be able to get a better description of the shape of the

background the invariant mass range used in the �t was somewhat extended as compared

to the previous paragraphs.

Figure 8.7 shows the result of the �t of the 2-pion invariant mass spectrum with the sum

of equation 8.13 and equation 8.14. The �tted free parameters of the resonance shape were
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Figure 8.7: The 2-pion invariant mass distribution �tted with a skewed Breit-Wigner

function modi�ed to include �0 � ! interference. The dashed line gives the skewed Breit-

Wigner contribution according to equation 8.13, while the dotted line represents the

background contribution according to equation 8.14. The small panel shows the �t to the

invariant mass distribution near the interference region, where the dashed line gives the

Breit-Wigner curve with the interference e�ect turned o�.

M� = 0:7727� 0:0014 GeV, �� = 0:1404� 0:0029 GeV, M! = 0:7881� 0:0024 GeV, �! =

0:0069�0:0017 GeV, nskew = 2:70�0:17, � = 0:0064�0:0032 and � = 132�24 deg. The �0

and ! mass and width are in agreement with the PDG values and the observed skewing

is compatible with the skewing of the Ross and Stodolsky shape without interference

e�ects. The size and the phase of the interference are close to the results from previous

experiments [124, 125]. The �2=ndf value was 71:54=69 which makes equation 8.13 one

of the best functional shapes to describe the 2-pion invariant mass distribution.

A di�erent approach to describe the �0�! mixing was proposed by Niesler et al. [126].

They described the di�ractive production of low mass pion pairs in a generalized vector

meson dominance model. The invariant mass distribution of the pion pairs was determined

by the 2-pion contribution to the photon spectral function, where the latter expresses the

probability that a photon uctuates into a pion pair in the presence of a target. This

2-pion contribution � was related to the pion form factor F� using

�(M2
2�) =

1
48�2

�(M2
2� � 4M2
�
)

�
1�

4M2
�

M2
2�

�3=2
jF�(M2
2�)j

2; (8.15)

where � is the Heavyside step function. The pion form factor was represented as

F�(q
2) =

�
1�

g���

g�(q2)

q2

q2 �M2
�

+ iM���(q2)
��

1 +
g�(q
2)

g!

z�!

q2 �M2
!

+ iM!�!
�

; (8.16)
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Figure 8.8: The pion form factor as used in the 2-pion invariant mass distribution �t using

equation 8.19. The data come from reference [127], while the �tted function is given by

equation 8.16. Picture taken from reference [126].

where the �rst part describes the �0 contribution and the second factor accounts for the

�0 � ! mixing. The width of the �0 resonance was parametrized as

��(q
2) =

g2
���

48�M�
p
q2

(q2 � 4M2
�
)3=2; (8.17)

with the coupling of the �0 to the pion pair g��� = 6:05. The e�ective � coupling was

taken to be

g�(q
2) =

 
1

_g�
�

M2
�

� _M2
�

� iM���(q
2)

g���q2

!�1
; (8.18)

with _M� = 0:81 GeV being the bare �0 mass and _g� = 5:44 the bare � coupling. The

! coupling was taken to be g! = 17:0, the ! resonance width was �xed at the PDG

value �! = 8:41 MeV and the interference strength z�! = �4:52 � 10�3 GeV2. The

parametrization of the pion form factor as described above is depicted in �gure 8.8. The

agreement with the measured data is excellent. The 2-pion invariant mass distribution

was then described by

dN
dM2�

=
�(M2
2�)

M2�

�
1 + c

M2
�

�M2
2�

M2
2�

��
M2
2�

M2
2� +Q2

�2�
1 + � �2

Q2

M2
2�

�
; (8.19)

where the second factor quanti�es a possible mass dependence of ���N or inelastic con-

tributions, while the last two factors describe the Q2 dependence according to the vector

meson dominance model.

The result of the �t of equation 8.19 together with the background described by

equation 8.14 to the 2-pion invariant mass distribution is shown in �gure 8.9. The �tted

free parameters of the resonance shape were M� = 0:7750� 0:0010 GeV, M! = 0:7861�

0:0004 GeV, c = 1:00�0:06, �2 = 0:015�0:033. The �2=ndf value of the �t was 88.40/72.

The magnitude of the background contribution seems to be somewhat underestimated
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Figure 8.9: The 2-pion invariant mass distribution �tted with the Niesler parametrization

given by equation 8.19. The dashed line gives the Niesler contribution, while the dotted

one represents the background according to equation 8.14.

as compared to the background seen in e.g. �gure 8.1 and 8.7, although this has little

inuence on the description of the interference e�ect. The �t clearly shows that the model

based on the behaviour of the pion form factor can e�ectively reproduce our measured

�0 � ! interference e�ect.

8.1.7 Kinematical Dependence of the Invariant Mass Distribu-

tion

As suggested in [117] the observed skewing of the �0 invariant mass peak is expected to

disappear at high �t. Photoproduction experiments and low-Q2 data indeed indicate that

the skewing decreases with �t [128, 129]. Leptoproduction experiments also show that

the skewing is Q2-dependent and disappears with increasing Q2 [128, 99, 130]

The �0 invariant mass distribution was studied as function of Q2 and jtj. The accep-

tance correction was performed separately for each kinematical bin. The DIS background

contribution to the invariant mass spectra was estimated and corrected for in each Q2

and jtj bin. For the latter distributions the background estimation method described in

section 7.6 cannot be applied as function of jtj due to the strong correlations between �E

and t (t0) in our data. Therefore the Monte Carlo normalization factor was assumed to

be constant as function of jtj and equal to the normalization factor at average Q2. It was

checked that the average Q2 was nearly constant over the bins in jtj. The �0 invariant

mass distribution was corrected for acceptance in each Q2 and jtj bin. As an example,

the acceptance as function of Q2 is shown in �gure 8.10. The resulting 2-pion invariant

mass distributions were �tted with equation 8.9, 8.12 and 8.10 and the Q2-dependence
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Figure 8.10: The acceptance as function of the 2-pion invariant mass computed with the

VDM generator for the di�erent Q2 regions.
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of the former two is illustrated in �gure 8.11 and 8.12 respectively. As the statistical

signi�cance of the distributions in the individual Q2 and jtj bins is much lower than for

the total invariant mass spectrum, no �0 � ! interference e�ects were considered in these

�ts.
Systematic studies of the kinematical dependence of the skewing included the following

items :
� The acceptance correction was not done using the �tted polynomial function, but

was performed bin by bin without any �t.

� The width of the �0 resonance was parametrized with equation 8.5 instead of equa-

tion 8.7.

� The DIS background was not subtracted from the signal, but was instead described

using the shape given in equation 8.14.

� The number of bins used in the histograms for the invariant mass distributions was

varied.

� The �ts were performed for a more extended range of M2�.

Each of the above items lead to more or less similar systematic changes of the result, where

the contribution of each item to the systematic error varied in general from roughly 2 to

5 % up to about 15 to 30 %. To catch possible target mass e�ects, the results were also

computed for an event sample restricted to H data only. No target mass dependence

was found within the systematical error presented above. Due to the limited statistical

precision of the results for H data as compared to the values for the full data set, this

item was not included into our estimate of the systematic error.

Figure 8.13 shows the measured Q2 dependence of the skewing of the �0 resonance

peak as parametrized by equation 8.9, 8.12 and 8.10. The error bars represent the total

error where the statistical and systematical errors were added in quadrature and the

horizontal lines indicate the contribution of the statistical error. Also shown on the plot

are results from previous experiments (E665, ZEUS and H1) which all measured at much

higher energies. The results clearly indicate that the skewing diminishes for increasing Q2

and tends to disappear completely at high Q2. Moreover, when comparing the HERMES

data points with the other experimental data, one can see that the agreement is very

good in the overlapping Q2 range, which proves that the skewing of the �0 resonance

shows only very little or no energy dependence at all. By comparing the results presented

in �gure 8.13 (b) and (c), one can see that, as expected, the values for jAnr=Aresoj are

systematically about a factor 2 higher than the corresponding AI=Areso results. The

results of the Q2-dependence analysis are summarized in table B.1.

The measured t-dependence of the �0 resonance skewing is depicted in �gure 8.14.

Here the dependence of the �t with equation 8.10 was not considered as it contains no

additional physics information as compared to the �t with equation 8.12. The data reveal

only a weak dependence on t, where the skewing decreases for increasing jtj. This result

agrees with the observation made by H1 [130] where also no signi�cant t dependence

was seen in their electroproduction data for Q2 above 1 GeV2. However, a strong t-

dependence of the skewing at Q2 � 0 was reported by ZEUS [129] and by several low
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Figure 8.11: The acceptance and background corrected 2-pion invariant mass distribution

for the di�erent Q2 intervals �tted with the Ross and Stodolsky parametrization. The

dashed lines show the Breit-Wigner contributions.

158 �0 and ! Invariant Mass Distribution

0.6 0.7 0.8 0.9 1

  18.29    /    14

M2π (GeV)

E
ve

nt
s

0.6 0.7 0.8 0.9 1

  9.360    /    14

M2π (GeV)

E
ve

nt
s

0.6 0.7 0.8 0.9 1

  24.95    /    14

M2π (GeV)

E
ve

nt
s

0.6 0.7 0.8 0.9 1

  10.29    /    14

M2π (GeV)

E
ve

nt
s

Figure 8.12: The acceptance and background corrected 2-pion invariant mass distribution

for the di�erent Q2 intervals �tted with the S�oding parametrization. The dashed lines

give the Breit-Wigner contributions, the dotted lines represent the interference terms and

the dashed-dotted lines show the non-resonant parts.
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Figure 8.13: The measured Q2-dependence of (a) the Ross and Stodolsky shape given by

equation 8.9, and the S�oding function given by (b) equation 8.12 and (c) equation 8.10.

The photoproduction data points (marked with arrows) are results from ZEUS [129]

and H1 [132], while the electroproduction data come from E655 [99], H1 [133, 130] and

ZEUS [131].
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Figure 8.14: The measured t-dependence of (a) the Ross and Stodolsky shape given by

equation 8.9 and (b) the S�oding function given by equation 8.12.

energy �0 photoproduction experiments [128]. This would lead to the conclusion that the

�0 resonance skewing becomes less t-dependent for increasing Q2. The results of the �ts

as function of jtj can be found in table B.2.

8.2 ! Invariant Mass Distribution

The reconstructed invariant mass distribution of the �+���0 decay channel obtained after

all o�ine cuts as described in section 6.2.2 is shown in �gure 8.15 (a). All data from the

di�erent standard trigger data sets considered in this analysis were added together. The

data were selected in the W -range between 4.0 and 6.0 GeV and Q2 between 0.7 and

5.0 GeV2. The ! resonance peak clearly shows up in the expected mass region. Apart

from the ! signal one also notices some hints of production of � and � mesons, which

both have a small branching ratio for the 3-pion decay channel.

In contrast with the �0 meson the ! meson is a rather narrow resonance. Therefore

the inuence of acceptance e�ects on the shape of the invariant mass distribution turns

out to be negligible and therefore the acceptance corrections were not applied in this case.

Also no correction for any kind of background contributions was considered.

The ! invariant mass peak was �tted with a simple non-relativistic Breit-Wigner curve.
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Figure 8.15: The ! invariant mass distribution. (a) The 3-pion invariant mass distribution

obtained after all o�ine cuts for the combined data sample. A clear mass peak shows

up at the mass of the ! meson. (b) The �tted ! invariant mass distribution, with the

peak being the convolution of a non-relativistic Breit-Wigner function with a Gaussian

function. The two Gaussian shapes on the left and right side of the ! resonance represent

production of � and � mesons respectively. The dotted line represents the combinatorial

background described by a 4th order polynomial.

However, due to the �nite detector resolution, especially on the reconstructed �0, the !

invariant mass peak will be broadened. To take this e�ect into account the Breit-Wigner

was convoluted with a Gaussian function. The �tted function was then

dN
dM3�

=
Z +1

�1

�!

4(x�M!)2 + �2
!

� e�
1
2(

M3��x

�

)
2
dx: (8.20)

In the �t the width of the Breit-Wigner �! was kept constant at the PDG value (see

table 6.4) so that the width of the convoluted Gaussian function provided an estimation

of the detector resolution. The � and � resonances were described using simple Gaussian

functions, while the shape of the combinatorial background could be parametrized with

either a 4th order polynomial or also with a simple Gaussian function.

The �tted ! mass was 786:5�1:2 MeV, in reasonable agreement with the PDG value,

and the convoluted Gaussian width was 22:3� 1:2 MeV with �2=ndf of the �t equal to

42.48/53. The �tted � mass and width were 557 � 6 MeV and 17 � 5 MeV, while the

�tted � mass and width values were 1:046� 20 GeV and 40� 20 MeV respectively. Both

the � and � mass are in reasonable agreement with the PDG values [94]. The width of

the convoluted Gaussian of the ! resonance and of the two Gaussians describing the �

and � peaks were clearly driven by the reconstructed �0 invariant mass peak, which had

a width comparable to the values obtained here.

Due to the limited statistical signi�cance of the standard trigger ! sample no fur-
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ther investigation of the kinematical dependence of the invariant mass distribution was

undertaken.
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Figure 8.16: The 3-pion invariant mass distribution obtained from 1997 photoproduction

trigger data on 1H, where the �tted function is a convolution of a non-relativistic Breit-

Wigner function with a Gaussian function, describing the ! resonance, plus a 5th order

polynomial (dotted line) to model the combinatorial background underneath the peak.

For the photoproduction trigger data a similar ! invariant mass �t was performed.

The result for the 1997 1H data is displayed in �gure 8.16. The �tted function was the

sum of equation 8.20 and a 5th order polynomial describing the combinatorial background

underneath the ! resonance. The �tted ! invariant mass and the width of the convoluted

Gaussian were 785:3�0:3 MeV and 23:6�0:3 MeV respectively, with a �2=ndf of 81.84/61.

Both �tted parameters are fully compatible with the results obtained for the standard

trigger data set.
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b
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ra
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=
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ra
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ra
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b
so
lu
te
n
o
rm
a
li
za
ti
o
n
o
f
th
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a
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d
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b
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p
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m
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b
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b
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p
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r
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ra
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r
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b
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=
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b
h
a

ra
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ra
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b
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a
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d
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h
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b
ra
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b
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r
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d
a
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m
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b
y
co
u
n
ti
n
g
th
e
to
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b
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h
e
n
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b
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b
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b
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a
p
a
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�
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p
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a
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l
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ra
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2
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n
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n
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n
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ra
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ra
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ra
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b
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b
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b
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b
er
o
f
el
ec
tr
o
n
s
N
e
�

p
a
ss
in
g
th
e
sa
m
e
cr
it
er
ia
a
s
m
en
ti
o
n
ed
a
b
ov
e.
T
h
e
e�
ci
en
cy
o
f
th
e
d
a
ta
a
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� D
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b
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b
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b
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b
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b
ra
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b
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p
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c
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a
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c
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p
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ra
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ta
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et
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p
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� D
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� D
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! �
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p
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d
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ra
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ra
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c
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f
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b
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ra
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d
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ra
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b
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b
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b
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b
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b
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ra
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b
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ri
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p
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ra
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h
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f
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e
av
er
a
g
e
co
u
n
t
ra
te
o
f
D
IS
ev
en
ts
b
ei
n
g
ro
u
g
h
ly
a
fa
ct
o
r
o
f
3
to
6

ti
m
es
sm
a
ll
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e
lu
m
in
o
si
ty
m
o
n
it
o
r
co
in
ci
d
en
ce
ra
te
.
T
h
e
ra
ti
o
o
f
th
e
lu
m
in
o
si
ty

va
lu
es
o
b
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p
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d
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f
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ra
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b
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ra
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d
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f
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b
ra
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bin individually. The resulting signal to background ratios for the di�erent methods

considered below are listed in table 9.2 and 9.3.

9.4.1 DIS Monte Carlo Method

This method relies on the Monte Carlo technique as outlined in section 7.6. A signal to

background ratio s=b for exclusive, di�ractive sample could be determined by counting

the total number of data Ntot and normalized background events Nback passing the full

set of analysis cuts
s

b
=

Ntot �Nback

Nback

; �
�s

b
�
=

s
Ntot

N2
back

+
�(Nback)2N
2
tot

N4
back

; (9.13)

where the error on the ratio includes the statistical error on the number of data and

Monte Carlo events and the Monte Carlo normalization factor. The signal-to-background

ratio was determined for each individual (Q2;W ) bin, where the resulting distributions

are shown in �gure C.2 and C.1. The Monte Carlo gave a satisfactory description of the

background in the considered kinematic range of the bins.

The systematic uncertainty on the s=b ratio determined with this method was esti-

mated by varying the lower �E limit of the Monte Carlo normalization region. In case

of the ! analysis this gave a relative error of about 3.4 % on average, while for the �0

analysis an average of about 3.5 % and 0.8 % was found for the bins at low and high W

respectively.

9.4.2 Zone Method

Another background subtraction method relies on the use of measured data only. As the

majority of the HERMES standard trigger events actually corresponds to deep-inelastic

scattering events, this data can serve as a background measurement for our exclusive,

di�ractive event sample instead of a Monte Carlo generated background sample. Just like

in the previous method the s=b measurement is based on the form of the �E-distribution,

where the background �E-spectrum is now determined using events with �t0 > 0:8 GeV2.

This latter distribution is then normalized to the �E-spectrum of the events with �t0 <

0:4 GeV2 in the region of �E > 3:0 GeV, where we expect to have only deep-inelastic

scattering events.

The zone method can also be explained quantitatively using the (�E;�t0) plot for e.g.

the �0 events in �gure 9.1. The exclusive di�ractive events are contained in zone 1, while

the background events are taken from zone 2. The background events are normalized

using the ratio of the number of events in zone 3 and 4, i.e.

Nback = N2 �
N4

N3
: (9.14)

As can be seen in �gure 9.2 the assumed background shape does not quite match

the data as good as the Monte Carlo generated background distribution from the previ-

ous section. Moreover, the �E-shape of the background slightly depends on the chosen
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Figure 9.1: The di�erent zones in the (�E;�t0) plot used in the DIS background Zone

Method. Zone 1 is the exclusive, di�ractive region. The background events are taken

from zone 2, while the background normalization is done using zone 3 and 4.

minimum value of �t0 for the background events, whereas the method assumes that this

shape is in reality independent of �t0. Part of this dependence is possibly related to the

geometric acceptance of the detector. Also, a tiny fraction of exclusive events at high

�t0 may enter the obtained background �E-spectra with this method, leading to a slight

overestimate of the size of the background.

The resulting background distributions obtained with this method for the di�erent

bins are illustrated in �gure C.4 and C.3. The signal-to-background were calculated ac-

cording to equation 9.13, where the error on the number of background events included the

statistical error on the number of events in the di�erent zones appearing in equation 9.14.

9.4.3 Fit Method

In the third and last DIS background estimation method one tries to �t the �E spectrum

outside the exclusive region as depicted in �gure 9.3. The extrapolation of the �tted

function inside the exclusive region then serves as a background measurement. In this

way the possible dependence of the �E shape on �t0, which was the drawback of the

previous method, is avoided. In case of the �0 the �E distribution was �tted with a 7th

order polynomial function where the region [�0:6; 3:0] was excluded from the �t, while

for the ! a 5th order polynomial was taken outside the region [�0:75; 3:0].
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Figure 9.2: The DIS background Zone Method applied to the (a) �0 and (b) ! sample.

The dots represent the data, while the histograms are the DIS background distributions

measured at �t0 > 0:8 GeV2 and normalized to the data in the region �E > 3:0 GeV.

The background �ts performed for the di�erent bins are shown in �gure C.6 and

C.5. The signal-to-background ratios were calculated using equation 9.13, where now the

number of background events was determined by integrating the �tted function in the

exclusive region. The errors on the �t parameters were propagated in the integral and

provided the error on the total number of background events.

This method turns out to be the least stable one of the three di�erent approaches. The

drawbacks are that the shape of the background underneath the exclusive �E peak cannot

be determined exactly from the shape outside the exclusive region. The �ts presented

here tend to overestimate the amount of background in the exclusive sample. Moreover,

especially for the ! analysis, the �ts are not really stable when the �t region is varied or

when higher or lower order polynomial functions are used, producing very large systematic

uncertainties on the s=b values. As the shape of the background seems to vary over the

di�erent kinematical bins, it is hard to �nd a more speci�c functional shape instead of a

simple polynomial to parametrize every bin at the same time.

9.5 Double Dissociative Background

Another possible source of background to our exclusive event samples is double-di�raction

dissociation (DD), where the proton is excited into a multiparticle state Y withMY > Mp.

As the �nal state of the hadron vertex in the scattering reaction remains undetected a

certain fraction of these DD reactions cannot be distinguished from the single-di�raction

dissociation (SD) where the target proton stays intact.
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Figure 9.3: The DIS background Fit Method applied to the (a) �0 and (b) ! sample. A

polynomial function is �tted to the spectrum outside the exclusive region.

To estimate the DD contamination in our exclusive event samples, the measured bary-

onic spectrum was taken from pp! Xp scattering data [137], where the shape could be

parametrized according to [99]

M2
X

d�
dM2
X

=
8<

: c

M2
X

� (Mp +M�)
2

1:8 [GeV2]� (Mp +M�)2

(M2
X

< 1:8 GeV2)

c (M2
X

� 1:8 GeV2)

(9.15)

The 1=M2
X

behaviour at high M2
X

in di�ractive dissociation processes is actually pre-

dicted as being due to the dominance of triple pomeron exchange [9]. Using d�=d�E =

2Mp d�=dM
2
X

the DD background shape as depicted in �gure 9.4 could be compared to

a Monte Carlo �E distribution for exclusive vector meson production. To account for

the experimental resolution in �E the shape given by equation 9.15 was convoluted with

a Gaussian with a width of 0.25 GeV for the �0 and 0.47 GeV for the ! as found in

section 7.5.

The data are corrected for DD background by assuming the DD=SD ratio measured

by H1 in [138] is valid for the HERMES kinematical region as well. They foundDD=SD =

0:65 � 0:17 where the error contains both the statistical and systematic uncertainty, in

the region 7 < Q2 < 35 GeV2 and 60 < W < 180 GeV. A similar value was found by

ZEUS [129] reporting DD=SD = 0:5�0:2 for �0 photoproduction in the region 50 < W <

100 GeV. These results suggest that at least for high energy the DD=SD ratio depends

only weakly on the photon virtuality.

Using the H1 measurement to normalize the DD shape to the Monte Carlo �E dis-

tribution for exclusive events as shown in �gure 9.5 yields, together with the applied �E

cuts, estimations of DD=SD equal to 7:5 � 2:0 % for the �0 and 13:0� 3:4 % for the !

analysis, where the error reects the uncertainty on the assumed normalization.
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(Q2;W ) bin s=b

MC Method Zone Method Fit Method

(1,1) 11:5� 3:0 9:4� 2:9 8:6� 0:9

(2,1) 12:3� 1:6 13:1� 2:5 6:2� 0:4

(3,1) 7:1� 0:9 16:2� 3:9 9:9� 1:1

(4,1) 5:2� 0:7 10:9� 3:1 4:9� 0:7

(1,2) 46:1� 18:0 10:6� 2:2 7:6� 0:7

(2,2) 23:4� 4:2 8:7� 1:3 14:4� 1:4

(3,2) 13:0� 2:1 13:5� 3:3 5:9� 0:6

(4,2) 7:7� 1:4 6:9� 2:1 9:1� 3:2

Total 11:5� 0:7 13:9� 1:1 9:7� 0:3

Table 9.2: The estimated s=b-ratios in the �0 analysis for the di�erent (Q2;W ) bins.

The values denoted with `Total' were obtained by applying the method over the entire

kinematic range considered in the analysis.

bin s=b

MC Method Zone Method Fit Method

Q2 1 4:3� 2:3 12:4� 8:0 2:5� 0:5

2 3:1� 1:1 4:1� 2:2 1:4� 0:4

W 1 3:5� 1:4 4:4� 2:5 4:9� 1:6

2 3:6� 1:5 8:6� 5:7 3:2� 0:9

Total 3:5� 1:0 6:9� 2:7 2:0� 0:3

Table 9.3: The estimated s=b-ratios in the ! analysis for the di�erent Q2 and W bins.

The values denoted with `Total' were obtained by applying the method over the entire

kinematic range considered in the analysis.

A systematic error to this correction of 4.4 % for the �0 and 7.6 % for the ! is assigned

to account for the predictions given in [139], where a DD=SD ratio of about 0.27 to 0.30

is expected.

The measured cross section �SD+DD can be corrected for the estimated DD contami-

nation using

�SD =

�SD+DD

1 +DD=SD
: (9.16)

9.6 Radiative Corrections

Radiative corrections relate the observed cross section to the Born cross section. Fig-

ure 9.6 shows the diagrams of the processes contributing to the Born (a) and next order

cross section. Besides radiative diagrams (b) and (c), also contributions from vacuum

polarization (e) and vertex corrections (d) play a role. Radiative corrections are partic-

174 The �p Cross Sections

-5 0 5 10 15 20 25

∆E (GeV)

dN
/d

∆E
 (

G
eV

-1
)

Figure 9.4: The assumed �E shape for double-di�raction dissociation data as derived

from equation 9.15.

ularly important in electroproduction, due to the small electron mass. They are of less

importance in muoproduction or (quasi) real photoproduction.

The radiative corrections (RC) were calculated with the DIFFRAD code [140] which

computes the ratio of the measured to the Born cross section

� =

�obs

�born
= e�inf (1 + �V R + �vac) + �F ; (9.17)

where �vac corresponds to the contribution of vacuum polarization by leptons and hadrons,

�V R and �inf come from contributions of vertex functions and soft photon emission (where

the exponent is due to the multiple soft photon radiation), and �F denotes the hard photon

emission contribution.

The DIFFRAD code actually comes in two di�erent versions. The �rst one, ID-

IFFRAD, allows one to evaluate the RC using numerical integration methods and takes

the mean kinematical value of Q2, W and �t over the bins as input from the user. The

second version, MDIFFRAD, uses Monte Carlo integration techniques and is able to inte-

grate not only over the photon kinematic variables, but also over (bins in) the phase space

of the �nal lepton. To calculate the RC and to perform the bin integrations in the case

of MDIFFRAD, the code needs a model for the Born cross section. The DIFFRAD Born

cross section is based on the same model as used in the DIPSI Monte Carlo generator

discussed in section 7.2.

The Born cross section needed to compute the RC or to perform the integration over

the kinematical bins in case of MDIFFRAD, is unknown. The model parameters cannot

really be tuned to get the Born cross section to match the measured cross section as the

radiative events are still included in the latter. Therefore a systematic uncertainty due
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Figure 9.5: The estimation of the double-di�raction dissociation contamination for (a)

the �0 analysis and (b) the ! analysis. The histograms show the Monte Carlo �E dis-

tributions, while the curves are the DD shapes given by equation 9.15 convoluted with a

Gaussian to account for the experimental resolution. The dashed lines indicate the �E

cut applied to the exclusive samples.

to the model dependence of the RC has to be accounted for. The model dependence was

estimated by varying the input gluon distribution in the Ryskin model, by varying the Pt

slope and by changing the proton form factor from an exponential to dipole form.

Another systematic uncertainty arises when calculating the RC with either IDIFFRAD

or MDIFFRAD. IDIFFRAD takes the mean kinematical values of the bins as input,

while MDIFFRAD relies on the internal model for the Born cross section to compute

the average RC for the considered bins. However, the average kinematics in the bins are

actually a�ected by the RC itself as the uncorrected cross section can have a di�erent

behavior than the Born level cross section. Therefore, these mean values for the bins are

in fact unknown. In our case the average bin kinematics are computed using our Monte

Carlo models without radiative events, which is the best assumption for the true mean

kinematical values. But as the Monte Carlo generator and DIFFRAD contain di�erent

models for the Born cross section the two versions of the latter code will come up with

di�erent results. This feature turns out to be especially important due to the large

dependence of the RC on �t, and thus on the modelling of the t-dependence in the Born

cross section. The Q2- and W -dependence seems less pronounced within our relatively

small considered kinematical limits. As expected, the di�erence between the two versions

of the code disappears when the size of the kinematical bins is decreased. Another small

e�ect may come from the fact that the t-slope is known to be Q2- and W -dependent,

while the code cannot handle this dependency.

The radiative corrections are also very sensitive to the exclusivity cut applied in the
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Figure 9.6: Diagram of the Born vector meson production cross section (a) and the dia-

grams contributing to the next order cross section (b,c,d,e) as included in the calculation

of the radiative corrections.

analysis, which is natural as this cut determines how much of the hard radiative events,

whose contribution to the correction is always positive, are included into the exclusive

sample. It is therefore only to be expected that the radiative corrections in the ! analysis

will be signi�cantly smaller than for the �0, as in the former case a larger portion of the

radiative tail of the �E peak is retained in the exclusive sample.

The uncertainty on the RC computed with MDIFFRAD due to the model dependence

of the Born cross section varied over the bins between 1 and 2 %. The RC values calculated

with IDIFFRAD were always systematically higher than the results from MDIFFRAD,

with di�erences ranging from 3 to 5 % in the case of the �0 analysis and 3.5 to 6.5 % in

the ! analysis. In the end the RC factor in each bin was taken as the mean of the range

of values seen in the systematic studies and an error covering the range was attributed to

account for all systematic e�ects. For the ! analysis the �nal RC factors were typically

around 8 % with a fractional error of about 2.5 %, while for the �0 analysis the RC factors

were around 12 % with a fractional uncertainty of about 2 %. All factors are listed in

table 9.4 and 9.5.

(Q2;W ) bin �

(1,1) 0:880� 0:014

(2,1) 0:880� 0:022

(3,1) 0:878� 0:027

(4,1) 0:859� 0:018

(1,2) 0:879� 0:011

(2,2) 0:879� 0:013

(3,2) 0:880� 0:019

(4,2) 0:881� 0:026

Table 9.4: Radiative correction factors obtained with DIFFRAD for exclusive �0 produc-

tion in the di�erent (Q2;W )-bins.
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bin 1 2

Q2 0:925� 0:029 0:902� 0:016

W 0:913� 0:022 0:921� 0:022

Table 9.5: Radiative correction factors obtained with DIFFRAD for exclusive ! produc-

tion in the di�erent bins in Q2 and W .

9.7 The �
0 and ! Cross Section

The �nal results for the �0 virtual photoproduction cross sections are displayed in �gure 9.7

as function of W for di�erent average values of Q2. The data are compared to results

from other experimental groups. As these various data sets were all measured at di�erent

average values of Q2, the world data points were rescaled over a small Q2-interval to the

same average Q2 values of our measurement. For this scaling a VDM-like dependence of

the cross section was assumed, where the di�erence in the various � values belonging to

the data sets was neglected. As one can see the HERMES points form the bridge between

the previously measured data at low W where a strong decrease of the cross section with

energy is found, and those at high W where the energy behavior is much atter. Our

results are compatible with the existing world data. The big discrepancy between the

NMC and E665 data in the two highest Q2 bins is probably due to a model-dependent

subtraction of non-resonant background from the �0 peak performed by NMC [100], which

is not done here or by E665.

The result for the ! virtual photoproduction cross section is depicted in �gure 9.8

as function of Q2. The �gure also shows data points from previous measurements. The

available world data on electroproduction of ! mesons is rather scarce, especially at

higher W , making a more direct comparison with existing data as was done for the �0

more di�cult. The HERMES results exhibit a similar Q2-behavior as the other available

measurements.

The �nal results for the �0 and ! virtual photoproduction cross section are summarized

in table B.3 and B.4 respectively. The systematic uncertainty contains the following

items :
� The systematic error on the s=b ratio determination via the DIS Monte Carlo method

was estimated by varying the lower �E limit for the normalization region (see para-

graph 9.4.1). Note that the relative systematic error on the s=b ratio is propagated

into the relative error on the cross section as

�rel
s=b
(�

�p!V p) = �rel(s=b)

1

1 + s=b
: (9.18)

� The error on the acceptance correction was included. This contains both the uncer-

tainty on the geometrical acceptance and the error due to the model dependence of

the Monte Carlo generators (see paragraph 9.3).

� The uncertainty on the radiative corrections due to model dependence and method

of calculation were taken into account (see paragraph 9.6).
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Figure 9.7: The exclusive virtual photoproduction cross section for �0 mesons. The results

are plotted as function of W for di�erent average < Q2 > values. The HERMES data

points are compared to previous results obtained by CHIO [113], DESY [143], SLAC [27],

CORNELL [105], E665 [99] and NMC [100]. The world data have been scaled to the

HERMES < Q2 > values assuming a VDM-like Q2-behavior of the cross section.
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Figure 9.8: The exclusive virtual photoproduction cross section for ! mesons as function

of Q2. The data are compared to results from previous measurements from DESY [144],

CORNELL [105] and ZEUS [164, 165]. The data points marked with an arrow correspond

to real photoproduction.

� The systematic error due to the variation of o�ine analysis cuts varied between

roughly 2 and 14 % for both the �0 and the ! analysis.

� The e�ect of changing the PID cut to separate leptons and hadrons yielded a sys-

tematic uncertainty of less than 1 %.

� A 6 % systematic uncertainty due to the luminosity normalization was included.

� The results were obtained by combining the HERMES 1996-97 data on 1H, where

both polarized and unpolarized data samples were added together. For the 1997 data

part of the data was reconstructed with standard tracking, which may have a slightly

lower tracking e�ciency compared to the NOVC tracking method. The uncertainty

due to the mixing of the di�erent tracking methods in the event reconstruction was

estimated by calculating the cross section using data with NOVC tracking only.

This gave an uncertainty of 1 to 6 % for the �0 and 3 to 16 % for the ! analysis.

� The systematic uncertainty on the determination of the fraction of double-dissociative
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background in the event samples was included (see paragraph 9.5).

9.8 Q
2-Dependence of the 
�
p Cross Sections

The Q2 dependence of the virtual photoproduction cross sections can be parametrized

with a VDM-like �t

�(Q2) = �0
�
M2
V

Q2 +M2
V

�n �
1 + � R(Q2)

�
; (9.19)

where �0 is the real photoproduction cross section.

In the VDM n is predicted to be equal to 2 and R is given by equation 2.71. Both

the �0 and ! cross section results were �tted using equation 9.19, taking �0 and �2 as

free parameters. The �tted parameters are listed in table 9.6 and the �ts are displayed

as `Fit 1' in �gure 9.9 and 9.10 for the �0 and ! respectively. The extrapolated values

of �0 for both the �0 and the ! are in very good agreement with the world data on real

photoproduction cross sections as can be seen from �gure 9.16 and 9.17. In contrast to

that the values of �2 and thus of R are seen to be negative or compatible with zero, which

points at a de�ciency of this VDM description of the data. Similar values of �2 close to or

compatible with zero were also found in other high energy measurements [99, 113], while

at lower energy larger values of �2 were obtained [143, 27].

Parameters �(�0) �ts �(!) �ts

< W >= 4:5 GeV < W >= 5:5 GeV < W >= 4:8 GeV

�0 (�b) 11:5� 1:6 10:4� 1:3 1:6� 0:9

�2 �0:064� 0:030 �0:096� 0:042 �0:01� 0:19

�0 (�b) 15:6� 4:7 12:3� 3:2 1:5� 1:4

n 2:80� 0:20 2:66� 0:19 2:40� 0:61

�0 (�b) 11.5 (�xed) 10.4 (�xed) 1.6 (�xed)

n 2:60� 0:04 2:55� 0:05 2:43� 0:13

Table 9.6: Results of the �ts of expression 9.19 to the Q2 dependence of the �0 and !

virtual photoproduction cross sections.

In a di�erent approach we relied on the results of the �0 decay angular distribution

analysis, presented later on in chapter 11, where the R ratio was extracted from the data

and parametrized using expression 11.27. Using this parametrization, the free parameters

in the �ts labeled as `Fit 2', were now taken to be the exponent n of the VDM-propagator

factor and �0. In the case of the !, we did not perform any extraction of R from the data.

However, it was assumed that a similar parametrization as for the �0 was also valid for

the ! meson. The obtained values for �0 were again consistent with the existing world

data, but the uncertainties on the values were larger as compared to the results from `Fit

1'. The obtained values for n were systematically higher than the VDM-value of 2. The

increase of this exponent actually avoids the negative values of �2 seen in `Fit 1'.
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Figure 9.9: Fits of expression 9.19 to the Q2 dependence of the �0 virtual photoproduction

cross section. The free parameters for the �t shown by the full line are �0 and �2, for the

dashed line �0 and n, and for the dotted line n.
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Figure 9.10: Fits of expression 9.19 to the Q2 dependence of the ! virtual photoproduction

cross section. The free parameters for the �t shown by the full line are �0 and �2, for the

dashed line �0 and n, and for the dotted line n.
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The error on n obtained with `Fit 2' is rather large. A better measurement of this

exponent can be made by �xing �0 in the latter �t at the value obtained with `Fit 1'

and performing a 1-parameter �t to the data. The results of these �ts are displayed

in �gure 9.9 and 9.10 as `Fit 3'. The determined values for n were all close to around

2.5, which is in disagreement with the VDM prediction of n = 2. Similar values for the

exponent in �0 production were found earlier by E665 [99] (n = 2:51� 0:07) and H1 [133]

(n = 2:5� 0:5).

The results obtained for the ! are in full agreement with the �0, which points towards

the expected similar behavior of the production cross section of these two mesons.
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Figure 9.11: The measured �T and �L for �0 production as function of Q2. The error bars

correspond to the statistical and systematic uncertainty added in quadrature.

Using the R�0 one can also separate the measured total cross section into a longitudinal

and transverse part

�T =

�tot

1 + �R
; �L =

�tot

�+ 1=R
: (9.20)

The �0 transverse and longitudinal virtual photoproduction cross sections are depicted in

�gure 9.11 as function of Q2 for the two bins inW . In the Q2 region of our measurements

�L exhibits a weaker Q2-dependence than �T . Towards low Q2 the transverse component

dominates the total cross section and �L should vanish asymptotically, as the cross section

for real photons (Q2 = 0) is purely transverse. �L and �T are seen to be equal for

Q2 � 2 GeV2, corresponding to R � 1. Towards higher Q2 the longitudinal component

becomes the dominant part of the total cross section.
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Figure 9.12: The �nal results for the �0 production cross section measurements as function

of W for di�erent values of Q2. The data are compared to real photoproduction (Q2 = 0)

data points from �xed target experiments, H1 [132] and ZEUS [129, 115, 142] and to

electroproduction data from E665 [99], H1 [130] and ZEUS [131].
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Figure 9.13: The �nal results for the ! production cross section measurements as function

of W for di�erent values of Q2. The data are compared to real photoproduction (Q2 = 0)

data points from �xed target experiments and ZEUS [164] and to electroproduction data

from CORNELL [105] and ZEUS [165].
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9.9 World Data on �
0 and ! Production

All results obtained in this work on the �p ! �0p and �p ! !p cross section are

summarized in �gure 9.12 and 9.13 respectively, where the data are displayed as function

of W for di�erent values of Q2. The latter �gure also includes the result for the ! real

photoproduction cross section derived in chapter 10.

In the low energy region the production mechanism is dominated by Reggeon exchange

and the cross sections exhibit a strong decrease with W . This W dependence attens out

in the intermediate energy region at HERMES kinematics, where one has a transition from

Reggeon to Pomeron exchange. At high energy the cross sections are seen to rise with W

due to the dominant contribution of Pomeron exchange to the production mechanism. At

low Q2 the interactions are governed by the soft Pomeron, which leads to the observed

weak energy dependence of the cross sections. When going to higher Q2 a hard scale

is introduced in the reaction mechanism and pQCD models become applicable. In that

region the cross sections exhibit a steeper rise with W due to contributions from hard

Pomeron exchange.

9.10 Comparison to Model Calculations

The results for the �0 and ! virtual photoproduction cross section as function of W are

compared to the model calculations from Haakman et al. in �gure 9.14 and 9.15 respec-

tively. This model, which relates the vector meson cross sections to a Regge parametriza-

tion of the proton structure function F2(x;Q
2), predicts only the energy dependence of the

cross sections. The absolute normalization of the curves has to be �tted to the data for

each average value of Q2. In case of the �0, the curves were normalized to the HERMES

results in combination with the E665 [99] measurements, where the latter data points

were rescaled to the HERMES average Q2 values, as explained in section 9.7. The model

calculations are seen to describe the data very well down to W values of about 4.0 GeV.

In the case of the ! analysis, there was no higher energy data in the appropriate

Q2 region available, so that the theoretical curves were normalized to the present results

only. Also here the calculations are seen to predict an energy behavior consistent with

the measured cross section.

The observed agreement of the Haakman et al. calculations with the data supports

the picture of the e�ective Pomeron trajectory approach to account for multiple Pomeron

exchange in di�ractive interactions. The model can be extended from the high energy

region into the intermediate energy range of the HERMES data.

The real photoproduction cross sections for the �0 and !, obtained from the extrap-

olation of the virtual photoproduction cross sections as described in paragraph 9.8, are

displayed in �gure 9.16 and 9.17 respectively. The data are compared to the model calcu-

lations from Haakman et al. and to the improved Donnachie and Landsho� parametriza-

tions given in [32]. The two Regge based predictions are seen to describe the �0 data

rather well. The ! cross section at low energy is underestimated by the models due to

additional contributions to ! production from e.g. one-pion exchange diagrams [144],

which are not included in the models.
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Figure 9.14: The measured �0 virtual photoproduction cross section compared to the

model calculations from Haakman et al. [33]. The normalization of the curves was based

on the combined data points from HERMES and E665 [99].
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Figure 9.15: The measured ! virtual photoproduction cross section compared to the

model calculations from Haakman et al. [33].
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lation of the virtual photoproduction cross section. The curves are the model predictions

from Haakman et al. [33] and the improved Donnachie and Landsho� parametrization

given in [32].
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Figure 9.17: The real photoproduction cross section for ! mesons determined by extrapo-

lation of the virtual photoproduction cross section. The curves are the model predictions

from Haakman et al. [33] and the improved Donnachie and Landsho� parametrization

given in [32].
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Figure 9.18: The measured longitudinal �0 virtual photoproduction cross section as func-
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from E665 [99] which have been rescaled to the HERMES average Q2 values. The curves
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line is the contribution due to quark (gluon) exchange, while the full line is the incoherent

sum of the two.

10
-3

10
-2

10
-1

10
W (GeV)

σ L
(γ

* p→
ω

p)
 (

µb
)

Vanderhaeghen et al.

Figure 9.19: The measured longitudinal ! virtual photoproduction cross section as func-

tion of W for the two highest bin in Q2. The curves represent the model calculations

from Vanderhaeghen et al. [46]. The dashed (dotted) line is the contribution due to quark

(gluon) exchange, while the full line is the incoherent sum of the two.
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The model of Vanderhaeghen et al. [46], which is based on the OFPD framework,

predicts the behavior of the longitudinal component of the virtual photoproduction cross

sections. The results of their calculations for the �0 and ! are compared to our measured

�L in �gure 9.18 and 9.19 respectively. �L was derived from the total cross section accord-

ing to equation 9.20 with the R parametrization given in equation 11.27. The comparison

is only done for the bins with Q2 above 2 GeV2 to avoid the region at low Q2 where the

higher twist corrections become too large. The model can also not be extended much be-

low W � 4 GeV as there the scattering mechanism becomes dominated by other reaction

channels. The �gures show the separate contributions due to quark and gluon exchange.

The curves are seen to reproduce the correct order of magnitude of the cross sections and

indicate that in the HERMES kinematical region the dominant contribution to di�ractive

scattering comes from quark exchange diagrams. The gluon exchange contribution alone

is not able to explain the observed magnitude of our measurements. Note that the full

curves in the �gures denote the incoherent sum of the quark and gluon exchange contri-

butions, which means that possible interference terms between the two are not included

here.
Additional insight in the physics behind this model is gained when one considers the

relation between Bjorken x and the energy, W 2 = Q2(1 � x)=x +M2. At large values

of Q2 and small values of x the two variables x and W are inversely proportional. In

the HERMES kinematical region x is roughly around 0.1, which means that scattering

reactions are essentially probing the quark distributions in the proton. The small en-

hancement seen in the quark exchange curves at W � 5 GeV corresponds to the valence

quark contribution in the exchange process. Going at constant Q2 to higher energies or

equivalently lower x means that scattering processes will now predominantly probe the

nucleon sea quark degrees of freedom. Towards higher Q2 at low Bjorken x, the proton

gluon distribution rises rapidly and the scattering mechanism will be dominated by gluon

exchange.

9.11 Cross Section Ratios

Another quantity of interest is the ratio between the production cross sections for light

vector mesons. To compute the �
�

p!!p=�
�

p!�
0
p ratio, the �0 production cross section

has to be known at the same kinematical points (i.e. same binning) where the ! cross

section was evaluated. To avoid re-doing the entire �0 cross section analysis, the Q2 �ts

from paragraph 9.8 were used instead to extrapolate to the desired (Q2;W ) points. The

�ts in the two W bins were averaged to obtain the �0 cross section at the mean value of

W from the ! analysis, which is a good enough approximation given the small W range

covered by the data. The �nal �0 cross section value was calculated using `Fit 1' and

the errors on the �t parameters were propagated into the uncertainty on the extrapolated

value. The di�erence between the extrapolated values obtained with `Fit 1' and `Fit 2' was

accounted for by adding an additional systematic uncertainty to the �nal result for the

�0 cross section. The systematic uncertainty due to the absolute normalization was taken

out of the error on the cross sections, as in the ratio this uncertainty drops out. The �nal

systematic error is still somewhat overestimated. However, the uncertainties on both cross

sections were dominated by contributions from e.g. the Monte Carlo model dependence,
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so that the overestimation will be small. The ratio �
�

p!!p=�
�

p!�
0
p evaluated as function

of Q2 is displayed in �gure 9.20 and listed in table B.5.
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Figure 9.20: The measured !=�0 production ratio as function of Q2. The results are

compared to previous measurements from SLAC [163], CORNELL [105] and ZEUS [164,

165].
The HERMES data do not exhibit any variation with Q2, consistent with previous

measurements at lower and higher energy. At low energy the ! cross section obtains ad-

ditional contributions compared to the �0 due to e.g. one-pion exchange diagrams [144].

These contributions decrease with energy, leading to a decrease of the !=�0 production

ratio. Asymptotically the ratio goes towards 1=9 which equals the prediction from the

SU(4) quark model for the ratio of the photon-vector meson couplings. Based on photo-

production data one expects an !=�0 ratio in our W range of roughly 0.15, which is in

relatively good agreement with our measurement.

9.12 Slope Parameters

Di�ractive interactions are dominated by scattering at forward angles, i.e. at low �t0. In

that region the cross section exhibits an exponential fall-o� with �t0

d�
djt0j
_ e�bjt

0j; (9.21)

where b is the characteristic slope parameter. This slope parameter can be related to the

size of the interacting particles. Assuming vector meson dominance the electroproduction

slope factor can be interpreted as belonging to a hadron-proton scattering process. In
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that case the slope parameter bhp can be related [136] through

bhp =
1

3
�
< r2
h

> + < r2
p

>
�

(9.22)

to the mean square hadronic radii of the vector meson and proton. This hadronic radius

seems to depend both on the number of valence quarks and on the avor content : the

more quarks the larger the system and the heavier the valence quarks the smaller the

system becomes. As the �0 and ! both have two valence quarks with similar avor,

similar slope parameters are expected.
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Figure 9.21: The raw jt0j distributions for exclusive �0 production on the di�erent targets

used during the 1995-97 running period. The data for 1H can be described by a single

exponential, while for the compound targets one needs a double exponential to �t both

the coherent and incoherent contribution.

Our HERMES data clearly show the expected exponential behavior as can be seen from

�gure 9.21, where the measured jt0j distributions for exclusive, di�ractive �0 production

on the di�erent targets considered in this work are shown. For a composite target, one has

two contributions to the momentum transfer distribution : one coming from incoherent

scattering where the nucleus goes into an excited state or breaks up and the scattering

is seen to occur on an individual nucleon inside the target, and one corresponding to

coherent scattering where the nucleus remains in its ground state and the scattering
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is seen to occur on the entire nucleus. Due to the di�erence in electromagnetic radii

between the compound target and a nucleon, the two contributions will show up in the

t0-distribution with a di�erent di�ractive slope parameter and hence a double exponential

is needed to describe the spectrum

d�
djt0j

= �cohbAe
�bAjt
0j + �incohbNe
�bN jt
0j; (9.23)

where bA and bN are slope parameters corresponding to the coherent and incoherent part of

the cross section. The �tted slope parameters for each of the targets are listed in table 9.7.

For each of the composite targets, the incoherent slope parameter was compatible with

the value for the proton.

Target Slope Parameter (GeV�2)

Incoherent Coherent

1H 6:39� 0:13

2H 6:13� 0:36 31:7� 10:7

3He 5:60� 0:75 26:2� 6:7

14N 6:25� 0:46 52:2� 2:8

Table 9.7: The �tted �0 production slope parameters for the di�erent targets. No correc-

tions were applied to the results listed here.

The obtained values for the coherent slope factors are fully compatible with the values

predicted by the relation1 bA � R2
A
=3 with the measured electromagnetic radii RA =

2:1 fm, RA = 1:9 fm and RA = 2:5 fm [145] for 2H, 3He and 14N respectively.

To come to the �nal values of the di�ractive slope parameters for vector meson pro-

duction on 1H, one has to correct the jt0j distribution for DIS background, for acceptance

and radiative e�ects. The amount of DIS events contamination in our exclusive samples

varies with e.g. the kinematical variables �t0 and Q2. The background increases towards

higher values of �t0 and Q2. This means that for each Q2-bin the slope parameter will

be modi�ed due the background and that this distortion becomes larger for higher Q2.

To counteract this e�ect a tighter cut on �E can be applied, decreasing both the non-

exclusive and double dissociative background contributions to the event sample. In case

of the �0 analysis a cut of �E < 0:4 GeV2 was used, which can be done without losing too

much statistics. For the ! the �E cut was retained as before since there the statistical

uncertainty is already quite large.

The jt0j-distributions were corrected for DIS using the standard Monte Carlo method

as outlined in section 7.6. The statistical error on the MC normalization factor was taken

into account in the MC background jt0j distributions, which were scaled according to the

obtained signal-to-background ratios. The acceptance for the jt0j spectra was determined

using the VDM and DIPSI generator for the �0 and ! analysis respectively and is shown

in �gures 9.22 (a) and (b).

The radiative corrections to exclusive vector meson production depend on �t0, espe-

cially at the low values where the slope parameter is measured [141]. This results in the

1The contribution to the slope coming from the vector meson radius can be neglected here.
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Figure 9.22: The acceptance (a) and (b) and radiative correction factors (c) and (d) for

the jt0j distribution of exclusive �0 and ! production.
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Figure 9.23: The jt0j distribution for exclusive (a) �0 and (b) ! production. The spectra

were corrected for DIS background and acceptance and radiative e�ects.

fact that the slope of the Born cross section di�ers from the measured value, which leads

to the necessity of including the RC. As the DIFFRAD code can only compute correction

factors as function of t and not of t0, the average value < t > for each bin in jt0j was

computed using the Monte Carlo and given as input kinematics to the RC code. The

resulting RC factors for the �0 and ! are shown in �gures 9.22 (c) and (d) respectively.

The di�erence between the RC curve for the ! and �0 stems mainly from the very di�erent

cuts in �E used.

The �nal values for the slope factors including all corrections obtained in the kinematic

range 0:7 < Q2 < 5:0 GeV2 and 4:0 < W < 6:0 GeV for production on 1H were

b�0 = 7:08� 0:14 (stat.)
+0:58

�0:08 (syst.) GeV
�2; (9.24)

b! = 7:34� 0:67 (stat.)+1:59

�0:64 (syst.) GeV
�2: (9.25)

As expected, the di�ractive slope parameters for both mesons are compatible within their

statistical uncertainty. The systematic errors include the following contributions :

� The e�ect due to the variation of the o�ine analysis cuts was taken into account.

� The upper limit of �tted region in jt0j was varied.

� The dependence of the acceptance correction on the MC generator model was es-

timated by varying the di�ractive slope parameter and the exponent of the VDM

propagator factor describing the Q2 dependence of the cross section in the generator.

� The uncertainty on the DIS background correction was estimated by varying the

lower limit of the data-MC normalization region in �E.
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� The uncertainty on the RC curve was determined by varying the model parameters

of the DIFFRAD code.

� The double-dissociative background contained in the exclusive sample may distort

the measured slope parameter. It was found by H1 [138] that the SD and DD

di�ractive slope typically di�er by about 5 GeV�2. Assuming this still holds for

our kinematic region, the e�ect of the DD contamination on our measured SD

slope parameter bSD can be estimated by �tting the jt0j spectrum with a double

exponential

d�
djt0j

= a
�

e�bSDjt
0j +
�
DD

SD

�
e�(bSD�5:0[GeV

�2
])jt0j

�
; (9.26)

where the DD=SD ratio was determined as described in paragraph 9.5. Note that

with the lower �E cut used for the �0 the DD=SD ratio was determined to be only

4:4� 1:2 % instead of the value quoted in that section.

In general it was observed that taking into account the RC increased the result of the

di�ractive slope parameter by about 4 to 10 %. The estimated increase of the result due

to the presence of DD background in our exclusive samples amounts to about 0.5 GeV�2

for the �0 and 1.3 GeV�2 for the !.

The slope parameter of the �0 was also studied as function of Q2, where the �nal jt0j

distributions are shown in �gure 9.24. The obtained slope values are compared2 to data

from other experiments in �gure 9.25. The data clearly indicate a common decrease of

the slope parameter with Q2 starting from the real photoproduction region.

The observed Q2-dependence of the di�ractive slope parameter can be interpreted as

an experimental indication of the decrease of the e�ective �p interaction radius with Q2.

When describing the vector meson production process as proceeding via an intermediate

q�q pair which is projected onto the vector meson state, then the transverse size rQ of this

quark con�guration depends on the photon virtuality [146]

rQ =

2p
M2
V

+Q2
; (9.27)

which reects itself qualitatively in the Q2 dependence of the slope parameter. In the same

way one could interpret this phenomenon in the VDM picture as being due to the changing

with Q2 of the transverse size of the vector meson in which the virtual photon uctuates

before the interaction with the target. Asymptotically the slope parameter is expected

to be determined by the proton radius only, leading to a value of b � R2
p
=3 � 5 GeV�2,

which agrees with the data as can be seen in �gure 9.25. This value is also roughly

2When comparing this measured slope parameter to results from other experiments we should note

that here we have measured the slope of the jt0j distribution, while some high energy experimental groups

reported on the jtj slope parameter instead. Some collaborations even report on the p2T slope, which is

however, similar to the jt0j slope. The de�nition of t0 in equation 6.10 clearly indicates that the two slope

parameters are related via t0. However, t0 is not constant but depends on Q2, W and M2
V and results

not only in a shift and distortion of the exponential function in the jtj distribution, which can be seen in

the data, but also in a slight modi�cation of the Q2 andW dependence of the slope parameter. However,

at high energy t � t0 � p2T which justi�es the comparison with the experimental high energy data shown

here.
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Figure 9.24: The measured jt0j distribution for exclusive �0 production as function of Q2.

The spectra were corrected for DIS background and acceptance and radiative e�ects.
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Figure 9.25: The measured Q2 dependence of the di�ractive slope parameter in exclusive
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from H1 [132] and Aston et al. [116], where the latter was measured in a similar energy

region as our data.

compatible with the observed slope in pp interactions where b � 2R2
p
=3. The measured

slope for � mesons is systematically lower [55] than for the �0 and ! indicating that the

� meson has a smaller radius than the �0. The decrease of the interaction radius with Q2

points to the short distance scale of the high Q2 interactions and proves the applicability

of pQCD approaches to the description of vector meson production. In case of the heavy

quark J=	 system, the slope is already in real (Q2 = 0) photoproduction [55] close to

the asymptotical value observed for the �0, meaning that here a perturbative approach is

justi�ed even for low Q2.

Apart from the Q2-dependence presented above, the di�ractive slope parameter is

also expected to exhibit a W -dependence, referred to as shrinkage, which was explained

in section 2.6. Due to the limited W -region covered by the present experiment, this kind

of e�ect was not investigated in the data.
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9.13 Nuclear Transparency

The nuclear transparency for incoherent virtual photoproduction of vector mesons �inc
A

on a nucleus containing A nucleons is de�ned as

TA �
�inc
A

A�H
=

NA

ANH

LH
LA

; (9.28)

where NA and LA are the number of events and the total luminosity measured on the

nuclear target. The calculations presented in [147] based on Glauber multiple scattering

theory, indicate that this nuclear transparency may strongly depend on lc=RA, where RA

is the nuclear radius (RA � 1:2A1=3 fm) and lc the coherence length as de�ned by

lc = (qL)
�1 = (p � pV
L

)�1 =

2�

Q2 +M2
V

+ (pV
T

)2
; (9.29)

with qL being the di�erence between the longitudinal momentum of the photon and that of

the vector meson. The transverse momentum pV
T

of the vector meson is often neglected in

the forward region. The incoherent cross section for virtual photoproduction is calculated

and found to behave di�erently in the two limiting cases of qL ! 0 and qL !1. In the

low energy limit the attenuation of the outgoing vector meson is governed by the nuclear

thickness it encounters from the point of its formation on, until it exits the nucleus. For

high energy on the other hand, the attenuation of the meson is determined by the thickness

of the target along the total path of the virtual photon and vector meson together and

governed by the same inelastic meson-nucleon cross section, independently of whether it

acts on the incoming photon or outgoing meson. This leads to the conclusion that in

this case the photon has already uctuated into a virtual vector meson long before the

interaction with the target which puts the meson on-shell. This observation is actually

similar to the VDM picture of vector meson production. The coherence length can in this

respect be interpreted as a length or timescale during which a virtual state originating

from a photon uctuation can exist. If the coherence length is long with respect to

the nuclear radius and mean free path of a vector meson in nuclear matter, then the

probability is high that the photon already uctuated into a virtual meson long before its

interaction with the target. The authors of [147] predict the approximate relation

TA(qL ! 0) � [TA(qL !1)]2; (9.30)

and �nd that the half value between the low and high energy limit is reached for qLRA '

1:5.
The nuclear transparency for exclusive �0 production at HERMES was determined [148]

for 2H, 3He and 14N. Here we try to determine the same quantities for exclusive ! produc-

tion. Based on the observations made in the analysis of the �0 data both the correction

for coherent events still present in the nuclear event sample and the nuclear dependent

radiative e�ects on TA are assumed to be small and are therefore not taken into account.

Due to the low statistics of especially the 14N sample, the result for TA turns out to be

very unstable against o�ine cuts. The stability of the result was improved by applying

the following procedure. As was shown in the previous paragraph, the slope for incoherent

production does not depend on the nuclear target mass. Therefore the �t0 distribution
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for the nucleon was �tted between 0:0 < �t0 < 0:5 GeV2 with an exponential to extract

this slope parameter. Then for each of the nuclear targets a �t with an exponential was

performed in the region 0:1 < �t0 < 0:5 GeV2, where only the normalization was left as a

free parameter and the slope factor was �xed at the value determined for the nucleon. The

nuclear transparency was then extracted via equation 9.28 where the ratio of the number

of events was simply given by the ratio of the normalization factors of the exponentials.

The nuclear transparency as function of lc for exclusive ! production is displayed in

�gure 9.26 together with the results of the previously performed �0 analysis. The ! result

is within its very large uncertainties compatible with the �0 as expected. The results

for the ! are summarized in table B.7. The quoted systematic uncertainties include the

following contributions :

� The inuence due to variation of the o�ine cuts was taken into account.

� The incoherent slope factor used in the �tting procedure was varied within its sta-

tistical uncertainty.

� The results were derived using only events with NOVC tracking.

� The change in the results was determined in the case where the number of events was

corrected for DIS background by taking the s=b ratio into account in the standard

way.

� The results obtained here are extracted from combinations of data sets taken during

di�erent running periods. To estimate the e�ect of any possible time dependence

of the result (di�erence in normalization, yield uctuations . . . ), the nuclear trans-

parency was determined using only data sets belonging to the same data taking

year.

All items listed above resulted in rather similar contributions to the total systematic

uncertainty. The curves in the �gure represent the predictions from [147] and are seen

to describe the �0 data rather well. The dependence of the nuclear transparency on

the coherence length is most pronounced for 14N. For lc � RA the transparency is only

reduced by the vector meson �nal state interactions with the target. In that region we

�nd for the �0 meson TA � 0:7. For lc � RA, the transparency is determined by both the

initial state interactions (ISI) of the q�q pair and the �nal state interactions (FSI) of the

meson with the target. In that case the �0 data give TA � 0:4, which is in good agreement

with expression 9.30. The results obtained here indicate that the q�q pair and the meson

have roughly equally strong interactions with the target.

The strong coherence length e�ect observed in the nuclear transparency for incoherent

vector meson production is an important input for studies of so-called color transparency

(CT). The color transparency phenomenon is the prediction that at high Q2 and � the

q�q pair and the vector meson are produced in a non-interacting con�guration of reduced

transverse size, which results in the nuclear transparency going to 1. Deviations from

the predicted nuclear transparency behavior presented above may be indications of CT,

although our energy range is rather low to expect large e�ects [147]. In [151] it is argued

that coherent vector meson production would be more sensitive to signals of CT than

incoherent production.
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9.14 Coherent vs. Incoherent Cross Section

The �ts of the jt0j distribution performed in paragraph 9.12 allow a simple determination

of the ratio of coherent to incoherent production cross section on composite targets.

Rewriting of equation 9.23 as

d�
djt0j

= c
�
�coh

�incoh
bA e
�bAjt
0j + bN e�bN jt
0j
�

; (9.31)

with c a normalization constant, gives immediate access to this ratio in a 4-parameter �t

of this expression to the measured jt0j distributions.
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Figure 9.27: The ratio of the coherent to incoherent cross section for exclusive �0 produc-

tion on di�erent targets. The values are extracted from a double exponential �t of the �t0

distribution for several Q2 bins. Error bars are statistical only. The curve corresponds to

the prediction from Renk et al. [151].

The results of a very preliminary analysis are listed in table 9.8 and presented in

�gure 9.27, where the coherent to incoherent �0 production ratio for 2H, 3He and 14N is

plotted as function of Q2. The error bars are statistical only. The results appear rather

stable against systematic variations of the �tting procedure. However, no further studies
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< Q2 > (GeV2) �Coh:=�Incoh

2H 3He 14N

0.83 0:24� 0:11 0:56� 0:20 2:33� 0:41

1.3 0:28� 0:09 0:49� 0:16 1:29� 0:16

2.3 0:06� 0:07 0:36� 0:14 1:04� 0:16

3.7 0:00� 0:08 0:23� 0:08 0:86� 0:20

Table 9.8: The measured ratio versus Q2 of coherent to incoherent �0 production for

di�erent targets. Error values are statistical only.

were performed as yet to investigate e.g. the e�ects of the detector acceptance or radiative

corrections. The curve represents the predictions from a multiple scattering model of Renk

et al. [151] for 14N in the HERMES kinematical region and is seen to describe the data

rather well. Any e�ects of CT would show up as a deviation from this curve at large Q2.



Chapter 10

The ! Real Photoproduction Cross

Section

The previous chapter dealt with the extraction of the virtual photoproduction cross sec-

tion which could be derived from electroproduction data. In principle it is possible to

estimate from these data the real photoproduction cross section by adding the VDM-like

Q2-dependence to the virtual photon ux. An alternative way of accessing the real pho-

toproduction cross section is provided by our quasi-real photoproduction trigger, which

captures lowQ2 events containing at least two hadrons. In this chapter we describe the ex-

traction of the p! !p cross section from the HERMES 1997 quasi-real photoproduction

sample.

10.1 Reconstruction of Photoproduction Trigger Event

Kinematics

The events collected using the HERMES photoproduction trigger contain no information

on the scattered positron and hence the virtual photon kinematics cannot be directly

calculated. Only the hadron kinematics with respect to the HERMES coordinate system

can be fully reconstructed. However, as the average Q2 of the event sample is close to

zero, it is a fair assumption to set Q2 = 0 and qT = 0, where the latter is the transverse

momentum of the photon with respect to the beam axis. It is then straightforward to

derive from energy and momentum conservation in the p system that the energy of the

photon is given by

E =
EvM �M2
v
=2

M + vz � Ev

; (10.1)

where vz is the momentum of the vector meson in the z-direction and Ev and Mv its

energy and invariant mass. To prove the validity of this equation �gure 10.1 shows the

photon energy calculated using the above expression versus its actual value for Monte
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Carlo events generated with the DIPSI generator with Q2 values between 4 � 10�10 and

2 GeV2. Knowing the photon's energy immediately gives us the p center of mass energy

W =M2 + 2ME , which is an important quantity for the cross section determination.
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Figure 10.1: Correlation between the calculated and actual value and resolution of E

and �t for quasi-real photoproduction ! events.

Using the same approximations as above one can easily come to the following expres-

sion for the momentum transfer
t = 2E(vz � Ev) +M2
v
: (10.2)

However, as can be seen from �gure 10.1, this turns out to be less accurate and not so

useful in the analysis.
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10.2 Photoproduction Trigger E�ciency

While the e�ciency of the standard HERMES trigger is close to one above the calorimeter

threshold [152], this is not true for the photoproduction trigger. When extracting absolute

cross sections this trigger e�ciency value needs to be folded into the normalization.

The e�ciency of a trigger can be determined from the e�ciency of its individual

trigger components. The trigger logic of the photoproduction trigger together with some

subtriggers is listed in table 3.3. The photoproduction trigger requires a coincidence

between the top and bottom detector, with signals in the two hodoscopes H0 and H1, the

preshower detector H2 and in the BC1. The e�ciencies of the photoproduction trigger

components are given by

�H0 =
T18 � T21

T18

; �H1 =
T20 � T21

T20

; �H2 =
T19 � T21

T19

; �BC�H0cut =
T21 � T28

T21

; (10.3)

where the latter is the combined e�ciency of the BC component, the H0 multiplicity cut

and the top-bottom coincidence (2 tracks) requirement. As in this analysis the trigger

is used to capture the two charged decay pions of the !, these e�ciencies have to be

determined for the detection of charged hadrons. The hodoscope e�ciencies were calcu-

lated using events containing one single hadron, while for the BC�H0cut e�ciency events

were considered with at least one hadron in each detector half. Events containing lep-

tons or positrons were discarded from the e�ciency calculation. The e�ciency of the

photoproduction trigger itself is equal to

�tr28 = �2
H0 � �

2
H1 � �

2
H2 � �BC�H0cut ; (10.4)

where the hodoscope e�ciencies are to be squared since we detect two charged hadrons.

The trigger e�ciency was calculated on a run-by-run basis. For the cross section

calculation the average e�ciency over the runs used in the analysis was taken. This gave

for the 1997 data on 1H an average e�ciency of 67� 4 %.

The systematic error on this trigger e�ciency is expected to be of minor importance

and was neglected with respect to the other contributions to the total systematic uncer-

tainty of the cross section result. More detailed information on the HERMES photopro-

duction trigger can be found in [152].

10.3 Determination of the Real Photon Flux

As for the photoproduction data we do not have any precise information on the scattered

positron, one is not able to calculate the photon ux on an eventwise basis. Instead one

has to integrate the ux over the kinematical range considered in the analysis. Since we

want to extract a value for the real photoproduction (Q2 = 0) cross section we should

integrate the real photon ux factor. The correct expression for this ux can be obtained

from the consideration that in the limit of Q2 going to zero, one has that �
�

p

L

Q2!0

= 0,

while �
�p

T

Q
2!0

= �p. Assuming a VDM like Q2 dependence gives

�
�p

T

(Q2;W ) =

�
1 +

Q2

M2
V

��2
�p(W ); (10.5)
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Figure 10.2: The HERMES photoproduction trigger e�ciency computed for the 1997 runs

on a H target.

�
�

p

L

(Q2;W ) =

�
1 +

Q2

M2
V

��2
RV �
p(W ); (10.6)

where RV = �
�

p

L

=�
�

p

T

= �2Q2=M2
V

. Introducing the latter two expressions in equa-

tion 2.30 leads to the following relation between the electro- and real photoproduction

cross section with the real photon ux factor �(Q2;W )

d2�ep!ep!

dW dQ2

= �(Q2;W ) � �p!!p; (10.7)

with

�(Q2;W ) =

�WK

2�Q2M�2
�

1 +

Q2

M2
V

��2

�
�

y2 + 2(1� y)
�
1

1 +Q2=�2
�

1 + �2
Q2

M2
V

�
�

Q2
min

Q2

��
; (10.8)

where the term Q2=4E2 was neglected. Q2
min

= m2
e
y2=(1 � y) is the lowest physically

possible value of Q2 due to the �nite electron mass and K is given by equation 2.29. The

ux was integrated over the kinematical range 3:0 < W < 5:0 GeV and Q2
min

< Q2 <

1:0 GeV2 where Q2
min

can be computed using ymin = 0:040 corresponding to the threshold

for ! production. The integrated real photon ux was � = 0:03 GeV�3. A systematic
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uncertainty of 3.7 % was accorded due to the uncertainty in the value of �2 which was

varied between 0 and 1. Note that the upper limit in Q2 is chosen arbitrarily at 1.0 GeV2

as this is more or less correponds to the limit of the acceptance for pure photoproduction

trigger events. Due to the steep Q2-dependence of the ux, which decreases drastically

with increasing Q2, a variation of this upper limit has only a negligible e�ect on �.

10.4 Non-exclusive Background Subtraction

Due to the lack of information on the scattered positron, we cannot compute any measure

of exclusivity like �E for the standard trigger events. Hence, there is no direct way

of suppressing non-exclusive background from the sample and the latter may actually

comprise the dominant part of the events. The only way to correct for this background

is to rely heavily on Monte Carlo simulation.

The background in our exclusive ! quasi-real photoproduction sample was simulated

using the PYTHIA [89] generator. In the standard trigger data analysis the normalization

of the background was based on the �E-spectrum in the vector meson invariant mass

region. Here, we only have the invariant mass distribution to work with. The background

generator is assumed to match the data outside the ! resonance, where only non-resonant

3-pion events contribute to the invariant mass distribution. The background 3-pion invari-

ant mass distribution was scaled to the measured spectrum in the regionM3� > 0:95 GeV.

The resulting distributions are depicted in �gure 10.3. A signal-to-background ratio for

exclusive ! production was calculated according to equation 9.13 by taking the measured

and simulated background events in the region 0:70 < M3� < 0:88 GeV, giving a value

of s=b = 0:39� 0:14. This means that according to the Monte Carlo simulation roughly

70 % of the resonant ! events is due to non-exclusive processes.

The systematic error on the s=b-ratio was determined by checking the sensitivity of

the result to the considered M3� interval and the lower M3� limit of the normalization

region, which gave a fractional error of 13 %.

10.5 Acceptance Correction

Just like for the standard trigger data sample the acceptance for exclusive ! production

was computed using the DIPSI generator. Events were generated in the Q2-region between

4 � 10�10 and 2.0 GeV2, where the lower limit corresponds to Qmin as discussed above.

As the sample of quasi-real photoproduction events is extremely dominated by low Q2

events, the upper limit is of less importance. The input parameters like e.g. the gluon

distribution were taken to be identical to the ones used in the optimal setting for the

electroproduction data analysis. The mean value of Q2 was around 10�4 GeV2.

The Monte Carlo generated data were reconstructed with HRC and fed through the

entire analysis chain. Figure 10.4 shows the comparison between the measured photopro-

duction data and the generated Monte Carlo events. The data distributions were obtained

by �tting the ! peak in the 3-pion invariant mass distribution for each kinematical bin

with a Gaussian plus polynomial background curve. The agreement is not excellent but
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Figure 10.3: The measured 3-pion invariant mass distribution of the quasi-real photopro-

duction sample (dots) and the estimated non-exclusive background simulated with the

PYTHIA generator (histogram).

yet satisfactory. One should recall that the measured data sample shown in the plot con-

tains exclusive ! events plus, as shown in paragraph 10.4, a large fraction of non-exclusive

! events. To make a better, direct comparison one has to subtract these latter events,

where in principle one could determine their kinematical distributions via Monte Carlo.

The normalization to the measured data then can be done via the 3-pion invariant mass

spectrum of the non-exclusive non-resonant 3-pion events, i.e. the events outside the !

invariant mass peak. In that case one has to trust the intrinsic ratio in the Monte Carlo

generator of the non-exclusive resonant ! events to non-exclusive non-resonant 3-pion

events. However, the statistics in our non-exclusive background event sample from the

PYTHIA generator was not large enough to allow such a study.

The disagreement seen in �gure 10.4 in the transverse vector meson momentum Pt

relative to the beam axis, can be quantitatively understood as being indicative of this

large fraction of non-exclusive ! events in the sample. Exclusive events are expected to

occur predominantly at lower Pt as the recoil nucleon takes up very little momentum and

the vector meson goes in the direction of the virtual photon. In non-exclusive ! events

however, the vector meson can go up to higher Pt values due to the presence of other �nal

state particles. Therefore, the non-exclusive ! events in the sample will push the average

Pt distribution towards higher mean values as compared to a sample containing exclusive

events only.
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Figure 10.4: Comparison of the measured ! photoproduction data (dots) and the DIPSI

Monte Carlo generator (histogram). The slightly higher mean values of the measured W

and Pt distributions indicate the presence of a large fraction of non-exclusive ! events in

the event sample.

The disagreement observed in the W -distribution is linked to the one in the Pv-

spectrum due to the fact that the kinematics of the vector meson itself provide the virtual

photon kinematics via equation 10.1. The disagreement can be largely tuned away by

feeding di�erent input gluon distribution to the DIPSI generator. The fact that this

has little e�ect on the di�erence in the Pt-distribution between data and Monte Carlo

supports the statements made in the previous paragraph. As we are not able with the

present statistics in our PYTHIA background Monte Carlo sample to determine what the

W -distribution computed with equation 10.1 for non-exclusive ! events looks like1, we

cannot really determine the optimal Monte Carlo parameters and hence this e�ect has to

be included into the systematic error on the calculated acceptance.

The systematic error on the acceptance value due to the generator model dependence

was estimated by using di�erent input gluon distribution functions. The resulting W -

and Pt-distributions were judged by eye to be relatively close to the measured data dis-

tributions. As this gluon distribution is one of the main input parameters of the DIPSI

generator, no other input parameters were varied. The �nal acceptance was computed as

the average of the values found in the systematic studies, where the standard deviation

was taken as the systematic uncertainty. This gave a total acceptance of 0.152 % with

a fractional error of 31 %. The statistical error on the acceptance was of order 10�3 %

and could thus be neglected safely with respect to the systematic uncertainty. Based on

the results for the virtual photoproduction cross section the systematic error due to the

1Although we do not know what they look like, we do expect them to be rather similar distributions

in the detector acceptance as the ones for the exclusive production events.
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geometrical detector acceptance is expected to be much smaller then the error due to the

model dependence and is therefore not considered here.

10.6 Extraction of the Absolute p Cross Section

The exclusive p! !p cross section can be calculated according to

�p!!p =

N corr

L � �tr28 �B � � � Acc
; (10.9)

where N corr is given by equation 9.10.

The total number of ! events in the sample was determined via a �t to the 3-pion

invariant mass distribution of a Gaussian function plus a 5th order polynomial curve

for the background surrounding the ! resonance, as depicted in �gure 10.5. This gave

N! = 17210� 250, where the statistical uncertainty was derived from the errors on the

parameters of the Gaussian curve.
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Figure 10.5: 3-pion invariant mass distribution for photoproduction trigger events with

the Gaussian plus 5th order polynomial �t to the ! resonance and the surrounding back-

ground.

Given the poor statistical signi�cance of the simulated background event sample (see

paragraph 10.4) only one bin in W was considered in the cross section extraction. More-

over, as the statistical uncertainty on the s=b-ratio is clearly dominated by the Monte
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Carlo sample, this error was propagated into the systematic error on the �nal result. The

average p! !p cross section in the region 3:0 < W < 5:0 GeV was

�p!!p = 2:25� 0:03 (stat.)� 0:94 (syst.) �b: (10.10)

The average W -value in the considered interval was determined by Monte Carlo to be

3.7 GeV.

Radiative corrections to the cross section result are of less importance for quasi-real

photoproduction and have been neglected here. The result presented here is also not

corrected for the presence of double-di�ractive dissociation background. Unlike for the

electroproduction data analysis, where most of this type of background could be removed

via the �E-cut, a similar procedure is not available here. Therefore, one can only rely

on the DD/SD ratios which were already quoted in paragraph 9.5. Applying a DD/SD

ratio ranging from 0.27 to 0.65 in the calculation of the DD background correction would

result in a cross section value between 1.36 and 1.77 �b, which is still contained within

the systematic error of the result given above. Therefore, given this compatibility and

the very large uncertainty on what the correct DD/SD ratio for HERMES kinematics is,

we prefer not to apply the DD background correction.

N! �tting procedure 3.8 %

Trigger e�ciency 6.0 %

Luminosity 6.0 %

Acceptance correction 31 %

Background correction 27 %

� determination 3.7 %

Total 42 %

Table 10.1: Di�errent contributions to the systematic uncertainty on the p ! !p cross

section.

The systematic uncertainty contains the items listed below added together in quadra-

ture, where the di�erent contributions are summarized in table 10.1.

� The function used in the �t to determine N! was varied by using di�erent curves

for the background surrounding the ! resonance peak in the 3-pion invariant mass

distribution.

� The error on the average trigger e�ciency value was included.

� A 6 % systematic error on the absolute luminosity normalization was taken into

account.

� The model dependence of the acceptance correction was checked by using di�erent

input gluon distributions to the Monte Carlo generator (see paragraph 10.5).

� Due to the poor statistical accuracy of the background Monte Carlo sample the

s=b-ratio had a large statistical uncertainty, which has to be propagated into the

systematic error on the �nal result. Also the small systematic error on this ratio

was taken into account (see paragraph 10.4).
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� The real photon ux integration systematic uncertainty was taken into account (see

paragraph 10.3).
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Figure 10.6: The HERMES measurement of the p ! !p cross section compared to the

previously measured world data. The data in the low W region are taken from �xed

target experiments [116, 153, 154, 155, 156, 157, 158, 159, 160, 161, 162, 163], while the

point at high W is taken from ZEUS [164]. The error bars represent the statistical and

systematic uncertainties added in quadrature.

The HERMES result is compared to the ! real photoproduction world data in �g-

ure 10.6. A good agreement with the data from previous �xed target experiments in the

low W region is found.

The fact that here, in contrast to the electroproduction data analysis, the amount of

non-exclusive background present in the event sample turns out to be rather large and

that there is no direct way to remove them with something like an exclusivity cut, has

several consequences for the accuracy of the cross section determination. First, the large

amount of DIS background can be removed only by Monte Carlo simulation and therefore

calls for a much more extensive MC data sample than was used here. However, limitations

in both computer CPU and disk space availability did not allow such an extended Monte

Carlo study for the results presented here. Second, the presence of the background in
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Chapter 11

�
0 Decay Angle Distribution Analysis

In this chapter we study the helicity transfer in exclusive �0 production on the proton.

Di�erent algorithms to extract the vector meson spin density matrix elements are pre-

sented. Results are obtained for the full set of 23 matrix elements at an average Q2 value.

The Q2 dependence is studied for the 15 unpolarized matrix elements. The hypothesis of

SCHC and NPE is tested against our measurments. The ratios of the helicity amplitudes

are determined from the matrix elements and R�0 is extracted. The results for the matrix

elements and the helicity amplitude ratios are compared to predictions from theoretical

models.

11.1 Spin Density Matrix Element Extraction Algo-

rithms

To extract the SDME's from the data several di�erent scenarios and algorithms can be

constructed. Final results can thus be cross checked by applying di�erent extraction

methods on the same data sample. In this section we discuss all methods which were

tried in the analysis. A comparison between all these methods is given and used in the

discussion of the systematic uncertainties on the �nal SDME's.

11.1.1 The Method of Moments

In appendix C of reference [51] all 23 matrix elements are expressed as moments of 23

functions of the decay angles. As an example r11�1 is given by

r11�1 =
1

�
5

2
< sin2 � cos 2� cos 2� > : (11.1)

Before the moments can be calculated, the functions have to be corrected for detector

acceptance e�ects. For each of the 23 functions an acceptance correction was computed
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using the �0 VDM Monte Carlo generator. After that the moments were calculated from

the acceptance corrected histograms using

< f(�; �;�) >= �f =
X

i

ni
corr
fiX

j

nj
corr

; (11.2)

where the sum runs over the number of bins. In the ith bin of the histogram corresponding

to the acceptance corrected decay angle function f the abscis is fi, n
i
corr

= ni=acci the

content of the bin and acci the acceptance of f evaluated for the particular bin. The error

on the moment was then given by

�(< f(�; �;�) >) =

1

p
~n� 1

 P
i
ni=acci

�
fi � �f

�2P
i
ni=acci

! 1
2

; (11.3)

with ~n the equivalent number of events given by equation 7.10 with wi = 1=acci. From

these computed moments the SDME's were easily derived using the expressions mentioned

above.

Yes

No

Initial SCHC 
 monte carlo

The end

Converged ?

 Moment calculation 
matrix elements

     decay angle functions
    Acceptance correction 

         monte carlo
Reweigh isotropic decay

Measured decay angle 
         functions

Figure 11.1: Diagram representing the iterative method of moments.

One problem here is that the acceptance corrections themselves depend on the SDME's.

To deal with this issue, the extraction procedure was performed in an iterative way as

depicted in �gure 11.1. The initial acceptance correction used in the �rst step of the

iteration was computed with the VDM generator under the assumption of the SCHC hy-

pothesis. In the subsequent steps, an isotropically generated event sample was reweighted

with equation 2.126 using the intermediate results for the 23 SDME. It was basically
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of the beam polarization magnitude entering directly into their value. One can also see

that some of the unpolarized SDME's are not reproduced by the algorithm within the

statistical uncertainty. Systematic iterations of the test indicate that the �nal values and

precision of the extracted SDME are inuenced to a certain extent by the number of bins

for the decay angles used internally in the algorithm, where too few or too many bins may

lead to large uncertainties. One therefore has to �nd the optimum range of number of

bins depending on the statistics of the event sample and one should include a systematic

uncertainty due to the used binning in the �nal result. Doing so for this kind of Monte

Carlo tests shows that the maximum likelihood method is indeed able to reproduce the

input values for the SDME's within the total uncertainty.

11.2 Radiative Corrections

The radiative corrections for exclusive vector meson depend on the angle � between the

lepton scattering and hadron production plane [169]. This angle is determined by the

direction of the vector meson and of the virtual photon momentum, where the latter is

determined experimentally from the di�erence between the incoming and scattered lepton

momentum. The emission of a real photon will alter the virtual photon direction with

respect to the non-radiative case and thus also the � angle. Therefore the hard photon

radiation contribution to the RC can be a strong function of �. However, the e�ect

becomes only signi�cant for high jtj where the hard photon radiation contribution to the

total RC becomes relatively large. The remaining contributions to the RC depend only

weakly on this angle. The total RC are also found not to inuence the vector meson decay

angles cos � and �.

0

0.2

0.4

0.6

0.8

1
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Φ
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Figure 11.3: The computed radiative correction factor for exclusive �0 production as

function of the angle �.
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The RC factor �(�) is computed using the DIFFRAD code and is displayed in �g-

ure 11.3 for our exclusive �0 kinematics. As only the shape of the RC with respect to � is

important and not the absolute magnitude, one can expect that in this case the RC will

only have a minor e�ect on the data.

The implementation of the RC in the maximum likelihood procedure was done in two

di�erent ways. In the �rst method the measured data contained in the 3-dimensional an-

gular matrix were corrected before the application of the likelihood algorithm by assigning

a weight equal to 1=�(�) to each event. This is made possible since also here only the

shape of the 3-dimensional decay angle distribution is important and not the normaliza-

tion. The change in the results for the SDME due to the RC implemented in this way was

below 1 %. The second method was based on the iterative numerical procedure proposed

in [169], where one calculates the RC to the matrix elements directly. The QED correc-

tion, i.e. the di�erence between the measured and Born SDME (�r = rmeas � rBorn), to

be applied to every matrix element in each step of the iteration is a linear function of the

magnitude of the SDME themself with coe�cients In de�ned by

In =
R 2�

0

d� cos(n�) �(�)R 2�
0

d� (1 + �(�))
; n = 1; 2 : : : 4; (11.13)

containing the dependence on the �(�). As an example the correction to r500 is calculated

as

�r500 =

1p
2�(1 + �)

h
2 I1 r

04
00 +

p
2�(1 + �) I2 r

5
00 � � (I1 + I3) r

1
00

i
: (11.14)

Using the computed �(�) as displayed in �gure 11.3 results in values below 1 % for all

coe�cients I1;2;3;4, so that the predicted change in the SDME results due to the RC with

the iterative procedure is minimal.

As both methods agree on the fact that the RC in the SDME analysis for HERMES

kinematics can be neglected, no RC were taken into account in the derivation of the �nal

results.

11.3 The �
0 Spin Density Matrix Elements

For the derivation of the results presented here the maximum likelihood method was

chosen as the main extraction tool. The internal number of bins for the 3-dimensional

matrix in (cos �; �;�) was taken to be 8 � 8 � 8. The SDME's were extracted in the

kinematical region 0:7 < Q2 < 5:0 GeV2 and 4:0 < W < 6:0 GeV from the HERMES 1996-

97 data taken on a 1H target. The beam polarization value for the events in the sample is

displayed in �gure 11.4. During 1996 HERA ran the lepton beam with positive helicity.

Before the 1997 running period, the beam helicity was reversed and two more helicity

ips were performed during the 1997 data taking. The sign of the beam polarization

enters directly into equation 2.126, which is used to reweigh the Monte Carlo events in

the likelihood method. To deal with this di�erent weighting, the extraction procedure was

done separately for the samples with positive and negative beam helicity. Note that this

is equivalent to running the procedure on the two helicity event samples together with

one common set of SDME parameters. In that case the MC events are to be reweighted
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twice, where a weight is computed for each beam helicity and the total likelihood is the

sum of the likelihood functions of the two helicity states. The average beam polarization

corresponding to the negative and positive beam helicity sample was�52:4 % and +50:0 %

respectively.
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Figure 11.4: The beam polarization of the event sample. Positive (negative) values cor-

respond to positive (negative) beam helicity.

As was shown in paragraph 11.2 the radiative corrections to the SDME's are negligible

in our case and are thus not taken into account. The results are also not corrected for

the presence of double-di�raction dissociation background in the sample. As the main

physics addressed here is driven by the � ! V vertex in the scattering reaction, the

e�ect from DD background is expected to be negligible. The decay angle distributions

for the proton dissociative reaction were actually measured by ZEUS [170] and found

to be consistent with those of exclusive events, which supports our assumption. The

amount of DIS fragmentation background in the exclusive sample can be estimated with

a DIS Monte Carlo as described in section 7.6. After the proper normalization of the

Monte Carlo background events to the data, the 3-dimensional decay angle matrix of the

background events can be subtracted from the corresponding matrix of the data sample

before the likelihood procedure is started.

The results presented here are not corrected for the contribution from non-resonant

�+�� pair production and its interference with the resonant �0 production amplitude (see

section 8.1.5). In [170] a study was performed where the SDME's were extracted sepa-

rately in the invariant mass regions M2� < M�0 and M2� > M�0 , which receive di�erent

contributions from the non-resonant and interference terms. The observed variation of

some SDME's suggested a possible inuence of the non-resonant pion pair production on

the extracted matrix elements. A similar study was not performed here.

Figure 11.5 displays the measured �0 decay angle distributions for the two beam he-

224 �0 Decay Angle Distribution Analysis

licity samples. The plots also show the corresponding spectra for the uniform decay

MC event sample, together with the distributions obtained after the maximum likelihood

procedure. As one can see, the procedure is able to describe the data rather well.

The results for the 23 SDME's extracted from the two beam helicity samples are

shown in �gure 11.6. The error bars correspond to the statistical uncertainties as given

by MINUIT. The 15 SDME's shown above the horizontal line are independent of the beam

polarization, while the 8 SDME's on the bottom need a longitudinal beam polarization to

be measured. The uncertainties on the latter ones are much larger than for the unpolarized

SDME's, due to the fact that the lepton beam is not fully polarized, but only for about

50 %. The two sets of SDME's extracted from the two helicity samples are fully compatible

within the statistical uncertainties.

The �nal results for the 23 SDME's are obtained by taking the error weighted average

of the values found for the two beam helicity samples. The results are listed in table B.8

and displayed in �gure 11.7. The systematic error takes into account the following items :

� The internally used binning in the likelihood procedure was changed to 5� 5� 5.

� The o�ine analysis cuts were varied.

� The sensitivity to the isotropic Monte Carlo model was estimated by changing the

exponent n in the VDM propagator 1=(1 +Q2=M2
V

)n from 2.0 to 2.5.

� The e�ect on the SDME's due to the presence of DIS fragmentation background in

the sample was accounted for by adding a systematic error equal to the di�erence

in the results with and without background subtraction.

� The sensitivity of the results due to the extraction procedure was estimated by using

the modi�ed method of moments instead of the maximum likelihood procedure to

determine the 23 SDME's for the two beam helicity samples.

� The e�ect due to the 3.4 % systematic uncertainty of the beam polarization was

estimated by shifting the average value of Pb up- and downwards by this amount.

No systematic uncertainty was assigned to either the RC or the possible e�ect of the

DD background on the SDME's, as both were shown or assumed to be negligible. The

dominant contributions in the systematic uncertainty came from the sensitivity to the

extraction procedure and from the binning in the likelihood procedure. The uncertainty

due to the beam polarization was negligible.

The results clearly show a non-zero result for the unpolarized matrix elements which

are not restricted to zero in the case of SCHC, r0400, r
1
1�1, Im r21�1, Re r

5
10 and Im r610. The

two polarized matrix elements which are allowed to be non-zero by SCHC, Im r710 and

Re r810, are found to have a non-zero positive value, although with large uncertainties. The

data also indicate values di�erent from zero for some SCHC violating matrix elements, in

particular Re r0410, Re r
1
10 and r500 are seen to be signi�cantly di�erent from zero. These

observations will be discussed in more detail in paragraph 11.6.

The Q2-dependence of the SDME's was studied by repeating the analysis in four bins

in Q2 (0:7 < 1:0 < 1:4 < 2:5 < 5:0 GeV2). As the available event statistics is a crucial
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Figure 11.5: The observed distributions for cos �, �, � and 	 for (a) positive beam helicity

and (b) negative beam helicity. The dotted lines show the MC distributions obtained

from a sample of isotropically generated �0 events; the full line corresponds to the MC

distributions �tted to the data with the maximum likelihood method.
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Figure 11.6: The results of the maximum likelihood method performed separately on the

samples with positive and negative beam helicity. The indicated error bars are statistical

uncertainties only. The vertical full lines indicate those SDME's which are expected to

be zero based on the SCHC assumption.

point in this type of analysis, the binning was chosen somewhat di�erent than before to

obtain a more uniform distribution of the events among the di�erent bins. The results

presented above show that in the extraction of the SDME's from the full event sample

at the average kinematical point in Q2 the 8 polarized elements already su�er from large

uncertainties. This makes it rather useless to try to extract the full set of SDME's as

function of Q2. Therefore the two event samples belonging to the opposite beam helicities

were added together, resulting in a sample with an average beam polarization of only a few

percent. The correlation matrix calculated by MINUIT for the 23 SDME's indicates that

the correlations between the unpolarized and polarized SDME's are of minor importance.

Hence, it is a safe assumption to treat the combined event sample as belonging to an

unpolarized beam and to extract only the 15 unpolarized SDME's in the four Q2 bins.

The results are summarized in table B.9 and displayed in �gure 11.8 together with results
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from theoretical model calculations, which will be discussed in the next paragraph.

The results of theQ2-dependent analysis show signi�cant non-zero values for the SCHC

violating matrix element r500.

11.4 Theory Predictions

The extracted 23 SDME's are compared to the model calculations from Ivanov et al. [54] in

�gure 11.7. The predictions, especially for the SCHC violating matrix elements, depend

strongly on jtj. The calculations were performed at our average kinematics with jtj =

0:14 GeV2. Although the model is based on 2-gluon exchange, it is seen to be in good

agreement with our data. However, the SCHC violating matrix elements r500 and Re r0410

are underestimated. Note that the two polarized matrix elements Im r710 and Re r810,

which can be di�erent from zero according to SCHC, are well reproduced by the model.

The same �gure also displays the predictions from the model of Royen et al. [53] for

the 15 unpolarized SDME's. It should be noted that these calculations were actually

performed for the H1 and ZEUS energy scale with jtj = 0:14 GeV2. However, the energy

variation in the model is rather small. Here the magnitude of r0400 is predicted too high,

which is probably a consequence of the di�erence in center-of-mass energy between H1

and HERMES. This model is seen to reproduce the magnitudes of the SCHC violating

matrix elements r500 and Re r0410.

The two di�erent models yield rather similar predictions for the Q2-dependence of

most SDME's. Figure 11.8 shows the comparison of the measured Q2-dependence of the

15 unpolarized SDME's to the theoretical predictions. A good agreement between the

data and the model calculations is found, in particular the behavior of the large matrix

elements which are not restricted by SCHC, i.e. r0400, r
1
1�1, Im r21�1, Re r

5
10 and Im r610,

is well reproduced by both model calculations. The observed Q2-dependence of r500 is in

agreement with the model prediction from Royen et al..

11.5 Natural Parity Exchange

Without assuming SCHC, the hypothesis of natural parity exchange in t-channel alone

leads to the following sum rule

1� r0400 + 2r041�1 � 2r111 � 2r11�1 = 0: (11.15)

Using the results from table B.8, the left side of this equation equals 0:148�0:063 (stat.)�

0:132 (syst.), which is compatible with zero within large uncertainties. This observation

supports the validity of the NPE assumption.

The Q2-dependence of the lefthand side of equation 11.15 is shown in �gure 11.9. Also

here, within large uncertainties, no clear indication is found for the non-validity of the

NPE hypothesis.

The asymmetry parameter P�T between natural (�N ) and unnatural parity exchange
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Figure 11.7: The 23 SDME's compared to theoretical model calculations from Ivanov et

al. [54] and Royen et al. [53].
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Figure 11.8: The 15 unpolarized SDME's as function of Q2 compared to theoretical model

calculations from Ivanov et al. [54] and Royen et al. [53].
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(�U) is, for transverse photons, given by [51]

P�T =
�N � �U

�N + �U
= (1 + � R�)

�
2 r11�1 � r100

�
: (11.16)

Using the results given in table B.8 together with equation 11.23 for R� (see para-

graph 11.9) yields P�T = 0:782� 0:014 (stat.)� 0:050 (syst.). This indicates that �0 pro-

duction by transverse photons in the HERMES kinematic region proceeds predominantly

through natural parity exchange. A similar result was also found earlier in [113, 143].

11.6 s-Channel Helicity Conservation

The central vertical full (dotted) lines in �gure 11.6 indicate the SDME's that are expected

to be (non) zero based on the s-channel helicity conservation hypothesis. Basically all

matrix elements except for r0400, r
1
1�1, Im r21�1, Re r

5
10, Im r610, Im r710 and Re r810, are

expected to vanish in case of SCHC. Moreover, the following relations between the non-

vanishing SDME's are expected to hold

r11�1 = �Im r21�1; Re r510 = �Im r610; Im r710 = Re r810: (11.17)

Under the combined assumption of SCHC and NPE one obtains another sum rule

1� r0400 � 2 r11�1 = 0: (11.18)

Using the results for the 23 SDME's listed in table B.8 one can easily verify that

the data con�rm the validity of the relations in equation 11.17. For the lefthand side
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of equation 11.18 one obtains 0:100 � 0:048 (stat.) � 0:100 (syst.), which is compatible

with zero within large uncertainties. Figure 11.10 shows the veri�cation of these relations

as function of Q2 using the results for the 15 unpolarized SDME's given in table B.9.

The data support the validity of the relations given in equation 11.17. The sum rule in

equation 11.18 is satis�ed within large uncertainties for most Q2 bins.
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Figure 11.10: The veri�cation of the s-channel helicity conservation hypothesis by exam-

ining the validity of the relations in equation 11.17 and the sum rule in equation 11.18 as

function of Q2. Note that for the latter equation also NPE is assumed.

As already mentioned in paragraph 11.3 a signi�cant deviation from zero was found

for r500. This matrix element is proportional to the interference between the helicity con-

serving longitudinal amplitude T00 and the single-ip amplitude T01. The latter amplitude

corresponds to the production of longitudinally polarized �0 mesons from transverse pho-

tons. In the theoretical models presented in paragraph 2.13.6 this was actually predicted

to be the leading s-channel helicity violating e�ect. The fact that the relations given in

equation 11.17 and 11.18 are seen to be satis�ed by the data, indicates that the helicity

violating e�ect cannot be large.
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11.7 1-dimensional Decay Angle Distributions

Integrating the decay angle distribution W (cos �; �;�) given by equation 2.126 over the

angles � and � yields the following angular distribution of cos �

W (cos �) =
3

4
�
1� r0400 + (3 r0400 � 1) cos2 �

�
: (11.19)

This distribution depends only on r0400 which represents the probability to produce a vector

meson with longitudinal polarization. The cos � distribution is not restricted by SCHC.

Integrating equation 2.126 over cos � and � gives

W (�) =

1
2�

h
1� 2 r041�1 cos 2�+ Pb

p
1� �2Im r31�1 sin 2�

i
: (11.20)

This decay angle distribution depends on the two helicity violating matrix elements r041�1

and Im r31�1. In the case of SCHC this distribution becomes W (�) = 1=2�.

Integrating equation 2.126 over cos � and � gives

W (�) =

1
2�

h
1� � cos 2�Tr (r1) +

p
2�(1 + �) cos �Tr (r5)

+Pb
p
2�(1� �) sin�Tr (r8)

i
; (11.21)

with Tr (r�) = 2 r�11 + r�00. This distribution depends on the helicity non-conserving

combinations of matrix elements Tr (r1), Tr (r5) and Tr (r8). In the case of SCHC, the

distribution becomes W (�) = 1=2�.

Assuming SCHC, the azimuthal dependence of the decay angle distribution is function

of the polarization angle 	 = �� � only. Integrating equation 2.126 over cos � yields

W (	) =

1
2�

�
1 + 2 � r11�1 cos 2	

�
: (11.22)

This distribution depends only on r11�1. A positive value of r11�1 indicates that the spin of

the meson and the photon are aligned in such a way that the decay pions are predominantly

emitted in the lepton scattering plane.

The measured four 1-dimensional decay angle distributions are displayed in �gure 11.11

for both beam helicity samples. The distributions were corrected for acceptance using the

�0 VDM Monte Carlo generator. The acceptance correction was computed using an

isotropic decay event sample reweighted with equation 2.126 where the results obtained

in the full 23 SDME extraction (see table B.8) served as input. The acceptance corrected

distributions were �tted using equation 11.19, 11.20, 11.21 and 11.22. The �nal results

for the �tted matrix elements were computed by taking the error weighted average of the

�t results obtained for the beam helicity samples. The results are listed in table 11.1 and

are compared to the corresponding values obtained in the full 23 SDME extraction. The

results are in very good agreement. In particular, the observed agreement for r11�1 shows

that SCHC is in fact a good approximation for the data presented here.
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correspond (from top to bottom) to equation 11.19, 11.20, 11.21 and 11.22.
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element 1-dim. �t 3-dim. method

r0400 0:439 � 0:011 0:446 � 0:018

r11�1 0:228 � 0:010 0:227 � 0:022

r041�1 �0:013 � 0:009 �0:024 � 0:013

Im r31�1 �0:036 � 0:065 0:001 � 0:031

Tr (r1) �0:092 � 0:022 �0:075 � 0:049

Tr (r5) 0:109 � 0:010 0:125 � 0:025

Tr (r8) 0:177 � 0:066 0:208 � 0:175

Table 11.1: The (combinations of) matrix elements obtained from the 1-dimensional decay

angle distribution �ts compared to the results from the full 23 SDME extraction. The

errors are statistical only.

11.8 Extraction of Helicity Amplitudes

The 23 SDME extracted in the previous paragraphs provide a full description of the

vector meson decay angle distribution. Each of these matrix elements is actually a sum of

bilinear combinations of helicity amplitudes T�V � . The expression of each matrix element

as function of the helicity amplitudes is listed in Appendix D. These complex amplitudes

are more fundamental quantities than the SDME and they allow a direct test of the s-

channel helicity conversation hypothesis. The measured 23 SDME can in principle be

used to determine these amplitudes.

With the virtual photon and vector meson being spin-1 objects, there are 9 indepen-

dent complex amplitudes to be extracted from the data, which gives a total of 18 unknown

parameters (each amplitude has a modulus and a phase factor, T�V � = jT�V � je
i��V � ).

Determining 18 parameters from only 23 given quantities is possible, but would lead to

very large uncertainties. However, as was shown in paragraph 11.5 the measured SDME

satisfy the natural parity exchange hypothesis given by equation 2.132. This leads to

T�1�1 = T11, T�10 = �T10, T0�1 = �T01 and T�11 = T1�1 and leaves us with only 5

independent amplitudes to be determined. The 10 unknown parameters can be deter-

mined via a minimum �2-�t to the 23 measured SDME. In the extraction we applied the

normalization T00=1 and �00 = 0 deg. The parameters jT1�1j, �10, �01 and �1�1 su�ered

from very large errors and were compatible with zero. For the computation of the �nal

results these latter parameters were �xed at zero and only jT11j, jT01j, jT10j and �11 were

�tted. It was checked that setting the non-determined quantities to zero did not a�ect the

results. The results are summarized in table B.10 and displayed in �gure 11.12 together

with results derived in [171] from ZEUS and H1 measurements.

The jT11j=jT00j ratio exhibits a strong decrease withQ2, which reects the dominance of

the longitudinal over the transverse production amplitude at highQ2. The jT01j=jT00j ratio

is found to be 15:1�3:5 %, which represents a 4� di�erence from zero. This corresponds to

a signi�cant SCHC violation due the production of longitudinally polarized vector mesons

by transverse photons. The obtained jT10j=jT00j ratio is compatible with zero. The results

are in good agreement with the data from ZEUS and H1, although a larger s-channel

helicity violating e�ect due to T01 is found here. Similar helicity violating e�ects have
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Figure 11.12: The extracted helicity amplitude ratios jT11j=jT00j, jT01j=jT00j and jT10j=jT00j

and the phase di�erence �11� �00. The data are plotted as function of Q2 and compared

to the results derived in [171] from ZEUS and H1 measurements. The curves correspond

to results from model calculations by Ivanov et al. [54] and Royen et al. [53].
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been reported earlier in [113, 143].

Figure 11.12 also show the model calculations for the helicity amplitude ratios from

Royen et al. [53] and Ivanov et al. [54]. The ratio of the transverse to the longitudinal

helicity conserving amplitude is an very good agreement with the data. Both models

predict that the dominant s-channel helicity violating amplitude is T01, which is supported

by the present result. The magnitude of T10 is predicted to be much smaller, which is

also observed in the HERMES data.

11.9 Extraction of R�

Under the assumption of SCHC the R� ratio can be determined from

R� =
�L

�T
=

1
�

r0400

1� r0400
; (11.23)

which can be easily veri�ed using the expressions listed in appendix D. When the SCHC

requirement is relaxed, one obtains the following modi�cation of equation 11.23

R� =
1

�

r0400 ��2

1� (r0400 ��2)
; (11.24)

with the correction � given by

�2 =
jT01j2 � 2�jT10j2

NT + �NL

: (11.25)

The expressions of NL and NT in terms of the helicity amplitudes are given in equa-

tion D.25 and D.26 respectively. Taking into account the results presented in para-

graph 11.8, one can safely neglect the terms containing jT10j with respect to jT01j2 in

equation 11.25, leading to the following estimation of �

� �

jT01jp
NT + �NL

� r500
r
�

2r0400
; (11.26)

where it is assumed that T00 and T01 are in phase and where the term proportional to jT01j2

in r0400 was neglected with respect to the term containing jT00j2. The obtained results for

R� as function of Q
2 are listed in table B.11. Taking the s-channel helicity non-conserving

e�ects into account results in a decrease of R� between 2.5 and 11 % depending on the bin

in Q2. This change is still contained within the statistical uncertainty of the measurement

and indicates that R� is rather stable with respect to small violations of SCHC.

The results for R� as function of Q2 under the assumption of SCHC are compared

to data from previous measurements in �gure 11.13. A good agreement between the

HERMES results and the existing high energy data is found. R� exhibits a steep rise at

low Q2, while at higher Q2 the dependence of R� on Q
2 becomes weaker. The longitudinal

component of the cross section is seen to dominate the transverse part for Q2 & 2 GeV2.

The observed agreement between the HERMES result at intermediate energy and the

data from high energy measurements suggests that R� is not a strong function of W .
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The obtained Q2 dependence of the R� (assuming SCHC) was �tted using the form

R�(Q
2) = c0

�
Q2

M2
V

�c1
; (11.27)

with c0 and c1 as free parameters. This form is similar to the VDM-prediction given

by equation 2.71, however the longitudinal and transverse cross section are allowed to

di�er by a certain power c1 of Q
2. As the available high Q2 data indicate that the Q2-

dependence of R� attens out above roughly 10 GeV2, this shape cannot be expected to

describe all data lying much above the HERMES kinematical range. In a combined �t

of the present result together with the data from E665 [99], the obtained values for the

parameters were

c0 = 0:48� 0:03; c1 = 0:62� 0:07: (11.28)

The �tted curve is shown in �gure 11.14. To verify that the inclusion of the E665 data

in the �t does not bias the result, the �t was repeated for the HERMES and E665 data

separately. The obtained values for c0 and c1 were all compatible within their uncertainty.

11.10 Extraction of �

The phase di�erence � between the transverse amplitude T11 and the longitudinal ampli-

tude T00 can be derived from
cos � =

1 + � R�p
R�=2

�
Re r510 � Im r610

�
; (11.29)

sin � =

1 + � R�p
R�=2

�
Im r710 +Re r810

�

(11.30)

Using the results listed in table B.8 one �nds cos � = 0:872� 0:028 (stat.)� 0:068 (syst.)

and sin � = 0:43� 0:16 (stat.)� 0:23 (syst.). These values are consistent with the result

obtained in paragraph 11.8 for the phase di�erence �11 � �00 = 26:5� 8:3 deg.

An alternative extraction of � can be done using the 2-dimensional decay angle dis-

tribution given in equation 2.134, which assumes SCHC and NPE. This equation was

used in a 2-dimensional maximum likelihood algorithm with only two parameters, R� and

�. The procedure was performed separately for the negative and positive beam helicity

sample as function of Q2 in the same binning as for the full extraction. The �nal values

were obtained as the error weighted average of the results belonging to the two di�erent

beam helicity samples.

Figure 11.15 displays the results for R� and cos � as function of Q2 extracted with

the 2-parameter maximum likelihood method compared to the results obtained from the

full 15 SDME extraction. The two sets of results are seen to be in very good agreement.

The results for cos � obtained using equation 11.29 are listed in table B.11. The data

indicate that the dominating transverse and longitudinal amplitudes are nearly in phase.

The same observation was made in previous measurements [113, 143, 130].
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tical errors are shown. For the 15-parameter �t the inner error bars are statistical, the

outer error bars have the systematic uncertainty added in quadrature.
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TableB.9:The15unpolarizedSDMEfordi�erentbinsinQ
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Appendix C

Additional Figures
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Figure C.1: The ! DIS background Monte Carlo Method applied to the di�erent Q2 and

W bins. The dots represent the data, while the histograms are the DIS background Monte

Carlo distributions normalized to the data in the region �E > 3:0 GeV.
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Figure C.2: The �0 DIS background Monte Carlo Method applied to the di�erent (Q2;W )

bins. The dots represent the data, while the histograms are the DIS background Monte

Carlo distributions normalized to the data in the region �E > 3:0 GeV.
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Figure C.3: The ! DIS background Zone Method applied to the di�erent Q2 and W bins.

The dots represent the data, while the histograms are the DIS background distributions

measured at �t0 > 0:8 GeV2 and normalized to the data in the region �E > 3:0 GeV.
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Figure C.4: The �0 DIS background Zone Method applied to the di�erent (Q2;W ) bins.

The dots represent the data, while the histograms are the DIS background distributions

measured at �t0 > 0:8 GeV2 and normalized to the data in the region �E > 3:0 GeV.
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Figure C.5: The ! DIS background Fit Method applied to the di�erent Q2 and W bins.

A 5th order polynomial function is �tted to the spectrum outside the region [�0:75; 3:0],

where the extrapolation of the function inside the exclusive region provides the amount

of background contamination.
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Figure C.6: The �0 DIS background Fit Method applied to the di�erent (Q2;W ) bins.

A 7th order polynomial function is �tted to the spectrum outside the region [�0:6; 3:0],

where the extrapolation of the function inside the exclusive region provides the amount

of background contamination.
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p
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!
v
ec
-

to
r
m
es
o
n
p
ro
d
u
ct
ie
g
ed
o
m
in
ee
rd
w
o
rd
t
d
o
o
r
u
it
w
is
se
li
n
g
va
n
q
u
a
rk
-a
n
ti
q
u
a
rk
p
a
re
n
,

te
rw
ij
l
d
e
b
ij
d
ra
g
e
d
o
o
r
2
-g
lu
o
n
u
it
w
is
se
li
n
g
te
k
le
in
is
o
m
d
e
g
ro
o
tt
e-
o
rd
e
va
n
d
e
g
em
e-

te
n
w
er
k
za
m
e
d
o
o
rs
n
ed
e
te
v
er
k
la
re
n
.
V
er
v
o
lg
en
s
w
er
d
d
e
Q
2
-a
fh
a
n
k
el
ij
k
h
ei
d
va
n
d
e

w
er
k
za
m
e
d
o
o
rs
n
ed
e
g
ep
a
ra
m
et
ri
ze
er
d
m
et
b
eh
u
lp
va
n
ee
n
d
o
o
r
h
et
v
ec
to
r
m
es
o
n
d
o
m
i-

n
a
n
ti
em
o
d
el
g
e��
n
sp
ir
ee
rd
e
v
o
rm
.
D
ez
e
p
a
ra
m
et
ri
za
ti
es
le
v
er
en
d
e
w
a
a
rd
e
v
o
o
r
d
e
re
�el
e

fo
to
p
ro
d
u
ct
ie
w
er
k
za
m
e
d
o
o
rs
n
ed
e
o
p
,
d
ie
v
o
o
r
zo
w
el
h
et
�
0
a
ls
h
et
!
m
es
o
n
in
ov
er
ee
n
-

st
em
m
in
g
is
m
et
b
es
ta
a
n
d
e
g
eg
ev
en
s.
D
ie
ze
lf
d
e
p
a
ra
m
et
ri
za
ti
es
to
n
en
o
o
k
a
a
n
d
a
t
d
e

Q
2
-a
fh
a
n
k
el
ij
k
h
ei
d
va
n
d
e
g
em
et
en
w
er
k
za
m
e
d
o
o
rs
n
ed
e
a
fw
ij
k
t
va
n
h
et
d
o
o
r
h
et
v
ec
-

to
r
m
es
o
n
d
o
m
in
a
n
ti
em
o
d
el
v
o
o
rs
p
el
d
e
1
=
(Q
2
)n
g
ed
ra
g
m
et
n
=
2
.
Z
ow
el
d
e
�
0

a
ls
d
e

!
g
eg
ev
en
s
le
v
er
en
ee
n
w
a
a
rd
e
v
o
o
r
n
�
2
:5
o
p
.
D
it
g
ed
ra
g
w
ij
st
er
o
p
d
a
t
h
et
H
E
R
-



2
7
3

M
E
S
k
in
em
a
ti
sc
h
g
eb
ie
d
zi
ch
in
ee
n
ov
er
g
a
n
g
sf
a
se
b
ev
in
d
t
tu
ss
en
h
et
n
ie
t-
p
er
tu
rb
a
ti
ev
e

en
p
er
tu
rb
a
ti
ev
e
Q
C
D
re
g
im
e,
w
a
a
rb
ij
v
o
o
r
h
et
la
a
ts
te
ee
n
Q
2

v
er
lo
o
p
m
et
n
=
3
va
n

d
e
w
er
k
za
m
e
d
o
o
rs
n
ed
e
v
er
w
a
ch
t
w
o
rd
t.
T
en
sl
o
tt
e
w
er
d
d
e
v
er
h
o
u
d
in
g
va
n
d
e
p
ro
d
u
c-

ti
e
w
er
k
za
m
e
d
o
o
rs
n
ed
en
v
o
o
r
!
en
�
0

m
es
o
n
en
b
ep
a
a
ld
.

D
ez
e
v
er
h
o
u
d
in
g
v
er
to
o
n
t

g
ee
n
Q
2
-a
fh
a
n
k
el
ij
k
h
ei
d
en
b
ed
ra
a
g
t
o
n
g
ev
ee
r
0
.1
9
,
h
et
g
ee
n
d
ic
h
t
b
ij
d
e
d
o
o
r
h
et
a
d
d
it
ie
f

q
u
a
rk
m
o
d
el
a
sy
m
p
to
ti
sc
h
v
er
w
a
ch
te
w
a
a
rd
e
1
/
9
is
.

K
en
m
er
k
en
d
v
o
o
r
d
i�
ra
ct
ie
v
e
in
te
ra
ct
ie
s
b
ij
la
g
e
im
p
u
ls
ov
er
d
ra
ch
t
t
is
h
et
ex
p
o
n
ti
�ee
l

v
er
lo
o
p
/
e�
b
jt
j

va
n
d
e
w
er
k
za
m
e
d
o
o
rs
n
ed
e.
D
e
d
i�
ra
ct
ie
v
e
h
el
li
n
g
sp
a
ra
m
et
er
b
ka
n

g
er
el
a
te
er
d
w
o
rd
en
a
a
n
d
e
g
ro
o
tt
e
o
f
d
e
in
te
ra
ct
ie
st
ra
a
l
va
n
d
e
b
o
ts
en
d
e
d
ee
lt
je
s.
D
e

g
em
et
en
h
el
li
n
g
sp
a
ra
m
et
er
s
v
o
o
r
�
0
en
!
p
ro
d
u
ct
ie
b
li
jk
en
g
el
ij
k
te
zi
jn
,
h
et
g
ee
n
v
er
w
a
ch
t

w
o
rd
t
u
it
d
e
g
el
ij
k
so
o
rt
ig
e
q
u
a
rk
in
h
o
u
d
va
n
b
ei
d
e
m
es
o
n
en
.
D
e
h
el
li
n
g
sp
a
ra
m
et
er
v
o
o
r

�
0
p
ro
d
u
ct
ie
v
er
to
o
n
t
ee
n
d
a
le
n
d
v
er
lo
o
p
m
et
Q
2
,
w
a
t
er
o
p
w
ij
st
d
a
t
d
e
in
te
ra
ct
ie
sc
h
a
a
l

in
�
0
(e
n
!
)
p
ro
d
u
ct
ie
a
fn
ee
m
t
m
et
Q
2
.
A
sy
m
p
to
ti
sc
h
w
o
rd
t
d
e
h
el
li
n
g
sp
a
ra
m
et
er
a
ll
ee
n

n
o
g
b
ep
a
a
ld
d
o
o
r
d
e
g
ro
o
tt
e
va
n
h
et
p
ro
to
n
.

H
et
e�
ec
t
va
n
ee
n
n
u
cl
ea
ir
m
ed
iu
m

o
p
d
e
p
ro
d
u
ct
ie
va
n
v
ec
to
r
m
es
o
n
en
w
er
d
b
e-

st
u
d
ee
rd
d
o
o
r
d
e
n
u
cl
ea
ir
e
tr
a
n
sp
a
ra
n
ti
e
te
b
ep
a
le
n
v
o
o
r
2
H
,
3
H
e
en
1
4
N
k
er
n
en
.
D
ez
e

tr
a
n
sp
a
ra
n
ti
e
d
ru
k
t
d
e
v
er
h
o
u
d
in
g
u
it
va
n
d
e
e�
ec
ti
ev
e
p
ro
d
u
ct
ie
w
er
k
za
m
e
d
o
o
rs
n
ed
e
o
p

ee
n
k
er
n
to
t
d
e
�
ct
ie
v
e
w
er
k
za
m
e
d
o
o
rs
n
ed
e
zo
n
d
er
in
te
ra
ct
ie
va
n
d
e
re
a
ct
ie
d
ee
lt
je
s
m
et

h
et
o
m
g
ev
en
d
e
k
er
n
m
a
te
ri
a
a
l.
M
et
in
g
en
va
n
d
ez
e
tr
a
n
sp
a
ra
n
ti
e
la
te
n
to
e
ee
n
a
fz
o
n
d
er
li
jk
e

m
a
a
t
a
f
te
sc
h
a
tt
en
v
o
o
r
d
e
in
it
i�e
le
en
�
n
a
le
to
es
ta
n
d
si
n
te
ra
ct
ie
s
va
n
h
et
fo
to
n
en
h
et

v
ec
to
r
m
es
o
n
m
et
h
et
k
er
n
m
a
te
ri
a
a
l.
D
e
g
em
et
en
tr
a
n
sp
a
ra
n
ti
e
v
o
o
r
!
p
ro
d
u
ct
ie
b
li
jk
t

co
n
si
st
en
t
te
zi
jn
m
et
d
e
re
su
lt
a
te
n
v
o
o
r
h
et
�
0
m
es
o
n
.

D
e
g
eg
ev
en
s
b
eh
o
re
n
d
e
b
ij
d
e
fo
to
p
ro
d
u
ct
ie
tr
ig
g
er
b
ie
d
en
ee
n
a
lt
er
n
a
ti
ev
e
m
a
n
ie
r
o
m

d
e
w
er
k
za
m
e
d
o
o
rs
n
ed
e
v
o
o
r
!
p
ro
d
u
ct
ie
b
ij
Q
2

=

0
te
b
ep
a
le
n
.
V
o
o
r
d
ez
e
g
eg
ev
en
s

b
es
ch
ik
t
m
en
n
ie
t
ov
er
d
e
k
in
em
a
ti
sc
h
e
in
fo
rm
a
ti
e
va
n
h
et
v
er
st
ro
o
id
e
p
o
si
tr
o
n
,
zo
d
a
t

g
ee
n
re
ch
ts
tr
ee
k
se
o
n
d
er
d
ru
k
k
in
g
va
n
a
ch
te
rg
ro
n
d
d
.m
.v
.
k
in
em
a
ti
sc
h
e
re
st
ri
ct
ie
s
ka
n

d
o
o
rg
ev
o
er
d
w
o
rd
en
.
S
im
u
la
ti
es
g
eb
a
se
er
d
o
p
d
e
P
Y
T
H
IA
g
en
er
a
to
r
to
n
en
a
a
n
d
e
b
ij
-

d
ra
g
e
va
n
fr
a
g
m
en
ta
ti
ep
ro
ce
ss
en
to
t
!
p
ro
d
u
ct
ie
in
h
et
fo
to
p
ro
d
u
ct
ie
sa
m
p
le
o
p
lo
o
p
t

to
t
o
n
g
ev
ee
r
7
0
%
,
h
et
g
ee
n
a
a
n
le
id
in
g
g
ee
ft
to
t
ze
er
g
ro
te
sy
st
em
a
ti
sc
h
e
fo
u
te
n
o
p
h
et

ei
n
d
re
su
lt
a
a
t.
D
e
to
ta
le
e�
ci
�en
ti
e
v
o
o
r
re
co
n
st
ru
ct
ie
va
n
ex
cl
u
si
ev
e
!
p
ro
d
u
ct
ie
m
et
d
e

fo
to
p
ro
d
u
ct
ie
tr
ig
g
er
w
er
d
b
er
ek
en
d
v
ia
d
e
D
IP
S
I
g
en
er
a
to
r
en
b
ed
ro
eg
o
n
g
ev
ee
r
0
.2
%
.

D
e
e�
ci
�en
ti
e
va
n
d
e
fo
to
p
ro
d
u
ct
ie
tr
ig
g
er
w
er
d
g
es
ch
a
t
o
p
o
n
g
ev
ee
r
6
7
%
v
o
o
r
d
e
H
E
R
-

M
E
S
1
9
9
7
g
eg
ev
en
s.
D
e
el
ec
tr
o
p
ro
d
u
ct
ie
w
er
k
za
m
e
d
o
o
rs
n
ed
e
w
er
d
g
et
ra
n
sf
o
rm
ee
rd
n
a
a
r

ee
n
re
�el
e
fo
to
p
ro
d
u
ct
ie
w
er
k
za
m
e
d
o
o
rs
n
ed
e
v
ia
ee
n
g
e��
n
te
g
re
er
d
e

u
x
fa
ct
o
r
v
o
o
r
re
�el
e

fo
to
n
en
.
D
e
�
n
a
a
l
b
ek
o
m
en
w
er
k
za
m
e
d
o
o
rs
n
ed
e
w
a
s
in
g
o
ed
e
ov
er
ee
n
st
em
m
in
g
m
et

d
e
re
su
lt
a
te
n
va
n
v
o
ri
g
e
ex
p
er
im
en
te
n
,
h
o
ew
el
d
it
o
n
d
er
d
ee
l
va
n
d
e
a
n
a
ly
se
g
ek
en
m
er
k
t

w
o
rd
t
d
o
o
r
ze
er
g
ro
te
sy
st
em
a
ti
sc
h
e
o
n
ze
k
er
h
ed
en
.

D
e
h
el
ic
it
ei
t
va
n
h
et
sp
in
-1
�
0
(!
)
m
es
o
n
k
o
m
t
to
t
u
it
in
g
in
h
et
a
n
g
u
la
ir
m
o
m
en
t
va
n

d
e
tw
ee
(d
ri
e)
sp
in
-0
p
io
n
en
w
a
a
ri
n
h
et
m
es
o
n
v
er
va
lt
.
U
it
ee
n
st
u
d
ie
va
n
d
e
h
o
ek
d
is
tr
ib
u
-

ti
es
va
n
d
ez
e
v
er
va
lp
ro
d
u
ct
en
ka
n
m
en
in
fo
rm
a
ti
e
h
a
le
n
ov
er
d
e
h
el
ic
it
ei
ts
ov
er
d
ra
ch
t
in

ex
cl
u
si
ev
e
v
ec
to
r
m
es
o
n
p
ro
d
u
k
ti
e.
E
en
a
lg
em
ee
n
g
a
n
g
b
a
re
h
y
p
o
th
es
e
in
v
el
e
th
eo
re
ti
sc
h
e

b
er
ek
en
in
g
en
en
in
h
et
v
ec
to
r
m
es
o
n
d
o
m
in
a
n
ti
e
m
o
d
el
is
d
ie
va
n
b
eh
o
u
d
va
n
h
el
ic
it
ei
t

in
h
et
s-
ka
n
a
a
l,
i.
e.
d
e
h
el
ic
it
ei
t
va
n
h
et
v
ir
tu
ee
l
fo
to
n
w
o
rd
t
o
n
v
er
a
n
d
er
d
d
o
o
rg
eg
ev
en

a
a
n
h
et
v
ec
to
r
m
es
o
n
en
d
e
p
ro
to
n
sp
in
to
es
ta
n
d
b
li
jf
t
b
eh
o
u
d
en
.
D
e
sp
in
to
es
ta
n
d
va
n

h
et
v
ec
to
r
m
es
o
n
w
o
rd
t
a
lg
em
ee
n
b
es
ch
re
v
en
a
.d
.h
.v
.
zi
jn
sp
in
d
ic
h
th
ei
d
sm
a
tr
ix
,
w
a
a
r-

2
7
4

va
n
d
e
m
a
tr
ix
el
em
en
te
n
v
er
b
a
n
d
h
o
u
d
en
m
et
d
e
h
el
ic
it
ei
ts
a
m
p
li
tu
d
es
T
�
V

�


d
ie
d
e
ov
er
-

g
a
n
g
va
n
ee
n
fo
to
n
m
et
h
el
ic
it
ei
t
�


n
a
a
r
ee
n
v
ec
to
r
m
es
o
n
m
et
h
el
ic
it
ei
t
�
V

w
ee
rg
ev
en
.

N
a
to
ep
a
ss
in
g
va
n
sy
m
m
et
ri
e-
ei
g
en
sc
h
a
p
p
en
,
b
ek
o
m
t
m
en
2
3
o
n
a
fh
a
n
k
el
ij
k
e
m
a
tr
ix
el
e-

m
en
te
n
.
M
et
b
eh
u
lp
va
n
ee
n
n
ie
t-
g
ep
o
la
ri
ze
er
d
e
le
p
to
n
b
u
n
d
el
ka
n
m
en
er
1
5
va
n
b
ep
a
le
n
;

d
e
ov
er
b
li
jv
en
d
e
8
m
a
tr
ix
el
em
en
te
n
k
u
n
n
en
v
er
k
re
g
en
w
o
rd
en
m
et
ee
n
lo
n
g
it
u
d
in
a
le
b
u
n
-

d
el
p
o
la
ri
za
ti
e.
V
er
sc
h
il
le
n
d
e
a
lg
o
ri
tm
es
v
o
o
r
d
e
ex
tr
a
ct
ie
va
n
d
ez
e
m
a
tr
ix
el
em
en
te
n
u
it

d
e
m
ee
tg
eg
ev
en
s
w
er
d
en
v
o
o
rg
es
te
ld
.
U
it
ei
n
d
el
ij
k
w
er
d
g
ek
o
ze
n
v
o
o
r
ee
n
m
a
x
im
a
le
w
a
a
r-

sc
h
ij
n
li
jk
h
ei
d
sm
et
h
o
d
e,
w
a
a
rm
ee
d
e
2
3
m
a
tr
ix
el
em
en
te
n
v
o
o
r
h
et
�
0
m
es
o
n
b
ep
a
a
ld
w
er
-

d
en
.
D
e
re
su
lt
a
te
n
to
n
en
ee
n
k
le
in
e
sc
h
en
d
in
g
va
n
d
e
h
y
p
o
th
es
e
va
n
b
eh
o
u
d
va
n
h
el
ic
it
ei
t

in
h
et
s-
ka
n
a
a
l
a
a
n
.
T
h
eo
re
ti
sc
h
e
m
o
d
el
le
n
g
eb
a
se
er
d
o
p
2
-g
lu
o
n
u
it
w
is
se
li
n
g
g
ev
en
ee
n

g
o
ed
e
b
es
ch
ri
jv
in
g
va
n
d
e
m
a
tr
ix
el
em
en
te
n
,
h
o
ew
el
d
e
b
et
ro
u
w
b
a
a
rh
ei
d
va
n
d
ez
e
m
o
-

d
el
le
n
in
h
et
H
E
R
M
E
S
k
in
em
a
ti
sc
h
g
eb
ie
d
in
v
ra
a
g
ka
n
g
es
te
ld
w
o
rd
en
.
D
e
ex
tr
a
ct
ie

va
n
d
e
1
5
n
ie
t-
g
ep
o
la
ri
ze
er
d
e
m
a
tr
ix
el
em
en
te
n
a
ls
fu
n
ct
ie
va
n
Q
2

w
er
d
ev
en
ee
n
s
u
it
g
e-

v
o
er
d
.
D
e
th
eo
re
ti
sc
h
e
m
o
d
el
le
n
g
ev
en
o
o
k
h
ie
r
ee
n
g
o
ed
e
b
es
ch
ri
jv
in
g
va
n
h
et
v
er
lo
o
p

va
n
d
e
m
a
tr
ix
el
em
en
te
n
in
Q
2
.
U
it
d
e
m
a
tr
ix
el
em
en
te
n
w
er
d
u
it
ei
n
d
el
ij
k
o
o
k
d
e
v
er
h
o
u
-

d
in
g
va
n
d
e
h
el
ic
it
ei
ts
a
m
p
li
tu
d
es
b
ep
a
a
ld
,
h
et
g
ee
n
ee
n
v
er
h
o
u
d
in
g
va
n
d
e
sp
in

ip
to
t
d
e

n
ie
t-

ip
a
m
p
li
tu
d
e
va
n
o
n
g
ev
ee
r
1
5
%

o
p
le
v
er
d
e.
D
e
Q
2
-a
fh
a
n
k
el
ij
k
h
ei
d
va
n
d
e
a
m
p
li
-

tu
d
ev
er
h
o
u
d
in
g
en
w
o
rd
t
co
rr
ec
t
b
es
ch
re
v
en
d
o
o
r
d
e
m
o
d
el
b
er
ek
en
in
g
en
.
T
en
sl
o
tt
e
w
er
d

u
it
d
e
re
su
lt
a
te
n
v
o
o
r
d
e
m
a
tr
ix
el
em
en
te
n
d
e
R
-v
er
h
o
u
d
in
g
v
o
o
r
�
0

p
ro
d
u
ct
ie
b
ep
a
a
ld
,

d
ie
co
n
si
st
en
t
b
li
jk
t
te
zi
jn
m
et
ee
rd
er
e
m
et
in
g
en
b
ij
h
o
g
er
e
en
er
g
ie
.



A
c
k
n
o
w
le
d
g
e
m
e
n
ts

A
lt
h
o
u
g
h
w
ri
ti
n
g
th
is
th
es
is
ly
in
g
in
fr
o
n
t
o
f
y
o
u
tu
rn
ed
o
u
t
to
b
e
a
ra
th
er
lo
n
el
y
a
ct
iv
it
y,

th
e
lo
n
g
ro
a
d
o
f
w
o
rk
p
re
ce
d
in
g
th
is
�
n
a
l
p
h
a
se
w
a
s
d
e�
n
it
el
y
cr
ow
d
ed
w
it
h
m
a
n
y
p
eo
p
le
.

O
b
ta
in
in
g
a
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b
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e
H
E
R
M
E
S
v
ec
to
r
m
es
o
n
cr
ew
,
b
ei
n
g
S
a
sh
a
B
o
ri
ss
ov
,
G
re
g

R
a
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d
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p
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a
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p
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b
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u
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