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Transverse momenta
e+e- CM frame:

where ẑ is a unit vector along the z-axis defined by the
eþe" beam direction and n̂ is the thrust axis, used as
an approximation for the quark-antiquark axis (defined
below).

1. Transverse spin components

In eþe" annihilation processes with unpolarized beams
the spin 1 photon has equal contributions from the two
lepton helicity states jþ"i and j"þi. In the case a
quark-antiquark pair is created with a CMS angle of ! ¼
"=2 (see Fig. 2) both lepton helicity combinations contrib-
ute equally and the transverse polarization of the quarks is
zero on average. Hence the quark-antiquark pair has anti-
parallel transverse spin components. For finite production
angles the probability to have antiparallel spins is propor-
tional to sin2!. This kinematic dependence provides a
powerful test of the extraction of Collins asymmetries in
eþe" and will be discussed later.

C. Azimuthal asymmetries and cross section

Two different azimuthal asymmetries in inclusive dihad-
ron production in eþe" annihilation will become impor-
tant in the course of the analysis. The calculation of these
will be first described before discussing the cross sections.
The method already mentioned in the previous subsection
translates the definition of the Collins function [Eq. (1)]
into the eþe" ! q !q case, where the initial momentum of

the quark-antiquark pair is known. The quark directions
are, however, not accessible to a direct measurement and
are thus approximated by the thrust axis. The thrust axis n̂
maximizes the event shape variable thrust:

T ¼max

P
h
jPCMS

h $ n̂j
P
h
jPCMS

h j ; (3)

where the sum extends over all detected particles. The
thrust value varies between 0.5 for spherical events and 1
for tracks aligned with the thrust axis of an event. The
thrust axis is a good approximation to the original quark-
antiquark axis as described in Sec. III A. The first method
of accessing the Collins asymmetry, M12 is based on
measuring a cosð#1 þ#2Þ modulation of hadron pairs
[Nð#1 þ#2Þ] on top of the flat distribution due to the
unpolarized part of the fragmentation function. The un-
polarized part is given by the average bin content hN12i.
The normalized distribution is then defined as

R12 :¼
Nð#1 þ#2Þ

hN12i
: (4)

The corresponding cross section is differential in both
azimuthal angles #1, #2 and fractional energies z1, z2
and thus reads [26]:

d$ðeþe" ! h1h2XÞ
d"dz1dz2d#1d#2

¼
X

q; !q

3%2

Q2

e2q
4
z21z

2
2fð1þ cos2!ÞDq;½0(

1 ðz1Þ !Dq;½0(
1 ðz2Þ þ sin2! cosð#1 þ#2ÞH?;½1(;q

1 ðz1Þ !H?;½1(;q
1 ðz2Þg;

(5)

where the summation runs over all quark flavors accessible
at the center-of-mass energy. Antiquark fragmentation is
denoted by a bar over the corresponding quark fragmenta-
tion function; the charge-conjugate term has been omitted.
The fragmentation functions do not appear in the cross
section directly but as the zeroth ([0]) or first ([1]) moments
in the absolute value of the corresponding transverse mo-
menta [27]:

F½n(ðzÞ ¼
Z

djkTj2
!jkTj
M

"
n
Fðz;k2

TÞ: (6)

In this equation the transverse hadron momentum has been
rewritten in terms of the intrinsic transverse momentum of
the process: Ph? ¼ zkT . The mass M is usually set to be
the mass of the detected hadron, in the analysis presented
here M will be the pion mass.

A second way of calculating the azimuthal asymmetries,
method M0, integrates over all thrust axis directions leav-
ing only one azimuthal angle. This angle is defined as the
angle between the planes spanned by one hadron momen-
tum and the lepton momenta, and the transverse momen-

tum of the second hadron with respect to the first hadron
momentum. This angle in the opposite jet hemisphere is
displayed in Fig. 3, and is calculated as

FIG. 3 (color online). Definition of the azimuthal angle #0

formed between the planes defined by the lepton momenta and
that of one hadron and the second hadron’s transverse momen-
tum P0

h1? relative to the first hadron.
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Transverse momenta
e+e- CM frame:

where ẑ is a unit vector along the z-axis defined by the
eþe" beam direction and n̂ is the thrust axis, used as
an approximation for the quark-antiquark axis (defined
below).

1. Transverse spin components

In eþe" annihilation processes with unpolarized beams
the spin 1 photon has equal contributions from the two
lepton helicity states jþ"i and j"þi. In the case a
quark-antiquark pair is created with a CMS angle of ! ¼
"=2 (see Fig. 2) both lepton helicity combinations contrib-
ute equally and the transverse polarization of the quarks is
zero on average. Hence the quark-antiquark pair has anti-
parallel transverse spin components. For finite production
angles the probability to have antiparallel spins is propor-
tional to sin2!. This kinematic dependence provides a
powerful test of the extraction of Collins asymmetries in
eþe" and will be discussed later.

C. Azimuthal asymmetries and cross section

Two different azimuthal asymmetries in inclusive dihad-
ron production in eþe" annihilation will become impor-
tant in the course of the analysis. The calculation of these
will be first described before discussing the cross sections.
The method already mentioned in the previous subsection
translates the definition of the Collins function [Eq. (1)]
into the eþe" ! q !q case, where the initial momentum of

the quark-antiquark pair is known. The quark directions
are, however, not accessible to a direct measurement and
are thus approximated by the thrust axis. The thrust axis n̂
maximizes the event shape variable thrust:

T ¼max

P
h
jPCMS

h $ n̂j
P
h
jPCMS

h j ; (3)

where the sum extends over all detected particles. The
thrust value varies between 0.5 for spherical events and 1
for tracks aligned with the thrust axis of an event. The
thrust axis is a good approximation to the original quark-
antiquark axis as described in Sec. III A. The first method
of accessing the Collins asymmetry, M12 is based on
measuring a cosð#1 þ#2Þ modulation of hadron pairs
[Nð#1 þ#2Þ] on top of the flat distribution due to the
unpolarized part of the fragmentation function. The un-
polarized part is given by the average bin content hN12i.
The normalized distribution is then defined as

R12 :¼
Nð#1 þ#2Þ

hN12i
: (4)

The corresponding cross section is differential in both
azimuthal angles #1, #2 and fractional energies z1, z2
and thus reads [26]:

d$ðeþe" ! h1h2XÞ
d"dz1dz2d#1d#2

¼
X

q; !q

3%2

Q2

e2q
4
z21z

2
2fð1þ cos2!ÞDq;½0(

1 ðz1Þ !Dq;½0(
1 ðz2Þ þ sin2! cosð#1 þ#2ÞH?;½1(;q

1 ðz1Þ !H?;½1(;q
1 ðz2Þg;

(5)

where the summation runs over all quark flavors accessible
at the center-of-mass energy. Antiquark fragmentation is
denoted by a bar over the corresponding quark fragmenta-
tion function; the charge-conjugate term has been omitted.
The fragmentation functions do not appear in the cross
section directly but as the zeroth ([0]) or first ([1]) moments
in the absolute value of the corresponding transverse mo-
menta [27]:

F½n(ðzÞ ¼
Z

djkTj2
!jkTj
M

"
n
Fðz;k2

TÞ: (6)

In this equation the transverse hadron momentum has been
rewritten in terms of the intrinsic transverse momentum of
the process: Ph? ¼ zkT . The mass M is usually set to be
the mass of the detected hadron, in the analysis presented
here M will be the pion mass.

A second way of calculating the azimuthal asymmetries,
method M0, integrates over all thrust axis directions leav-
ing only one azimuthal angle. This angle is defined as the
angle between the planes spanned by one hadron momen-
tum and the lepton momenta, and the transverse momen-

tum of the second hadron with respect to the first hadron
momentum. This angle in the opposite jet hemisphere is
displayed in Fig. 3, and is calculated as

FIG. 3 (color online). Definition of the azimuthal angle #0

formed between the planes defined by the lepton momenta and
that of one hadron and the second hadron’s transverse momen-
tum P0

h1? relative to the first hadron.
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