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The Collins effect connects transverse quark spin with a measurable azimuthal asymmetry in the yield
of hadronic fragments around the quark’s momentum vector. Using two different reconstruction methods
we measure statistically significant azimuthal asymmetries for charged pion pairs in e* ¢~ annihilation at
center-of-mass energies of 10.52 GeV and 10.58 GeV, which can be attributed to the fragmentation of
primordial quarks with transverse spin components. The measurement was performed using a data set of
547 fb~! collected by the Belle detector at KEKB improving the statistics of the previously published

results by nearly a factor of 20.

DOI: 10.1103/PhysRevD.78.032011

I. INTRODUCTION

Electron-positron annihilation at high energies leads to
the creation of quark-antiquark pairs with high momenta.
Assuming that neither quark in a given event radiates an
energetic gluon, the quark and the antiquark fragment into
two jets of hadrons in opposite hemispheres. The energies
and the momentum vectors of the quarks can be inferred
from the energies and momenta of the observed final state
hadrons. The quark-hadron fragmentation process is usu-
ally parametrized with the help of fragmentation functions
DZ(Z). These describe number densities for a quark of fla-
vor ¢ to fragment into a hadron A carrying the fraction z of
the original quark momentum.

The two final state quarks can be created in transverse
spin states. Here we use azimuthal correlations between
pairs of hadrons in opposite jet hemispheres to study trans-
verse spin effects in the quark fragmentation process. Spe-
cifically, we study the distribution of final state pions
around the momentum vector of the fragmenting quark.
The quark momentum direction is measured approxi-
mately by identifying it with the thrust axis.

Spin-dependent effects in the fragmentation of quarks
into hadrons were first discussed by Collins [1]: the Collins
function Hi(z, k%) is the amplitude of the modulation in
the azimuthal distribution of the final state hadrons in spin-
dependent fragmentation processes. It depends on the nor-
malized hadron momentum z and the magnitude of the
transverse hadron momentum k; with respect to the three
momentum of the quark. Initial efforts to extract Collins
asymmetries in e*e” annihilation were carried out in
DELPHI [2]. The first observation of the azimuthal
Collins asymmetries in quark fragmentation was reported
by the Belle collaboration [3]. This paper is an extension of

PACS numbers: 13.88.+e, 13.66.—a, 14.20.—c, 14.65.—q

the earlier Belle measurement with nearly a factor of
20 higher statistics allowing a more refined analysis.

The Collins function cannot be calculated reliably em-
ploying QCD based algorithms, because the fragmentation
process is a nonperturbative process. However, once deter-
mined experimentally the Collins effect can be used as
“quark spin polarimeter” to determine the transverse spin
states of final state quarks in semi-inclusive deep inelastic
scattering (SIDIS) and in polarized proton-proton scatter-
ing. Over the past few years there has been increasing in-
terest in spin phenomena and experiments have published
new data on the transverse spin structure of the nucleon
[4-9]. However, the semi-inclusive observables in SIDIS
are not a direct measurement of the transverse quark spin
distributions (the so-called transversity distributions). In-
stead they measure a product of quark transversity distri-
butions and the Collins fragmentation functions. Only an
independent measurement of the Collins asymmetry in
et e annihilation makes it possible to extract transversity
quark distributions from single transverse spin asymme-
tries in SIDIS or polarized proton-proton scattering.

Recently, the first global transversity analysis of SIDIS
and Belle data has been carried out by Anselmino and
collaborators [10]. The resulting u and d quark transversity
distributions have large errors that are dominated by the
experimental uncertainties in the SIDIS and Belle data.
The new results presented here in combination with new
data expected in the near future from HERMES and
COMPASS will reduce the uncertainties in the extraction
of quark transversity distributions.

The study of transverse momentum dependent (TMD)
fragmentation and distribution functions such as the
Collins fragmentation function has led to important theo-
retical developments in QCD and has greatly advanced the
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understanding of factorization and process dependence of
distribution and fragmentation functions in hard scattering
processes. TMD hard quark scattering can give rise to the
large single spin asymmetries that have been observed ex-
perimentally but seemed to be incompatible with the tradi-
tional hard scattering QCD framework, which assumes
factorization [11]. Specifically, factorization assumes that
the exchange of soft gluons in the initial or final state of a
hard scattering process can be neglected. Furthermore it is
assumed that parton distributions and fragmentation func-
tions are process independent, i.e. that the Collins function
in SIDIS will be the same as in e e ™. It has now become
possible to correctly include the initial and final state
interactions in QCD calculations for some hard scatter-
ing processes. Recent calculations [12,13] with the correct
treatment of initial and final state interactions in hard
processes show that the Sivers effect [14] arises from this
inclusion. Another consequence of this new treatment of
factorization is the process dependence of the Sivers dis-
tribution function. While the Sivers distributions in SIDIS
and the Drell-Yan process are expected to have the same
magnitude they are predicted to have opposite signs.

Collins fragmentation appears to be an important test
case for future theoretical approaches that describe low
energy QCD phenomena. The Collins function describes
phenomenologically the evolution into hadrons starting
from a quark with a given momentum and spin orientation.
The challenge for the future will be to calculate this pro-
cess from basic principles.

The paper is organized as follows: after a discussion of
the Collins effect the experimental procedure will be de-
scribed in detail, a detector description is followed by a
description of the analysis and the study of systematic er-
rors. Finally, results will be presented together with an
attempt to interpret the measured Collins asymmetries for
dihadrons in terms of the Collins fragmentation functions.

A. Transversity

Recently there has been increased interest in the third
leading twist quark distribution function of the nucleon, the
so-called transversity distribution 8¢(x) [15]. The corre-
sponding charge is the tensor charge, which is obtained by
summing the charge-squared weighted transverse spin dis-
tribution over all flavors, integrated over the quarks’ mo-
mentum fraction x. Because of its symmetry properties this
is a more valencelike object than the axial charge (which is
obtained in a similar way from the quark helicity distri-
bution) [16]. Since the transversity distribution function
is chiral-odd, gluons cannot contribute at leading order.
Therefore no gluon transversity distribution exists and thus
the QCD evolution of transversity is different from that of
the quark helicities. Transversity cannot be accessed with
inclusive DIS experiments, since the corresponding for-
ward scattering amplitude contains a helicity flip that is
suppressed by the nearly vanishing quark mass relative to
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the scale \/_Q—7 The scale in DIS is defined as Q% = —q*q,
where g, is the four-momentum transfer from the lepton to
the nucleon.

As a consequence one can only measure transversity if
a second chiral-odd distribution or fragmentation function
is involved. One possibility to measure transversity uses
Drell-Yan processes, via double spin asymmetries of two
transversely polarized proton and (anti)proton beams. This
yields information on the product of a quark and an anti-
quark transversity distribution. Unfortunately the cross
section for this process is quite small and the possibility
of reasonably high transverse polarizations for antiprotons
is limited although some efforts are being made to conduct
such experiments in the future [17,18]. Another way to
access transversity is by combining it with a chiral-odd
quark fragmentation function. This combination is avail-
able in semi-inclusive DIS off a transversely polarized
nucleon by detecting at least one of the produced had-
rons. Such measurements are currently being performed
at HERMES [4] on a proton and at COMPASS [5] on a
deuteron target. In addition, a very similar observable can
be accessed in proton-proton collisions where one of the
beams is transversely polarized. In both cases there are
different candidates for chiral-odd fragmentation func-
tions, which are briefly discussed in the following three
paragraphs.

1. Collins fragmentation function

Most relevant to the interpretation of existing data on
experiments with transversely polarized targets or beams is
the Collins function first proposed in Ref. [1]. The Collins
function relates the transverse spin of the quark to the
transverse momentum of a final state hadron. These corre-
lations result in a nonuniform azimuthal distribution of
final state hadrons around the initial quark direction.

2. Interference fragmentation function

The interference fragmentation function [19] measures
the interference of two hadrons in the final state between
two different angular momentum states. This interference
is again visible as an azimuthal asymmetry of the plane
defined by the two hadrons around the original quark
momentum. According to model predictions [20,21] the
interference fragmentation function may be different from
zero whenever the invariant mass of the hadron pair is close
to the mass of resonances. Examples are the p for pion
pairs and the ¢ for kaon pairs.

3. A polarimetry

Another possibility is polarimetry of A baryons pro-
duced in fragmentation [22]. Here the relevant fragmenta-
tion function describes the fragmentation of a transversely
polarized quark into a transversely polarized A. The
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A-polarization can be inferred experimentally from the
kinematics of the decay.

These three spin-dependent fragmentation processes can
be used to obtain transversity quark distributions [23].
However, in all three cases the experimental observables
depend on transversity distributions folded with a currently
unknown spin analyzing fragmentation function. Therefore
transversity functions cannot be extracted from polarized
semi-inclusive measurements alone, and an independent
measurement of the fragmentation functions is required. In
this paper we discuss a measurement of Collins asymme-
tries performed at the KEKB e* e~ collider with the Belle
detector. Extraction of transversity distributions through
a combined analysis of transverse spin asymmetries from
semi-inclusive polarized DIS and Collins fragmentation
data from e*e™ requires the universality of the Collins
fragmentation function between e*e™ and deep inelastic
scattering. At the present time universality has been con-
firmed only at leading order by Collins and Metz [24]. This
paper describes the measurement of the Collins effect in
e*e” collisions.

B. Collins fragmentation in e* e~ and SIDIS

The Collins fragmentation function describes the crea-
tion of hadrons with transverse momentum P,; from a
transversely polarized quark with polarization S, and
momentum k. Following the Trento convention [25] the
number density for finding a hadron % produced from a
transversely polarized quark ¢ is defined as

Dz Py) = Di(z P2,)

(lA(XPhJ_)'Sq

1
+ H(z, P2)) M,

ey
where the first term is the unpolarized fragmentation func-
tion, with z =CMS% being the fractional energy of the
hadron relative to the center-of-mass system (CMS) energy
/s = Q. The second term contains the Collins function
Hi(z, P3| ) and depends on the spin orientation of the
quark. It changes sign when the quark spin is flipped and
thus generates a single spin asymmetry. The vector product
introduces a cos(¢) modulation where ¢ is the azimuthal
angle spanned by the transverse momentum and the plane
normal to the quark spin along the quark’s momentum (see
Fig. 1).

In SIDIS one measures a product of the quark transverse
polarization and the Collins function. The transverse po-
larization vector of the quarks serves as a reference axis for
the azimuthal asymmetries of single spin distributions. In
et e~ with unpolarized beams no such reference direction
exists. An analysis of Collins asymmetries in single jets in
et e therefore will yield a zero result as the cosine modu-
lation will average to zero in a large event sample. This
observation will later be used for important tests of the
analysis algorithm and possible false asymmetries result-
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quark spin

q

FIG. 1 (color online). Definition of the azimuthal angle ¢ in
the fragmentation of a transversely polarized quark S, with
momentum Kk into an unpolarized hadron with transverse mo-
mentum P, .

ing from detector effects (Sec. IV). The Collins effect can
therefore only be observed in the combination of two func-
tions, each one creating a single spin asymmetry. The
correlation of quark and antiquark Collins functions in
opposite hemispheres gives a product of two cos(¢) mod-
ulations for the two azimuthal angles ¢ and ¢,, resulting
in a cos(¢p; + ¢,) modulation (see Fig. 2). In e* e~ anni-
hilation processes these azimuthal angles are defined as

b1, =sgn[hi - {(Z X n)[h X Py ,)}]
XA AXPy, )
|z XAl [aX P,/

X arccos( ()

FIG. 2 (color online). Definition of the azimuthal angles ¢,
and ¢, of the two hadrons, between the scattering plane and
their transverse momenta P,;; around the thrust axis 7. The
angle 6 is defined as the angle between the lepton axis and the
thrust axis.
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where Z is a unit vector along the z-axis defined by the
etTe” beam direction and h is the thrust axis, used as
an approximation for the quark-antiquark axis (defined
below).

1. Transverse spin components

In e* e~ annihilation processes with unpolarized beams
the spin 1 photon has equal contributions from the two
lepton helicity states | + —) and | — +). In the case a
quark-antiquark pair is created with a CMS angle of § =
/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 sin’@. This kinematic dependence provides a
powerful test of the extraction of Collins asymmetries in
e*e” and will be discussed later.

C. Azimuthal asymmetries and cross section

Two different azimuthal asymmetries in inclusive dihad-
ron production in e*e” 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 e™ e~ — qg case, where the initial momentum of
|

2
q

do(e*e” = hihyX) _ z3a2 €
dQdzdz,dpdd, &0 4

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]:

k n
FUrl(z) = [ dlkrlz[%:l F(z, k2). (6)

In this equation the transverse hadron momentum has been
rewritten in terms of the intrinsic transverse momentum of
the process: P;,; = zky. 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 M, 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-
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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 7
maximizes the event shape variable thrust:

zlngS . ﬁl
max
h

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. IIT A. The first method
of accessing the Collins asymmetry, M, is based on
measuring a cos(¢; + ¢,) modulation of hadron pairs
[N(¢| + ¢,)] 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 (N,).
The normalized distribution is then defined as

N(¢, + ¢,)
Ry =————-—-—=, “)
2 (N12)
The corresponding cross section is differential in both
azimuthal angles ¢;, ¢, and fractional energies z;, z,
and thus reads [26]:

=5 —233{(1 + cos?0) D)) DI (25) + sin?O cos(hy + o) H () AT (2,)),

(&)

[
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 ¢,
formed between the planes defined by the lepton momenta and
that of one hadron and the second hadron’s transverse momen-
tum P), | relative to the first hadron.
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o = sgn[P; - {(Z X Pyy) X (Pp X Ppy)}]

ZXP P, XP
X arccos(f 2 _—h2 hl ) @)
|Z X Pyl [Py X Pyl

The corresponding normalized distribution R,, which is
defined as

._ NQgy)
O (N

contains a cos(2¢,) modulation. The differential cross
section depends on fractional energies z;, z, of the two
hadrons, on the angle ¢, and the transverse momentum
Or = |qy| of the virtual photon from the e* e~ annihila-
tion process in the two hadron center-of-mass system. At
leading order in ag and 1/Q? it assumes the form [28]:

do(ete™ — hyhyX)  3a?
dQdz,dz d2]q2 0? lez{A(y)f[D D,] + B(y)
1642 T

®)

X cos(2¢0)f|:(2fl -k7h - pr

HiA+
k- i H3 ]} 9
T Pr) MM, 9

where the convolution integral over the transverse mo-
menta ky = z,;P,;, and py = z,P),, is abbreviated as

FU) = e [ @k + ki —apX. (10)

h denotes a unit vector in the direction of the transverse
momentum of the first hadron relative to the axis defined
by the second hadron. In Eq. (9) as well as in some for-
mulas to follow, the explicit z dependence of the fragmen-
tation functions will be omitted while the indices will be
partially retained: D{(z;) — D, D%(z,) — D, and simi-
larly for the Collins functions H;* and H5 . The kinematic
factors are defined as

AR) = =y =) U1 + cos?0), (1

B(y) = y(1 — y) & L(sin29), (12)

where y = (1 + cos)/2 is a measure of the forwardness
of the scattering process. The cross sections given in (5)
and (9) are related. Integrating either over the azimuthal
angles ¢; and ¢, or over the azimuthal angle ¢, and g7 in
the other case will give the same unpolarized cross section.
Similarly, the Collins contributions can be related to each
other, but here, due to the additional convolutions of trans-
verse momenta, one either has to know the intrinsic trans-
verse momentum dependence of the Collins function or
rely on assumptions. A majority of authors assume that the
Collins function is a Gaussian in &, but of different width
than the unpolarized fragmentation function [10,29-31].
Measuring the two types of asymmetries one can infer the
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intrinsic transverse momentum dependence of the Collins
function. The calculation of the asymmetries using a
Gaussian k, distribution will be discussed further in
Sec. VL.

D. Unlike-sign, like-sign, and charged pion pairs

Favored fragmentation functions describe the frag-
mentation of a quark of flavor ¢ into a hadron with a
valence quark of the same flavor. For example, we refer
to the fragmentation processes u — 7" and d — 7~
(and charge-conjugates) as favored fragmentation and to
the fragmentation processes u — 7~ and d — 7" (and
charge-conjugates) as disfavored fragmentation processes.
We define yields, NV for unlike-sign inclusive pion pair
production: ete” — 77" X; N for like-sign pion pro-
duction ete™ — 77X, and N€ for charged pions with-
out charge sign identification: e*e~ — 77 X. Consider,
for example, the production of unlike-sign charged pions
from a pair of upquarks and anti-upquarks: e* e~ — uii —
7=+ X. The pion pair can be either created through two
favored fragmentation processes, D7 (z;) X DT (z,) or
suppressed in yield, through two disfavored fragmentation
processes: D7 (z;) X DT (z,). We introduce the favored
fragmentation functions D' = D™(z,) = D7 (z;) and
DI = D™(z,) = DT (z,) as well as the disfavored
fragmentation functions D% = D4(z;) = DT (z;) and
Dgis = DYs(z,) = DT (z,). Ignoring strange and heavy
quark fragmentation into pions and assuming SU(2) flavor
symmetry the cross sections for charged pion pair produc-
tion can be written as

do(ete” — 7571 X)

NV =
deZ]de
2
o _ Lo
~ 3_Q2(1 + COSZB)geg(Dgangav + D(ihngm)’ (13)
NE — dolete” — 75 7*X)
deZ1dZ2
2
o N .
~ S—Qz(l +c0s20) Y e2(DV DS + DIsDYY), (14)
q
NC — do(ete” — mmX)

deZ1d22

3Q2(1 + COS29)ZeZ(Dfav + Ddls)(Dfav + Ddls)

(15)

E. Competing sources for azimuthal correlations

In addition to the Collins fragmentation of back-to-back
pion pairs there are other processes that also can result
in azimuthal correlations between the pions. A detailed
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understanding of these backgrounds is crucial for the ex-
traction of the Collins function.

1. vy — Z interference

Pure Z exchange at Belle energies can be safely ignored.
We briefly consider contributions from yZ interference.
Flavor dependent changes to the coupling eé/ 4 amount to
corrections to the asymmetries of 1.0004 for u quarks
and 1.001 for d quarks [28]. These corrections are small
compared to the experimental sensitivity and are thus
neglected.

2. Weak decays

Parity violation in weak decays can lead to azimuthal
correlations between hadrons in opposite hemispheres. A
well-known example is the 7 decay channel 7 — 7v. We
have used this channel as a test of our extraction procedure
for azimuthal Collins asymmetries. We have measured
azimuthal asymmetries in 7 production and find results
consistent with existing data [32,33] and results from
Monte Carlo (MC) simulations.

In order to remove contributions of 7 leptons, which are
characterized by large missing energy, from the quark-
antiquark data sample we require the energy observed
in the detector to be large, E,;, > 7 GeV. The effect of 7
background remaining after the visible energy cut was
studied and has been included in the systematic error.
Similarly, the production of charmed mesons with subse-
quent weak decays can lead to azimuthal correlations,
which have been carefully studied and have been sub-
tracted in the extraction of Collins asymmetries (see
Sec. IV ).

3. Gluon radiative effects

The dominant Collins-like background contribution
originates from low energetic gluon radiation e*e™ —
qqg, which does not manifest itself in a third jet but creates
azimuthal asymmetries. The gluon radiation results in a
cos(2¢) modulation and according to calculations by
Boer [27] is described by

dN 3 I:l q%
dQd*qr 16712 Q* + g%

The dependence of the asymmetry on qr is nearly qua-
dratic for small q; and does not depend on the charges of
the created hadrons. The differential cross section in z; and
2, 1s proportional to the unpolarized fragmentation func-
tions D(z) and D,(z) for a given charge combination of
the hadrons.

sin?6 cos(2¢,) ] (16)

II. THE BELLE EXPERIMENT

The data were taken at the asymmetric e ¢~ KEKB [34]
storage rings, which collide 8 GeV electrons and 3.5 GeV
positrons. Taking into account the resulting boost between
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the laboratory and CMS frames the Belle detector itself is
asymmetric. It is a large-solid-angle magnetic spectrome-
ter that consists of a multilayer silicon vertex detector
(SVD), a 50-layer central drift chamber (CDC), an array
of aerogel threshold Cherenkov counters (ACC), a barrel-
like arrangement of time-of-flight scintillation counters
(TOF), and an electromagnetic calorimeter (ECL) com-
prised of CsI(TI) crystals located inside a superconducting
solenoid coil that provides a 1.5 T magnetic field, see
Fig. 4. An iron flux-return located outside the coil is
instrumented with resistive plate chambers to detect K
mesons and to identify muons (KLM). The detector is
described in detail elsewhere [35]. Two different inner de-
tector configurations were used. For the first data sample of
155.6 fb~!, a 2.0 cm radius beam pipe and a 3-layer silicon
vertex detector were used; the rest of the 547 fb~! of data
has been collected using a 1.5 cm radius beam pipe sur-
rounded by a 4-layer silicon detector and a small-cell inner
drift chamber [36]. Particle identification in Belle is done
by combining data from the TOF, ACC, and CDC-dE/dx
subdetectors.

A. Monte Carlo simulations

In order to correct the data for detector effects and for
systematic studies MC simulated events were generated by
the Pythia 6.2 or qq98 [37] generators and processed with a
full simulation of the Belle detector based on the GEANT?3
package [38]. The MC events are processed with the same
reconstruction algorithms and written to the same data
structure as real data. The MC software package has a
built-in backtracing facility for final state particles in order
to facilitate the assessment of detector effects. In the
center-of-mass system the Pythia program generates a
back-to-back quark-antiquark pair with a 1 + cos?# distri-
bution relative to the e™ e~ beam axis. The next step is a

Side view of the Belle detector.

FIG. 4 (color online).
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perturbative parton cascade based on order «, matrix
elements in the leading log approximation, which is fol-
lowed by a parton shower fragmenting into the final state
hadrons. Within the parton shower and hadronization
processes transverse momenta are being generated, which
could lead to azimuthal asymmetries. The Collins effect is
not modeled in the standard event generators used for
MC production in Belle. The MC samples are divided
according to the type of event generated: charged and
neutral B meson pairs created from the Y(4S), light quark
(uds) pair production, charm quark pair production, and
7+ 77 production (using the Tauola package [39]). In what
follows, MC refers to the light quark MC simulation if not
specified otherwise.

III. ANALYSIS

We report results obtained with an integrated luminosity
of 547 fb~!. A 55 fb~! sample was taken at CM energy of
10.52 GeV while 492 fb~! was accumulated on the Y (4S5)
resonance at 10.58 GeV. At the lower CMS energy, which
is below the threshold for BB meson pair production, only
light and charm quark pair creation contribute to the had-
ronic final states. In the higher energy data in addition to
continuum events there are resonant Y(4S) decays into
neutral and charged B meson pairs.

A. Event and track selection

The Collins effect is expected to be dominant in the
fragmentation of light quarks as helicity is only conserved
for nearly massless quarks while for heavier quarks the
correlation between the quark and the antiquark side may
be lost. We also focus on the measurement of the Collins
effect in light quark fragmentation, as it is the light quark
Collins fragmentation function that is needed as input for
studies of transverse proton spin structure in semi-inclusive
deep inelastic scattering or polarized proton-proton colli-
sions. Most of the B meson events can be removed from the
data sample, using the difference in event shapes between
events with underlying B mesons and light quarks. Since
the B mesons decay nearly at rest in the CMS, the final
state particles exhibit a more spherical spatial distribution,
which corresponds to low thrust values. Most of the light
quark-antiquark pairs appear in a two-jet topology, which
corresponds to high thrust values. Consequently, for pion
pairs a thrust cut of 7 > 0.8 removes 98% of B data as can
be seen in Fig. 5, where the simulated thrust distributions
for light and charmed quark pairs and Y (4S) decays are
shown.

For the calculation of the thrust variable all charged
tracks and all neutral particles with a minimum energy of
0.1 GeV are considered. For the purpose of obtaining an
unbiased data sample one assigns the sign of the thrust
axis at random. The contribution from B mesons to the
observed asymmetries can be estimated by comparing the
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FIG. 5 (color online). Simulated thrust distributions for se-
lected 2-pion pairs at /s = 10.58 GeV, for ete” — B*B~
events (open diamonds), ete™ — B°B° events (open circles),
ete™ — cc events (full triangles), and for light quark production
ete” — qq, g € uds (full squares) normalized to the total num-
ber of events in all channels. The vertical line represents the
minimal thrust value selected for the analysis.

data taken on the Y(4S) resonance with the data taken
60 MeV below the resonance. This test will be discussed
in Sec. IVN. Events with charm quarks do not exhibit a
very different event shape from light quark events, see
Fig. 5. However, the contributions from events with charm
quarks can be corrected by measuring azimuthal asymme-
tries in a charm-enhanced data sample. This will be de-
scribed in Sec. IV J.

In order to ensure a two-jet geometry in the selected
event sample with the majority of final state particles
reconstructed in one of the two jets a minimum visible
energy of E;pie > 7 GeV is required. Charged tracks used
in the analysis are required to originate from the interaction
point and to lie in a fiducial region —0.6 < cos(8,,,) < 0.9,
where 6, is the polar angle in the laboratory frame
relative to the direction opposite the incoming positron
(definition of the z-axis). This corresponds to a nearly
symmetric fiducial interval in the CMS frame —0.79 <
cosfcpms < 0.74 and covers the acceptance of the barrel
part of the Belle detector. For the identification of pions a
likelihood ratio is used, which is based on energy loss in
the drift chamber (CDC), the number of Cherekov photons
(ACC), and time-of-flight information (TOF). Kaons are
separated from pions by requiring L(7)/[L(K) +
L(m)]>0.7. L(7/K) is the likelihood for a track to be
a pion or kaon. The percentage of misidentified pion pairs
is below 10% in all z; and z, bins. In addition, the like-
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lihood ratios for being either a muon or an electron have to
be below 0.9 and 0.8, respectively. A cut on the fractional
hadron energy of the two hadrons z;, = 2E;,/Q > 0.2,
avoids contributions from decays with the decay products
incorrectly reconstructed in opposite hemispheres.

The two-pion tracks are required to lie in opposite hemi-
spheres with the selection Wyer; = (P - 1) (P, - 1) <0,
where the hemispheres are separated by the plane normal
to the thrust axis h. A comparison of the quark-antiquark
axis with the thrust axis calculations from reconstructed
particles shows an average angular deviation between the
two of 128 = 82 mrad (the root-mean-square (RMS) value
is quoted for the uncertainty) in simulated events for light
quark production, while it appears to be slightly larger for
charm production (see Fig. 6) due to semileptonic decays.
Since the thrust axis calculated from generated particles
also deviates from the original quark-antiquark axis by a
similar magnitude [3], we conclude that the observed de-
viation arises from the intrinsic difference between the
original quark direction and thrust axis in the hadronization
process. A test with the approximate algorithm built in
Pythia confirms these deviations. The smearing of the
thrust axis compared to the quark axis leads to a reduction
in the amplitudes of the measured azimuthal back-to-back
correlations, as discussed below.

The impact of initial state radiation (ISR) from the
incoming leptons was estimated using MC simulation.

14000 [
12000 |
10000 | f
8000 :i

6000 ||

arbitrary units

4000 |:

2000 ff

07””\””\””\‘-""7‘-
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

A0 [rad]

FIG. 6. Angular deviation A@ from the original quark-
antiquark axis of the reconstructed thrust axis (solid line) and
of the thrust axis calculated from generated events before de-
tector simulation (dashed line). The distributions are based on a
light quark MC simulation with a 7 > 0.8 requirement for the
generated events.
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The average CMS energy for events fulfilling all selection
criteria is reduced by ISR to 10.51 GeV for the on-
resonance data with about 2% of events at energies below
9 GeV. Hence the fractional energies are slightly under-
estimated, but the effect of ISR is negligible compared to
the width of the z-bins used in this analysis. The effect of
ISR on the asymmetry measurements was inferred from a
MC simulation employing a reweighting technique, which
is discussed in Sec. IV D. The results were consistent with
those obtained without ISR and thus, the overall effect of
QED initial state radiation on this analysis is negligible.
Possible hemisphere misassignment is further reduced
by the requirement that the transverse momentum of the
virtual photon in the two-pion CMS (Q7) be smaller than
3.5 GeV. The high Oy region is mainly populated by pion
pairs with very asymmetric fractional energies z and espe-
cially when the lower energetic particle happens to be close
to the hemisphere boundary (see Fig. 7). For such pairs the
remaining uncertainty in the determination of the thrust
axis direction can lead to a hemisphere misassignment and
the simple correlation of one pion originating from the
quark side and the other pion originating from the anti-
quark side will be spoiled. At the hemisphere boundary
asymmetric particle decays could also lead to the assign-
ment of one pion into the wrong hemisphere. After appli-
cation of the Q cut the hemisphere is misassigned in less
than 0.1% of the events according to MC simulation.

E, E, [GeV?]
N
(3,
T

Q; [GeV]

o Bt T
3 25 -2 -15 -1 -0.5 0

W, [GeV?|

hemi [

FIG. 7 (color online). Hemisphere variable W,; compared to
the product of energies of the two hadrons (top plot) and the
transverse virtual photon momentum Q7 (bottom plot) for pion
pairs with Wy,...; > —5 GeV?2. The horizontal line corresponds to
the maximum Q7 value selected for the analysis.
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B. Normalized yields, raw asymmetries

In the expression for the dihadron yields in (5) and (9)
the product of two Collins functions appears as the ampli-
tude of a cosine modulation in the dihadron yield. The
Collins functions depend on the fractional energies z; , of
the two hadrons. Therefore the analysis is performed in
4 bins in z; and z, for each hadron with boundaries at z; =
0.2, 0.3, 0.5, 0.7, and 1.0. Alternatively, the cosine modu-
lation will be evaluated in bins of Q. In this case the
dependence on the fractional energies is averaged over all
bins in z; and , . As a first step in the analysis, the two-pion
yields N,(8,) are obtained for each (z, z,) bin in 8 equi-
distant bins of the azimuthal angles 8,, a = 0, 12. The
index @ = 12 refers to the thrust method M, introduced in
(5) and the angle 81, = ¢; + ¢, is the sum of the hadron
angles shown in Fig. 2. The index o = 0O refers to the two
hadron method M, as introduced in Eq. (9) and the angle
Bo = 2¢ is defined in Fig. 3. Next, the azimuthal dihad-
ron yields, N,(8,) are normalized to the average dihadron
yield (N,) per bin resulting in the normalized yields R,,
defined in Egs. (4) and (8). Following Egs. (5) and (9) the
normalized yields can be parametrized as

R, = a,cos(B,) + b,, (a =0,12). 17

The measured normalized yields R, are fitted with the
parametrization in (17) leaving a, and b, as free parame-
ters. The constant terms b, are found to be consistent with
unity within the statistical errors as shown in Fig. 8. The
raw asymmetry parameters, d,, are found to be large as can
be seen in Fig. 9 for the unlike-sign (U) and like-sign (L)

- a"=-0.081+0.003 b:=1 .000+0.002

x*/ndf=0.738

1.1
o1
o =
09, ) \
ra =-0.055+0.003 b0=1.0001'0.002 ¥ Indf=1.207
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1.04 [ b
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FA,=0.025+0.004 B,=1.001+0.003 »2ndf=0.925
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FIG. 8 (color online). Raw data. Top: Example of uncorrected
unlike-sign (open circles) and like-sign (open squares) pion pair
normalized rate Ry, vs 2¢ in the bin z,(z,) € [0.5,0.7], 22(z;) €
[0.3, 0.5]. Bottom: Pion pair double ratio RY /R vs 2¢ in the
same z;, z, bin. The results of the fit described in the text (full
and dashed lines) are also shown.

PHYSICAL REVIEW D 78, 032011 (2008)

0.2F .
et 0.2
0».77..,..,.*AAAA—‘— ————————————— L] -.,.. .
> o L >+~ 0 '-1"1’1’1’(1’;'—'*6.—::':*;':"""’
-0.2f © .
Cee, -0.2F
-0.4F L L . L L
0 2 4 0 2 4
Q, [GeV] Q, [GeV]
0.2F .
Las 0.2F
D»-—fr'—m.—ka*"L”‘ ''''''''' ~ LRI T R
4 o ey a7 Ofr-awacataggeaat ot
-0.2F ’..' © $8es 0 o
Cee, . -0.2F
-0.4F L L . L L
0 2 4 0 2 4
Q; [GeV] Q; [GeV]

FIG. 9 (color online). Raw asymmetry parameters af for
unlike-sign pion pairs and a% for like-sign pairs as a function
of the transverse virtual photon momentum Q7. Light quark MC
generated (triangles), reconstructed (squares), and selected data
sample (circles) for the a = 0, 12 reconstruction methods are
shown.

pion pairs as a function of Q. The figure compares asym-
metries for pion pairs from data with asymmetries for pion
pairs from generated and reconstructed MC data samples.
All track and event selection cuts have been applied with
the exception of the cut on the transverse photon momen-
tum Q7 < 3.5 GeV. No particle identification and polar
angle selection cuts have been applied for the generated
MC sample.

C. Double ratios

The a, raw asymmetries obtained from generated MC
events are nonzero and increasing with Qr while the a,
are almost zero. A large difference between the asymme-
tries calculated directly from generated MC events and the
asymmetries obtained from MC events after GEANT simu-
lation of the detector response and track reconstruction can
be observed in Fig. 9. This difference points to large ac-
ceptance effects, which can even cause the A asymmetries
to change sign in method M,. We have studied the possi-
bility of cancelling acceptance effects in the asymmetries
ag and a;, using a MC simulation of the acceptance effects
but found it difficult to separate asymmetries from the
Collins effect from acceptance effects and the radiative
background in a,. The small differences between the
asymmetries a, from reconstructed MC events and real
data gives an estimate on how well radiative effects are
described in the MC event generator. Therefore in order to
correct the raw asymmetries for detector effects one has to
rely heavily on a MC simulation, which does not include
any spin-dependent asymmetries. As a consequence we do
not consider these any further and employ a scheme using
ratios of asymmetries, in which most of the instrumental
effects cancel, and is thus independent of the details of the
MC simulation.
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1. Method

The asymmetries generated by QCD radiative events
and acceptance effects do not depend on the charge com-
bination of the pion pairs. For detector effects this can be
tested by comparing positively charged with negatively
charged pion pairs, as will be discussed in Sec. IVF.

When building the normalized yields R, the normalization
|

_ N(¢) + ¢»)
Rz = (N12)

o [(l + cosze)Ze?IDl(zl)D_l(Q) + sin?f cos(p; + ¢y)
q

. [(1 + 005215?)26,21D1(21)D_1(22)]71
q

)
S
=1+

Yo f(Hi (2)H (z2))

q
1 + cos?6 cos(dy + ¢2)|: Y.eiD(z1)D(z2)

q

In order to obtain a MC independent measure of the Collins
effect, one can form a double ratio of, for example, the
normalized yields of unlike-sign over like-sign pion pairs:

RU . NY(B.)/(NY)
RL  Ni(Bo)/(NEY
Up to the linear term in the amplitude of cos(B,) the term

multiplied by C in (18) cancels and one is left with the
following expression for the double ratio:

(@ =0,12). (19)

RY, sin’6
—= =1+ cos(¢; + T
RE, (¢1+ 42) 1 + cos?6

" {f(HiJ_,fa\fH%L,‘fav + Hf_,(iisﬁzL,diS)
(Dflavazav + D(IilsDczhs)
HJ.,fav[_‘IJ.,dis
- f( 1fav _dizs )} (20)
(D1 Dz )

Similarly one obtains the double ratio of unlike-sign and
any sign (i.e. + +, + —, and charge-conjugates; C) pion
pairs:

% =1+ cos(¢p; + ¢2)71 48-11(1:29520
" {f(HIJ_,favI_'Ié_,fav + H!J_,(iisﬁél_,diS)
(DD + Dgis Ddis)
FUHE™ + ghas) g 4 ghds)
(D + DF)DE + D)

X

}. 1)

This double ratio contains a different combination of fa-
vored and disfavored fragmentation functions as pointed
out by Efremov and Schweitzer [31]. Analogous expres-
sions can be obtained for the Rf)/ R(’) double ratios with i,
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is obtained by integrating over the azimuthal angles f3,.
This causes the terms proportional to cos(8,) to vanish.
Adding to the cross section in (5) the term due to gluon
radiation, which is proportional to the unpolarized frag-
mentation functions, and has been scaled by a factor C, and
dividing by the average number of hadron pairs in the full
B, range, we obtain expression (18) for Rj,:

I:Zefz;f(Hll (z))HL(z0) + CzeéDl (z1)D, (Zz)]]

q q

+C|. (18)

|
j€ U, L, C. In the double ratios the acceptance effects
cancel while the QCD radiative effects cancel to first order.
The possible influence of higher order terms [cos?(8,)]
has been studied explicitly by including these terms in the
fits and also by performing a subtraction of U and L (C)
normalized yields, as discussed in the next section. Sta-
tistical correlations between the U, L, and C pairs have
been taken into account. The double ratios are parame-
trized by R, /R%, = Ad cos(B,) + By, and the measured
distributions are fitted with AY and BY as free parameters.
The constant terms BY are again found to be consistent
with unity within statistical errors.

IV. SYSTEMATIC STUDIES

The impact of the detector performance and of the
method used for asymmetry reconstruction on the isolation
of the Collins effect has been estimated through various
systematic studies.

A. MC double ratios

An important test of the double ratio method is the ex-
traction of double ratios from MC. The generic MC de-
scribes the radiative gluon effects. The acceptance effects
are also included in the detector simulation. However, the
MC generator does not contain asymmetries based on the
Collins effect. Therefore one expects the cosine moments
of the double ratios for MC to vanish. Figure 10 shows the
fitted asymmetry parameters AY” as a function of the z;, z,
bins. It can be seen that these asymmetries are consistent
with zero in all bins. Similar features are observed for the
asymmetry AYC, which is not shown. A fit of a constant to
the observed asymmetries AYL and AYC was performed
and the largest deviations from zero, including the statis-
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FIG. 10 (color online). Asymmetry parameters AgL (circles)
and AV} (squares) as a function of z, for 4 z; bins obtained from
MC double ratios. The results of fits to a constant are also
displayed as dash-dotted lines. They are (0.13 * 0.09)% for
AYE, (0.08 £0.09)% for AYE, (0.06 = 0.04)% for AYC, and
(0.04 = 0.04)% for AUYC. The UC data points are not shown.

tical errors of the fits, were attributed as systematic uncer-
tainties of the final results. The contribution to the system-
atic uncertainty ranges from 0.07% in AYC t0 0.22% in AY"
as summarized in Table III.

B. Single spin asymmetries

The Collins fragmentation in e*e” annihilation ap-
plies when the two primary quarks have equal but oppo-
site transverse spin components; asymmetries only occur
when hadrons from both quarks are observed simulta-
neously. For unpolarized beams there is no net transverse
polarization of an individual quark or antiquark, and hence
there is no modulation of ¢; or ¢, separately. Using the
same event selection, and measuring sin¢g, or sing, mod-
ulations we found these asymmetries to be consistent with
zero within the statistical uncertainty. No systematic error
is assumed.

C. Event mixed asymmetries

The spin information of quark-antiquark pairs also is
lost if one uses the same analysis procedure but combines
two pions from different events. Such pion pairs would be
uncorrelated and hence no asymmetries should be visible.
This test has been performed and the results were consis-
tent with zero asymmetries with the largest asymmetries
being below 0.01%. No contribution to the systematic error
has been assigned.
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D. Moment reconstruction in reweighted
simulated samples

The MC generators do not include spin effects, therefore
in order to perform a realistic simulation, which is as close
as possible to the experimental observations, weights have
been introduced to generate asymmetries. This allows to
study the influence of the detector effects on the asymme-
tries. The weights w' are applied to the generated particles
before detector simulation and depend on the azimuthal
angles B, and the fractional energies zy, of the final state
particles:

wi=1+ ai(zgen) COSBa,gen»

(22)
i=ULC,a=012).

Analyzing the UL double ratios with, for example, gener-
ated weights w¥ = 5% and w* = —5%, the reconstructed
double ratios should ideally return a 10% asymmetry. An
example of the reconstructed UL asymmetries as a func-
tion of the z variables is shown in Fig. 11, compared to
the linear weights in z; and z, of w¥ =1+0.05"
7122 c08(B,) and wt =1 —10.05 - z,z,cos(B,). A sum-
mary of several combinations of z; , independent weights
and their reconstructed values (as obtained by a constant fit
to all z bins) are displayed in Table I. The A, results are
consistent with the generated asymmetries, while the A,
results systematically underestimate the generated asym-
metries. This underestimation can be attributed to the
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FIG. 11 (color online). Double ratio results Ag L (circles) and
AYZL (squares) as a function of z, for 4 z; bins for reconstructed
light quark MC, reweighted as described in the text. The gen-
erated asymmetry 0.1z,z, evaluated at the bin centers is also
shown as a histogram. The dotted line corresponds to the zero
asymmetry.
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TABLE 1.
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z-independent weights generated in the U, L, and C channels using generated tracks

and the original quark-antiquark axis and the reconstructed average asymmetries as obtained by

a constant fit to all z bins.

Weights (%)

UL double ratios (%)

UC double ratios (%)

ay ap ac A Ap Ay Ap
+5 -5 -5 9.8 £0.1 5.9=*+0.2 9.8 0.1 6.0 £0.2
10 0 0 9.8 £0.1 5.8 0.2 9.8 0.1 5.9=*+0.2

difference between the reconstructed thrust axis and the
original quark-antiquark axis. The direction of this axis is
essential in the estimation of A|,; because of the deviation
the calculated azimuthal angles and also their modulations
are smeared and thus the amplitudes of the modulations
decrease. An average underestimation of (58.9 = 1.3)%
in the A, results is observed. In order to obtain asymme-
tries relative to the quark-antiquark axis these results are
thus rescaled by a factor 1.66 £ 0.04. The corrected asym-
metries can now be used at all energies, because the
deviation between the thrust axis and the quark directions,
which might be energy dependent, is removed. The A
asymmetries depend only marginally on the original quark-
antiquark axis due to the hemisphere assignment. The
small underestimation of the asymmetries can thus be
attributed to the smearing of the tracks in the detector. To
correct for this dilution, the A, results are rescaled by a
factor of 1.11 % 0.05. The error on the correction factor is
added as systematic error (see Table III).

E. Double ratios and subtraction of normalized yields

The method of building double ratios, as described
above, cancels possible acceptance effects as well as ra-
diative effects to leading order. However, higher orders in
the expansion of the radiative term might still remain and
could affect the results if they were large. A second method
exists that will cancel the radiative terms, but not neces-
sarily the acceptance effects. If one subtracts the normal-
ized yields for one charge combination from those of
another charge combination,

NY(B.) NE(B)
sy = N — N 23

U c
Sgc = Na(ﬁa)_Na/(Ba)’ (24)
(Ng) (NG
one is sensitive only to the Collins asymmetry and possible
acceptance effects. Again these yields are fitted by a con-
stant and a cosine modulation S¢ = A{ cos(8B,) + Bd,
with i, j € U, L, C where the constant fit parameter BY
now is consistent with zero. As a systematic study the re-
sults obtained from the double ratio method and the sub-
traction method have been compared and the absolute

value of their differences has been assigned as a systematic
error on the reconstruction method. As summarized in
Table III these differences are small. The magnitude of
the systematic uncertainty in the AJ" results ranges from
less than 0.01% in the bins with small fractional energies to
0.26% in the highest z bin where the smaller statistics
might drive the differences.

F. 7t @ /7w~ 7~ double ratio tests

Another possible source of systematic errors could be a
charge dependence of the detector response, which would
manifest itself in azimuthal asymmetries. One can test this
by probing double ratios of positively charged pion pairs
over negatively charged pion pairs. Neither the Collins
asymmetry nor the radiative effects depend on the pion
charges. Therefore, one expects zero asymmetries. Again
we fit the A, results for all z bins by a constant and assign
the result together with its statistical error as a systematic
uncertainty. The magnitude of the absolute systematic
uncertainty is 0.05% as summarized in Table III.

G. 777 contribution to the asymmetries

Background from 7 pairs, which survive the selection,
may give rise to fake asymmetries. To estimate this effect
one has to use a data set that contains mostly e*e™ —
777~ events. The 7 content is enhanced by requiring a
visible energy less than 10 GeV. In this sample about one-
third of the events originates from 7 pairs while the tau
contributions in the real data for the combined z binning
(symmetric z;, z, were combined into one bin) are

zbn 0 1 2 3 4 5 6 7 8 9
#, fhma 1% 2% 2% 4% 2% 3% 5% 4% 7% 8%

When analyzing the 7 enhanced data in the same way as
the full data sample one finds the following asymmetries:
AYL = (0.179 £ 0.300)% for the cos2¢, method and
AYL = (0.750 = 0.300)% for the cos(¢; + ¢,) method.
These values are consistent with zero within 20 but con-
sistently slightly positive; these results can be explained by
the fairly large residual e*e™ — ¢g, g € udsc contribu-
tion in the 7 enhanced data sample. As a consequence it is
not necessary to correct the measured asymmetries for this
contribution. No systematic uncertainty has been assumed.
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H. Uncertainties due to particle identification (PID)

While the applied pion selection only admits less than
10% of misidentified pion pairs, the possible contributions
from this misidentified background has to be checked. For
this purpose a tighter pion likelihood selection has been
applied, where the pion-kaon separation requirement was
tightened to L(7)/[ L(K) + L(7)] > 0.9. No significant
changes have been observed. The small differences were
added to the systematic uncertainties, which range from
0.01% to 0.05% (see Table III).

I. Uncertainties due to higher harmonics in the fit

Furthermore one has to ensure the robustness of the fit.
For this purpose one compares the cosine moments taken
from the fit described above with the cosine moments when
including an additional sine modulation and a cosine
modulation of twice the argument as free parameters. No
significant changes are observed and therefore no system-
atic uncertainty has been assumed. In addition, varying the
number of bins in azimuthal angle 8, between 6 and 24
gave stable results for the extracted cos, moments.

J. Charm contributions and correction

The contribution from e*e~ — c¢¢ amounts to about
40% of the total quark-antiquark production cross section.
Because of weak decays of charmed hadrons, which can
introduce azimuthal asymmetries not originating from the
Collins effect, the results have to be corrected for this
contribution.
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1. Charm-enhanced data sample

The decays of charmed hadrons are well described in
the MC and, one can derive the relative contributions
D= N;\‘;:fl‘“ |qata OF pion pairs in the data sample. Addition-
ally one can select a charm-enhanced data sample, where
one requires a D7 pair invariant mass [m(D7r)] consistent
with the mass of the D* meson, corresponding to decays
D** — D%z (and charge-conjugated process). These de-
cays are selected with a high purity by requiring (in addi-
tion to the selection criteria already described) the invariant
mass difference Am = m(D ) — m(D) consistent with the
nominal mass difference of D* and D mesons [40]. One
can calculate the charm quark-antiquark pair contributions
to this data sample as d := NA}‘—HW p+ (see Table I1). Measur-
ing the double ratio asymmetries A% simultaneously in the
default as well as in the D* meson enhanced data samples
and assuming that the asymmetries from the charm events
are the same in both samples, one obtains two equations for
the two separate data samples:

1 D
Aar — 1 —

Auds =
1—-D

A , 25
D charm ( )

1 1—-d
Acharm = EAD* - TAuds! (26)
where A, are the measured asymmetries in the default data
sample, Ay those of the charm-enhanced data sample, and
A,gs and Ay, the true asymmetries of uds or charm
quarks, respectively. As a result one obtains corrected
asymmetries for the light quarks. The statistical errors of
both samples were propagated to obtain the statistical er-
rors for A, 4, (and A parm)- This leads to comparatively large

TABLE II. Relative charm, B meson, and uds contributions for the z;, z, binning in the selected data sample and the D* sample
in %.
Data sample D* sample

71 2 #charm/#all #B /#all #uds /[#all #charm/#all #B /#all #uds [#all
[0.2, 0.3] [0.2, 0.3] 24.88 = 0.08 1.62 = 0.02 73.50 = 0.09 41.11 £0.12 2.11 = 0.04 56.78 £ 0.12
[0.2, 0.3] [0.3, 0.5] 20.42 = 0.09 1.66 = 0.03 77.92 £0.10 39.21 = 0.08 2.31 = 0.03 58.48 = 0.09
[0.2, 0.3] [0.5, 0.7] 13.72 = 0.20 0.00 = 0.00 86.28 £ 0.20 40.48 = 0.20 0.01 = 0.00 59.50 = 0.20
[0.2, 0.3] [0.7, 1.0] 2.88 = 0.29 0.00 = 0.00 97.12 = 0.29 26.16 = 0.91 0.00 * 0.00 73.84 = 0.91
[0.3, 0.5] [0.2, 0.3] 20.42 = 0.09 1.72 = 0.03 77.86 = 0.10 39.19 = 0.08 2.35+0.03 58.46 = 0.09
[0.3, 0.5] [0.3, 0.5] 16.59 £ 0.11 1.46 = 0.03 81.94 = 0.11 34.62 = 0.08 2.10 = 0.02 63.28 = 0.08
[0.3, 0.5] [0.5, 0.7] 10.36 = 0.21 0.00 = 0.00 89.64 = 0.21 31.06 = 0.20 0.00 = 0.00 68.93 = 0.20
[0.3, 0.5] [0.7, 1.0] 1.90 = 0.27 0.00 += 0.00 98.10 = 0.27 13.32 £ 0.64 0.04 + 0.04 86.64 + 0.64
[0.5, 0.7] [0.2, 0.3] 13.20 = 0.20 0.00 = 0.00 86.80 £ 0.20 40.28 = 0.20 0.00 = 0.00 59.72 = 0.20
[0.5, 0.7] [0.3, 0.5] 10.17 £ 0.21 0.00 = 0.00 89.83 = 0.21 31.49 = 0.20 0.01 = 0.00 68.50 = 0.20
[0.5, 0.7] [0.5, 0.7] 5.69 + 0.38 0.00 = 0.00 94.31 = 0.38 24.52 + 0.46 0.00 = 0.00 75.48 + 0.46
[0.5, 0.7] [0.7, 1.0] 1.60 = 0.56 0.00 £ 0.00 98.40 = 0.56 10.99 = 1.32 0.00 * 0.00 89.01 + 1.32
[0.7, 1.0] [0.2, 0.3] 2.81 = 0.28 0.00 = 0.00 97.19 = 0.28 25.09 £0.92 0.09 = 0.06 74.82 = 0.93
[0.7, 1.0] [0.3, 0.5] 2.33 +0.30 0.00 = 0.00 97.67 = 0.30 14.00 = 0.66 0.00 = 0.00 86.00 = 0.66
[0.7, 1.0] [0.5, 0.7] 1.51 = 0.57 0.00 += 0.00 98.49 = 0.57 9.60 + 1.20 0.00 *+ 0.00 90.40 = 1.20
[0.7, 1.0] [0.7, 1.0] 0.00 = 0.00 0.00 = 0.00 100.00 = 0.00 10.00 £ 4.74 0.00 = 0.00 90.00 = 4.74
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statistical errors for the charm-corrected asymmetries due
to the low statistics in the charm-enhanced data sample.

K. Bottom background

Because of the thrust selection and the requirement on
the fractional energy of the tracks only a small fraction of
pion pairs from BB decays appears in the data sample.
Only the bins with fractional energies below 0.5 can have
a B-contribution. As a consequence the contributions
B = 1]\\’[_311: are at most 2.5% as can be seen from Table II.
Corresﬁondingly the systematic uncertainties due to B
meson decays in data are negligible compared to other
uncertainties. In correcting the light quark asymmetries
for the charm contribution the small contributions from
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FIG. 12 (color online). Angular distributions of cosfcyg (top
plot) and 2¢; g (bottom plot) for muon pairs.
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FIG. 13 (color online). Comparison of the AY" asymmetries
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FIG. 16 (color online). Squares of the contributions to the sys-
tematic error for the Ai’zl‘ asymmetries as a function of z; and z,.
The lowermost bars correspond to the contribution from the
differences between the double ratio and subtraction reconstruc-
tion methods. The next bars correspond to the charged pion pair
ratios, the next to the MC double ratios, then the contribution due
to particle identification and the uppermost bar corresponds to
the uncertainties in correcting the measured asymmetries for the
quark-antiquark/thrust axis deviation.

PHYSICAL REVIEW D 78, 032011 (2008)

bottom background were taken into account by replacing
1—Dby1l—D—B and similarly 1 —d by 1 —d — b.
The bottom quark asymmetry has been assumed to be zero.

L. Beam polarization measurements

Another important study is a test of the polarizations of
the electron and positron beams. The natural beam polar-
ization in electron storage rings is a transverse polarization
with the electron spins aligned with the magnetic bending
fields. This is a consequence of the emission of synchrotron
radiation as detailed in a paper by Sokolov and Ternov
[41]. In the KEKB storage ring the polarization will be
destroyed by the large tune shifts in the beam-beam inter-
actions. A measurement of any residual polarization is,
however, in order. While the process e*e~ — yy appears
to be the most sensitive to a transverse beam polarization,
the process e"e” — utu~ is experimentally easier to
assess. For muon pair events the cos(f) and ¢y p distri-
butions are analyzed, where 6 is the polar angle between
the electron and the muon axis in the CMS and ¢y 45 is the
azimuthal angle of the muon in the laboratory frame
around the z-axis. Both distributions are normalized to
the average bin content. In the case of the cos(#) distri-
bution this procedure was performed only in the range
[—-0.75,0.75] since at larger angles acceptance effects
dominate. The cos(#) distribution is then fitted with the
functional form a(l + bcos?# + ccosf). The unpolar-
ized cross section should contain a cos?(6) term equal to
unity and a cos(f) moment of a few percent, due to
photon-Z interference and higher order QED terms. An
example of these fits is shown in Fig. 12. The § moments
show the expected modulations of » = 1.02 = 0.04 and
¢ = 0.056 £ 0.0015 and show that the muon selection and
detector performance is reliable for muon pairs. The ¢ p
distribution is fitted by the function a + b cos(¢pyagp) +
csin(pap) + dcos(2¢; ap). An example of such a fit is
shown in Fig. 12. Any nonzero ¢; oz moment would be a
sign of a nonzero beam polarization. The cos2¢; o5 mo-
ment is especially sensitive since it is proportional to the
product of the two beam polarizations [42]. The fits to the
2¢1 ap distributions were performed either by taking all
the muon pairs of one run or by dividing individual runs
into several time bins to study the time behavior of a
possible beam polarization. Run periods before and after
the implementation of continuous injection as a mode of
KEKB operation [34] were also compared. The ¢ o5 mo-
ments are consistent with zero in all time periods. No
buildup of polarization could be observed. Therefore one
can conclude that no significant beam polarization exists in
this data sample and no systematic error is assigned.

M. Correlation studies

The statistical errors obtained from the fits to the double
ratios may be influenced by correlations among individual
angular and (z;, z,) bins. The correlations can arise since
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TABLE III.  Absolute contributions to the systematic error on the AYL and AYC results for the z;, z, binning. The different columns
contain the systematic errors arising from subtraction method (1), ratios of positively over negatively charged pion pairs (2), double
ratios from MC (3), uncertainties due to particle identification (4), and due to underestimation in reweighted MC (5), as described in
the text.

AUL AUL

2 2 1 2 3 4 5 1 2 3 4 5
[02,03] [02,03] 00001 00005 00022 00002 00002 00001 00005 00016 00005  0.0002
[02,03] [03,05] 00001 00005 00022 00002 00009 00001 00005 00016 00005  0.0007
[02,03] [05,07] 00001 00005 00022 00002 00012 00001 00005 00016 00005 00011
[02,03] [07,1.0] 00000 00005 00022 00002 00019 00000 00005 00016 00005 0.0014
[03,05] [02,03] 00001 00005 00022 00002 00008 00001 00005 00016 00005 0.0006
[03,05] [03,05] 00001 00005 00022 00002 00012 00001 00005 00016 00005 0.0011
[03,05] [05,07] 00000 00005 00022 00002 00015 00001 00005 00016 00005 00014
[03,05] [07,1.0] 00004 00005 00022 00002 00028 00002 00005 00016 00005 00018
[0.5,07] [02,03] 00001 00005 00022 00002 00012 00001 00005 00016 00005  0.0009
[0.5,07] [03,05] 00000 00005 00022 00002 00016 00001 00005 00016 00005 00013
[05,07] [05,07] 00003 00005 00022 00002 00019 00003 00005 00016 00005 0.0026
[0.5,07] [07,1.0] 00004 00005 00022 00002 00048 00003 00005 00016 00005 00027
[07,1.0] [02,03] 00002 00005 00022 00002 00015 00000 00005 00016 00005 0.0014
[07,1.0] [03,05] 00001 00005 00022 00002 00024 00000 00005 00016 00005 00018
[0.7,1.0] [05,07] 00001 00005 00022 00002 00035 00004 00005 00016 00005  0.0024
[07,1.0] [07,1.0] 00026 00005 00022 00002 00069 00019 00005 00016 00005  0.0047

A€ AUC

z 2 1 2 3 4 5 1 2 3 4 5
[02,03] [02,03] 00000 00005 00010 00001 00001 00000 00005 00007 00002  0.0001
[02,03] [03,05] 00000 00005 00010 00001 00004 00000 00005 00007 00002 0.0003
[02,03] [05,07] 00000 00005 00010 00001 00005 00000 00005 00007 00002  0.0005
[02,03] [07,1.00] 00000 00005 00010 00001 00008 00000 00005 00007 00002 0.0006
[03,05] [02,03] 00000 00005 00010 00001 00003 00000 00005 00007 00002  0.0002
[03,05] [03,05] 00000 00005 00010 00001 00005 00000 00005 00007 00002  0.0005
[03,05] [05,07] 00000 00005 00010 00001 00006 00000 00005 00007 00002 0.0006
[03,05] [07,1.0] 00001 00005 00010 00001 00011 00000 00005 00007 00002  0.006
[05,07] [02,03] 00000 00005 00010 00001 00005 00000 00005 00007 00002  0.004
[05,07] [03,05] 00000 00005 00010 00001 00007 00000 00005 00007 00002  0.0005
[0.5,07] [05,07] 00000 00005 00010 00001 00007 00001 00005 00007 00002 0.0010
[05,07] [07,1.00] 00001 00005 00010 00001 00016 00001 00005 00007 00002  0.0009
[07,1.0] [02,03] 00001 00005 00010 00001 00006 00000 00005 00007 00002 0.0006
[07,1.0] [03,05] 00000 00005 00010 00001 00009 00001 00005 00007 00002 0.0007
[07,1.0] [05,07] 00000 00005 00010 00001 00011 00000 00005 00007 00002  0.0007
[0.7,1.0]  [0.7,1.0] 00004 00005 00010 00001 00015 00000 00005 00007 00002  0.009

different pairs composed of the same pion are allowed to
contribute to the distributions. The effect on the statistical
errors was tested by dividing the large reweighted MC
sample into a large number of subsamples. The same fit as
for the data was performed using each of the MC subsam-
ples. The width of the distribution of the fit results is then
compared with the statistical error of the fit performed on

N. Internal consistency test

Before combining the published data [3] obtained from
the off-resonance sample and the additional on-resonance
data, the consistency of the two data sets has to be tested.
The charm-corrected results from the published 29.1 fb™!
data sample and the results from the 492 fb~! data are
displayed in Fig. 13; the results are in good agreement in

the full MC sample. In the previous publication [3] an un-
derestimation of the statistical errors was thus found and
corrected for. Using a rigorous bin-by-bin error calcula-
tion directly takes care of these correlations and the statis-
tical errors obtained from this toy-MC are found to be in
agreement.

all combined z-bins. For this comparison the correction
factors for the published data, which are based on the gen-
erated thrust axis instead of the quark axis, were applied.

(A;(set])—A;(set2))?
AAZ(set])+AA?(set2)

samples per degree of freedom is 0.54 for the AJ" results

The overall > =3Y,_, |, of the two data
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and 0.83 for the AV} Therefore it is possible to combine
the off-resonance and on-resonance data sets. The differ-
ences in the CMS energy are automatically accounted for
by considering fractional energies z.

An additional test is to compare the results of different
data taking periods for on-resonance data and off-
resonance data and verify that these are consistent as
well as independent of time. At Belle the data is naturally
divided into periods of several-months’ data taking, called
experiments with odd, increasing numbers starting at 7. As
areference the double ratio results for the complete data set
(experiments 7-49) for both types of double ratios (UL and
UC) and extraction methods (0 and 12) have been taken.
For each experiment number the y? value per degree of
freedom relative to the combined result is calculated. The
x° values are presented in Fig. 14 as a function of the ex-
periment number. No systematic trend for any of the data
samples or methods can be observed. The distributions of
x° per degree of freedom are also displayed in Fig. 15,
where one sees that they scatter around the central value
of 1.

In summary a number of possible sources of uncertain-
ties in the asymmetry extraction have been studied and
their contributions have been evaluated. As can be seen in
Fig. 16 and Table III the errors are dominated by the
detector effects on the double ratios and the statistical
uncertainties on them. In general, most of the systematic
uncertainties have significantly decreased in comparison to
the previously published data [3] as the statistics of the data
that are used to evaluate some of the systematic uncertain-
ties also increased by a factor of almost 20.

V. RESULTS

The final results combine the 55 fb~! data sample taken
at an energy of 10.52 GeV and 492 fb~! of data taken on
the Y(4S) resonance at 10.58 GeV. Since the fractional
energies z; , are already normalized by the corresponding
CM energies the two data sets have been combined. The
double ratios have been evaluated and a fit was performed
as described above. The asymmetries have been corrected
for the charm contribution and were rescaled by the factors
obtained by the weighted MC (1.66 = 0.04 for the A,
asymmetries, 1.11 = 0.05 for the A, asymmetries).

A. Double ratio results
1. Double ratios versus fractional energies 7,7,

The main results are the asymmetry parameters A, and
A, for both types of double ratios (UL and UC) as a
function of the fractional energies of the two hadrons.
Figures 17 and 18 show these asymmetries where all z,
bins for a given z; are displayed. The numerical values
are give in Tables IV and V. One can clearly see the rising
asymmetry in each plot as a function of z,. The UC asym-
metries are significantly smaller than the UL asymmetries

PHYSICAL REVIEW D 78, 032011 (2008)
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FIG. 17 (color online). Light quark (uds) Ay asymmetry pa-
rameters as a function of z, for 4 z; bins. The UL data are
represented by triangles and the systematic error by the upper
error band. The UC data are described by the squares and their
systematic uncertainty by the lower error band.

but nonzero, which, given the different contributions of
favored and disfavored fragmentation functions, already
suggests a large disfavored Collins fragmentation function
with opposite sign to the favored one. This suggestion will
be quantified in the next section.
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FIG. 18 (color online). Light quark (uds) A, asymmetry
parameters as a function of z, for 4 z; bins. The UL data are
represented by triangles and the systematic error by the upper
error band. The UC data are described by the squares and their
systematic uncertainty by the lower error band.
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TABLE IV. A{* and AYF values obtained from fits to pion double ratios as a function of z. The errors shown are statistical and
systematic.

2 (@) 2 () (i) () At Al

[0.2, 0.3] 0.244 [0.2, 0.3] 0.244 0.724 0.704 0.0038 = 0.0072 = 0.0026 0.0101 = 0.0109 = 0.0029
[0.2, 0.3] 0.244 [0.3, 0.5] 0.377 0.727 0.708 0.0204 = 0.0031 = 0.0027 0.0300 = 0.0048 = 0.0031
[0.2, 0.3] 0.244 [0.5, 0.7] 0.575 0.718 0.697 0.0258 = 0.0021 = 0.0029 0.0467 = 0.0033 = 0.0034
[0.2, 0.3] 0.244 [0.7, 1.0] 0.779 0.719 0.701 0.0414 = 0.0013 = 0.0033 0.0609 = 0.0020 = 0.0037
[0.3, 0.5] 0.377 [0.2, 0.3] 0.244 0.728 0.706 0.0170 = 0.0031 = 0.0027 0.0249 = 0.0048 = 0.0030
[0.3, 0.5] 0.377 [0.3, 0.5] 0.377 0.730 0.710 0.0265 = 0.0024 = 0.0029 0.0462 = 0.0036 = 0.0034
[0.3, 0.5] 0.378 [0.5, 0.7] 0.576 0.721 0.700 0.0341 = 0.0021 £ 0.0031 0.0616 = 0.0032 = 0.0037
[0.3, 0.5] 0.379 [0.7, 1.0] 0.778 0.722 0.704 0.0630 = 0.0016 = 0.0041 0.0770 = 0.0025 = 0.0042
[0.5, 0.7] 0.575 [0.2, 0.3] 0.244 0.719 0.700 0.0262 = 0.0019 = 0.0029 0.0399 = 0.0029 = 0.0033
[0.5, 0.7] 0.576 [0.3, 0.5] 0.378 0.721 0.705 0.0349 = 0.0018 = 0.0031 0.0567 = 0.0027 = 0.0036
[0.5, 0.7] 0.578 [0.5, 0.7] 0.576 0.714 0.694 0.0412 = 0.0017 = 0.0033 0.1130 = 0.0026 = 0.0053
[0.5, 0.7] 0.578 [0.7, 1.0] 0.780 0.715 0.697 0.1069 = 0.0017 = 0.0059 0.1191 = 0.0031 = 0.0055
[0.7, 1.0] 0.778 [0.2, 0.3] 0.244 0.717 0.705 0.0335 = 0.0013 = 0.0031 0.0608 = 0.0019 = 0.0037
[0.7, 1.0] 0.779 [0.3, 0.5] 0.379 0.718 0.703 0.0524 = 0.0025 £ 0.0037 0.0796 = 0.0039 = 0.0042
[0.7, 1.0] 0.781 [0.5, 0.7] 0.577 0.717 0.701 0.0784 = 0.0021 = 0.0047 0.1030 = 0.0035 = 0.0050
[0.7, 1.0] 0.783 [0.7, 1.0] 0.780 0.715 0.705 0.1525 = 0.0150 = 0.0086 0.2063 = 0.0225 = 0.0091

2. Double ratios versus polar angle sin*6/(1 + cos?6)

Another way of presenting the results of the asymmetry
measurements is based on the requirement for primordial
transverse quark polarization. At leading order and ignor-
ing v — Z interference transverse quark spins leads to a

i 2
ligoif()a)
(21)], where 6 can be represented by either the polar angle
between the e*e™ and the thrust axis fi_, or by the polar
angle 6, of the 2nd hadron relative to the e*e™ axis.
Figure 19 displays the A, and A, results for the UL double

sin’6
1+cos2(6)

dependence of the asymmetries [see Egs. (20) and

ratios as a function of while Fig. 20 displays the

results for the UC double ratios. Both polar angles have
been considered and each of them has been fit by a first
order polynomial where the constant term has been set to
zero. In both cases the results are consistent with a linear
behavior. The results obtained with the thrust axis defining
the polar angle can be described by the linear term only
as the y? per degree of freedom of the fit changes only
slightly when allowing the constant term to float, for ex-
ample, for the AYL result from 2.4 to 1.67 and from 2.56
to 2.35 for the AV} result. The A, results obtained with 6,
as the polar angle favor a nonzero constant term; when a
constant term is included the reduced y? of the fit de-

TABLE V. A{€ and AYS values obtained from fits to pion double ratios as a function of z. The errors shown are statistical and

systematic.

2 @  m e CTEE ey Age Ay

[0.2,03] 0244 [02,03] 0244 0.724 0.704 0.0016 = 0.0030 = 0.0012  0.0029 = 0.0030 * 0.0026
[02,03] 0244 [03,05] 0377 0.727 0.708 0.0082 = 0.0014 = 0.0013  0.0076 = 0.0014 * 0.0027
[0.2,03] 0244 [05,07] 0.575 0.718 0.697 0.0103 = 0.0009 = 0.0013  0.0118 = 0.0009 = 0.0029
[0.2,03] 0244 [0.7,1.01 0.779 0.719 0.701 0.0153 = 0.0007 = 0.0015  0.0147 = 0.0007 = 0.0031
[0.3,0.5] 0377 [02,03] 0244 0.728 0.706 0.0068 = 0.0014 = 0.0013  0.0061 % 0.0014 = 0.0027
[0.3,05] 0377 [03,05] 0377 0.730 0.710 0.0103 = 0.0010 = 0.0013  0.0116 = 0.0010 = 0.0029
[0.3,05] 0378  [05,07] 0.576 0.721 0.700 0.0126 = 0.0009 = 0.0014  0.0148 £ 0.0009 = 0.0031
[0.3,05] 0379 [07,1.0] 0.778 0.722 0.704 0.0210 = 0.0008 = 0.0018  0.0167 = 0.0008 = 0.0032
[0.5,0.7] 0575 [0.2,0.3] 0.244 0.719 0.700 0.0103 = 0.0008 = 0.0013  0.0099 = 0.0008 = 0.0028
[0.5,0.7] 0576  [0.3,05] 0.378 0.721 0.705 0.0130 = 0.0008 = 0.0014  0.0136 = 0.0008 = 0.0030
[0.5,07] 0578  [05,07]  0.576 0.714 0.694 0.0137 = 0.0007 = 0.0014  0.0252 = 0.0007 = 0.0038
[0.5,07] 0578  [0.7,1.0] 0.780 0.715 0.697 0.0312 = 0.0010 = 0.0021  0.0221 = 0.0010 = 0.0036
[0.7,1.0] 0778 [02,03] 0244 0.717 0.705 0.0121 = 0.0007 = 0.0015  0.0145 = 0.0007 * 0.0031
[0.7,1.0] 0779 [03,05] 0.379 0.718 0.703 0.0177 £ 0.0011 = 0.0016  0.0174 £ 0.0011 = 0.0032
[0.7,1.0] 0.781 [0.5,0.7] 0577 0.717 0.701 0.0226 = 0.0011 = 0.0018  0.0191 £ 0.0011 = 0.0034
[0.7,1.0] 0783 [0.7,1.0] 0.780 0.715 0.705 0.0306 = 0.0073 = 0.0022  0.0231 = 0.0071 £ 0.0037
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FIG. 19 (color online). Light quark (uds) AY* (top) and AY}
(bottom) asymmetry parameters as a function of sin?6/(1 +
cos?@), for 6, (squares) and for N, (triangles). Linear fits are
also displayed as dashed and continuous lines, respectively. The
systematic error for the 6, case is represented by the lower, that
for fi, by the upper error band.

creases significantly from 2.81 to 1.26 for the AY" result
and from 2.57 to 1.22 for the AYC result. This can be
explained by the fact that the thrust axis describes the
original quark direction better than the 2nd hadron’s polar
angle, which receives some additional transverse momen-
tum relative to the quark axis.

0.06
0.04 -

. A using thrust axis

= Ausing 6,

< 0.02 |

-0.02 -

0.06 -
0.04
< 0.02

-0.02 -

0 0.2 0.4 0.6 0.8 1
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FIG. 20 (color online). Light quark (uds) AYC (top) and AYC
(bottom) asymmetry parameters as a function of sin?6/(1 +
cos?6), for @, (squares) and for fi, (triangles). Linear fit are
also displayed as dashed and continuous lines, respectively. The
systematic error for the 6, case is represented by the lower, that
for f, by the upper error band.
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3. Double ratios versus Qr for high and
low thrust data samples

The dependence of the asymmetries on the virtual pho-
ton momentum in the two-hadron center-of-mass frame is
also of interest. The results are shown in Figs. 21 and 22. In
addition to the charm-corrected asymmetries the asymme-
tries for the reverse thrust selection 7' < 0.8 are displayed.
The contributions of both charm quarks and by Y(4S)
decays are quite substantial in the reverse thrust selection
sample and can add up to almost 70% in the highest Q7
bin. The results of the reverse thrust selection are displayed
uncorrected for the charm and the Y(4S) contributions.
When comparing the reverse thrust selection for on and
off-resonance data one sees that the Y(4S) does give an
additional contribution to the A, asymmetries. Never-
theless it is clearly visible that the asymmetries are sig-
nificantly lower than in the main data selection. This is
the expected behavior, since the asymmetries due to the
Collins effect are smeared out for events with no clear two-
jet structure.

4. Charm asymmetries

Equations (25) and (26) can also be solved for the
asymmetries from the process e* e~ — c¢¢. The results as
a function of the fractional energies z; and z, are displayed
in Fig. 23. While a small asymmetry is visible at lower
fractional energies it seems to be consistent with zero at
larger fractional energies, although the statistical errors
become large. The integrated results for the A, asymme-
tries are compatible with zero ((AJf) = —0.011 = 0.007

0.1
« A% thrust-0.8
= A thrust<0.8
0.05 ~ . :L
< R A4t \
SRR S S R |
, 4 4 4 S 4
0 F--proe- 'ﬁ...'...l..-...!..!...l...'...l...!,:.!...h....! ........ "
|
0.1 I | | | : | !
i i |
it 0t
L 005 R
< bbbty T
th'._""*.'.:.h. n
0 [t B fooeeeeeeeeeeiannn
e =
| #1
0 1 2 3 4 5
Q; [GeV]

FIG. 21 (color online). Light quark (uds) AYL (top) and AYF
(bottom) asymmetry parameters as a function of Qy, for events
with T > 0.8 (triangles) and asymmetries for events with T <
0.8 not corrected for heavy quark contributions (squares). The
vertical line represents the main data selection Q7 < 3.5 GeV.
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FIG. 22 (color online). Light quark (uds) AYC (top) and AYC
(bottom) asymmetry parameters as a function of Qr, for events
with 7 > 0.8 (triangles) and asymmetries for events with T <
0.8 not corrected for heavy quark contributions (squares). The
vertical line represents the main data selection Oy < 3.5 GeV.

and (AY€) = —0.004 = 0.003), while the A, asymmetries
are found to be slightly positive ((AY%F) = 0.037 = 0.011
and <A(l)/C> = 0.012 = 0.003).

. AU E
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FIG. 23 (color online). Charm asymmetry parameters A, and
Ay, as a function of the combined z. The UL data are described
by triangles, their systematic error being the top error band while
the UC data are described by the squares and their systematics
by the lower error band.
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VI. PARAMETRIZATION OF THE
COLLINS FUNCTION

After obtaining the double ratios one can try to parame-
trize these measurements in terms of the Collins functions.

A. Assumptions and input

Assuming a Gaussian dependence on the intrinsic trans-
verse momentum

D (z)

DI(Z, kt) = 5
mZ

exp(—k7 /{k?)) 27)

relative to the quark-antiquark axis it is possible to solve
the convolutions of transverse momenta in the A, Egs. (8)
and (9), asymmetries and to relate them to the A, asym-
metries, Eqgs. (4) and (5). As the Collins function has to
obey the following positivity constraint [29]:

k
Hll (Z; k[) Z_]Itl < D1 (Z, kt), (28)

the widths of the Gaussian distributions for the unpolarized
fragmentation functions ((k7)) and the Collins fragmen-
tation function (<klzc ) have to differ, since otherwise the
constraint will not hold at sufficiently large transverse
momenta.

Currently these Gaussian widths have to be taken as
additional parameters. They are assumed to be universal
between favored and disfavored fragmentation functions.
In addition, SU(2), symmetry for u and d quarks is as-
sumed for both types of fragmentation functions:

1 fav o pgglu—mt _ yyld—m
H; (Z)kt)‘_Hl = Hj

= H-E™ = gL (29)

H[L,diS(Z’ kt) = HlJ_,u—"/'T7 — H]J_,d—vw—Jr
= Hbdm = gl (30)

and similarly for the unpolarized fragmentation functions
H II- — D,. The strange quark fragmentation is ignored.
Under this assumption one can rewrite the double ratio
asymmetries entirely in terms of favored and disfavored
unpolarized and Collins fragmentation functions. Apply-
ing the asymmetry definitions [see Eq. (5)] and integrat-
ing over the transverse momenta, the A;, asymmetries
thus become [27] [Hi(z;) is abbreviated as H; and
D,(z;) as D, and equivalently for the z, dependent func-
tions H, and D,]:

v ] sin?0 \ w2 [HWA™ + HE A
A T\ + cos?6) am? | D™DW + DI DI
H™ A + HS )Y
- DﬁavD_gis _;’_DcliisD_gav ’

€1y
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AUC — < sin6 >7T(k,2c [H{aVF{gaV + H{“ A"
2 1+ cos*9/ 4M? L DDEY + D pgis
_(H® + HI)(H™ + H’zdis):l
(Dgav + Dtliis)(ljgav + D(ziis) .

(32)

The A, asymmetries have a similar expression that
differs by a factor /2 [27].

The Gaussian widths of the Collins functions have been
fixed to be (k%.)/M? = 2, where M is the pion mass. The
unpolarized fragmentation functions in the denominator
are taken either from [43] (Kretzer), [44] (HKNS), [45]
(DSS), or [46] (KKP) at the scale of Q> = 111 GeV? in
leading order. Since the latter do not contain explicit fa-
vored and disfavored fragmentation functions they were
rescaled by (1 + z)/2 for favored fragmentation and (1 —
z)/2 for disfavored fragmentation functions according to
an assumption by [47].

B. Parametrization

Different parametrizations as a function of the fractional
energy z are possible for the Collins function. The simplest
case takes Collins functions proportional to z times the
unpolarized fragmentation functions:

H{™(z) = azD™(2), (33)

H{s(z) = bzDSs(z). (34)

In order to evaluate the sensitivity of such a parametri-
zation we calculated the y? as a function of the two pa-
rameters a and b. An example is shown in Fig. 24 for a
combination of AYX and AJ¢ asymmetries using the KKP
unpolarized fragmentation functions [48]. As the x* di-
vided by the number of degrees of freedom (32 — 2) is
around 3 a linear description in terms of two parameters
seems to be too simple. The parametrization does not put
stringent constraints on a and b, because the minimum of
x° occurs along a diagonal @ — b = const in the a, b
parameter plane. This can be explained by the quadratic
nature of the measured asymmetries in terms of the Collins
fragmentation functions. Qualitatively speaking, a very
large, favored Collins function can be compensated by an
almost equally large disfavored Collins function. While it
was hoped that the UC data could resolve this ambiguity it
turns out that the sensitivity is limited and the favored over
disfavored Collins function ratio H{*(z)/H{*(z) remains
inconclusive. However, if one restricts the ratio of the
favored Collins function to the favored unpolarized frag-
mentation to be below unity then the opposite signs for the
favored and disfavored Collins functions suggested by [4]
can be confirmed.

Several models predict the magnitude and the z depen-
dence of the Collins functions, although favored and dis-
favored fragmentation are in general not distinguished.

PHYSICAL REVIEW D 78, 032011 (2008)
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FIG. 24 (color online). x? distribution as a function of the
parameters a and b as specified in the text using the KKP
parametrization of the unpolarized fragmentation functions for
the A, data. The y? values above yZ.. ‘= 10X the minimum
were set to 65% of y?2,, for better visibility. The minimum lies
slightly below 100. The vertical and horizontal lines correspond
to the parameters a and b of the lowest y2.

Details can be found in the references [30,49-51]. While
mostly the [1/2] transverse momentum moments of the
Collins functions are modeled these models are consistent
with a bare Collins function rising with z relative to the
unpolarized fragmentation function. They are thus also
consistent with the rising asymmetries presented here.

In Ref. [31] the previously published Belle data was
used to parametrize the Collins functions. The results were
then compared to the parameterizations obtained from the
HERMES [4] and COMPASS [5] data assuming a quark
transversity distribution based on the chiral quark soliton
model. Good agreement between the SIDIS and Belle data
was found despite the different energy scales. In Ref. [10] a
global fit based on the HERMES, COMPASS, and the
previously published Belle data has been performed to
extract the first transversity distributions. However these
parametrizations were still limited by the statistics of the
previously published data set. With the newly obtained re-
sults it becomes possible to use the Collins functions to
further constrain the quark transversity distribution.

VII. SUMMARY AND OUTLOOK

We have presented a precise measurement of transverse
spin asymmetries, which can be attributed to the product of
a quark and an antiquark Collins function. The statistics
has been improved by almost factor of 20 compared to the
previously published results partially due to the inclusion
of the data taken at the Y(4S) resonance. Different combi-
nations of pion pairs exhibit significant, nonzero asymme-
tries. The systematic uncertainties in the measurements
are understood and evaluated. The results of the measure-
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ments show significant spin-dependent effects in e*e™ —
qG(q = u, d, s) fragmentation. In addition, assuming a
Gaussian transverse momentum dependence of the Col-
lins and unpolarized fragmentation functions, we studied a
possible parametrization of the former. Because of the
quadratic nature of the double ratios the difference be-
tween the favored and the disfavored Collins functions
is still poorly determined. However, suggestions based on
semi-inclusive DIS data, that favored and disfavored
Collins functions are both large and of opposite sign,
are compatible with our measurement. A global analysis,
which was already applied using our previously published
data set should further constrain both the Collins and the
transversity functions.
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