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Abstract. New measurements of the Collins asymmetries were performé&AByr ex-
ploiting inclusiveete™ — h;h,X annihilations (withh;, = 7 andor K) mainly at the
energy of theYX'(4S), which corresponds to a squared transferred momer@ars110
GeV?/c*. For the first time asymmetries following strange quarks fragmentatialul co
be derived as a function of the fractional energy carried out by iivelysemitted hadron
pairs.

1 Introduction

The inclusive cross section &fe” annihilation in hadrons, produced following the hadrotiza
of a gg pair, may be parameterized via phenomenologial fragmientétinctions (FF’s), which are
universal, non-perturbative and have to be determined ®emperimental data. According to the
factorization theorem this cross section may be written as:

Y e~ = Y ole'e - ai) - [Djiz &) + Dz Q)] )
q

wherez = 2E;/ /s is the fractional energy carried by the emitted hadnpBg) is the FF forq (0),
Qs the transferred momentunn,is the cross section for thefe™ — qq elementary process and the
sum runs over the quark flavors allowed by the center-of-ramassgy of the reaction.

The description of the hadronization stage can largely fitefinem the information related to the
parton spins and transverse degrees of freedom of the pacdtion. The Collins FF’s were introduced
[1] to describe this contribution, and are related to theébphility that a transverse polarized quark
will fragment into a spinless hadron. The fragmentatiorcfiom of a polarized quar§’ hadronizing
into spinless hadror?", reported in eq. (2), is given by the sum of ﬂb%unpolarized contribution,
and a polarized term. The latter is proportional to a sphitaroupling, expressed through a mixed
product of the quark spis,, its directionkq and the transverse momentufn of the emitted hadron,
times the polarized fragmentation functibif*:
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This function is known as Collins FF and basically descritesstrength of the cosine dependence
of the polarized part ODT. The so-calledCallins effect stands in the azimuthal modulation of the
production cross section of spinless hadrons if& annihilation process, and can be measured
experimentally from the azimuthal distribution of hadrairp emitted in opposite hemispheres in the
reaction center of mass. fiérences in the amplitude of this modulation for hadron pafidifferent
charges and flavors determine the presence of measurabienasgies.

First measurements of the Collinffect were performed in Semi-Inclusive Deep Inelastic Scat-
tering (SIDIS) experiments, like HERMES [2] and COMPASS [Bith unpolarized lepton beam#fo
polarized targets. In this case the direction of the quaik spknown, but the cross section of the
hadron production depends on the convolution of the CoHliisand another chiral-odd probability
distribution function, known as transversity. Therefaee of the two needs to be determined inde-
pendently. This can be done resortinget@&™ annihilations inqq, with the inclusive production of
hadron pairsH, hy): e'e” — gqq — hfhg *)X. In this case, the reaction cross section is proportional,
through a cosine term expressing an azimuthal modulatitmrespect to the quark spins, to the prod-
uct of the Collins FF's for the fragmentirggandg. Thee*e™ annihilation reaction is a golden channel
for the derivation of Collins FF’s since no hadron is prederthe initial state; moreover, even if the
directions of theg andq spins are unknown, they have to be parallel and this intreslaccorrelation
in the emission of hadron pairs. The first measurements o€tiltns asymmetries, as a function
of z of each inclusively produced hadron, were performed byeB] for pion pairs, aQ? ~110
GeV?/c*. Later, BABAR confirmed these results, at the same energy, with additiof@imation on
the dependence of the Collins asymmetries also on fradtoa momenta [6]. New results on in-
clusive pion pairs production have been recently obtairigal lay BESIII [5], and are in agreement
with the previous findings (even though data were taken avarl®?, ~13 Ge\?/c?).

A new analysis performed b§aBAr extends also to strange quarks the investigation of spatee|
effects in the hadronization process [7], thanks to the inctusf kaons in the set of identified pairs.
This is the first attempt to infer Collins FF’s for the fragntation of strange quarks both to strange
and non-strange mesons, known respectively as "favoredi"disfavored" FF's, depending on the
preservation of the parent quark flavor in the hadronizapimtess. According to the flavor of the
measured particles and their chargdfedient combinations of Collins favored and disfavored FF’s
can occur and therefore be measured.

In the following a summary of the results obtained in thedaBaBar analysis will be reported. In
this analysis, 468 ft} of e*e™ annihilations, taken at th€(4S) resonance mass and 40 MeV below,
were used. More details are available in Ref. [7].

2 Method and analysis overview

The extraction of Collins asymmetries is based on the détation of the yields of particle pairs as

a function of the azimuthal angles of their emission. Thewges, and consequently the cross section
for the particles production, can be defined iffetient reference systems. The fundamental step is to
identify an axis that, together with tlege™ direction in the reaction rest frame, forms the plane with
respect to which the directions of the emitted hadrons amdwahal angles can be defined. A natural
choice for this axis is theqg emission direction, but since this is unknown, approxioraihave to

be applied. The most used reference systems are the "ThetesteiRce Frame" (RF12), in which this
preferential direction is taken by the thrust axis, and thasverse momenta of both the hadrons are
being measured, and the "Second Hadron Reference Fram@},(iRRvhich the axis used to define
the reaction plane coincides with the direction of one ofttheemitted hadrons [6]. In both the cases
the cross sections exhibit an azimuthal cosine modulatiowever, the dependence on Collins FF's
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of the parenig andq is different. Even if from the experimental point of view in RFO thetjzle
distributions can be obtained in a more direct way, the thtézal interpretation of the results is much
more dificult as compared to RF12 due to the more complicated entaegieof the involved FF's.

The analysis strategy for the extraction of the Colliffee is based on the simultaneous measure-
ments of hadron pair yieldsf, 7K andKK in whichever charge combination) and their fit through
(b + acosg) functions. Care must be taken as the modulation due to aige@ollins dfect is to
be distinguished by similarfiects due to apparatus acceptance and other asymmetry soUioe
evaluation of asymmetries is performed in both the mentdaeéerence systems, which deliver com-
plementary results (even if strongly correlated, as okethinom the same experimental sample).

Events are selected with a minimum of three hadrons, bebgnigi two jets emitted in opposite
hemispheres in the reaction center of mass and well cowtaithin the apparatus acceptance. The
requirement of a total measured energy larger than 11 Gewsilto reject most of ther2and 2
background, and photggluon radiation events with thg or the jets emitted almost collinear to the
beam line Ah hoc cuts are moreover applied on the total energy and the everstih order to remove
most of the leptonic events (Bhabhau ™, u*uvy).

The particle identificationf@ciency, performed through the energy loss and Cherenkaatioa
information from, respectively, th8aBar drift chamber and DIRC [8], is required to be as large
as ~80% for kaons and-90% for pions, with a minimal misidentification of electroasd muons
(smaller than 2 and 4%, respectively). Pkaon pairs misidentification probabilities must also be
known with good accuracy, as they must be used to weight thetiin fitting the modulated yield
distributions.

2.1 Raw asymmetries

All the distributions of the normalized yields afr, 7K, KK pairs of the same (L), opposite (U) or
all charge combinations (C) exhibit a cosine dependencdwasction of the azimuthal angle, in both
the considered reference frames. Thi&edlence in the amplitude of the distributions for particlés o
different charge is the signal of the Collinget. As an example, the normalized yield distributions
for KK pairs of the same (L, open crosses), opposite (U, open sjuard all charges (C, full points)
are reported, for RF12, in Fig. 1 (left).

Asymmetries not dependent on the charge are generated éysathrces, which have to be iden-
tified and isolated to extract the information on the pureli@®leffect. The use ofuds) simulated
data samples helps identifying these sources: visible tatidas in simulated data where no Collins
effect has been injected are mainly due to the apparatus anceptand to the emission of gluon
radiation from the final state (FSR) &od photon radiation from the initial state (ISR). In order to
eliminate these contributions, which occur for all chargmbinations, a common procedure consists
on performing the ratios of the normalized raw yields, kn@gdouble ratios method.

2.2 Double ratios

The ratio of unlike-to-like AV%) and unlike-to-all sign hadron pair8{°) carry the same information
of raw yield distributions and still present a cosine motialg also after the factorization of accep-
tance &ects. Residual modulations not due to the Collifie@ and mainly related to ISR emission
can still be observed in the double ratios of simulated ithistions, and they can be retained as sys-
tematic errors. The double ratio (DR) distribution K pairs in RF12, is reported in Fig. 1 (right):
the UL ratio is represented by open crosses, the UC ratiolbgdints.

The DR distributions for each of the three particle comborat (j = 7, 7K, KK), may again be
fitted by a 8+ Acosg) function, in which theA codficients contain the Collins and residual radiative
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Figure 1. Distribution of normalized yields (left) KK pairs for unlike (U), like (L) and all charge combinations
(C), and their double ratios in RF12 (right).

effects. On the other hand, they may also be expressed as a supuia @ids) Collins-related part,
and a non-Collins contribution carried by background cledgin

Ares = Fl | ACollins Z FIAL ©)
I

In this equation, thé) coefficients express the fraction ¢ftype pairs coming fromuds) (signal)

or from thei-th background channel, constrained by the requirerhgit+ >; F; = 1, and may be
determined by means of proper Monte Carlo simulations. Bxjs@ system of linear equations whose
unknowns are the three Collins asymmetr}r\%'““S (corrected by the proper pair misidentification
efficiency mentioned above) and tm? contributions to the DR asymmetry given by the background
channels.

Dedicated Monte Carlo simulations show that just a few bemkgd reactions really bring an
important contribution to the yields. While the selectiortscare ective enough to reduce the
contribution byBB and r*7~ events, which are, respectively, mainly important at lowl &igh z
(thereforeAB® = 0 andA™ ™ = 0 may be set), the contribution from the charm source is bleea
and larger than 30%, so it cannot be neglected. A charm-eekdacontrol data sample, in which the
presence of at least orig* per event is required, is used to perform an analogous di@uaf the
asymmetry, and provides additional equations to the lisgstem. In this way eq. (3) can be solved
to extract the relevantls) Collins asymmetries for ther, K andKK channels.

2.3 Corrections and systematic effects

The obtained results need to be corrected for a numbeffedts, and an accurate estimation of sys-
tematic errors is needed as well. One of the most importanéciions mainly ffects the evaluations
performed in RF12, and is related to the approximation oftakhe thrust axis in place of the un-
knownqqg direction. By means of Monte Carlo simulations one seesttigmbpening angle between
the two axes has a distribution with the maximum around 108dmBy means of the same simula-
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Figure 2. Collins asymmetries measured ByBAR [7] for KK (triangles) 7K (circles) andrr (crosses) pairs, in
RF12 (left) and RFO (right). Vertical dashed lines defines subplotafayes of;: [0.15,0.2], [0.2,0.3], [0.3,0.5],
[0.5,0.9]. In each subpla, varies in the same ranges. The bars and bands report the statisticaisaehatic
uncertainty, respectively.

tions a dilution factor can determined, to be applied to tleasured asymmetries; it depends on the
fractional energy and increases with it.

Several sources of systematic uncertainties have to be taleaccount; they act fierently in the
two considered reference systems and depend sizeably drathienal energies of both the emitted
hadrons. The largeifiects are played by uncertainties in the Monte Carlo simutatdf background
channels, in the particle identificatioffieiencies and in the fit procedures, and by fluctuations due to
different choices for the selection cuts. Mindiieets are added by beam polarization, fluctuations of
asymmetries in dierent data taking periods, second order couplings betwee@dllins asymmetries
and detector acceptanc@exts, and higher order harmonics neglected in the fits.

The absolute value of the systematic uncertainty is at miodtea2% level, mostly relevant in
higherz bins; the maximum relative total systematic uncertaingtisut 10%.

3 Results

The experimental results are expressed in terms of doutiteasymmetries for unlike-to-likeAU%)
and unlike-to-all sign particles\’), in four bins of fractional energgfor both the hadrons, and in
both RF12 and RF0. The measured asymmetrie Kty Kz andznr pairs, corrected for the above
mentioned #ects, are reported in Fig. 2, for RF12 (left) and RFO (righthe total systematic
uncertainties are depicted in the figure as bands.

Some traits may be singled out in the trends of the measuyednastries, common to both refer-
ence systems:

most of the asymmetries are significantlyfeient from zero;

the asymmetries show a similar magnitude for all channels;

all AV asymmetries increase witt) the same is approximately valid fé&“C except for theK K
channel, for which the rising trend is less remarkable;

AYC is always smaller thaAU‘;
e the asymmetries for th€K pairs are almost consistent with zero at lgw

e AYL for KK andKr pairs is larger thaAU* for 7z pairs especially at largevalues; this observation
is important as directly related to the magnitude of the fagidCollins FF for the strange quark.
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The results obtained in the two reference systems, evemréleted, are complementary as referring
to different combinations of the Collins FF’s. Global fits basedarhef them are expected to deliver
consistent outcomes.

4 Conclusions

The new results fortr pairs have been checked for consistency with the previsuissults published
by BABAR [6]. After a proper rescaling through a factor dependingr@ngdolar angle, needed since the
two sets of results are referred to twdfdrent kinematic regions, such consistency emerges clearly
which fosters more confidence on the reliability of the naesllts involving strangeness.

The new measurements deliver important information to tesgnt knowledge of strange quark
fragmentation, since this is the first time they are proviftecKK andKr pairs. Therefore, they are
valuable inputs for global fits, which include SIDIS data anel aimed to the simultaneous extraction
of both the Collins FF and the transversity PDF. First gldlialwere performed on the results from
pion pairs [9] and are currently being updated using the ngwe@mental findings. The trend found
for asymmetries of strange hadron pairs are in agreemehtthat existing theoretical expectations
[10]. New results on this subject are awaited from Belle d&daoming Belle-1I experiment.
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