arXiv:1309.5278v1 [hep-ex] 20 Sep 2013

SLAC-PUB-15700
BABAR-PUB-13/012

Measurement of Collins asymmetries in inclusive production of charged
pion pairs in eTe™ annihilation at BABAR

J. P. Lees, V. Poireau, and V. Tisserand
Laboratoire d’Annecy-le-Vieur de Physique des Particules (LAPP),
Université de Savoie, CNRS/IN2P3, F-74941 Annecy-Le-Vieuz, France

E. Grauges
Universitat de Barcelona, Facultat de Fisica, Departament ECM, E-08028 Barcelona, Spain

A. Palano®
INFN Sezione di Bari®; Dipartimento di Fisica, Universita di Bar®, I-70126 Bari, Italy

G. Eigen and B. Stugu
University of Bergen, Institute of Physics, N-5007 Bergen, Norway

D. N. Brown, L. T. Kerth, Yu. G. Kolomensky, M. J. Lee, and G. Lynch
Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720, USA

H. Koch and T. Schroeder
Ruhr Universitat Bochum, Institut fiir Experimentalphysik 1, D-44780 Bochum, Germany

C. Hearty, T. S. Mattison, J. A. McKenna, and R. Y. So
University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z1

A. Khan
Brunel University, Uzbridge, Middlesex UB8 3PH, United Kingdom

V. E. Blinov®¢, A. R. Buzykaev?®, V. P. Druzhinin®, V. B. Golubev®, E. A. Kravchenko®, A. P. Onuchin®®,

S. I. Serednyakov?®, Yu. I. Skovpen®, E. P. Solodov®, K. Yu. Todyshev®, and A. N. Yushkov?®
Budker Institute of Nuclear Physics SB RAS, Nowosibirsk 630090%,
Novosibirsk State University, Novosibirsk 630090°,
Nowosibirsk State Technical University, Novosibirsk 630092°, Russia

D. Kirkby, A. J. Lankford, and M. Mandelkern
University of California at Irvine, Irvine, California 92697, USA

B. Dey, J. W. Gary, O. Long, and G. M. Vitug
University of California at Riverside, Riverside, California 92521, USA

C. Campagnari, M. Franco Sevilla, T. M. Hong, D. Kovalskyi, J. D. Richman, and C. A. West
University of California at Santa Barbara, Santa Barbara, California 93106, USA

A. M. Eisner, W. S. Lockman, B. A. Schumm, and A. Seiden
University of California at Santa Cruz, Institute for Particle Physics, Santa Cruz, California 95064, USA

D. S. Chao, C. H. Cheng, B. Echenard, K. T. Flood, D. G. Hitlin, P. Ongmongkolkul, and F. C. Porter
California Institute of Technology, Pasadena, California 91125, USA

R. Andreassen, Z. Huard, B. T. Meadows, B. G. Pushpawela, M. D. Sokoloff, and L. Sun
University of Cincinnati, Cincinnati, Ohio 45221, USA

P. C. Bloom, W. T. Ford, A. Gaz, U. Nauenberg, J. G. Smith, and S. R. Wagner
University of Colorado, Boulder, Colorado 80309, USA

Work supported by US Department of Energy under contract DE-AC02-76SF00515 and HEP.



R. Ayadf] and W. H. Toki
Colorado State University, Fort Collins, Colorado 80523, USA

B. Spaan
Technische Universitat Dortmund, Fakultdt Physik, D-44221 Dortmund, Germany

R. Schwierz
Technische Universitit Dresden, Institut fir Kern- und Teilchenphysik, D-01062 Dresden, Germany

D. Bernard and M. Verderi
Laboratoire Leprince-Ringuet, Ecole Polytechnique, CNRS/IN2P3, F-91128 Palaiseau, France

S. Playfer
University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom

D. Bettoni?, C. Bozzi®, R. Calabrese®, G. Cibinetto®, E. Fioravanti®’,

I. Garzia®, E. Luppi®’, L. Piemontese®, and V. Santoro®
INFN Sezione di Ferrara®; Dipartimento di Fisica e Scienze della Terra, Universita di Ferrara®, I-44122 Ferrara, Italy

R. Baldini-Ferroli, A. Calcaterra, R. de Sangro, G. Finocchiaro,

S. Martellotti, P. Patteri, I. M. Peruzzim M. Piccolo, M. Rama, and A. Zallo
INFN Laboratori Nazionali di Frascati, I-00044 Frascati, Italy

R. Contri®, E. Guido®, M. Lo Vetere®®, M. R. Monge®, S. Passaggio®, C. Patrignani®®, and E. Robutti®
INFN Sezione di Genova®; Dipartimento di Fisica, Universitd di Genova®, I-16146 Genova, Italy

B. Bhuyan and V. Prasad
Indian Institute of Technology Guwahati, Guwahati, Assam, 781 039, India

M. Morii
Harvard University, Cambridge, Massachusetts 02138, USA

A. Adametz and U. Uwer
Universitat Heidelberg, Physikalisches Institut, D-69120 Heidelberg, Germany

H. M. Lacker
Humboldt-Universitdt zu Berlin, Institut fiir Physik, D-12489 Berlin, Germany

P. D. Dauncey
Imperial College London, London, SW7 2AZ, United Kingdom

U. Mallik
University of Iowa, Iowa City, Iowa 52242, USA

C. Chen, J. Cochran, W. T. Meyer, and S. Prell
Towa State University, Ames, lowa 50011-8160, USA

A. V. Gritsan
Johns Hopkins University, Baltimore, Maryland 21218, USA

N. Arnaud, M. Davier, D. Derkach, G. Grosdidier, F. Le Diberder,

A. M. Lutz, B. Malaescuﬁ P. Roudeau, A. Stocchi, and G. Wormser
Laboratoire de 1’Accélérateur Linéaire, IN2P3/CNRS et Université Paris-Sud 11,
Centre Scientifigue d’Orsay, F-91898 Orsay Cedex, France

D. J. Lange and D. M. Wright

Lawrence Livermore National Laboratory, Livermore, California 94550, USA



J. P. Coleman, J. R. Fry, E. Gabathuler, D. E. Hutchcroft, D. J. Payne, and C. Touramanis
University of Liverpool, Liverpool L69 7ZE, United Kingdom

A. J. Bevan, F. Di Lodovico, and R. Sacco
Queen Mary, University of London, London, E1 4NS, United Kingdom

G. Cowan
University of London, Royal Holloway and Bedford New College, Egham, Surrey TW20 0EX, United Kingdom

J. Bougher, D. N. Brown, and C. L. Davis
University of Louisville, Louisville, Kentucky 40292, USA

A. G. Denig, M. Fritsch, W. Gradl, K. Griessinger, A. Hafner, E. Prencipe, and K. R. Schubert
Johannes Gutenberg-Universitit Mainz, Institut fir Kernphysik, D-55099 Mainz, Germany

R. J. Barlowﬁ and G. D. Lafferty
University of Manchester, Manchester M13 9PL, United Kingdom

E. Behn, R. Cenci, B. Hamilton, A. Jawahery, and D. A. Roberts
University of Maryland, College Park, Maryland 20742, USA

R. Cowan, D. Dujmic, and G. Sciolla
Massachusetts Institute of Technology, Laboratory for Nuclear Science, Cambridge, Massachusetts 02139, USA

R. Cheaib, P. M. Patelm and S. H. Robertson
Mc@Gill University, Montréal, Québec, Canada H3A 2T8

P. Biassoni®®, N. Neri?, and F. Palombo®
INFN Sezione di Milano®; Dipartimento di Fisica, Universita di Milano®, I-20138 Milano, Italy

L. Cremaldi, R. Godang[*] P. Sonnek, and D. J. Summers
University of Mississippi, University, Mississippi 38677, USA

M. Simard and P. Taras
Université de Montréal, Physique des Particules, Montréal, Québec, Canada HSC 3J7

G. De Nardo®, D. Monorchio®’, G. Onorato®, and C. Sciacca®
INFN Sezione di Napoli®; Dipartimento di Scienze Fisiche,
Universita di Napoli Federico II°, 1-80126 Napoli, ITtaly

M. Martinelli and G. Raven
NIKHEF, National Institute for Nuclear Physics and High Energy Physics, NL-1009 DB Amsterdam, The Netherlands

C. P. Jessop and J. M. LoSecco
University of Notre Dame, Notre Dame, Indiana 46556, USA

K. Honscheid and R. Kass
Ohio State University, Columbus, Ohio 43210, USA

J. Brau, R. Frey, N. B. Sinev, D. Strom, and E. Torrence
University of Oregon, Eugene, Oregon 97403, USA

E. Feltresi®®, M. Margoni®®, M. Morandin®, M. Posocco®, M. Rotondo?, G. Simi?, F. Simonetto®, and R. Stroili®®
INFN Sezione di Padova®; Dipartimento di Fisica, Universita di Padova®, 1-35131 Padova, Ttaly

S. Akar, E. Ben-Haim, M. Bomben, G. R. Bonneaud, H. Briand,
G. Calderini, J. Chauveau, Ph. Leruste, G. Marchiori, J. Ocariz, and S. Sitt

Laboratoire de Physique Nucléaire et de Hautes Energies,



IN2P3/CNRS, Université Pierre et Marie Curie-Paris6,
Université Denis Diderot-Paris7, F-75252 Paris, France

M. Biasini®®, E. Manoni®, S. Pacetti®®, and A. Rossi®
INFN Sezione di Perugia®; Dipartimento di Fisica, Universita di Perugia®, I-06123 Perugia, Italy

C. Angelini?®, G. Batignani®®, S. Bettarini®®, M. Carpinelli“bm G. Casarosa®, A. Cervelli®?, F. Forti®,

M. A. Giorgi®?, A. Lusiani®®, B. Oberhof®®, E. Paoloni?®, A. Perez?®, G. Rizzo®, and J. J. Walsh®
INFN Sezione di Pisa®; Dipartimento di Fisica, Universitd di Pisa’; Scuola Normale Superiore di Pisa®, I-56127 Pisa, Italy

D. Lopes Pegna, J. Olsen, and A. J. S. Smith
Princeton University, Princeton, New Jersey 08544, USA

R. Faccini®, F. Ferrarotto®, F. Ferroni®®, M. Gaspero®, L. Li Gioi%, and G. Piredda®
INFN Sezione di Roma®; Dipartimento di Fisica,
Universita di Roma La Sapienza®, I-00185 Roma, Italy

C. Biinger, O. Griinberg, T. Hartmann, T. Leddig, C. Vof}, and R. Waldi
Universitat Rostock, D-18051 Rostock, Germany

T. Adye, E. O. Olaiya, and F. F. Wilson
Rutherford Appleton Laboratory, Chilton, Didcot, Ozon, OX11 0QX, United Kingdom

S. Emery, G. Hamel de Monchenault, G. Vasseur, and Ch. Yeche
CEA, Irfu, SPP, Centre de Saclay, F-91191 Gif-sur-Yvette, France

F. Anulli@ D. Aston, D. J. Bard, J. F. Benitez, C. Cartaro, M. R. Convery, J. Dorfan, G. P. Dubois-Felsmann,
W. Dunwoodie, M. Ebert, R. C. Field, B. G. Fulsom, A. M. Gabareen, M. T. Graham, C. Hast,
W. R. Innes, P. Kim, M. L. Kocian, D. W. G. S. Leith, P. Lewis, D. Lindemann, B. Lindquist, S. Luitz,
V. Luth, H. L. Lynch, D. B. MacFarlane, D. R. Muller, H. Neal, S. Nelson, M. Perl, T. Pulliam,
N. Ratcliff, A. Roodman, A. A. Salnikov, R. H. Schindler, A. Snyder, D. Su, M. K. Sullivan, J. Va'vra,
P

. Wagner, W. F. Wang, W. J. Wisniewski, M. Wittgen, D. H. Wright, H. W. Wulsin, and V. Ziegler
SLAC National Accelerator Laboratory, Stanford, California 94309 USA

B.
A.
W. Park, M. V. Purohit, R. M. White[*| and J. R. Wilson

University of South Carolina, Columbia, South Carolina 29208, USA

A. Randle-Conde and S. J. Sekula
Southern Methodist University, Dallas, Texas 75275, USA

M. Bellis, P. R. Burchat, T. S. Miyashita, and E. M. T. Puccio
Stanford University, Stanford, California 94305-4060, USA

M. S. Alam and J. A. Ernst
State University of New York, Albany, New York 12222, USA

R. Gorodeisky, N. Guttman, D. R. Peimer, and A. Soffer
Tel Aviv University, School of Physics and Astronomy, Tel Aviv, 69978, Israel

S. M. Spanier
University of Tennessee, Knoxville, Tennessee 37996, USA

J. L. Ritchie, A. M. Ruland, R. F. Schwitters, and B. C. Wray
University of Texas at Austin, Austin, Texas 78712, USA

J. M. Izen and X. C. Lou
University of Texas at Dallas, Richardson, Teras 75083, USA



F. Bianchi®’, F. De Mori®, A. Filippi®, D. Gamba®, and S. Zambito®
INFN Sezione di Torino®; Dipartimento di Fisica, Uniwversita di Torino®, I-10125 Torino, Italy

L. Lanceri** and L. Vitale®®
INFN Sezione di Trieste®; Dipartimento di Fisica, Universitd di Trieste®, I-34127 Trieste, Italy

F. Martinez-Vidal, A. Oyanguren, and P. Villanueva-Perez
IFIC, Universitat de Valencia-CSIC, E-46071 Valencia, Spain

H. Ahmed, J. Albert, Sw. Banerjee, F. U. Bernlochner, H. H. F. Choi, G. J. King, R. Kowalewski,

M. J. Lewczuk, T. Lueck, I. M. Nugent, J. M. Roney, R. J. Sobie, and N. Tasneem
University of Victoria, Victoria, British Columbia, Canada V8W 3P6

T. J. Gershon, P. F. Harrison, and T. E. Latham
Department of Physics, University of Warwick, Coventry CV4 TAL, United Kingdom

H. R. Band, S. Dasu, Y. Pan, R. Prepost, and S. L. Wu
University of Wisconsin, Madison, Wisconsin 53706, USA

We present measurements of Collins asymmetries in the inclusive process e

te~ — mwX, where 7

stands for charged pions, at a center-of-mass energy of 10.6 GeV. We use a data sample of 468 fb~!
collected by the BABAR experiment at the PEP-II B factory at SLAC, and consider pairs of charged
pions produced in opposite hemispheres of hadronic events. We observe clear asymmetries in the
distributions of the azimuthal angles in two distinct reference frames. We study the dependence
of the asymmetry on several kinematic variables, finding that it increases with increasing pion
momentum and momentum transverse to the analysis axis, and with increasing angle between the

thrust and beam axis.

PACS numbers: 13.66.Bc, 13.87.Fh, 13.88.4+¢, 14.65.-q

I. INTRODUCTION

Parton fragmentation functions describe the probabil-
ity for a parton to fragment into a hadron carrying a
certain fraction z of the parton momentum. These func-
tions are denoted Dj(z), where i represents the frag-
menting parton (g, u, @, d, d,...), and h is the produced
hadron. Since the D{(z) incorporate the long distance,
non-perturbative physics of the hadronization processes,
they cannot be calculated in perturbative QCD, but can
be evolved from a starting distribution at a defined en-
ergy scale. Fragmentation processes have been studied in
lepton-hadron and hadron-hadron scattering, as well as
in ete™ annihilation, which provides the cleanest envi-
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ronment since no hadrons are present in the initial state.
Due to the large amount of experimental data collected
at several eTe™ facilities, mainly LEP[TH3] and SLC [4H6]
at high energies, and, recently, PEP-II [7] and KEKB [§]
at about 10 GeV, the unpolarized functions are presently
well known.

Transverse spin-dependent effects in fragmentation
processes were first proposed by Collins [9] [10], who in-
troduced the chiral-odd polarized Collins fragmentation
function H+. It describes the relation between the trans-
verse spin of the fragmenting quark and the azimuthal
distribution of final-state hadrons around the quark mo-
mentum (spin-orbit correlation). In the collinear factor-
ization approach, H+ depends on the hadron fractional
energy z = 2Fy/+\/s, where Ej, and \/s/2 are, respec-
tively, the hadron and beam energy in the center-of-mass
system, and on the magnitude of the hadron transverse
momentum P,f with respect to the three-momentum of
the fragmenting quark.

The number density for finding a spinless hadron h,
with mass Mj,, produced from a transversely polarized
quark (") is defined in terms of the leading-twist un-
polarized DY, and Collins H;™ fragmentation functions,
as [11]

kxPi)-S
Dy (2 PE) = DIz, ) (e, p ) B ) B
zMj,

The term containing the Collins function depends on



the spin vector of the quark S,, and introduces an az-
imuthal asymmetry in the distribution of hadrons around
the quark three-momentum direction k. The triple pro-
duct of Eq. , in fact, produces a cos¢ modulation,
where ¢ is the azimuthal angle between the plane per-
pendicular to the quark spin, and the plane determined
by Pﬁ and 1A<, as shown in Fig. In the literature, the
amplitude of this modulation is called the Collins asym-
metry or the Collins effect.

?

FIG. 1:  (color online). Definition of the azimuthal angle
¢ for a quark with transverse spin S, which fragments into
a spinless hadron of momentum Py, with a component Pi
transverse to the quark momentum k.

Experimental evidence for a non-zero Collins func-
tion was found by the HERMES [12, [13] and COM-
PASS [I4, [I5] collaborations, from the analysis of semi-
inclusive deep inelastic scattering (SIDIS) of leptons off of
transversely polarized hydrogen and/or deuteron targets.
The cross sections for these processes are proportional
to the convolution of the Collins function and the chiral-
odd transversity function [16]. The latter is the least well
known among the twist-two parton distribution functions
of the nucleon, and plays a crucial role in understanding
the spin properties. In order to extract the transversity
and the Collins functions from SIDIS data, independent
measurement of at least one of them is needed.

In ete™ annihilation to a quark-antiquark pair, each
quark spin is unknown: the Collins asymmetry in a sin-
gle jet (¢ — hX) will be zero. However, the Collins
effect can be observed when the products of the quark
and antiquark fragmentation are simultaneously consi-
dered. Experimentally, this is achieved by studying the
process eTe™ — qq — hihoX, where hy (ho) is a spin-
less hadron (7 or K) coming from the fragmenting quark
g (q). Events with a two-jet topology are selected, and
the correlation between the azimuthal angles of pairs of
hadrons detected in opposite hemispheres with respect
to the plane perpendicular to the jet axis is analyzed.
The resulting azimuthal asymmetry is proportional to
the product of two Collins functions.

The first efforts to measure Collins asymmetries in
ete™ annihilation, by studying Z° — 2jets events, were
performed by the DELPHI Collaboration [I7], while the

first observation was obtained by the Belle Collabora-
tion [I8-20], from a study of inclusive production of
charged pion pairs at a center-of-mass (c.m.) energy of
approximately 10.6 GeV. Assuming the universality of
the Collins function [21] 22], a global analysis of SIDIS
and eTe™ annihilation data has been carried out by the
authors of Refs. [23] 24], allowing the simultaneous ex-
traction of the transversity and Collins functions for the
pion system.

We report the measurements of the azimuthal modula-
tion due to the Collins effect (Collins asymmetries) in the
process ete™ — gg — mr X, where 7 stands for charged
pion and ¢ for a light quark: u, d, s. We reproduce the
Belle analysis [19] 20] of the azimuthal asymmetries as
a function of the pions fractional energy in two refer-
ence frames. We also perform a new measurement of the
asymmetries as a function of the transverse momentum
p: of pions with respect to the analysis axis.

II. ANALYSIS OVERVIEW

Charged pions are selected in opposite jets of hadronic
events according to the thrust axis of the event [25] 26],
which permits the identification of two hemispheres
(called 1 and 2, respectively, along and opposite to the
thrust axis direction) and to label the two pions as
and my. The analysis is performed in two convenient
reference frames: the thrust reference frame, defined in
Sec. [[TA] and the second hadron momentum frame, de-
fined in Sec.[[TBl This choice follows the scheme outlined
by authors of Ref. [27, 28], and allows a direct comparison
of our results with the Belle measurements. Section [[II]
summarizes the data sets used, while Sec.[[V]describes in
detail the event and track selection. The analysis method
is discussed in Secs. [V] and [VI} Dilutions of the asym-
metries induced by background sources and by detector
effects not related to the Collins function are discussed
in Secs. [VII] and [VII] respectively. Studies of possible
systematic effects are summarized in Sec. [[X] while the
final results on Collins asymmetry for light quark frag-
mentation are reported in Sec. [X]

A. Thrust reference frame: RF12

As mentioned in Sec. [[] the Collins asymmetry mani-
fests itself as an azimuthal modulation of two final state
pions around the fragmenting quark-antiquark momen-
tum. The ¢gq direction is not accessible to a direct mea-
surement and is approximated by the thrust axis of the
event [26]. The kinematics in the ete™ c.m. system
corresponding to eTe™ — mm X, together with the defi-
nition of the two azimuthal angles, are schematically re-
presented in Fig. 2] We refer to this frame as the thrust
reference frame or RF12, since the thrust axis serves as
reference axis for the azimuthal angles. The correlation
of the quark and antiquark Collins functions in opposite



hemispheres gives a product of two modulations for the
azimuthal angles ¢1 and ¢s, resulting in a cos(¢1 + ¢2)
modulation. The azimuthal angles are defined as

¢1.2 = sign[i - {(t x A1) x (h x Py )}
n x P172 ) (2)

uxXn

uxXn

X arccos <|

where 0 is a unit vector defined along the direction of
the electron beam, n is the thrust axis, and P 5 is the

J

do(ete™ — mmX) 3a2 €2
ledZQd(bl dd)gd COS ath ad Q 4

{1+ cos? Oi1) D‘ll’[o] (21)5(11’[0] (22) + sin? O, cos(¢1 + ¢2) qu’[l] (21)H;

where the summation runs over all quark flavors acces-
sible at the c.m. energy Q = /s, e, is the charge of
the quark ¢ in units of e, and the antiquark fragmenta-
tion function is denoted by a bar. The so-called trans-
verse moments of the fragmentation functions are defined
as [28]:

i) = [ag (M) peag). @

s

with F = DY, D}, Hi", and qu. In this equation, the
pion transverse momentum has been rewritten in terms of
the quark intrinsic transverse momentum ko : Pﬁ = zkp,
and M is the pion mass. The Collins asymmetry can be
extracted by measuring the cosine modulation of the dis-
tribution of the quantity (¢1 + ¢2) on top of the uniform
distribution due to the unpolarized part of the fragmenta-
tion function. Dividing the full (¢; + ¢2) range into one
hundred intervals, we define the normalized azimuthal
distribution as

N (1 + ¢2)
(N1g) 7

with N(¢1 + ¢2) the di-pion yield in each (¢1 + ¢2) sub-
division, and (Nj2) the average bin contents.

Ri3(d1 + ¢2) = ()

B. Second-pion reference frame: RFO

The azimuthal asymmetries can also be measured in a
different reference frame: following Ref. [27], we use the
direction of the observed pion 7o as the reference axis,
and we define the scattering plane by the beam axis and
the momentum Py of that pion, as illustrated in Fig.
Also in this frame, the kinematic variables are calculated

three-momentum vector of the pion detected in the first
(1) or in the second (m3) hemisphere.

The differential cross section depends on the fractional
energies z; and zy of the two pions, and on the sum of
the azimuthal angles ¢ and ¢5. It can be written as [28]:

Lg,[1]

()}, (3)

(

FIG. 2: (color online). Thrust reference frame (RF12). The
azimuthal angles ¢1 and ¢2 are the angles between the scat-
tering plane and the transverse pion momenta p¢; around
the thrust axis. The polar angle 6., is defined as the an-
gle between the beam axis and the thrust axis fi. The pion
transverse momenta p¢; used in the analysis differ from the
corresponding Pi-, which refer to the true ¢g direction.

in the eTe™ c.m. system, but only one azimuthal angle,
¢g, is defined:

¢0 = Sign[Pg . {(ﬁ X PQ) X (PQ X Pl)}]
u x P2 PQ X Pl ) (6)
|ﬁXP2| |P2><P1| '

X arccos <

We refer to this frame as the second-pion reference frame,
or RF0. At leading order in the strong coupling o and
1/Q, the differential cross section is given by [27]



do(ete™ — mmX)  3a? 2723

dz1dzed2qrd cos(fe)dgy Q2 4

XF[(?ﬁ-kTﬁ'pT—kT~pT)

where |qr| = Q: is the transverse momentum of the
virtual photon from ete™ annihilation calculated in the
center of mass of the two hadrons. F is a convolution
integral over the transverse momenta Pf = z1kr and
P% = zopT, with k7 and pr the transverse momenta of
the two fragmenting quarks:

F(XX) = Zei /d2de2pT52(pT +kr —ar)

a,a

X(z1,21k7) X (22, 23P7),  (8)

and h is the unit vector in the direction of the transverse
momentum of the first hadron relative to the axis defined
by the second hadron.

In this frame, the modulation due to the Collins effect
is in the cosine of twice the azimuthal angle ¢g, and the
normalized distribution is defined as

Ro(260) = ]igiff) (9)

FIG. 3: (color online). Second-pion reference frame (RF0).
The azimuthal angle ¢o is defined as the angle between the
plane spanned by the beam axis and the second pion momen-
tum P2, and the transverse momentum pyo of the first pion
around the second-pion direction. The polar angle 62 is de-
fined as the angle between the beam axis and the momentum
P2 of the second pion.

X {(1 + cos? 03) F(D1(21)D1(22)) + sin® 6y cos(2¢0)

Hf(anf(za] }
M? ’

The differential cross sections in Eq. and Eq. @
for the two reference frames are related to each other.
Integrating the first equation over ¢; and ¢o, and the
second over ¢¢ and qr, the same unpolarized cross sec-
tion is obtained. A similar relation exists for the Collins
contributions. However, due to the additional convo-
lution over the transverse momentum qr, the intrinsic
transverse momentum dependence of the Collins function
should be known to exploit it. The majority of authors
assume that the Collins function is a Gaussian in kp, as
is the unpolarized fragmentation function, with a differ-
ent width from the unpolarized case. More details can
be found, for example, in Refs. [29431].

C. Unlike, Like, and Charged pion pairs

The possibility to select pion pairs with equal or op-
posite charges allows sensitivity to “favored” and “dis-
favored” fragmentation processes. A favored fragmen-
tation function describes the fragmentation of a quark
of flavor ¢ into a hadron containing a valence quark of
the same flavor: for example, v — n+ and d — 7.
Vice versa, we refer to u — 7~ and d — 71 as disfa-
vored fragmentation processes. Therefore, the produc-
tion of pion pairs with opposite charge from the frag-
mentation of a uw pair (ete”™ — wu — 7faTX) can
proceed through two favored fragmentation processes
(u - 77 and w — 7 ) or through two disfavored
fragmentation processes (u — 7~ and uw — 7). Ne-
glecting heavy quark fragmentation and introducing the
favored functions D™¥(z) = DT'(z) = DT (z), and

—fav

D" (z2) = DT (2) = DZlIJr(z)7 as well as the disfavored
functions DYs(z) = DT (2) = DT (z) = D™ (2) and
ﬁdls(z) =D () = D% (2) = DT (2), the cross section
for charged pion pair production can be written as [31]:



do(ete = 7t7TX) 5 —fay
NU — 7Dfav D
() d02dzdz x gD
do(ete” = rfntX) 5 . —dis
NL — *Dfdv D
() d02dzdz xglT=)
do(eTe™ — mrX)
N€(¢) =
() df2dz1dzy

where 7 stands for a generic charged pion, ¢ is the az-
imuthal angle ¢1 + ¢2 in RF12 or ¢y in RF0, df2 =
d¢dcosf with 6 the polar angle of the analysis axis,
and the upper index indicates Unlike (U), Like (L) and
Charged (C) sign pion pairs.

III. BABAR EXPERIMENT AND DATA SAMPLE

The results presented here are based on a sample of
data collected with the BABAR detector at the PEP-II
asymmetric-energy eTe™ collider, at the SLAC National
Accelerator Laboratory. A total integrated luminosity
of about 468 fb~' [32] is used, consisting of 424 fb~*
collected at the peak of the 7°(4S5) resonance, and about
44 b1 collected 40 MeV below the peak.

The BABAR detector is described in detail in refer-
ences [33] B4]. Charged particle momenta are measured
by a combination of a 5-layer, double sided silicon vertex
tracker (SVT), and a 40-layer drift chamber (DCH) that
covers 92% of the solid angle in the c.m. frame, both
located inside a 1.5 T superconducting solenoidal mag-
net. Discrimination between charged pions, kaons, and
protons is obtained from measurements of the specific
ionization (dF/dz) in the tracking system, and from the
Cherenkov light collected by an internally reflecting ring-
imaging Cherenkov detector (DIRC). The DIRC covers
84% of the c.m. solid angle in the central region of the
BABAR detector and has a 91% identification efficiency for
pions and kaons with momenta above 1.5 GeV/c. Pho-
tons and electrons are identified and their energies mea-
sured with a high resolution CsI(Tl) crystal electromag-
netic calorimeter (EMC). Muons are identified in the in-
strumented flux return (IFR), which consists of 18 layers
of steel interleaved with single-gap resistive plate cham-
bers or limited-streamer tubes.

Detailed Monte Carlo (MC) simulation is used to test
and optimize the selection criteria, to study the de-
tector acceptance, and to estimate the contribution of
various background sources. The simulation package
Jetset [35], is used to generate hadronic events in non-
resonant eTe” annihilation. Separate MC samples are
generated for light quarks, ete™ — ¢q (¢ = u, d, s),
called generic uds MC, and heavy quarks, ete™ — cc.
Samples of BB events with generic B decays are gen-
erated with the EvtGen [36] package. Finally, 777~ and

9 dis
(22) + §Ddlb(21)D

= NY(6)+ NH(6) o (D™ (21) + DU (o0 )| D™ (22) + D

—dis

(2) + £ D (1) D™ (z2)

—fav 2 —di
" (22) + 5 D¥(20) D" (z2)

—dis dis

(22)
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()] + 4 DU (1) D

ut ™ event samples are produced with the KK2F [37] gen-
erator, and putu~y events with AfkQed [38]. The gener-
ated events undergo a full detector simulation based on
GEANT4 [39] and are analyzed in the same way as the
experimental data. No transverse spin effects are im-
plemented in the MC generation, so it can be used to
evaluate detector biases. In addition, the uds MC sam-
ples are reweighted to simulate Collins asymmetries and
to study the analyzing power of the method.

IV. EVENT AND TRACK SELECTION

We focus on the measurement of the Collins effect in
light quark fragmentation, as the helicity is conserved
only in the approximation of massless quarks, and the
correlation between the fragmenting quark and antiquark
may be lost for heavy quarks. In this section, we sum-
marize the event and track selection requirements.

Multi-hadronic events are selected by requiring at least
three reconstructed charged particles and the value of the
2nd divided by the Oth Fox-Wolfram moment [40], cal-
culated from charged tracks only, R, < 0.98. To sup-
press backgrounds from ete”™ — 777, v processes,
and events characterized by emission of a very energetic
photon via initial state radiation, we require the visi-
ble energy of the event in the laboratory frame (Ey;s),
defined as the sum of the energies of all reconstructed
charged tracks and neutral candidates, to be higher than
7 GeV.

Only good-quality reconstructed tracks with momenta
transverse to the beam direction of at least 0.1 GeV/c
are considered for the asymmetry measurements. Every
track is required to originate from the vicinity of the in-
teraction point (IP) by requiring the distance of closest
approach to the IP in the transverse plane dxy < 0.2 cm
and along the electron beam |dz| < 1.5 ¢cm, and to fall
within the detector acceptance region: 0.41 < 04 < 2.54
rad, where 6}, is the polar angle of the track with respect
to the beamline axis.

The thrust of the event is calculated using tracks with
relaxed cuts dxy < 1.5 cm and |dz| < 10 cm, as well
as neutral candidates lying within the calorimeter fidu-
cial region with an energy greater than 0.030 GeV. To
avoid possible biases originating from the different for-
ward/backward detector configuration, the sign of the



thrust axis is chosen at random.

Since the correlation between the ¢ and the g spin is
lost in the case of emission of energetic gluons, we select
the two-jet topology and suppress ete™ — qgg events
by requiring a value of the event thrust 7" > 0.8. As
shown in Fig.[] the distribution of the thrust for uds
events peaks at values higher than 0.85, but has a long
tail at lower values, which is mainly due to hard gluon
radiation. The requirement T > 0.8 also removes the ma-
jority of the more spherical BB events produced in 7(45)
decays. Events with charm quarks have a shape similar
to the light quarks; their contribution to the asymmetry
is evaluated and subtracted as described in Sec. [VTIl
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FIG. 4:  (color online). Thrust distributions for simulated
events under the 7°(4S) resonance for multi-hadronic events
with at least one pair of good quality tracks: e"e”™ — BB
(horizontal lines), ete™ — cc (asterisks), ee™ — ¢g, ¢ =
uds (white histogram) and e*e™ — 77 (vertical lines). The
samples are normalized to an arbitrary luminosity.

Events from the ete™ — 717~ reaction populate the
region at higher thrust values T and lower F,;s, as is
evident from Fig. 5], which shows a scatter plot of E,;s vs.
T for events having at least one good hadron pair. The
small accumulation visible at lower energies and 7' > 0.94
is due to 777~ events, and it is removed by applying a
cut around this region, as indicated by the line in Fig.

Radiative eTe™ — ete v and eTe™ — ut =y events
are the sources of the background peaking at F,;s =
12 GeV and concentrated in particular at high 7. This
kind of background is suppressed by requiring at least
three charged hadrons in the event. However, some
uTu~v events, with the initial state photon converting
to a eTe™ pair, can pass this selection. These events
are characterized by small multiplicity and by two very
energetic muons. We reduce this contamination to a neg-
ligible level by requiring that for events with multiplicity
lower than five, the two most energetic tracks are not
identified as muons, and no electrons are present.

Reconstructed tracks in the selected events are used
for the study of the Collins asymmetries if they are iden-
tified as pions and fail to pass specific muon and electron
selectors. The efficiencies estimated for the latter are
about 70% and 98%, and the pion mis-identification rate
of about 2% and 4%, for muons and electrons, respec-
tively.

Two-body decays of bb bound states, mainly produced
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FIG. 5: (color online). Total visible energy of the event in
the laboratory frame vs. the thrust value for the on-resonance
data sample. The events at high thrust value and low total
energy are due to the ete™ — 777~ process. The black
line is the cut applied in the analysis in order to remove this
background. The peak at E,;s ~ 12 GeV and high thrust
values, is due to radiative BhaBha and pu"p™ () events.

via initial state radiation, generate a significant amount
of unlike-sign pairs, with both tracks of c.m. momentum
above 4.5 GeV/c. On the other hand, we expect to have
very small signal from fragmentation processes with two
such energetic tracks. In particular no like-sign pairs are
observed in the data sample with z; and zo above 0.9.
We therefore limit the study to tracks with z < 0.9.

The residual contributions of all other background
sources (cé, BB, and 7777) are evaluated, and the mea-
sured asymmetry corrected as described in Sec. [VII]

The fragmentation functions depend on the lightcone
momentum fraction z of the produced hadron with re-
spect to the fragmenting quark [27], which is equivalent
to the fractional energy at large c.m. energy and not too
small values of z [23],

2F p?
h:er—J-zz.

NG 28

It may be of interest to extend the study also for very
low z values, in order to assess when this approximation
fails. On the other hand, low momentum tracks pose
severe experimental difficulties due to the association of
the hadrons to the incorrect jet. For these reasons, the
measurement of Collins asymmetry is performed only for
candidate pions with z > 0.15.

The selected pions are separated in opposite hemi-
spheres according to the thrust axis (i), and are com-
bined if they satisfy the following condition

Whemi = (Pl . ﬁ)(PZ . ﬁ) < Oa (11)

where P 2 are the pions momenta. For pairs with values
of Whemi near to zero there is a higher probability that
one of the two tracks has been assigned to the wrong



hemisphere. This effect is particularly evident for pions
with low fractional energies. The requirement that the
pions are emitted within a cone of 45° around the thrust
axis removes the ambiguous tracks.

One of the most important contributions to azimuthal
asymmetries not connected to the Collins effect originates
from low energy gluon radiation ete™ — ¢gg, which is
not completely removed by the event selection. As re-
ported in Refs. [28] [41], the angular distribution of the

gluon radiation process ete™ — qgg — h1ho X, is given
by

dN

75 X QQCJZ:Q2 sin? 0 cos(2¢). (12)

In addition, all the formalism used so far is valid in the
region where the transverse momentum @ is small com-
pared to Q (Q? < @Q?) [28], and a safe compromise is to
require @; < 3.5 GeV/c.

The same selection is applied to same-charge and
opposite-charge pion pairs. About 10® pion pairs are se-
lected and used in the analysis.

V. NORMALIZED AZIMUTHAL
DISTRIBUTIONS

Following Eqs. and @, the azimuthal distributions
of the normalized yields R,, defined in Sec. [[I} can be
parametrized as

R! = by + aq cos(Ba), (13)

where a = 0, 12 indicates the reference frame, ¢ =
U, L, C the charge combination of the pion pair, and
0B is the azimuthal angle combination ¢; 4+ ¢o or 2¢y,
according to the frame used. The parameter b, should
be consistent with unity, while a, gives the amplitude
of the asymmetries. The normalized azimuthal distri-
butions, presented in Fig. [6] for MC and data samples,
are strongly affected by detector acceptances and show
apparent modulations. This is clearly visible in the un-
weighted simulated sample, for which a flat distribution
is expected since the polarized D(z) are not implemented
in the MC generator. However, the R” and RY distribu-
tions are almost coincident in the MC sample (Fig. [6{a)),
while a clear difference is observed in data (Fig. |6(b)).
This difference is the observable effect of the azimuthal
asymmetry produced by the Collins effect.

Detector effects depend on the jet direction. When the
qq pair is created at low polar angle with respect to the
beam axis, there is a higher probability that part of the
jet falls outside the detector coverage, and the thrust can
be badly reconstructed. The result is a distortion of the
distribution, as visible in Fig.[7, which shows RY and R
in the RF0 frame for different intervals of cos(6y;). The
same effect is also visible in the RF12 frame. In prin-
ciple, it would be possible to estimate these effects with
simulated events, and correct the asymmetries measured
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FIG. 6: (color online). Normalized azimuthal distributions
for like-sign (R™, full circles) and unlike-sign (RY, open cir-
cles) pion pairs, for (a) MC simulation and (b) data, in RF12.

in the data sample, but this procedure would introduce
large uncertainties. All these considerations suggest the
possibility to form a suitable double ratio of azimuthal
distributions, in order to reduce the effect of detector
acceptance and perform a measurement almost indepen-
dent from simulation.
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FIG. 7: (color online). Normalized azimuthal distributions
for different intervals of cos 6y, measured in the RFO frame
for unlike-sign (a) and like-sign (b) pion pairs. The cos 6:n
intervals are as follows: 0.8 < cosf, < 0.9 for circles, 0.5 <
cos By, < 0.7 for squares, 0.3 < cosf;, < 0.5 for crosses,
0. < cos B, < 0.3 for triangles.




VI. DOUBLE RATIOS

Given the difficulties in separating the Collins effect
from asymmetries produced by detector acceptances and
radiative effects, we exploit the fact that instrumental
effects cancel in ratios of asymmetries, as for example,
the ratio of unlike-sign over like-sign asymmetries:

By 1 e o 66
BL in2 6,5,
Biy 1+ piith cos(61 +62) GF (14)

Sin2 9th c
1 4+ cos? O,

~1+ os(¢1 + ¢2) {GY — G}

The above approximation holds for small asymmetry val-
ues, and

SHIH," + THEH,”

5D D) 4 7DEDY
5Hfadels + 5HdlSH1 + 2]’{d1s]’_]1
5D DY 4 5DED 4 2Dgs DY

GU

dis (15)

GL

where we omitted the z; and 2o dependence in order to
simplify the notation. It should be noted that the asym-
metries produced by gluon radiation and detector accep-
tance do not depend on the charge combination of the
pion pairs, as will be shown in Sec. [[X] so that the asym-
metry amplitudes resulting from the ratios depend only
on a different combination of favored and disfavored frag-
mentation functions.

Similarly, the double ratio (DR) of the normalized dis-
tributions of unlike-sign and charged pion pairs is given
by:

RY, sin® Oy, U_ ~C
— ~ _— G” -G 16
R$, 1+ cos2 6y, cos(é1+02) < { b (16)
with
C (Hfa,v + Hdls)(HiaV + HTIS) + 4Hd15H(1hS
G fav —dis dis * ( 7)

5(DfaV+DdIS)(D1 -|—D1 )+4DdISD1

The measured U/L and U/C double ratios can be
used to derive information about the relative sign and
magnitude of favored and disfavored fragmentation func-
tions [31]. Analogous expressions can be obtained in the
RFO0 reference frame, with modulations in cos(2¢g) in-
stead of cos(¢1 + ¢2). The DRs are still parametrized by
a cosine function

Rl
= BY + A% - cos(Ba) (18)
O(
where B and A are free parameters. The constant term
B should be consistent with unity and the parameter A
contains only the Collins effect.

Figure [8| shows the DR of unlike to like sign pion pairs
for samples of simulated and data events. The distri-
bution for the MC sample is now essentially flat as ex-
pected; however, a slight deviation from zero asymmetry,
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FIG. 8: Double ratio of azimuthal distributions of unlike over
like sign pion pairs for Monte Carlo (a) and data (b) samples,
in the RF12 system. The solid lines are the result of the fits
with the function reported in Eq.

of the order of 0.2%, is measured. The origin and the ef-
fect of this bias will be discussed in Sec. [Xh. A clear
cosine modulation is instead visible in the data sample
(Fig. [§|(b)), which can be attributed to the Collins effect.

Thanks to the large amount of data, corresponding to
about 10° events, we can study the dependence of the
asymmetry as a function of fractional energies (z; and
z9) and transverse momenta (p;; and pyo, and pyg) of the
selected pions. We choose 6 x 6 (z1,22)-bins, with the
following z intervals: [0.15 — 0.2], [0.2 — 0.3], [0.3 — 0.4],
[0.4 — 0.5], [0.5 —0.7], [0.7 — 0.9]; we use 4 X 4 (p¢1,pt2)
bins in the RF12 frame, and 9 pyy bins in the RF0 frame.
The p, intervals are defined in Tab. [[TI}

Figure [9] shows the asymmetries obtained from fits to
the UL double ratio (AVZ) in the RF12 frame for data
and MC samples in every (z1, z2) bin. The asymmetries
are not corrected for the effects described in the next
three sections, and report only the statistical errors. Sim-
ilar results are obtained for the asymmetries measured in
the RF0 frame, and as a function of pion transverse mo-
menta.
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FIG. 9: Comparison of asymmetries as a function of 6 x 6
(21, 22)-bin subdivision calculated in data (triangles) and MC
samples (squares). In each plot, 2 is fixed following the inter-
val subdivisions described in the text, and z2 ranges between
0.15 to 0.9.

VII. CONTRIBUTION OF BACKGROUND
EVENTS TO THE ASYMMETRIES.

The presence of background processes produces a di-
lution of the Collins asymmetry A,. The asymmetry
AQ°* measured by fitting to the double ratio results from
the combination of the azimuthal distributions of every
physics process contributing to the final sample, and can
be written as:

Ameas — <1—2Fi> -Aa+2Fi-Ag. (19)
i i

Here, A,, is the true Collins asymmetry produced by the
fragmentation of light quarks, while A? and F; are, re-
spectively, the asymmetry and the fraction of pion pairs
in the selected sample due to the i** background compo-
nent.

The background processes giving a significant contri-
bution after the selection procedure are eTe™ — 777,
ete™ — ce,and ete™ — 1(4S) — BB. We refer to them
as the 7, charm and bottom backgrounds, respectively.
In the former process, azimuthal asymmetries can arise
from parity violation in the weak decay of the heavy lep-
tons. For charm processes the Collins effect is expected
to be suppressed by the heavy mass of the fragmenting
quarks. The study of the azimuthal asymmetries for cé
processes would be interesting on its own, but larger data
samples and an optimized analysis would be necessary to
perform precise measurements. No asymmetries arising
from the Collins effect are expected from 1(4S) — BB
decays.

The fractions F; and the asymmetries A%, of the back-
ground components are determined using both MC and
data control samples specific to each process, and evalu-
ated for each bin of z and p;.

13
The ete™ — 777~ background

In order to assess whether a significant asymmetry is
produced by eTe~™ — 7777 processes we study a 7-
enhanced data sample, consisting of the events in the
lower-right side of the E,;svsT distribution of Fig.
and rejected by the cut shown in the same picture. The
purity of this control sample is estimated to be about
75%; the fitted asymmetries are very small and consis-
tent with zero within about two standard deviations. We
also perform the analysis on a sample of simulated 777~
events, applying the same event selection as for the data,
and obtain asymmetries consistent with the small bias
observed in the uds MC sample.

The contribution of the ete™ — 777~ background
appears in Eq. as the product of the asymmetry A7,
multiplied by the pion pairs fraction F,. We estimate F
from the number of pion pairs selected in a MC sample
of 7777 events scaled by the data/MC luminosity ratio,
independently for every z and p; bin. The values of F’.
range from about 1% at low z;, to more than 18% at high
z;, and are around 2% independently of p;.

Considering that the asymmetries measured in the 7-
enhanced samples are consistent with zero or give only
very small deviations from zero, and that the contami-
nation from 77~ events is significant only at large z;,
where the Collins effect from wuds is large (see Fig. @, we
set A], = 0 everywhere.

The eTe™ — c¢ and eTe™ — BB backgrounds

The fraction of pion pairs due to eTe™ — c€ events is
much larger than the 777~ component, because of the
higher production cross section and of event shapes sim-
ilar to those for light quark production. The fraction
F,, estimated with a generic cc-MC sample, amounts to
about 25% for the whole data sample, roughly indepen-
dent of p;, but ranging from about 30% for pairs with
low fractional energies down to less than one percent at
the highest z; values.

The BB events are strongly suppressed by the event
selection, mainly because of the cut on the event thrust,
and the fractions Fg are estimated to be at most 2% for
low fractional energies, with no tracks with z > 0.5. As
a consequence any asymmetry in the BB sample would
have negligible effect on the measured asymmetry, and
we set AZ = 0.

On the contrary, given the large fractions, the az-
imuthal asymmetries of the selected charm sample, even
if small, can have a significant impact on the total asym-
metries, and therefore have to be independently mea-
sured. For this purpose, we select a charm-enhanced data
sample requiring at least one D** candidate from the de-
cay D** — DO7% with the DY candidate reconstructed
in the following Cabibbo-favored decay channels: K7,
K- rta—nt, Kdntn~, and K- 7"n% Note that a con-
trol sample built in this way will contain also a fraction



of BB events.

The reconstructed D° mass is required to be within
30 MeV/c? of the world average value [42]. A low momen-
tum pion is then combined with the D° candidate in or-
der to obtain the D* candidate. We retain events with at
least one D* candidate for which 0.1425 < AM < 0.1485
GeV/c?, where AM is the mass difference between the
reconstructed D* and D° candidates.

As for the full data sample, we measure the azimuthal
asymmetries AL " by fitting the double ratios in the D*-
enhanced control sample. The estimated fractions f. of
pion pairs in this sample that are from c¢ events aver-
age about 90%, with values for the individual (z1,22)-
bins ranging from more than 90% to about 60% with
decreasing fractional energies, and almost constant with
pe. Fractions fg from BB events amount to a few percent
at low energies, and vanish for z; > 0.5.

Corrections to the measured asymmetries

Using the asymmetries A2 and AP" fitted respec-
tively in the full and D*-enhanced data samples, together
with the fractions F; and f;, and assuming A7 = A2 =0
and that the charm asymmetry is the same in both sam-
ples, we can write

Ag]easz(1—FC_FB_FT)‘AO‘+FC‘AZ’
AY = (1= fe—fB) - Aa + fo- A%

The unknown background-corrected Collins asymmetries
A, and the charm contribution A¢, are obtained solving
these equations in each bin of z and p;.

A significant source of systematic error in this proce-
dure can arise from the fractions F; and f;, which are
estimated with MC simulation. The 7% cross sections in
ete™ — g processes are known at no better than the few
percent level; furthermore, only a fraction of all charmed-
hadrons and B-meson decays have been measured and
included in the EvtGen generator. Also 7 decays with
many hadrons in the final state are known with signifi-
cant uncertainties. In order to evaluate the effect of these
uncertainties on the measured fractions, we compare bin-
by-bin the number of pion pairs selected in the data with
those selected in the uds, 7, charm, and bottom MC sam-
ples, summed according to the nominal production cross
sections. The observed data-MC differences are at most
at the few percent level as can be deduced by Fig.
Conservatively, we assign these differences as additional
uncertainties on the charm (F,, and f.) and tau (F) frac-
tions, which are the most significant contributions in the
extraction of A, and A¢ from Eq. . This choice has
a very little effect on the final result, given that the un-
certainties on the background subtraction procedure are
dominated by the statistical errors of the fit to the D*
control sample, in particular for bins of high fractional
energies.

We check the consistency of the D*-enhanced sample
by performing the correction of the measured asymme-
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FIG. 10: (color online). Comparison between the number of
pion pairs in the data (a) and D*-enhanced data (b) samples
(points) and the sum of the contribution due to 7777, BB,
cc, and uds components estimated with MC simulation as a
function of (z1, 22) bins.

tries, and the estimation of the charm contributions in-
dependently for the four D° decay modes, finding no sig-
nificant differences.

VIII. ASYMMETRY DILUTION DUE TO

DETECTOR EFFECTS

The experimental method uses the thrust axis to es-
timate the ¢g axis. The distribution of the opening an-
gle between the two axes for simulated events, shown in
Fig. [[1] peaks at about 100 mrad, and has a long tail at
higher values. This produces a dilution of the asymme-
tries, in particular in the thrust reference frame, where
the azimuthal angles ¢; and ¢, are calculated with re-
spect to the thrust axis (see Fig. . The impact on the
measurement of the azimuthal angle ¢y in RFO0 is small.
Particle identification and tracking resolution have small
effects in both frames.

An additional smearing of the azimuthal angles can
occur when the track is very close to the analysis axis,
where a small mis-measurement of the track results in a
large shift in the azimuthal angle. A larger effect is ex-
pected in RF12 where, by construction, energetic tracks
are close to the thrust axis.
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FIG. 11: Opening angle in radians between the thrust axis
calculated from reconstructed particles in simulated events
and the generated ¢g axis.

These and other detector effects can be studied via MC
simulation, comparing the fitted asymmetries with those
introduced in the simulation. The MC generator does
not include the Collins effect, so we remodulate the gen-
erated azimuthal distributions applying to every selected
pion pair a weight defined as w* = 1+a’-cos(B4,gen ), With
t=U, L, C and o = 12 or 0. In RF12 the angle 812 gen is
the sum of the azimuthal angles ¢1 gen and ¢ gen for gen-
erated particles calculated with respect to the true quark-
antiquark axis, while in RFO the angle 8y gen = 200 gen is
calculated with respect to the 3-momentum of one of the
generated pions which makes the pair. Different weights
a; are used to simulate asymmetries ranging from 0 to
10%. We checked that for a; = 0 the fitted asymmetry
vanishes, apart for the small bias discussed in the next
section. The ratio of the simulated to the fitted asym-
metry for a; # 0 is expected to be consistent with unity
if Bo = Pa,gen, Where 3, are the proper combination of
azimuthal angles in the reconstructed MC sample; other-
wise we use the value of this ratio, calculated indepen-
dently for each bin of fractional energy z and transverse
momentum p;, to correct the asymmetry measured in the
data sample. Since the resulting correction is the same
for the different weights within the statistical uncertain-
ties, we calculate an average correction for each bin of z
and p;.

As shown in Fig. [12(a), the results for RF0 are essen-
tially consistent with the simulated asymmetries for every
bin. On the contrary, the fitted asymmetries for RF12
(Fig. b)) systematically underestimate the generated
values, with correction factors ranging from about 1.3 to
2.3 with increasing values of z, and from about 3 to 1.3
with increasing values of p;. The statistical uncertain-
ties on the correction factors are assigned as systematic
errors.
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respectively. In the RFO frame (a) the fitted asymmetry is
consistent with the simulated one, while in the RF12 frame
(b) it is systematically underestimated.

IX. STUDY OF SYSTEMATIC EFFECTS

We have identified a number of systematic effects that
can potentially influence the measurement of the asym-
metries. When the effects are sizable we correct the mea-
sured asymmetry for them and assign a systematic error.
Unless otherwise stated, all the systematic uncertainties
are evaluated in each bin.

a. Test of the DR method on Monte Carlo sample.
The MC generator describes the radiative gluon effects,
but does not contain asymmetries based on the Collins
effect. Nevertheless, as discussed in Sec[V]] and visible
in Fig. [0 the fitted asymmetries for the uds-MC sam-
ples show deviations from zero at all values of the pion
transverse momenta and fractional energies. The fitted
asymmetries are small with respect to the data every-
where, but not negligible in several cases, being of the
same order as other systematic uncertainties. In order to
understand the origin of this bias we compare three dif-
ferent MC samples: the first sample is built at generator
level, that is taking the momenta of pions as produced
by the event generator; the second sample also uses gen-
erator level momenta, but only pions with associated re-
constructed and identified tracks; the last sample is the
standard fully reconstructed MC sample. We also com-



pare the results using as reference axis the true ¢q axis,
instead of the thrust axis, and varying the criteria that
define the track detector acceptance, as track polar an-
gle and number of hits per track in the DCH. As a result
of these investigations we conclude that the small bias
observed in RFO is due to a non-perfect cancellation of
the detector effects in the double ratio procedure, while
in RF12 the main effects come from the use of the thrust
axis as a reference axis. We correct the asymmetries mea-
sured in the data for the estimated bias, and take as
systematic uncertainties the combination in quadrature
of the largest variation of the performed tests with the
statistical error of the bias measured with the standard
fit.

b. Uncertainties due to particle identification. With
the algorithm used, the probability of misidentifying
kaons and protons as pions has been measured to be a few
percent per track, to be compared with a 95% efficiency
for correct charged-pion identification. Taking also into
account that the pions are the most abundant hadrons
in ¢g fragmentation, we do not expect a significant con-
tribution from misidentified charged hadrons. We repeat
the study with both more stringent and more loose selec-
tion criteria, and compare the results with the standard
selection. Good agreement is found among the different
selections; the absolute values of the differences amount
to at most a few percent of the measured asymmetries
and are assigned as systematic errors.

c. Uncertainties due to the fit procedure. The de-
pendence of the measured asymmetries on the binning is
checked by comparing the results with three different bin
sizes of the azimuthal angles 512 = ¢1+ @2 and [y = 2¢q.
The largest deviations are less than 1% and are taken as
systematic errors.

In order to assess the robustness of the fit, we use dif-
ferent fitting functions with additional higher harmonic
terms: cos(283,) and sin(28,), with 8 the azimuthal an-
gles in the respective reference frame and o = 12, 0. No
significant changes in the values of the cosine moments
with respect to the standard fits are observed.

A certain level of correlation among the entries of the
double ratio distributions is expected because the same
pion can be used to form several pion pairs, so that the
statistical error returned by the fits could be underes-
timated. We check for this effect, performing a set of
3000 pseudo-experiments. For each pseudo-experiment
we randomly generate according to the fit model a sta-
tistical sample of the same size of that selected by the
analysis procedure. Gaussian fits to the pull distribu-
tions of the values of the fitted asymmetries give results
consistent with a vanishing mean and a unit width, as
expected for an unbiased fit model.

d. Test of the double ratio with same sign pion pairs.
The Collins effect does not depend on the electric charge,
but only on the combination of favored and disfavored
fragmentation functions in the particular charge combi-
nation of the paired pions. In particular, the same com-
bination appears when a 77t or a 7~ 7~ pair is con-
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sidered. Gluonic radiative effects do not depend on the
electric charge either. Therefore, we can test the double
ratio procedure and the possible charge dependence of
the detector response by probing the ratio of normalized
azimuthal distributions for positively charged over nega-
tively charged pion pairs. Results consistent with unity
are obtained.

e. Subtraction method and double ratio. As a cross
check of the double ratio method we also extract the
asymmetry by using a different procedure which consists
of taking the difference, instead of the ratio, of pion pair
rates. In this case, gluon radiation effects cancel at all
orders, while the cancellation of the acceptance effects
could be non optimal. The asymmetries measured with
the two methods are consistent, making us confident that
possible radiative and detector effects not canceling in
the double ratio procedure do not significantly affect the
results.

f- Study of beam polarization effects. Charged par-
ticles circulating in a magnetic field become polarized
transverse to the beam direction due to the emission
of spin-flipping synchrotron radiation, known as the
Sokolov-Ternov effect [43]. Beam polarization can af-
fect the angular distribution of produced hadrons in
ete™ — hX introducing an azimuthal asymmetry with
respect to the beam spin direction. This asymmetry has
in common with the Collins asymmetry that both are
transverse single spin asymmetries: the former concern-
ing lepton spins, the latter quark spins. The beam polar-
ization is expected to be negligible at the PEP-II inter-
action point. This can be verified by studying the reac-
tion ete™ — ptu~™, whose cross section can be written
as [44]:

do(ete™ = utp™)
ds?

o 14-cos® §+ P? sin? 0 cos(26) (21)

where P is the degree of transverse polarization of the
beams, and § and ¢ are the polar and azimuthal angles
of the produced muons in the eTe™ center of mass system.

We analyze the cosf and ¢ distributions of selected
muon pairs, emitted at a polar angle |cosf| < 0.75, in
order to ensure that they fall within the SVT coverage.
We perform the fit to the whole sample and separately
to the samples corresponding to the different data taking
periods. In all cases the fits are consistent with expecta-
tions for unpolarized beams. We conclude that no signif-
icant systematic errors need to be assigned for possible
buildup of beam polarization.

g. Consistency of asymmetries in different data sets.
The results reported in this paper are obtained combining
the data taken at two different c.m. energies, at the peak
of the 7°(4S5) resonance and 40 MeV below. While the
slightly different energy is not a problem, the two sets
of data differ for the background due to 7'(4S) — BB.
We perform a consistency check of the results obtained



fitting separately the two data sets (a and b) as follows:

2 _ (A7 — A
2 T oA .

with }°. the summation over z or p, bins, and §A the
statistical error on the measured asymmetry A. We find
the overall x? per degree of freedom ranging between 1.2
and 0.7. Analogous checks performed on sub-samples
of data collected in different data-taking periods show a
general consistency of the results.

h.  Summary of systematic uncertainties. All sys-
tematic effects are evaluated for each bin of fractional
energy and pion transverse momentum. As an example,
the sizable contributions to the absolute systematic er-
rors for AU are shown as a function of the 36 (z1,22)
bins in Fig. [13|a), and as a function of the 16 (ps1, pi2)
bins in Fig. [L3{b). The histograms report the squared
errors assigned for uncertainties due to particle identifi-
cation (pid), bin size of the azimuthal distributions (bin),
estimate of the bias observed in the MC sample (MC),
and estimate of the correction factors for the dilution of
the asymmetry (weights). The two latter sources dom-
inate at high fractional energies, while at low-z values
all contributions are comparable. The uncertainty in the
estimate of the bias is instead dominant at all values of
transverse momenta. The total systematic error is ob-
tained by adding in quadrature the individual contribu-
tions.

The contribution of the various background sources
(cé, b, and 777~ events) to the measured asymmetries
is subtracted with the procedure described in Sec. [VII}
Through Eq. , the statistical error of the Collins
asymmetries account for the statistical uncertainties of
the asymmetries measured in the full and in the D*-
enhanced data sample, and for the statistical and sys-
tematic uncertainties in the determination of the relative
fractions F; and f;.

X. RESULTS

This section summarizes the measured asymmetries as
a function of fractional energies z, transverse momenta
pt, and polar angle of the analysis axis, after all correc-
tions and systematic uncertainties discussed in the previ-
ous sections are applied. We also report the asymmetry
measured in RF12 in a four-dimensional space, as a func-
tion of (21, 22, Pe1, Pe2)-

A. Collins asymmetries vs. fractional energies

The Collins asymmetries measured for each (z1,22)
bin are summarized in Tabs. [ and [[I} and illustrated in
Fig. [[4 and Fig. [I5] for RF12 and RF0, respectively. In
each plot the asymmetries are reported for every zo bin
in a given interval of z;. We note a very good consistency
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FIG. 13: (color online). Squared contributions to the sys-

tematic error on the asymmetry (for the UL double ratio in
the RF12 frame) as a function of (21, 2z2) bins (a) and (p¢1, pe2)
bins (b). The dominant uncertainties are due to particle iden-
tification (pid), the binning in the azimuthal angle (bin), the
bias observed in MC (MC), the correction for the asymmetry
dilution (weights).

among symmetric bins, with z; and 25 exchanged, giving
additional confidence on the correctness of the fitting pro-
cedure. A rise of the asymmetries with increasing pion
energies is clearly visible in all plots, in agreement with
theoretical predictions [45H47] and Belle results [19, 20].
The measured values span more than an order of mag-
nitude, being about 1-2% in the lower (21, z2) bins, and
close to 40% for AYF at the highest energies.

The measured UC asymmetries are smaller than the
UL asymmetries by roughly a factor of 2. This behav-
ior was already observed by Belle, and should reflect the
different contribution of favored and disfavored fragmen-
tation functions to the UC and UL ratios, as discussed in
Sec.[VIl An analysis of Belle data, under the assumption

H{a"(dis)(z) = Cfav(dis)ZDiav(diS)(Z)v (23)

found values for the parameters Cf,, and Cg;s consistent
with a large disfavored Collins fragmentation function
with sign opposite to the favored one [31], as also sug-
gested by the HERMES experiment [13].
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Asymmetries for the UL (up triangles) and UC (down triangles) ratios are reported, with statistical error bars and systematic
uncertainties represented by the bands around the points.
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of pio (right plot) in RF0. Asymmetries for the UL (up triangles) and UC (down triangles) ratios are reported, with statistical
error bars and systematic uncertainties represented by the bands around the points.

B. Collins asymmetries vs. transverse momenta

The Collins asymmetries measured in the two reference
frames, in bins of (ps1, pr2) and pyg, are shown in Fig.
and Tab. [[IIl The results from the two double ratios are
reported. This is the first measurement of the depen-
dence on the pion transverse momenta in eTe™ annihila-
tion, and is important for a theoretical understanding of
the evolution of the Collins fragmentation function. In
RFO0 the measured asymmetries are consistent with zero
at very low pyg, rise almost linearly up to about 2% for UL
and 1% for UC, at 0.8 GeV/e¢, and then flat. In RF12
the asymmetries slightly differ from zero at low trans-
verse momenta, and exhibit also in this case a smooth
rise of the asymmetries with (p;1,pi2) up to a maximum
of about 7% and 3% for UL and UC, respectively.

C. Collins asymmetries vs. z and p;

The study of the asymmetry behavior as a function
of both pion fractional energies z; 2 and transverse mo-
mentum p;; 42 is an important test to probe the factor-
ization of the Collins fragmentation function assumed in
Ref. [23]. We perform this study in the thrust reference
frame, using four z; and three p¢; (i = 1,2) intervals. The
boundaries for the fractional energies intervals are set to
z; = 0.15, 0.2, 0.3, 0.5, and 0.9, while the intervals for
the transverse momenta are p;; < 0.25, 0.25 < p;; < 0.5,
and p;; > 0.5 GeV/e. We estimate background contri-
butions, dilution effects, and systematic uncertainties in-
dependently for each (z1,22,pt1,Dt9) bin, following the

procedures described in the previous sections. The re-
sults are summarized in Tabs. [V] and [VI] and Fig.

D. Collins asymmetries vs. polar angles

The transverse polarization of the original ¢ pair
created in eTe™ annihilation should be proportional to
sin® 0, where 6 is the polar angle of the ¢g axis with re-
spect to the beam axis. The Collins asymmetry should
manifest a similar dependence, as shown by Egs. and
for the UL and UC ratios, respectively. We can test
this prediction, and in particular that the asymmetries
vanish for 8 = 0, by studying the asymmetries as a func-
tion of the quantity sin?6/(1 + cos? @), with the ¢g po-
lar angle estimated by the polar angle of the thrust axis
(0:,) or of the reference hadron (f2). The results are
displayed in Fig. The asymmetries are corrected for
background contributions and dilution effects, following
the same procedure described in Secs. [VII| and [VIII] As
systematic uncertainties we assigned the average values
of the significant contributions studied in Sec. [[X] which
are added in quadrature in Fig. [18| (gray error bands).

We subject each set of data points to a linear fit
(po + p1 - x), both with the intercept parameter floating
and constrained to the origin of the axes (pp = 0). The
results of these fits are summarized in Tab.[[V] For Ajs,
all four fits have a good x2, and both fitted pg are consis-
tent with zero (Fig. [18{a)). Also the Ay asymmetries are
consistent with a linear dependence on sin® 6/(1+cos? 6),
but the results clearly favor a non zero constant term for
both AY% and AYC (Fig. [18(b)). This behavior is not
completely unexpected given that 65 is much less corre-
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FIG. 18: Light quark asymmetry parameters calculated in RF12 (a) and in RFO (b), as a function of sin? 8/(1 4 cos® ), where

0 = ch in (a) and 0 = 92 in (b)

The up-triangles (blue online) refer to the UL asymmetry, while the down-triangles (red

online) to the UC asymmetry. Systematic contributions are shown by gray boxes. The result of the linear fits are shown as
solid lines of the corresponding colors, and summarized in Tab. [[V] The dashed lines represent fitted lines through the origin.

lated with the original ¢q direction than the thrust axis.

XI. SUMMARY

We have presented a set of measurements of azimuthal
asymmetries in inclusive production of charged pion pairs
in ete~™ — ¢g annihilation, where the two pions arise
from the fragmenting quarks in opposite jets. We con-
sider two reference frames, and extract asymmetries from
suitable ratios of normalized azimuthal distributions: the
ratio of opposite-sign to same-sign pion pairs (UL double
ratio) and the ratio of opposite-sign to any charge pion
pairs (UC double ratio). We observe clear, non-vanishing
asymmetries that can be related to the Collins fragmen-
tation functions.

We measure the Collins asymmetries as a function of
several variables, including the transverse momenta p;
(pi1 and pgo, and pyy) of the pions with respect to the
analysis axis, their fractional energies z 2, and polar an-
gle 0 of the analysis axis with respect to the beam axis.

The asymmetries rise with z; and 29, as expected from
theoretical predictions, and span more than an order of
magnitude. Our data are also consistent with the pre-
vious measurements performed by the Belle Collabora-
tion [I8] 19], with the exception of the bins where the
highest fractional energies are involved. In particular we
measure an asymmetry about three standard deviations
higher in the highest (z1, 22) bin. It must be noted, how-
ever, that the two data sets are not directly comparable,
because of the different width of the highest z interval,
which is 0.7 < z < 1.0 for Belle, while we limit our study
to 0.7 < z < 0.9 to avoid dilutions of the asymmetries
due to unsubtracted background from 7'(nS) — utp~
decays and residual pu*pu~~y events.

Theoretical calculations with different approaches have
been proposed to make predictions or to reproduce the
available data (see for example Refs. [31] [46] and refer-
ences therein). The new precise data presented here can
be used to improve the tuning of the various models and
possibly discriminate among the different assumptions.

These results can also be combined with Belle and SIDIS
data to improve the simultaneous extraction of favored
and disfavored Hi, and the transversity parton distribu-
tion function, following the approach of Ref. [23] 24].

There is a slight increase of the asymmetries with in-
creasing p;, and there is an indication that a maximum
value of the asymmetry is reached at p, ~ 0.8 GeV/c.
The available data sample is not sufficient to effectively
study the region above 1 GeV/e, and determine if the
asymmetries decrease after the peak is reached. No previ-
ous data from eTe™ annihilation are available to compare
with. Assuming that the Q2 evolution of the Collins func-
tion is the same as for the unpolarized function, the au-
thors of Ref. [23] extracted the p; dependence at Q2 = 2.4
GeVZ. However, such an assumption on the evolution
with Q? is not established, and even questionable, given
the chiral-odd nature of the Collins function. Alterna-
tive choices have been proposed, including the extreme
case that the Collins function does not evolve with the
energy scale [46]. The measurement of the asymmetry as
a function of p; obtained by BABAR at Q2 ~ 110 GeV/c?,
that is an energy scale much higher with respect to the
data presently available, will be very valuable in shedding
light on this important question.

We also measured the asymmetries in bins of the quan-
tity sin?6/(1 + cos? §), where 6 is 6y, or 65 according to
the reference frame used, as defined in Fig. [2| and Fig.
respectively. The expected linear dependence is observed
in both reference frames. However in RF0 the fit result
is inconsistent with a line crossing the origin, in disagree-
ment with expectations.
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TABLE I: Azimuthal asymmetries obtained by fitting the UL double ratio in bins (z1, 22). The errors are statistical and sys-
tematic. The table also reports the average values of z1, za, sin” 041, /(14 cos? 641,), and sin® 2 /(14 cos? f2) in the corresponding

(#1, 22) bin.
a  <a>  m  <=m> ghat caey AR At
[0.15,0.2] 0.174 [0.15,0.2] 0.174 0.716 0.687 0.0216 £ 0.0020 £ 0.0009 0.0111 £ 0.0014 £ 0.0005
[0.15, 0.2] 0.174 [0.27 0.3} 0.244 0.715 0.683 0.0307 £+ 0.0018 £+ 0.0012 0.0143 £ 0.0012 + 0.0005
[0.15,0.2] 0.174 [0.3,0.4] 0.344 0.711 0.676  0.0299 &+ 0.0027 £ 0.0016 0.0134 £ 0.0016 + 0.0006
[0.15,0.2] 0.174 [0.4,0.5] 0.444 0.706 0.671 0.0342 £ 0.0028 + 0.0017 0.0144 4 0.0017 £ 0.0006
[0.15,0.2] 0.174 [0.5,0.7] 0.577 0.697 0.663 0.0477 £+ 0.0039 £+ 0.0029 0.0176 £+ 0.0020 + 0.0007
[0.15,0.2] 0.174 [0.7,0.9] 0.772 0.683 0.655 0.0702 £ 0.0071 £ 0.0050 0.0248 + 0.0026 £ 0.0008
[0.2,0.3} 0.244 [0.15, 0.2] 0.174 0.715 0.685 0.0299 £ 0.0018 £+ 0.0011 0.0124 + 0.0012 + 0.0005
[0.2,0.3] 0.244 [0.2,0.3] 0.244 0.713 0.682 0.0355 £+ 0.0018 £ 0.0013 0.0153 £ 0.0011 £ 0.0006
[0.2,0.3] 0.244 [0.3,0.4] 0.344 0.710 0.676 0.0399 £ 0.0027 + 0.0019 0.0183 4 0.0017 £ 0.0006
[0.2,0.3] 0.244 [0.4,0.5] 0.444 0.706 0.672 0.0438 £ 0.0027 £+ 0.0020 0.0176 £ 0.0017 £ 0.0006
[0.2,0.3] 0.244 [0.5,0.7] 0.577 0.698 0.665 0.0593 £ 0.0036 £ 0.0030 0.0232 £ 0.0019 £ 0.0008
[0.270.3} 0.244 [0.77 0.9} 0.772 0.685 0.658 0.0898 &+ 0.0065 £ 0.0049 0.0307 £+ 0.0024 + 0.0008
[0.3,0.4] 0.344 [0.15,0.2] 0.174 0.710 0.682 0.0269 £ 0.0027 £ 0.0017 0.0127 £ 0.0016 £ 0.0006
[0.3,0.4] 0.344 [0.2,0.3] 0.244 0.710 0.680 0.0334 £ 0.0025 £+ 0.0020 0.0141 + 0.0016 + 0.0006
[0.3,0.4] 0.344 [0.3,0.4] 0.344 0.706 0.674 0.0480 £ 0.0042 + 0.0031 0.0226 + 0.0031 + 0.0012
[0.3,0.4] 0.344 [0.4,0.5] 0.444 0.702 0.671 0.0433 £ 0.0041 + 0.0030 0.0195 4 0.0029 + 0.0011
[0.3,0.4] 0.344 [0.5,0.7] 0.577 0.696 0.665 0.0571 £ 0.0053 £ 0.0045 0.0274 + 0.0032 + 0.0018
[0.3,0.4] 0.344 [0.7,0.9] 0.772 0.684 0.659 0.0962 £ 0.0093 £ 0.0071 0.0431 £ 0.0035 £ 0.0022
[0.47 0.5} 0.444 [0.15, 0.2] 0.174 0.706 0.680 0.0321 £ 0.0027 £+ 0.0019 0.0103 £ 0.0017 + 0.0006
[0.4,0.5] 0.444 [0.2,0.3] 0.244 0.706 0.678 0.0370 £ 0.0025 £ 0.0021 0.0169 £ 0.0017 £ 0.0006
[0.4,0.5] 0.444 [0.3,0.4] 0.344 0.702 0.673 0.0440 £ 0.0041 + 0.0030 0.0204 4 0.0029 + 0.0011
[0.4,0.5] 0.444 [0.4,0.5] 0.444 0.699 0.669 0.0487 £ 0.0047 £+ 0.0031 0.0196 + 0.0031 + 0.0011
[0.4,0.5] 0.444 [0.5,0.7] 0.578 0.693 0.664 0.0620 £ 0.0057 £ 0.0046 0.0336 £+ 0.0034 £ 0.0020
[0.4, 0.5} 0.445 [0.77 0.9} 0.774 0.681 0.659 0.1262 £ 0.0136 £ 0.0082 0.0484 + 0.0051 + 0.0024
[0.5,0.7] 0.577 [0.15,0.2] 0.174 0.697 0.677 0.0481 £ 0.0039 £ 0.0033 0.0162 £ 0.0020 £ 0.0010
[0.5,0.7] 0.577 [0.2,0.3] 0.244 0.698 0.675 0.0555 £ 0.0036 + 0.0034 0.0207 4 0.0019 + 0.0010
[0.5,0.7] 0.577 [0.3,0.4] 0.344 0.696 0.671 0.0609 £ 0.0055 £+ 0.0037 0.0285 + 0.0032 + 0.0019
[0.5,0.7] 0.578 [0.4,0.5] 0.444 0.693 0.667 0.0782 £ 0.0060 £ 0.0039 0.0317 £ 0.0034 £ 0.0019
[0.5,0.7] 0.579 [0.5,0.7] 0.579 0.688 0.662 0.1097 £ 0.0073 £ 0.0062 0.0457 £+ 0.0037 £ 0.0025
[0.5,0.7] 0.580 [0.7,0.9] 0.775 0.675 0.656 0.1980 £ 0.0150 £ 0.0157 0.0766 £+ 0.0062 £ 0.0031
[0.7, 0.9} 0.772 [0.15, 0.2] 0.174 0.683 0.672 0.0728 £+ 0.0075 £ 0.0055 0.0237 + 0.0026 + 0.0011
[0.7,0.9] 0.772 [0.2,0.3] 0.244 0.685 0.672 0.0867 £+ 0.0062 £ 0.0056 0.0299 + 0.0024 + 0.0011
[0.7,0.9] 0.773 [0.3,0.4] 0.344 0.684 0.668 0.0952 £ 0.0088 + 0.0061 0.0400 4 0.0035 £ 0.0020
[0.7,0.9] 0.774 [0.4,0.5] 0.445 0.682 0.665 0.1192 £ 0.0129 + 0.0069 0.0591 + 0.0052 + 0.0024
[0.7,0.9] 0.775 [0.5,0.7] 0.580 0.676 0.659 0.2073 £ 0.0159 £ 0.0141 0.0726 £ 0.0061 £ 0.0030
[0.7, 0.9} 0.776 [0.770.9} 0.776 0.664 0.651 0.3931 £ 0.0326 £+ 0.0506 0.1110 £ 0.0119 + 0.0039
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TABLE II: Azimuthal asymmetries obtained by fitting the UC double ratio in bins (21, 22). The errors are statistical and sys-
tematic. The table also reports the average values of z1, za, sin” 041, /(14 cos? 641,), and sin® 82 /(14 cos? f2) in the corresponding

(#1, 22) bin.
a  <a>  m  <=m> ghat caey AR A5°
[0.15,0.2] 0.174 [0.15,0.2] 0.174 0.716 0.687 0.0101 £ 0.0016 £ 0.0005 0.0052 £ 0.0011 £ 0.0003
[0.1570.2] 0.174 [0.270.3} 0.244 0.715 0.683 0.0141 &+ 0.0015 £ 0.0006 0.0066 + 0.0010 + 0.0003
[0.15,0.2] 0.174 [0.3,0.4] 0.344 0.711 0.676 0.0137 £ 0.0022 £ 0.0009 0.0061 £ 0.0014 + 0.0004
[0.15,0.2] 0.174 [0.4,0.5] 0.444 0.706 0.671 0.0154 £ 0.0023 + 0.0009 0.0065 4 0.0014 + 0.0004
[0.15,0.2] 0.174 [0.5,0.7] 0.577 0.697 0.663 0.0219 £ 0.0033 £+ 0.0016 0.0078 £+ 0.0017 + 0.0006
[0.15,0.2] 0.174 [0.7,0.9] 0.772 0.683 0.655 0.0316 £ 0.0061 £ 0.0026 0.0105 £ 0.0021 £ 0.0006
[0.2,0.3} 0.244 [0.15, 0.2] 0.174 0.715 0.685 0.0138 £ 0.0015 £ 0.0006 0.0057 £+ 0.0010 + 0.0003
[0.2,0.3] 0.244 [0.2,0.3] 0.244 0.713 0.682 0.0167 £ 0.0014 £ 0.0007 0.0070 £ 0.0009 + 0.0003
[0.2,0.3] 0.244 [0.3,0.4] 0.344 0.710 0.676 0.0181 £ 0.0021 #+ 0.0010 0.0082 4 0.0013 £ 0.0004
[0.2,0.3] 0.244 [0.4,0.5] 0.444 0.706 0.672 0.0194 £ 0.0021 £ 0.0010 0.0077 £ 0.0013 £ 0.0004
[0.2,0.3] 0.244 [0.5,0.7] 0.577 0.698 0.665 0.0265 £+ 0.0030 £ 0.0016 0.0100 £ 0.0015 £ 0.0006
[0.270.3} 0.244 [0.77 0.9} 0.772 0.685 0.658 0.0386 £ 0.0055 £+ 0.0026 0.0125 + 0.0019 + 0.0006
[0.3,0.4] 0.344 [0.15,0.2] 0.174 0.710 0.682 0.0124 £ 0.0022 £ 0.0008 0.0058 £+ 0.0014 + 0.0004
[0.3,0.4] 0.344 [0.2,0.3] 0.244 0.710 0.680 0.0151 £ 0.0020 £ 0.0009 0.0063 £ 0.0013 + 0.0004
[0.3,0.4] 0.344 [0.3,0.4] 0.344 0.706 0.674 0.0211 £ 0.0031 £ 0.0015 0.0095 + 0.0019 + 0.0007
[0.3,0.4] 0.344 [0.4,0.5] 0.444 0.702 0.671 0.0184 £ 0.0031 = 0.0015 0.0080 4 0.0019 + 0.0007
[0.3,0.4] 0.344 [0.5,0.7] 0.577 0.696 0.665 0.0250 £ 0.0043 + 0.0024 0.0111 + 0.0022 + 0.0011
[0.3,0.4] 0.344 [0.7,0.9] 0.772 0.684 0.659 0.0384 £ 0.0076 £ 0.0035 0.0166 £+ 0.0028 £ 0.0012
[0.47 0.5} 0.444 [0.15, 0.2] 0.174 0.706 0.680 0.0144 + 0.0023 £ 0.0009 0.0047 + 0.0014 + 0.0004
[0.4,0.5] 0.444 [0.2,0.3] 0.244 0.706 0.678 0.0163 £ 0.0021 £ 0.0009 0.0074 £ 0.0013 £ 0.0004
[0.4,0.5] 0.444 [0.3,0.4] 0.344 0.702 0.673 0.0187 £ 0.0031 + 0.0015 0.0084 4 0.0019 + 0.0007
[0.4,0.5] 0.444 [0.4,0.5] 0.444 0.699 0.669 0.0199 &+ 0.0036 £+ 0.0015 0.0078 £+ 0.0022 + 0.0007
[0.4,0.5] 0.444 [0.5,0.7] 0.578 0.693 0.664 0.0259 £ 0.0047 £ 0.0024 0.0132 £ 0.0024 + 0.0011
[0.4, 0.5} 0.445 [0.77 0.9} 0.774 0.681 0.659 0.0480 £ 0.0107 £ 0.0037 0.0177 £ 0.0039 + 0.0012
[0.5,0.7] 0.577 [0.15,0.2] 0.174 0.697 0.677 0.0222 £ 0.0033 £ 0.0017 0.0072 £ 0.0017 £ 0.0006
[0.5,0.7] 0.577 [0.2,0.3] 0.244 0.698 0.675 0.0249 £ 0.0030 + 0.0017 0.0090 £ 0.0015 £ 0.0006
[0.5,0.7] 0.577 [0.3,0.4] 0.344 0.696 0.671 0.0264 £ 0.0043 £+ 0.0023 0.0113 £ 0.0022 + 0.0010
[0.5,0.7] 0.578 [0.4,0.5] 0.444 0.693 0.667 0.0325 £ 0.0048 £+ 0.0023 0.0123 £ 0.0024 £ 0.0011
[0.5,0.7] 0.579 [0.5,0.7] 0.579 0.688 0.662 0.0456 £ 0.0060 £+ 0.0037 0.0174 £ 0.0028 + 0.0016
[0.5,0.7] 0.580 [0.7,0.9] 0.775 0.675 0.656 0.0769 £+ 0.0115 £ 0.0062 0.0270 £ 0.0044 + 0.0017
[0.7, 0.9} 0.772 [0.15, 0.2] 0.174 0.683 0.672 0.0318 £ 0.0063 £ 0.0027 0.0100 £ 0.0021 + 0.0006
[0.7,0.9] 0.772 [0.2,0.3] 0.244 0.685 0.672 0.0379 £ 0.0054 £+ 0.0027 0.0122 £ 0.0019 £ 0.0007
[0.7,0.9] 0.773 [0.3,0.4] 0.344 0.684 0.668 0.0393 £ 0.0074 + 0.0032 0.0153 £ 0.0028 + 0.0011
[0.7,0.9] 0.774 [0.4,0.5] 0.445 0.682 0.665 0.0472 £ 0.0105 £ 0.0034 0.0216 + 0.0040 + 0.0012
[0.7,0.9] 0.775 [0.5,0.7] 0.580 0.676 0.659 0.0772 £ 0.0118 £ 0.0061 0.0256 £+ 0.0044 + 0.0017
[0.7, 0.9} 0.776 [0.77 0.9} 0.776 0.664 0.651 0.1350 £ 0.0234 + 0.0150 0.0352 + 0.0083 + 0.0018
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TABLE III: Azimuthal asymmetries obtained by fitting the UL and UC double ratios in bins of p;. The upper (lower) table
summarizes the results for RF12 (RF0). The errors are statistical and systematic. The table also reports the average values of

z; and py; and sin® 0/(1+ cos? 0) in the corresponding (ps1, pr2) or p:o bin.

pr <pn><z> po  <pe><z2> Ljijefg’“ AUL AUC
[0.,0.25] 0.163 0.258 [0.,0.25] 0.163 0.258 0.690  0.0277 £ 0.0070 £+ 0.0030 0.0126 £ 0.0059 + 0.0019
[0.,0.25] 0.163  0.260 [0.25,0.5] 0.370  0.263 0.700  0.0318 £ 0.0036 &+ 0.0019 0.0144 4 0.0031 + 0.0012
[0.,0.25] 0.161 0.261 [0.5,0.75] 0.596 0.308 0.708  0.0373 £ 0.0052 £+ 0.0016 0.0173 £ 0.0044 + 0.0012
[0.,0.25] 0.161 0.263 [>0.75] 0.895 0.412 0.708  0.0617 £ 0.0087 £+ 0.0038 0.0270 £ 0.0071 + 0.0029
[0.25,0.5] 0.370 0.263 [0.,0.25] 0.163 0.260 0.700  0.0428 £ 0.0037 &+ 0.0030 0.0195 £ 0.0031 + 0.0014
[0.25,0.5] 0.367 0.270 [0.25,0.5] 0.366 0.270 0.711  0.0440 £ 0.0018 £+ 0.0018 0.0201 £ 0.0015 £ 0.0008
[0.25,0.5] 0.365 0.275 [0.5,0.75] 0.596 0.322 0.720  0.0390 £ 0.0026 4+ 0.0011 0.0177 £+ 0.0022 £ 0.0006
[0.25,0.5] 0.363 0.278 [>0.75] 0.890 0.424  0.721  0.0610 £ 0.0041 + 0.0023  0.0273 + 0.0034 + 0.0014
[0.5,0.75] 0.596 0.308 [0.,0.25] 0.161 0.262 0.708  0.0323 £ 0.0051 £+ 0.0021 0.0151 £ 0.0043 + 0.0013
[0.5,0.75] 0.596 0.321 [0.25,0.5] 0.365 0.275 0.720  0.0405 £ 0.0027 4+ 0.0015 0.0183 £ 0.0022 + 0.0007
[0.5,0.75] 0.595 0.324 [0.5,0.75] 0.595 0.326 0.731  0.0471 £ 0.0053 £ 0.0019 0.0209 £ 0.0035 + 0.0011
[0.5,0.75] 0.595 0.330 [>0.75] 0.885 0.423 0.735  0.0604 £ 0.0066 = 0.0035 0.0263 £ 0.0051 + 0.0023
[> 0.75] 0.895 0.412 [0.,0.25] 0.161 0.264  0.709  0.0529 £ 0.0084 + 0.0038 0.0239 + 0.0070 + 0.0028
[> 0.75] 0.890 0.423 [0.25,0.5] 0.363 0.279 0.721  0.0527 £ 0.0041 4+ 0.0016 0.0240 £ 0.0034 + 0.0011
[> 0.75] 0.885 0.422 [0.5,0.75] 0.595 0.331 0.735  0.0591 £ 0.0067 + 0.0023 0.0250 £ 0.0051 + 0.0018
[> 0.75] 0.881 0.425 [>0.75] 0.880 0.426 0.743  0.0662 £+ 0.0114 £+ 0.0044 0.0293 £ 0.0086 + 0.0036
po <pwo> <z > <zm> g AGE AYC
[0.,0.125]  0.083  0.230 0.300 0.685 -0.0020 £ 0.0028 £ 0.0008 -0.0009 £ 0.0023 £+ 0.0006
[0.125,0.25] 0.194 0.231 0.299 0.683  0.0034 £ 0.0017 4+ 0.0006 0.0015 £+ 0.0014 + 0.0004
[0.25,0.375] 0.315 0.233 0.295 0.680  0.0115 £ 0.0014 £+ 0.0011 0.0052 £ 0.0012 + 0.0006
[0.375,0.5] 0.438 0.239 0.289 0.678  0.0167 £ 0.0013 £+ 0.0011 0.0076 £ 0.0011 % 0.0006
[0.5,0.625] 0.558  0.258 0.281 0.677  0.0224 £ 0.0015 #+ 0.0014 0.0101 £ 0.0012 + 0.0007
[0.625,0.75] 0.683  0.302 0.276 0.677  0.0202 £ 0.0018 £+ 0.0014 0.0091 £+ 0.0014 +£ 0.0007
[0.75,0.9] 0.818 0.349 0.270 0.677  0.0254 £ 0.0021 4+ 0.0017 0.0113 £ 0.0016 £ 0.0009
[0.9,1.1] 0.989  0.406 0.262 0.677  0.0220 £ 0.0021 £+ 0.0017 0.0096 £ 0.0017 £ 0.0009
[1.1,1.5] 1.258 0.488 0.252 0.678  0.0212 £ 0.0020 &+ 0.0017 0.0092 £+ 0.0016 £ 0.0009

TABLE IV: Results of the linear fits to the Collins asymmetries as functions of sin? 8/(1 + cos® 8), where § = 6y, for RF12,
and 6 = 02 for RFO0.

AYF AYE Ay Ag°©
po |[—0.007 £0.005 —0.003 £ 0.003 0.014 £ 0.003 0.006 & 0.002
p1 0.064 4 0.007  0.029 & 0.005 0.009 & 0.004 0.004 % 0.003
X2 /ndf 1.0 0.4 0.5 0.2
po fixed 0 0 0 0
1 0.054 £0.002  0.025£0.001 0.028 +0.002 0.012 4 0.001
X2 /ndf 1.1 0.4 2.0 1.0
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TABLE V: Collins asymmetries in percent obtained by fitting the UL double ratios in bins of (z1, 22, pt1, pr2), in RF12. Each
4-dimensional bin is identified by two pairs of digits. The pair on the first raw identify the p:1 and p:2 intervals, with “0”, “17”,
and “2”, corresponding to the three bins p: < 0.25, 0.25 < p: < 0.5, and 0.5 < p¢, respectively. The pair on the first column
identify the z; and z2 intervals, with “0”, “17, “2” and “3”, referring to 0.15 < z < 0.2, 0.2 < z < 0.3, 0.3 < z < 0.5, and
0.5 < z < 0.9, respectively. The error shown is the sum in quadrature of the statistical and systematic uncertainties.

AYE (1072)

(ZI’ZQ)”“’W) (0,0) (0,1) (0,2) (1,0) (1,1) (1,2) (2,0) (2,1) (2,2)
(0,0) -0.01 £ 1.33|1.63 £ 0.83]1.37 &£ 2.03| 2.68 £ 0.87 | 3.41 £ 0.65 | 0.25 £ 1.28 | 3.17 &£ 2.01 | 2.16 £ 1.24 |-5.29 + 2.97
(0,1) 3.72 £ 1.57 | 1.80 & 0.77|2.48 =+ 1.09| 3.14 =+ 0.95 | 4.50 =+ 0.56 | 3.48 + 0.73 | 2.24 + 2.17 | 2.09 + 1.11 | 2.16 + 1.64
(0,2) 3.52 £ 2.11 |2.28 £ 0.96(3.06 = 0.89| 3.22 4+ 1.41 | 3.71 £ 0.64 | 3.62 £ 0.60 |-0.60 & 3.33| 0.02 £ 1.24 | 2.74 £ 1.46
(0,3) 8.66 & 4.26 |3.71 & 1.53|4.70 =+ 1.02| 5.66 £ 2.74 | 5.86 £ 1.09 | 6.61 = 0.70 | 2.20 + 6.04 | 1.20 + 1.64 | 3.41 % 1.74
(1,0) 2.59 £ 1.53 |1.07 £ 0.93(5.11 £ 2.32| 3.36 & 0.79 | 2.82 £ 0.50 | 3.68 £ 1.21 | 1.60 &+ 1.10 | 2.08 £ 0.78 | 3.28 £ 1.65
(1,1) 1.83 £ 1.61 [3.78 £ 0.90|4.66 & 1.27| 4.78 & 0.92 | 4.19 & 0.47 | 3.38 £ 0.66 | 5.34 + 1.28 | 4.10 £ 0.68 | 3.25 £ 1.01
(1,2) 4.77 £ 2.35 |4.88 £ 1.10{4.57 & 1.05| 2.56 + 1.32 | 5.91 £+ 0.68 | 4.36 £ 0.56 | 5.20 & 1.94 | 2.13 £ 0.71 | 4.31 £ 0.88
(1,3) 2.35 + 4.01 |3.86 + 1.376.28 £ 1.10| 8.50 = 3.00 | 5.63 £ 1.00 | 7.94 = 0.64 |-2.73 £ 3.45 | 4.16 =+ 1.04 | 5.30 = 0.95
(2,0) 0.65 + 2.22 |3.20 + 1.44|1.10 = 3.37( 2.41 + 0.96 | 3.27 + 0.63 | 2.54 + 1.47 | 2.95 + 0.91 | 4.85 + 0.74 | 2.17 + 1.47
(2,1) 112 + 2.32 |1.93 £ 1.36|0.27 + 1.87| 4.88  1.14 | 4.36 & 0.62 | 2.09 = 0.83 | 3.33 £ 1.01 | 4.61 £ 0.65 | 3.80 £ 0.86
(2,2) 5.59 & 3.15 |3.68 + 1.585.28 + 1.61( 5.36 £ 1.80 | 4.58 + 0.73 | 5.08 + 0.75 | 4.96 + 1.63 | 4.70 + 0.73 | 3.82 + 0.71
(2,3) -1.59 £ 3.93 |7.04 £ 2.27|5.91 £ 1.57| 6.24 % 2.95 | 7.50 £+ 1.27 | 8.13 £ 0.84 |-3.36 % 2.99 | 4.62 £ 0.98 | 7.39 £ 0.85
(3,0) 3.96 & 3.94 |3.36 + 2.94/0.88 + 6.24( 3.16 + 1.54 | 6.64 + 1.13 | 3.51 + 2.39 | 4.34 + 1.00 | 9.24 + 1.12 | 5.59 % 1.79
(3,1) 4.04 % 3.97 |7.95 + 2.86|1.95 £ 3.21| 4.98 £ 1.51 | 5.78 £ 1.00 | 4.34 £ 1.35 | 6.08 £ 1.10 | 9.56 = 0.92 | 5.23 =+ 0.96
(3,2) -0.34 + 4.49 |8.76 + 3.27|8.97 + 3.43| 5.48 + 2.23 | 6.19 + 1.14 | 7.04 £ 1.21 | 3.14 £ 1.52 | 9.75 £ 1.00 | 8.12 + 0.82
(3,3) 16.79 4+ 8.84|8.99 £ 4.10|7.06 & 2.84|17.79 £ 4.12|12.23 £ 2.12|12.61 £+ 1.36|12.24 £ 3.34|10.68 £ 1.31|16.76 + 1.14
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TABLE VI: Collins asymmetries in percent obtained by fitting the UC double ratios in bins of (21, 22, pt1, pr2), in RF12. Each
4-dimensional bin is identified by two pairs of digits. The pair on the first raw identify the p:1 and p:2 intervals, with “0”, “17”,
and “2”, corresponding to the three bins p: < 0.25, 0.25 < p: < 0.5, and 0.5 < p¢, respectively. The pair on the first column
identify the z; and z2 intervals, with “0”, “1”7, “2” and “3”, referring to 0.15 < z < 0.2, 0.2 < z < 0.3, 0.3 < z < 0.5, and
0.5 < z < 0.9, respectively. The error shown is the sum in quadrature of the statistical and systematic uncertainties.

AfY (1072)

P (0,0) (0,1) 0,2) (1,0) (1,1) (1,2) (2,0) 1) 2,2)
(0,0) L0.07 & 1.14]0.76 £ 0.710.62 £ 1.71| 1.28  0.72| 1.64 + 0.50|0.27 % 1.08| 1.54 % 1.71 | 1.06 % 1.05|-2.12 % 2.26
(0,1) 1.70 + 1.30 |0.88 £ 0.65|1.15 + 0.90{1.46 £+ 0.79]2.10 4+ 0.44{1.63 £+ 0.61| 0.89 £ 1.84 |1.05 + 0.94| 0.98 + 1.34
0,2) 1.97 & 1.84 | 1.14 + 0.81|1.43 + 0.74|1.50 & 1.21| 1.73 + 0.52|1.65 & 0.49] 0.53 4 2.76 |0.17 + 1.04| 1.28 % 1.20
(0,3) 3.04 £ 3.44 |11.68 + 1.28{2.18 £ 0.84(2.66 4+ 2.35[2.69 £+ 0.91|3.04 + 0.57| 0.29 £+ 5.15|1.13 £ 1.42| 1.73 4+ 1.46
(1,0) 119 & 1.20 049 + 0.80|2.34 + 1.95|1.62 & 0.66| 1.28 + 0.42|1.67 & 1.01| 0.73 % 0.92 |0.97 + 0.65| 1.65 % 1.35
(1,1) 0.86 £ 1.37 |1.72 + 0.75|2.20 £ 1.03|2.19 4+ 0.76[1.93 £ 0.39|1.55 4+ 0.54| 2.45 + 1.03 |1.88 £ 0.55| 1.59 4+ 0.81
(1,2) 214 + 193 |2.25 + 0.90|2.03 % 0.85]1.06 + 1.12|2.64 + 0.50|1.96 & 0.44| 2.37 + 1.5 [0.98 & 0.57| 1.94 % 0.67
(1,3) 0.17 £ 3.42 |1.97 4+ 1.29|2.61 £ 0.91|3.68 4 2.28|2.48 £+ 0.81|3.49 4+ 0.50|-1.77 &+ 3.05|2.03 £ 0.84| 2.59 4+ 0.77
(2,0) 034 + 1.88 | 1.43 + 1.21|0.89 + 2.77|1.16 4 0.80|1.50 % 0.52|1.14 = 1.24| 1.32 % 0.75 |2.24 % 0.59| 1.33 = 1.19
@1) 0.67 + 1.95 |0.89 + 1.13]0.24 & 1.53|2.19 + 0.90|1.93 & 0.48|0.99 % 0.67| 1.58 + 0.84 |2.09 % 0.50| 1.76 + 0.68
(2,2) 971 + 2.58 | 1.65 + 1.27|2.43 & 1.27 241 + 1.34|2.01 & 0.58|2.26 4 0.55| 2.19  1.27 |2.04 % 0.55| 1.70  0.52
2,3) 241 & 3.99|2.59 + 1.81|2.43 £ 1.20|2.67 + 2.44|2.94  0.93|3.35 % 0.61|-1.43 & 2.47|1.87 & 0.75| 2.98 = 0.61
(3,0) 1,52 4+ 3.38 [1.98 4 2.48|2.37 & 5.49|1.49 & 1.252.91 + 0.91|1.75 + 2.10| 1.99 + 0.83 |4.21 + 0.84| 2.58 + 1.50
3,1) 2.43 + 3.35 |3.70 + 2.28|0.83 + 2.87|2.42 &+ 1.28|2.49 & 0.81(2.20 & 1.12| 2.72 & 0.89 |4.38 £ 0.71| 2.43 £ 0.7
3,2) 110 & 4.19]4.32 + 2.50(3.91 + 2.71(2.29 + 1.79|2.57 + 0.92|2.92 + 0.95| 1.22 4+ 1.29 [4.19 & 0.78| 3.40 & 0.62
(3.3) 5.82 + 757 |3.43 + 3.40|2.64 &+ 2.57|8.57 + 3.43|4.47 & 1.48|5.05 + 1.06| 5.35 + 2.78 | 457 & 1.05| 6.21 + 0.78
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