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New data from Belle and BaBar Collaborations on azimuthal asymmetries, measured in e*e™

annihilations into pion pairs at Q? = 112 GeV?, allow to take the first, direct glance at the p,
dependence of the Collins functions, in addition to their z dependence. These data, together with
available Semi-Inclusive Deep Inelastic Scattering (SIDIS) data on the Collins asymmetry, are si-
multaneously analysed in the framework of the generalised parton model assuming two alternative
Q? evolution schemes and exploiting two different parameterisations for the Collins functions. The
corresponding results for the transversity distributions are presented. Analogous data, newly re-
leased by the BESIII Collaboration, on eTe™ annihilations into pion pairs at the lower Q2 of 13
GeV?, offer the possibility to explore the sensitivity of these azimuthal correlations on transverse
momentum dependent evolution effects.

PACS numbers: 13.88.+¢, 13.60.-r, 13.85.Ni

I. INTRODUCTION

Our knowledge of the 3-dimensional partonic structure of the nucleon in momentum space is encoded, at leading-
twist, in eight Transverse Momentum Dependent Parton Distribution Functions (TMD-PDFs). They depend on two
variables, the light-cone momentum fraction, x, of the parent nucleon’s momentum carried by a parton and the parton
transverse momentum, k_ , with respect to the direction of the nucleon’s motion. At a low resolution scale Q2 the
transverse momentum k; may be associated with the intrinsic motion of confined partons inside the nucleon. For
polarised nucleons and partons there is a further dependence on the spins of the nucleon and the parton. In addition,
the QCD radiation of gluons induces a dependence on the scale Q? at which the nucleon is being explored.

Similarly, the hadronisation process of a parton into the final hadron is encoded in the Transverse Momentum
Dependent parton Fragmentation Functions (TMD-FF's), which, in addition to spin depend on the light-cone momen-
tum fraction, z, of the fragmenting parton carried by the hadron and the hadron transverse momentum, p,, with
respect to the parton direction. For final spinless or unpolarised hadrons there are, at leading-twist, two independent
TMD-FFs.

So far, among the polarised leading twist TMD-PDFs and TMD-FFs, the Sivers distribution [II, [2] and the Collins
fragmentation function [3] have clearly shown their non negligible effects in several different experimental measure-
ments. The former describes the correlation between the intrinsic momentum k; of unpolarised partons and the
parent nucleon transverse spin; as such, it must be related to parton orbital angular momentum. The latter describes
the correlation between the transverse spin of a fragmenting quark and the transverse momentum p, of the final
produced hadron, typically a pion, with respect to the quark direction; as such, it reveals fundamental properties of
the hadronization process. This paper is devoted to the study of the Collins functions.

The Collins fragmentation function can be studied in Semi-Inclusive Deep Inelastic Scattering (SIDIS) experiments,
where it appears convoluted with the transversity distribution, and where, being dependent on p | , it induces a typical
azimuthal modulation, the so-called Collins asymmetry. Clear signals of this asymmetry were observed experimentally,
see Refs. [4H6]. The Collins fragmentation functions also induce azimuthal angular correlations between hadrons
produced in opposite jets in eTe™ annihilation [7, [§]. Consequently, a simultaneous analysis of SIDIS and e*e™ data
allows the combined extraction of the transversity distribution and the Collins FFs [9HIT].

Very recently, new data on the eTe™ — hy ho X process have been published by the BaBar Collaboration, focusing
on their z and p, dependence [I2]. It is the first direct measurement of the transverse momentum dependence of an
asymmetry, in ete™ processes, related to TMD functions. BaBar data benefit from very high statistics and offer, in
addition to the z1, zo distributions, data on the A;5 asymmetry in bins of (21, 22,p11,p12) and in bins of p,; and p, 2,
where p |1 and p 5 are the transverse momenta of the final hadrons with respect to the thrust axis. Moreover, BaBar
measures the Ay asymmetry as a function of Pjp, the transverse momentum of the final hadron h; with respect to



the plane which contains both the ete™ pair and the other final hadron, ho, in the eTe™ c.m. frame. Information on
the transverse momentum dependence of the asymmetries thus allows a first glance at the dependence of the Collins
FFs on the transverse momentum, p .

The explicit dependence of the TMDs on their corresponding momentum fractions x or z is relatively easy to
access, as most measured observables (cross sections, multiplicities, asymmetries) are given as functions of z or z,
although still in a limited range. Instead, the transverse momentum dependence is much more involved, as k; and
p1 are never observed directly but only through convolutions. Asymmetries alone are not sufficient for a complete
study of the Collins transverse momentum dependence, as they require the knowledge of the unpolarised TMD
fragmentation functions, which appear in the denominator of the asymmetry. Information on the unpolarised FF's
have historically been extracted from SIDIS processes where, unfortunately, the £, and p, dependences are strongly
correlated and cannot be disentangled unambiguously. For a direct extraction of the p; dependence of the unpolarised
FFs one would need to measure, for example, transverse momentum dependent cross sections or multiplicities in
ete™ — hy hy X processes, which would, finally, allow the extraction of the p, dependence of the Collins function
from eTe™ asymmetries. Although the present study cannot deliver an absolute determination of the Collins function,
our analysis of the new BaBar measurements allows to obtain the relative TMD behaviour of the Collins function
with respect to that of the unpolarised TMD-FF.

In this paper we adopt a phenomenological model for TMD-PDFs and FFs in a scheme where the cross section is
written as the convolution of two TMDs with the corresponding partonic cross section. Moreover, we assume that
the TMD longitudinal and transverse degrees of freedom factorize. The z-dependent part of our TMDs evolves in
Q? while the transverse momentum dependent part is Q2 independent. This model, sometimes called Generalized
Parton Model (GPM), has proven to work surprisingly well, allowing to describe a wide variety of observables: from
the SIDIS unpolarised multiplicities [I3HI5], to SIDIS Sivers and Collins effects [I11 [16, [I7] up to the most intriguing
spin asymmetries in inclusive hadron production [I8] [19].

Proper treatment of TMDs would require the use of TMD evolution [20]. In fact, one expects that, as Q2 grows,
gluon radiations will change the functional form of the k; and p, dependence: in particular, the widths of the
TMDs will generically grow with Q2. The corresponding evolution equations are the so-called Collins-Soper (CS)
equations [21],[22]. Recently, evolution equations have been formulated for unpolarised TMD functions directly [20 23
25]. Polarised TMDs, in particular the Collins FFs, were shown to have similar evolution equations [25] and the first
analysis of the SIDIS and e*e™ data including TMD evolution was presented in Ref. [26]. The results of Ref. [26] are
similar to the GPM model results published in Ref. [I1].

The TMD approach is valid in the region in which gr < Q, where gy ~ Pr/z and Q? are the transverse momentum
and the virtuality of the probing photon, respectively. Available SIDIS data cover the region from low to moderate
Q2. For instance the average values of Q2 of the SIDIS data considered in the present analysis are between 2.4 and
3.2 GeV?, while the typical transverse momentum Pr of the final hadron is between 0.1 and 1.5 GeV. Clearly, in this
region, it is difficult to guarantee qr < Q. It is then crucial to test the validity of the TMD approach in this range
of Q2 and g7 by comparing our results and those obtained by applying a TMD evolution scheme [26] to the available
experimental data.

In principle ete™ Collins asymmetry data, which correspond to a much larger @2, allow the application of the
TMD evolution scheme in its range of validity. However, the observables we are analyzing are, in general, ratios or
double ratios of cross sections, where strong cancellations of TMD evolution effects can occur. Therefore, we have to
understand whether soft gluon emissions, typical of TMD evolution, affect the Collins asymmetries, and whether we
can unambiguously observe any explicit Q2 dependence in the presently available data. This might also help to better
determine the universal, non-perturbative part of TMD evolution [27, 28]. Having no @2 evolution in the transverse
momentum distribution, our model could be considered as a benchmark for these kind of studies.

Almost at completion of our paper new results from the BESIII Collaboration have appeared [29]. They definitely
confirm the need of having non vanishing Collins functions; in addition, they present the very interesting feature
of being at much lower Q2 values with respect to Belle and BaBar data. We do not include them in our fitting
procedure, but rather we will compare our determination of the Collins functions with these new results, and explore
the sensitivity of these azimuthal correlations on Q2 dependent effects.

The purpose of this paper is twofold. First, we would like to test the GPM against the new ete™ data, both from
BaBar and BESIII Collaborations, and see whether the newest data put limitations on the region of applicability of
our model. Second, we would like to study the p, dependence of the pion Collins functions.

We only consider here pion production. The BaBar Collaboration has recently also measured azimuthal correlations
for pion-kaon and kaon-kaon pairs produced in ete™ annihilations [30]. They allow the first ever extraction of the
kaon Collins function and will be considered in a forthcoming paper.

The paper is organized as follows. In Section [[I] we briefly recall the formalism used in our analysis, while in
Section [ITI| we discuss our best fit of Belle [31], 32], BaBar [12], HERMES [4] and COMPASS [33] results and present
our extraction of the valence quark transversity distributions and of the pion Collins functions. In Section [[V]we study



how our choice of parameterisation for the Collins function affects the results of our fit and study its dependence on
the chosen evolution scheme. The newly released, low energy, BESIII data will be discussed in Section [V} Final
comments, including some considerations on the role of TMD evolution in phenomenological analyses of asymmetries,
will be given in Section [VI} together with our conclusions.

II. FORMALISM

Our strategy for the extraction of the TMD transversity and Collins functions is based on a simultaneous best fit
of SIDIS and eTe™ — hy hy X experimental data. We only summarise here the basic formalism used throughout the
paper; all details can be found in Refs. [9] 1T} [34] to which we refer for notations, kinematical variables, and for the
definition of the azimuthal angles which appear in the following equations.

A. SIDIS

In SIDIS processes, at O(k,/Q), the sin(¢p + ¢s) moment of the measured spin asymmetry Ayr [34, B3], is
proportional to the spin dependent part of the fragmentation function of a transversely polarised quark, encoded in the
Collins function, ANDy, /o1 (z,p1) = (2pL/zmp) Hi"%(z,p.) [36], convoluted with the TMD transversity distribution
ATQ(xa kl_) [9]

d(AG)
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The above equation further simplifies when adopting a Gaussian and factorised parameterisation for the TMDs. In
particular for the unpolarised parton distribution and fragmentation functions we assume:

—k3 /(K1)
Sap(@:hs) = fappla) =i 2)

P/

m(p?)

Dyyq(2,p1) = Dpyy(2) (3)

For the integrated parton distribution and fragmentation functions, f,/,(x) and Dy, 4(2), we use respectively the
GRV98LO PDF set [37] and the De Florian, Sassot and Stratmann (DSS) FF set [38]. This choice is dictated by
the fact that GRV98LO is the only PDF set with an initial scale, @y, low enough to accommodate all HERMES
data points, including those at the lowest values of Q2. We have checked that different choices of distribution and
fragmentation function sets hardly influence the outcome of our analysis. The Gaussian widths are fixed to the values
obtained by fitting HERMES SIDIS multidimensional multiplicities in Ref. [14]:

(k?) = 0.57 GeV? (p?) =0.12 GeV?; (4)

notice that these values were obtained using the unpolarised CTEQG6LO PDF's [39], rather than the GRVISLO PDFs,
adopted here; again, we have explicitly checked that using the GRVI8LO PDFs in fitting the multidimensional
multiplicities would not change the above results.

These values are different from those obtained and adopted in previous analyses [9] [I1l [34]. The determination of
the separate values of (k? ) and (p? ) from SIDIS data is still rather uncertain, and we have preferred here to choose
the most recently obtained values, which give a good fit [14] of the unpolarised multiplicities.

For the transversity distribution, Arq(x, k) ), and the Collins FF, ANDh/q¢ (z,p1), we adopt the following factorised
shapes [9]:

e_ki/<ki>7‘
m(ki)r

. e—PL/(P1)
ANDh/qT(’zmpL;QQ) = ANDh/qT(Z’QQ) h(pl-) 2 )
7T<pJ_>

ATQ(kaL;Q2) = ATQ(:L'>Q2) (5)
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where Arq(z) is the integrated transversity distribution and AN Dy, g (z) is the z-dependent part of the Collins
function. In order to easily implement the proper positivity bounds, these functions are written, at the initial scale

Q3, as [9]

Ara(e, Q) = N7 (2, Q3) 5 Uysolar. Q2) + Aae, Q3)] 7)
ANDh/qT(ZﬂQg) :2ch (Z7Q(2)) Dh/q(QO%) . (8)

They are then evolved up to the proper value of Q?. For Arq(z,Q?) we employ a transversity DGLAP kernel and
the evolution is performed by an appropriately modified Hoppet code [40]. The Soffer bound is built in by using
the GRV9SLO [37] and GRSV2000 [41] PDF sets at the input scale of Q2 = 1 GeV?, with a,(Qo) = 0.44 calculated
according to the GRV98 LO scheme. In this analysis, we use a simplified model which implies no Q? dependence in
the p, distribution. As the Collins function in our parameterisation is proportional to the unpolarised fragmentation
function, see Eqgs. @ and , we assume that the only scale dependence is contained in D(z,Q?), which is evolved
with an unpolarised DGLAP kernel, while N does not evolve with Q2. This is equivalent to assuming that the
ratio AND(z, Q?)/D(z,Q?) is constant in @?. Throughout the paper, we will refer to this choice as the “standard”
evolution scheme.
The function h(p, ), defined as [9]

hpy) = V2e e PN, (9)

allows for a possible modification of the p, Gaussian width of the Collins function with respect to the unpolarised
FF; for the TMD transversity distribution, instead, we assume the same Gaussian width as for the unpolarised TMD,
(K1), = (k7).

We parameterise N (z) as

(a+p)+?
a8
where —1 < NJ < +1, a and 3 are free parameters of the fit. Thus, the transversity distributions depend on a total

of 4 parameters (NJU,NJU,OL, B).
For the Collins function, as in previous papers [9, [I1], we distinguish between favoured and disfavoured fragmenta-
tions. The favoured contribution is parameterised as

N§ (z) = Nf 2*(1 - x)° (¢ = wp,dy) (10)

(v+0)+

s
fav(2) = N&, 27(1 — 2) ~750

) (11)
where —1 < N{ < 41, v and ¢ are free parameters of the fit. Differently from what we did in the past, we do not
assume the same functional shape for favoured and disfavoured Collins functions. In a first attempt we chose for N,
a parameterisation analogous to that shown in Eq. , letting the fit free to choose different v and ¢ parameters. It
turned out that, for the disfavoured Collins function, the best fit values of v and & were very close or compatible with
zero. One should also notice that, with the presently available SIDIS and e*e™ data, the disfavoured Collins function
is largely undetermined. Consequently, also in order to reduce the number of parameters, we simply choose

Gs(2) = Ng, . (12)
Thus, we have a total of five free parameters for the Collins functions (Mc, N§.,, NS, 7,6). Notice that, although

fav?

present data are still unable to tightly constrain the disfavoured Collins function, it clearly turns out that choosing
independent parameterlsatlons for Vg, (2) and N (2) definitely improves the quality of the fit.

Using Egs. (), (3), (5)), (6) into Eq. (1)) we obtain the following expression for A2¥¢h+¢s):
—P3/(PR) 1 —y

P <p2 >2
Voe L MWL
Mc (p?) <P2 sry?

Z ATq ANDh/q¢ (Z)

sin(pn+és) _
Aur B e~Pr/(P1) 1 4 ’ (13)
(P2) Ze Jarp(®@) Dpyq(2)
with
M2 p2
W = st (PR, = Phe, + 240K (19)
L



B. ete” =5 hha X processes

Independent information on the Collins functions can be obtained in unpolarised eTe™ processes, by looking at
the azimuthal correlations of hadrons produced in opposite jets [7]. The Belle Collaboration [8, 31, [32] and, more
recently, the BaBar Collaboration [12] have measured azimuthal hadron-hadron correlations for inclusive charged pion
production in ete™ — 77 X processes, which, involving the convolution of two Collins functions, can be interpreted
as a direct measure of the Collins effect.

Two methods have been adopted in the experimental analysis of the Belle and BaBar data [7, [0, [12], B1]:

1. In the “thrust-axis method” the jet thrust axis, in the ete™ c.m. frame, fixes the 2 direction and the eTe™ — ¢ @
scattering defines the Zz plane; @1 and @2 are the azimuthal angles of the two hadrons around the thrust axis,
while € is the angle between the lepton direction and the thrust axis. In this reference frame, with unpolarised
leptons, the cross section can be written as [9]:

d0.€+ei—>h1h2X

3rla? 9 9
7T T Zeq{(l-f—COS 0) Dh, 1q(21,p11) Dhyyq(22,p12)

q
1 .

+ 1 sin® @ AN Dy, g1 (21, 001) AN Dy, g (22,p12) cos(pr + 902)}~

(15)

dzydzepi1dpiipiadpiadcosd(pr + @2

Until very recently, only data on the z dependence were available, while p;; and p,o were integrated out.
However, in 2014 the BaBar Collaboration has released a new analysis in which multidimensional data are
presented [12]. This represents the first direct measurement of the dependence of the Collins function on the
intrinsic transverse momenta p 1 and pjo.

By normalizing Eq. to the azimuthal averaged cross section,

1 dae*e*—mlhzx

(do)

21 dz1dzapy1dpiiprodpyodcosd

3r2a? 9 9
= . Zeq (14 cos®0) Dy, /q(21,p11) Dhyyg(22,p12), (16)
q

one has

1 dae*e*—mlth

R 0 =
12(217Z27pJ_1apJ_27 y P1 + 302) <dO’> le dZQle dlepLZ dplzdcosed(wl + 902)

1 sin’6
41+ cos26
>y €a ANDy, gt (21,p101) AN Dy gt (22, p12)
>4 €aDnysq(21,011) Dhyyq(22,p12)

cos(p1 + ¢2)

X

~ (17)

To eliminate false asymmetries, the Belle and BaBar Collaborations consider the ratio of unlike-sign (7t~ +
7= m") to like-sign (77t + 77 ~) or charged (nt7n T + 7t7~ + 7 7" 4+ 7~ 7 ~) pion pair production, denoted
respectively with indices U, L and C. For example, in the case of unlike- to like-pair production, one has

.2
R?Q _ L+ % COS((‘Ol + L‘O2) lilélosge Pu

RE, 1+ 1 cos(pr + @2)71f302529 P
1 sin? 6
~ 14 T py-p
T2 cos(p1 + @2)1 T (Py — Pr)

= 1+ cos(pr + p2) AL (21, 22,p11,P19,0) (18)



with
po_ (Pu)n  2oq € [AY D pgr(21,p11) AN Doy (22,p12) + AN Do g (21,p11) AV Doty (22, p12)]
Y~ (Po)p >q€a [Datyq(21,011) Dr- q(22,p12) + Dr- 1q(21,p11) Drt q(22,p12)] ’
(19)
P (Po)n  2og€q [AN Do ygr (21,001) AN Doy i (22,p12) + AN D g (21,011) AN D g1 (22, p12))]
L= (PL)D qug [D7r+/q(zlapll)DW+/§(Z27pL2)+Dﬂ'*/q(zlale)Dw*/q('szpLQ)] ’
(20)
AT o =10 ) 1)
12 \#1,%2,P11,P12,V) = 11+ cos20 U L)-
Similarly, for AV (21,22, p11,p19,0) we have
1 sin?0
AYC )= -————(Py— P, 22
12 (ZlaZQ,pthLQa ) 41+COSQG( U C)7 ( )
where
P, P,
P — (Py)n + (Pr)n (23)

Notice that, in order to obtain the p; integrated asymmetries where only the 21, zo dependence is preserved, in
Egs. and we first integrate numerators and denominators separately over p,; and p,o, and then we
take ratios.

As said before, for fitting purposes it is convenient to introduce favoured and disfavoured fragmentation functions,

that is (see Egs. (6) and (8)):

ANDﬂ+/uT,(i_T (z,p1) _ ANDr/dmm (z,p1) — 2N (2) h(p.) e/ wh) (24)
Do jua(2) Dy q,a(2) fov m(p%)

AND (2, AND__ 5 (2, AND (2, -p1 /(1)
7r+/dT,uT(Z PJ_) _ T /m,m( PL) _ wi/sT,sT<Z pJ_) _ QN(ﬁs(Z) h(pJ_) e PL ; n . (25)
D7r+/d7ﬁ(z) D'lr*/u,ui(z) D‘n'i/s,E(Z) 7T<pL>

2. In the “hadronic-plane method”, one of the produced hadrons (hs in our case) identifies the 2 direction and the
7z plane is determined by the lepton and the hy directions; the other relevant plane is determined by 2 and the
direction of the other observed hadron, hi, at an angle ¢; with respect to the Tz plane. Here 65 is the angle
between hy and the ete™ direction.

In this reference frame, the elementary process e™e™ — ¢ g does not occur in the 7z plane, and thus the helicity
scattering amplitudes involve an azimuthal phase ¢-. The analogue of Eq. now reads

+ —
do® € —h1ho X 37TO£2

= e2 (14 cos®0y) D 21, Dy, 1z(22, 26
derdes dPp), dPp pdcosf s Zq: a{ 2) Dhsfa(21:11) D pg{72: P12) (26)

1 .
+ sin 02 AN Dy, /g1 (21,p11) AN Dy, g1 (22, p12) cos(22 + ¢Zl)} ,

where (,2521 is the azimuthal angle of the detected hadron h; around the direction of the parent fragmenting
quark, ¢. In other words, ¢’q‘1 is the azimuthal angle of p,; in the helicity frame of ¢q. It can be expressed in
terms of the integration variables we are using, p,, and P;p, the transverse momentum of the h; hadron. At
lowest order in p, /(z/s) we have

P

cosglit = L cos(y — p2) — - P22 (27)
Pli1 22 P11
P

sin ¢t = —L sin(¢y — ¢2) - (28)

b1



The integration over p |, is performed explicitly, using the parameterisation of the Collins function given in
Eq. @, while, as p,; = P1 — 21q;, we can replace d’p ; with d2Py7. We obtain

do.e+€7—>h1h2X 371'0[2
- D N, P } : 29
Qo dza Pipdcosf; 25 {Drins + Mo cos 26, (29)
where
oo - 5]
Dpyny = (1408’ 02) Y eaDn, sq(21) Diyjalz2) —— = (30)
4 m(p1)
Py _ Pip
1 2z o 2AN AN 2e PPy eXp[_W_@i)}
Nuh, = — sin” @ eg AV Dy ot (21) AT Dy, ot (22) —= < , (31
1 ha 42%—&-2’% Q;q h/q(l) h2/q(2)M3+<ﬁi> 7T<pi> ( )
and
~ 22+ 22 N 22+ 22
itz = g L) #2) = ph) B2 (52)
23 )
The unlike, like and charged combinations are
DU:DW+7r_+D‘n'_7r+ NU:Nﬂ+7r_+N7r_7r+ (33)
l)L:Dﬂ'Jrﬂ+ +D7r*7r* NL:Nw+7r++N7r*7r* (34)
DY = pY + D* NY=NY 4 N*, (35)
so that
NU,L,C
ULC _
P, = DULC > (36)
and finally
RyMC =14 PYPC cos(21). (37)
As in the previous case, we can build ratios of unlike/like and unlike/charged asymmetries:
RY 1+ PY cos(2
0 _ = 0_cos(2¢1) ~1+4 (P - POL(C)) cos(2¢1) = 1 + cos(2¢1) AgL(C) , (38)

ROL(C) 14 POL(C) cos(2¢1)

which can then be directly compared to the experimental measurements.

III. BEST FIT OF SIDIS AND e"e” DATA: TRANSVERSITY DISTRIBUTIONS, COLLINS
FUNCTIONS AND COMPARISON WITH DATA

We can now perform a best fit of the data on A?}r}(@ﬁ%) from HERMES and COMPASS and of the data on

AY L€ from the Belle and BaBar Collaborations. As anticipated above, we will not exploit the AIUQL’C data in our
fit, but only use them as a consistency check of our results. In our fit — we shall refer to it as the “reference” fit —
these asymmetries, given in Egs. and , are expressed in terms of the transversity and the Collins functions,
parameterised as in Eqgs. 7, and evolved according to the “standard” evolution scheme (see comments after
Eq. ().

The transversity and the Collins functions depend on the free parameters «, 8,7v,9, Ny , Ny and M¢. Following
Ref. [9] we assume the exponents «, S and the mass scale M¢ to be flavour independent. Here we consider the
transversity distributions only for v and d valence quarks (with the two free parameters N and N, dTv) The favoured
Collins function is fixed by the flavour independent exponents v and ¢, and by INZ , while the disfavoured Collins
function is determined by the sole parameter N§, (see comments before Eq. ) This makes a total of 9 parameters,
to be fixed with a best fit procedure. Notice that while in the present analysis we can safely neglect any flavour
dependence of the parameter 5 (which is anyway very loosely constrained by SIDIS data), this issue could play a
significant role in other studies, like the determination of the tensor charge [18].



NI =0.61793) N7 =—1.001358
a = 070143, B =1.801T5%
NE, =0.9019-99 N§, = —0.3713:98
v =2.02953 8 =0.0015:2

MZ = 0.287020 GeV?

TABLE I: Best reference fit values of the 9 free parameters fixing the u and d valence quark transversity distribution func-
tions and the favoured and disfavoured Collins fragmentation functions, as obtained by fitting simultaneously HERMES and
COMPASS data on the Collins asymmetry and Belle and BaBar data on AJY and AJ°.

Table [[] reports the values of the parameters as determined by the best fitting procedure, while in Table [I] we
summarise the total x2s of the fit and the x? contributions corresponding to SIDIS and ete™ experiments separately.
As one can see, this fit is very good. All data sets are very well reproduced, as shown in Figs. The statistical
errors shown in Table[] and the bands in Figs. [IHI5] are obtained by sampling 1850 sets of parameters corresponding
to a x? value in the range between x2. and x2. + Ax?, as explained in Ref. [I6]. The value of Ax? corresponds to
95.45% confidence level for 9 parameters; in this case we have Ax? = 17.2.

Figs. [1f and [2 show our best fit results for the azimuthal modulation Af}l}((bﬁr(bs) as measured by the HERMES [4]
and COMPASS [33] Collaborations in SIDIS processes, while Figs. [3| and 4| show our description of the azimuthal
correlations Ag L and AOU C. as functions of z; and 25 in unpolarised ete™ — hihy X processes, measured by the
Belle [31] B2] and BaBar [12] Collaborations, respectively. Fig. shows our best fit of the BaBar AYL and AJ¢ asym-
metries as functions of Pyr (pyo in the notation used by the BaBar Collaboration). We stress that these measurements
offer the first direct insight of the dependence of the Collins function on the parton intrinsic transverse momentum: in
fact, our global fit now delivers a more precise determination of the Gaussian width of the Collins function (through
the M parameter, see Table , which in our previous fits was affected by a very large uncertainty.

In Fig. |§| we show the valence quark transversity distributions and the lowest p  -moment of the favoured and
disfavoured Collins functions as extracted from our reference fit, while in Fig. [7]we compare them with those extracted
in our previous analysis [I1]. Notice that, in the case of a factorised Gaussian shape, the lowest p | -moment of the
Collins function,

YDy (@) = [ @AY D (291, Q) (39)
Experiment X2 n. points X2/points
Belle-z1zo AFL | 14.0 16 0.88
Belle-z12z0 AJ° | 13.6 16 0.85
BaBar-z12zo AYJL | 37.3 36 1.04
BaBar-z1z2 AJ€ | 13.0 36 0.36
BaBar-Pir A§JY | 5.6 9 0.63
BaBar-Pir AY° | 3.1 9 0.35
Total Ao 86.7 122 0.71
HERMES p 31.6 42 0.75
COMPASS p 40.2 52 0.77
COMPASS d 58.5 52 1.12
Total SIDIS 130.3 146 0.89
Total [ 2170 | 268 | X3, =08

TABLE II: Contributions of each individual set of fitted data to the total x? of our reference fit. The upper part of the table
refers to ete™ data. Here we show the x2s obtained for the Belle and BaBar AYY and AYC asymmetries as functions of z; and
z2 (integrated over the hadronic transverse momentum Pi7) and as a functions of Pir (integrated over z; and z2). The second
part refers to SIDIS measurements off proton and deuteron targets. In the last line we report the total x* and x3 . ¢ of the fit.
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to the statistical uncertainty on these parameters, as explained in the text.

is related to the z-dependent part of the Collins function, AN D), /a1 (2, Q?), Egs. @, and @), by the simple relation

213/2 /oo
AV Dy (21 @%) = L S VB AV D, 2,09, (10)

In Figs. |§|, I and we plot ANDy .+(2,Q?) in order to facilitate the comparison with the results of Refs. [9HIT].
From Fig. [7] we can see that only the Colhns functions differ significantly; this is due to the different choice of
parameterisation. In fact, given the lower statistics of the available data at that time, in 2013 we imposed that
the favoured and disfavoured N'“(z) functions had the same z-dependence and could differ only by a normalisation
constant, while in this paper, where we can count on a much higher statistics, they are left uncorrelated, with
the disfavoured function being simply a constant multiplied by the unpolarised fragmentation function, see Egs. (11J)
and . The u, and d,, transversity functions, instead, are well compatible with their u and d counterparts extracted
in 2013. Notice that the present data actually allow the extraction of the sole u, transversity function, due to the
strong u dominance in the SIDIS data. We have checked that Ard = 0 is a possible solution (and it is in fact
included in our uncertainty bands). Moreover, for instance, one could consider a scenario with only w and @ quark
contributions, without any d transversity distribution, obtaining a best fit of comparable quality. This might have an
important impact in the attempt to determine the tensor charge.

As mentioned above, in our global fit we include only the experimental e* e~ measurements taken in the hadronic-
plane reference frame, that is only the AYL and AJ¢ asymmetries are used to constrain the model parameters.
However, once the free parameters have been determined by the best fit procedure, we can compare the predictions
obtained from our model With the measurements of the AYF and AYC asymmetries performed in the thrust-axis
reference frame. Figs. 0] show this comparison: the predicted asymmetries are in satisfactory agreement with
experimental data, even for the multidimensional azimuthal correlations (in bins of 21, 22, p11 and p,2); there are
only some problems with data points corresponding to large values of z; and zs, but this is a delicate region where
exclusive channels might contribute.

IV. ON THE ROLE OF ALTERNATIVE PARAMETERISATIONS AND THE Q> EVOLUTION OF THE
COLLINS FUNCTION

In Sect1onnwe performed a best fit by adopting a simple phenomenological Q? evolution for the Collins function:
we assumed the ratio AND(z,Q2)/D(z,Q?) to be constant in @2, with the unpolarised fragmentation function
D(z, Q%) evolving with a DGLAP kernel. However, the Collins function can be shown to be related to the collinear
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H }(;;)q twist-three fragmentation function [42], the diagonal part of which evolves with a transversity kernel as the
transversity function. Therefore, it is interesting to apply this kind of evolution to the Collins function and study the
consequences of such an evolution on our best fit.

To this purpose, we assume the z-dependent part of the Collins distribution, AN Dy, /41, to evolve with a transversity
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kernel, similarly to what is done for the transversity function, as suggested in Refs. [42, [43]. The results we obtain
show a slight deterioration of the fit quality, with a global x3 , ; increasing from 0.84 to 1.20. Although this is still
an acceptable result, one may wonder whether this is a genuine effect of the chosen evolution model or, rather, a
byproduct of the functional form adopted for the Collins function parameterisation.

We have therefore exploited a different parameterisation based on a polynomial form. In principle, the polynomial
could be of any order. We have started by using an order zero polynomial, then increased it to order one and,
subsequently, to order two. In doing so, we have seen that the quality of the fit improves remarkably when going from
order zero to order one (i.e. from 2 to 4 free parameters) but it stops improving when further increasing to higher
orders. We therefore choose a first order polynomial form, which has the added advantage of depending on the same
number of free parameters as the standard parameterisation of Egs. and .

We consider generic combinations of fixed order Bernstein polynomials (see, for example, Ref. [44]) as they offer a
relatively straightforward way to keep track of the appropriate normalisation:

./\/‘ic (Z) = az-Pm(z) + bzPu(z) 1= fav, dis (41)
where Pp1(z) = (1 — z) and Py1(2) = 2z are Bernstein polynomials of order one. Notice that by constraining the four
free parameters in such a way that —1 < a; < +1 and —1 < b; < +1, the Collins function automatically fulfils its
positivity bounds, as in the standard parameterisation. The Collins function will be globally modelled as shown in

Egs. (6) and (8), with Mg, (2) and N () as given in Eq. (41).
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FIG. 10: The experimental data on the multidimensional azimuthal correlations AY" (upper panel) and A% (lower panel) in
unpolarised ete™ — hy ha X processes, as measured by the BaBar Collaboration [I2], are compared to the curves given by the
parameters shown in Table[] The shaded areas correspond to the statistical uncertainty on these parameters, as explained in
the text. These data have not been used in the global reference fit.
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It turns out that with a transversity-like Q2 evolution of the Collins function coupled to this polynomial parame-
terisation, we can obtain best fit results of similar quality as we found for our reference fit, with x% . ; = 1.00. Notice
that, adopting the polynomial parameterisation and the standard evolution of the Collins function, one would obtain
X3 o, = 0.92 and no improvement would be achieved with respect to our reference fit.

In Table [I1I| we show the x3  ; corresponding to different choices of evolution and parameterisation for the Collins
functions. As it can be seen, all x% _; are rather close to 1: this suggests that the observables we are fitting exhibit
a very mild Q2 dependence. In fact, we have checked that a similar x3 _; can be obtained by not including any Q?
dependence at all in the PDF's and FFs. One of the reasons our model works well is that it allows for an approximate
cancellation of the Q?-dependence in the asymmetries.

Fig. |L1] shows a comparison between the Collins functions extracted from the same sets of data using the reference
fit procedure (red, solid lines) and the transversity-like Q? evolution with a polynomial parameterisation (blue, dashed
lines). No really significant differences can be noticed. We do not show the same comparison between the transversity
distributions obtained in the two best fit procedures, as the differences would be hardly noticeable; this can be seen
by comparing the values of the parameters N¢,, Nj , o and 3, fixing the transversity distributions, in Table I and IV.

Evolution | Parameterisation | x*/points ete™ | x*/points SIDIS ‘ X2/d.o.f.‘

Standard Standard 0.71 0.89 0.84
Standard Polynomial 0.83 0.94 0.92
Transversity Standard 1.17 1.15 1.20
Transversity Polynomial 1.02 0.93 1.00

TABLE IIL: Values of x2 . ; for different evolutions and parameterisations of the Collins function. Separate values for ete™
and SIDIS data are also given.

Nii, = 0581537 NI = ~1.00*2%
a=079%55, B =1447792

aray = —0.022555 bray = 0.6670:14
aais = —1.0055:0 bais = 0.12+0:3
ME = 027540 GeV?

TABLE IV: Best fit values of the 9 free parameters fixing the v and d valence quark transversity distribution functions
and the favoured and disfavoured Collins fragmentation functions, as obtained by fitting simultaneously SIDIS data on the
Collins asymmetry and Belle and BaBar data on AJ” and AJ, using the transversity kernel evolution and the polynomial
parameterisation.
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FIG. 11: Comparison of the lowest p, moment, according to Eq. of the text, of the favoured (upper panels) and disfavoured
(lower panels) Collins functions at Q? = 2.4 GeV? (left panel) and at Q? = 112 GeV? (right panel) obtained from best fit
procedures using different evolution kernels and parameterisations. The solid red lines represent the Collins moments obtained
by using the standard parameterisation and employing the standard evolution. The dashed blue lines represent the same
quantities obtained using the polynomial parameterisation and by evolving the Collins function with a transversity kernel. The
shaded areas correspond to the statistical uncertainty on the best fit parameters, as explained in the text.

V. BESIII AZIMUTHAL CORRELATIONS

Quite recently, the BESIIT Collaboration have released their measurements of the azimuthal Collins correlations
in ete~ annihilations into pion pairs, completely analogous to those of BaBar and Belle, but at the lower energy
Vs =Q = 3.65 GeV [29]. BESIII has no clear jet event shape to help reconstructing the thrust axis (i.e. to separate
hadrons coming from different fragmenting quarks or antiquarks). In fact, the BESIII Collaboration does not present
Ajo-type asymmetries. Instead, a cut on the opening angle (> 120°) is required to select back-to-back pion pairs; the
azimuthal correlations are then analysed in the hadronic frame, as explained in Section [[Il We do not include these
data in our fitting procedure. However, it is interesting to check the description of these new sets of measurements
that our model can provide. Their low Q? values, as compared with Belle and BaBar experiments, might help in
assessing the importance of TMD evolution effects.

In Fig. the solid, black circles represent the AYC and A asymmetries measured by the BESIII Collaboration at
Q? = 13 GeV?, in bins of (21, z2), while the solid blue circles (with their relative bands) correspond to the predictions
obtained by using our reference fit results, presented in Section [[TI] These asymmetries are well reproduced at small
z1 and z9, where we expect our model to work, while they are underestimated at very large values of either z; or 2o,
or both. Notice that the values of z1, 2o in the last bins are very large for an experiment with /s = 3.65 GeV: such
data points might be affected by exclusive production contributions, and other effects which cannot be reproduced
by a TMD model.

Fig. shows the same asymmetries, plotted as functions of Pyz. The AY € asymmetry is described reasonably
well by our model, while A is slightly underestimated, especially at large Py where the effects of the experimental
cuts, namely the opening angle, become more important.

Similar results, even with a slightly better agreement, are obtained using the results of our alternative fit, Table [[V]
based on a transversity evolution kernel for the Collins function combined with a polynomial parameterisation. They

are shown in Figs. [I4] and

At this stage, it is quite difficult to draw any clear-cut conclusion. The predictions of our approach, which does not
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include TMD evolution, seems to be quite satisfactory. On the other hand, the TMD evolution approach of Ref. [20]
gives very good results. Despite the sizeable difference in @2 among the different sets of eTe~ data, the measured
asymmetries do not show any sensitivity to evolution effects in Q2. Further comments will be given in the conclusions.

One should also add that, at the moderate energies of BESIII experiment, with the difficulties to isolate opposite
jet hadrons, some corrections to the TMD factorised approach might still be relevant, like the appropriate insertion
of kinematical cuts, of higher twist contributions and of threshold effects.

NN NN
QM _pr p A A A A pr A A A A
AR AR AR R R AR AR AR
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FIG. 12: The solid, black circles represent the AY¢ (left panel) and AJ” (right panel) asymmetries measured by the BESIII
collaboration at Q* = 13 GeV?, in bins of (21, 22) [29], while the solid blue circles (with their relative bands) correspond to the
predictions obtained by using our reference fit results for the Collins functions.
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FIG. 13: The predictions obtained by using the Collins functions extracted from our reference fit of SIDIS (Q? = 2 — 3 GeV?)
and ete™ (Q% = 112 GeV?) data (solid, blue lines) are compared to the AJC (left panel) and AY” (right panel) asymmetries
measured by the BESIII collaboration [29] at Q* = 13 GeV?, as functions of Pir (black circles). The shaded areas on the
theoretical curves correspond to the uncertainty on the parameters, as explained in the text.
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FIG. 14: The solid, black circles represent the AY¢ (left panel) and AJ” (right panel) asymmetries measured by the BESIII
collaboration [29] at Q* = 13 GeV?, in bins of (21, 22), while the solid blue circles (with their relative bands) correspond to the
predictions obtained by using the Collins functions from our alternative fit, Table [[V]
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FIG. 15: The predictions obtained by using the Collins functions from our alternative fit, Table (solid, blue lines) are
compared to the AJC (left panel) and AS” (right panel) asymmetries measured by the BESIII collaboration [29] at Q2 = 13
GeVQ, as functions of Pir (black circles). The shaded areas on the theoretical curves correspond to the uncertainty on the
parameters, as explained in the text.

VI. COMMENTS AND CONCLUSIONS

We have performed a new global analysis of SIDIS and ete™ azimuthal asymmetries, motivated by the recent
release of BaBar data, with high statistics and precision, which offer new insights on the p; dependence of the Collins
azimuthal correlations Ag and Ajs. We have extracted the Collins functions and the transversity distributions by
adopting a simple phenomenological model for these TMD-PDFs and FFs, such that their x or z-dependent parts
evolve with Q2 while the transverse momentum dependent part is assumed to be Q? independent, i.e. by neglecting
the TMD evolution.

The u and d quark transversity functions obtained by best fitting SIDIS results and the new eTe™ data simul-
taneously are compatible with the previous extractions [9HIT]; while the u valence transversity distribution has a
clear trend, the d valence transversity still shows large uncertainties. A similar procedure for the extraction of the
transversity distributions, which combines SIDIS and eTe™ data, involving the di-hadron fragmentation functions,
has been adopted in Refs. [45H47]; the two methods obtain values of the transversity distributions which are well
consistent with each other.

Instead, our newly extracted Collins functions look somewhat different from those obtained in our previous analyses.
This is mainly due to the fact that we have exploited a different parameterisation for the disfavoured Collins function:
while in the past we used a disfavoured parameterisation with the same shape of its favoured counterpart, but with
a different normalisation (and sign), we have now modelled the disfavoured Collins function independently. We have
realised that one free parameter for the disfavoured Collins function is enough to reach a fit of excellent quality,
indicating that the actual shape of the disfavored Collins function is still largely unconstrained by data.
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About the p; dependence of the Collins function, we observe that its Gaussian width can now be determined with
better precision. However, our extraction is still subject to a number of initial assumptions: a Gaussian shape for
the TMDs, a complete separation between transverse and longitudinal degrees of freedom, a Gaussian width of the
unpolarised TMD-FFs fixed solely by SIDIS data. Hopefully, higher statistics and higher precision multidimensional
data, for asymmetries and unpolarised multiplicities, will help clarifying the picture.

We have also made an attempt to understand the Q? dependence of these experimental data. We see that our
model provides a very satisfactory description of the data and, although it relies on a 2 independent p, distribution,
the quality of our best fit is similar to that obtained by using TMD evolution [26]. This can be an indication that
there might be cancellations of the Q? dependence of the TMDs in these azimuthal asymmetries, which are ratios or
even double ratios of cross sections.

One can study these Q2 evolution effects by directly comparing the same azimuthal correlations measured at very
different Q2 values by BaBar-Belle and BESIII Collaborations. Our model predicts almost identical asymmetries for
different Q2. Differences among BESIII and BaBar-Belle asymmetries could be explained by the different kinematical
configurations and cuts. Our predictions are in qualitatively good agreement with the present BESIII measurements,
indicating that the data themselves do not show any strong sensitivity to the Q2 dependence in the transverse
momentum distribution. Also in this case, the predictions obtained from a TMD evolution approach can describe the
data well: this points again to cancellations of the TMD evolution effects which occur in the ratios when computing
the measured asymmetries.

We are thus led to believe that asymmetries or any observable which is constructed by taking ratios are not ideal
grounds for the study of TMD evolution effects. More effort should be made towards measuring properly normalized
SIDIS and e*e™, and Drell-Yan cross sections (both unpolarised and polarised) where details of TMD evolution might
finally be unraveled.
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