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ABSTRACT

We present an updated study of the Collins azimuthal asymmetries for pion-in-jet production in polarized pp
collisions. To this aim, we employ a recent extraction of the transversity and Collins fragmentation functions
from semi-inclusive deep inelastic scattering and e*e™ annihilation into hadron pairs processes, obtained within
a simplified transverse momentum dependent (TMD) approach at leading order in the strong coupling constant «;.
In the present case we adopt a collinear configuration for the initial state, keeping transverse momentum effects
only in the fragmentation mechanism. Our theoretical estimates, when compared against 200 GeV and 510 GeV
data from the STAR Collaboration, show a generally good agreement for the distributions in the transverse
momentum of the jet, the pion longitudinal momentum fraction and its transverse momentum with respect to
the jet direction. While not being a proof, due the assumptions and limitations behind the entire approach, these
findings corroborate the hypothesis of TMD factorization for such processes as well as of the universality of the
Collins function and, once again, of a reduced impact of the proper TMD evolution on azimuthal asymmetries. We
will also present predictions based on an extraction of the Collins and transversity distributions where information
from data on single spin asymmetry for inclusive pion production in p'p collisions is included through a Bayesian

reweighting procedure.

1. Introduction

Understanding the internal structure of high-energy nucleons in
terms of parton degrees of freedom, as well as the fragmentation mech-
anism of partons into hadrons, are certainly an utmost issue in hadron
physics and more generally in QCD. When also intrinsic transverse mo-
mentum and spin effects are included the richness of information one
can extract becomes invaluable. In this respect, transverse single-spin
and azimuthal asymmetries in inclusive and semi-inclusive processes
represent a unique tool to investigate these issues.

A well defined and consolidated framework to deal with these ob-
servables is the so-called transverse momentum dependent (TMD) ap-
proach [1-8], whose factorization allows one to separate the soft physics
from the hard, perturbatively calculable, parts. There is a general con-
sensus on the validity of TMD factorization for some specific processes,
namely semi-inclusive deep inelastic scattering (SIDIS), Drell-Yan (DY)
processes and e*e™ annihilation into almost back-to-back hadron pairs,
where two ordered energy scales are present [9-13]. These are the large
virtuality of the exchanged boson, and a small one, identified with the
transverse momentum of the final hadron in SIDIS, of the lepton pair in
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DY or the imbalance in the transverse momentum of the hadron pair in
ete™ processes.

Thanks to the significant experimental activity carried out during
the last two decades [14-19], this theoretical approach has been suc-
cessfully adopted in several phenomenological analyses. Moreover, it is
currently and will be further investigated in ongoing and future exper-
imental programs at JLab [20,21], RHIC [22] at BNL, COMPASS/AM-
BER [23-25] at CERN, BABAR [19] at SLAC, Belle II [14] at KEK and
BESIII [26], in fixed-target mode at the LHC [27,28], at the Electron-Ion
Collider (EIC) [29,30] and at Tevatron with the SpinQuest [31] Drell-
Yan program.

These combined efforts from theory, experiments and phenomenol-
ogy, have eventually allowed for the extraction, with an increasing level
of accuracy, of important TMDs: among them we mention the Sivers
distribution [32,33] and the Collins fragmentation function (FF) [34].
The latter TMD, on which we concentrate in this work, describes the
asymmetric azimuthal distribution of an unpolarized hadron around
the direction of motion of the transversely polarized fragmenting par-
ent quark. Moreover, it is chiral odd and naively T-odd. The Sivers and
the Collins functions share important features, but while the first one
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is expected to be process dependent, even if in a predictable way when
moving from SIDIS to DY processes [35-37], the second one is predicted
to be universal [37-41].

In this paper we will focus on this fundamental aspect of the Collins
function, studying a process complementary to the three TMD factor-
izable ones mentioned above: the azimuthal asymmetry for pion-in-jet
production in polarized pp collisions. This process shares indeed a com-
mon feature with the other ones, the presence of two ordered energy
scales: a large one, the transverse momentum of the jet, p;;, and a small
one, the intrinsic transverse momentum of the pion with respect to the
jet direction (p,, = j in the following). In this regard, the hypothesis
of TMD factorization is expected to be a reliable assumption.

This study will eventually allow us to test this issue, or better said,
to investigate the absence of sizable factorization breaking effects, as
well as the role and the importance of the TMD evolution. On this basis
we use the information on the Collins function and the transversity dis-
tribution, as extracted from azimuthal asymmetries in SIDIS and e*e™
processes, to give theoretical estimates for the Collins asymmetry for
pion-in-jet production in p'p collisions and compare them with avail-
able experimental data.

This work is an extended and improved study of analogous anal-
yses carried out in the past [42-46], where similar conclusions were
obtained, even if adopting less accurate TMD extractions and consid-
ering a limited number of data and with lower statistics, as available
at that time. Here, the full set of data by the STAR Collaboration at
\/— = 200 GeV [47] and the latest ones at \/_ =510 GeV [48,49], suit-
ably binned and providing j, distributions, and adopting updated TMD
extractions, will allow us to perform a more detailed analysis. In this
respect, even if on a phenomenological basis and taking into account
the assumptions adopted in our simplified scheme, this work represents
an important step towards a more comprehensive picture of azimuthal
asymmetries within a TMD approach, touching upon at the same time
universality, factorization and evolution issues. A corresponding study,
along the same lines, for another important leading-twist, T-odd, TMD
fragmentation function, the polarizing FF, was carried out in Ref. [50],
by analyzing the transverse polarization of A hyperons within a jet pro-
duced in unpolarized pp collisions.

As we will discuss below, the kinematics of this process covers re-
gions in z, the pion longitudinal momentum fraction, and x, the light-
cone momentum fraction of the quark in the polarized proton, comple-
mentary to those explored in SIDIS and e*e™ processes. In this respect,
it can help to better constrain both the Collins FF and the transversity
distribution in these regions.

In the spirit of a unified approach one might consider as well sin-
gle spin asymmetries (SSAs or A ) for inclusive pion production in p'p
collisions, where only one large scale, the transverse momentum of the
final-state hadron, is present. In such a case it is argued that the so-
called collinear twist-three (CT3) formalism [51,52] is appropriate for
their description. A global analysis adopting simultaneously the TMD
(for two-scale processes) and the CT3 (for single-scale ones) approaches,
and including also information from lattice QCD simulations, has been
indeed successfully carried out in Ref. [53]. Nevertheless, TMD and
CT3 formalisms are intimately connected [54], and TMD and twist-three
functions can be related (as also done in [53]). In this regard, a recent
study [55] has shown, for the first time, that a simultaneous analysis of
the available experimental data for azimuthal asymmetries in SIDIS and
ete™ scattering processes, and SSAs in proton-proton collisions, assum-
ing factorized expressions in terms of TMDs for all those processes, is
possible. It is therefore worth exploring the impact of this simultaneous
analysis in describing the Collins asymmetry for p'p — jet 7 X !

The paper is organized as follows: in Section 2 we recall the basic
formulae of the theoretical formalism, then in Section 3 we present our

! For a recent attempt to include in the global fit of Ref. [53] data for pion-
in-jet production in p'p collisions see Ref. [56].
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predictions and compare them against STAR data. In Section 3.1 we
explore the possibility to have an overall picture in terms of TMDs by
adopting the results obtained in the simultaneous analysis performed in
Ref. [55], then in Section 4 we draw our conclusions.

2. Formalism

We recall here the basic elements of the formalism, providing the
main expressions. All details can be found in Refs. [43,44].

We compute the azimuthal asymmetry for an unpolarized hadron
h produced within a jet in single-polarized hadron-hadron (A B) colli-
sions,

A(p4) Bpg) = jet(p) h(py) X, (€8]

where py, pg, Dj» Py are the momenta of the incoming hadrons (two pro-
tons in our case), the jet, and the produced unpolarized hadron (a pion
in the following) respectively.

We will consider transverse momentum effects only in the fragmen-
tation mechanism within a leading order (LO) factorization framework,
employing a collinear configuration for the initial state. While still al-
lowing for the observed azimuthal modulation, this simplifies the treat-
ment and gets closer to a TMD factorization picture where two measur-
able and ordered scales appear: the large transverse momentum of the
jet and the small transverse momentum of the pion with respect to the
jet. A similar approach has been successfully adopted in Ref. [50].

For better clarity, we summarize below the kinematics adopted. We
will work in the AB center-of-mass (c.m.) frame, with AB along the z
axis and the jet laying in the xz plane. The four-momenta (for massless
hadrons and partons?®) are given by

g Vs Vs
A 2 2
N NG @

s
pZ ZXQT(I,O,O,I), p;; ZXbT(I,O,O,—l),

p;‘ = E;(1,5in;,0,cos 6;) = pir(coshy;, 1,0, sinh ;)

(1,0,0,1), ply=-(1,0,0,-1),

where s is the c.m. energy squared, n; = —log[tan(6;/2)], is the jet pseudo-

rapidity and pjr = |pjr| its transverse momentum in the AB c.m. frame.
The Collins contribution to the asymmetry for the p'p — jet 7 X pro-

cess can be extracted by computing the following azimuthal moment:

sin(¢s—¢f)
AN S (PJ > Z, pJJr)

_, [ desdd)! sings = ¢ 1o ;) = dots + 7.4 ] @)
[ dbsdpH [do(bs. o)+ do(ds + . ¢H)]

where do (¢, ¢f ) stands for the differential cross section

E, doPSs—jetn(dl) X
d3p;dzd’p,, dog

Here z is the pion longitudinal momentum fraction®, p,, = j; is the
transverse momentum of the pion with respect to the parent parton,
¢! is the azimuthal angle of the pion momentum, measured in the jet
helicity frame, and .S is the (transverse) polarization vector of the initial
proton beam, forming an angle ¢ ¢ with the jet production plane (the xz
plane) in the pp c.m. reference frame. The azimuthal factor sin(¢g — qb”H )
in the numerator of Eq. (3) singles out the Collins contribution.
The numerator in Eq. (3) can be schematically given as

4

i e
N[Aj::(d’s $r )] - Z h(}z(xa)@f:;(xb)@A&ab_»cd ® H#C(z’pi”) (5)

ab,c.d
that is a convolution of the collinear quark transversity distribution, A{,
with the Collins TMD FF, H. 1“, and the partonic spin transfer, Aé, while

2 The elementary process under consideration is a(p,)b(p,) = c(p,)d(p,)-
3 Focusing on light mesons, we will identify the light-cone momentum fraction
with the longitudinal momentum fraction.
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the denominator is simply twice the unpolarized cross section, where
all partons, quarks and gluons, are included. The scale dependence of
the nonperturbative functions in Eq. (5) has been understood. We will
comment on this below. Note that, within a LO approach, the final par-
ton ¢ in the elementary process ab — cd (a quark in the present case)
can be identified with the observed fragmenting jet: ¢ = jet.

For the x-dependent part of the transversity function we adopt the
following parametrization at the initial scale [57-60]:

1
h{(x, 0F) = N (03 [£4(x, OF) + g, (x, OF)] (6)
where
5 @+t
aapf
with the a and p parameters as extracted in Ref. [55]. Notice that we
consider only the valence contributions. We set Qg =0.81 GeV? as the

input scale, with ag(M,) ~ 0.118.
The Collins functions are parametrized as in Refs. [57-60]:

NT(x) =N x*(1-x) . (@=u,d) )

zm _n2 2
H ) = N @ Ve iIME Dy 2.1 ®)

where ¢ = fav,unf (favored/unfavored fragmentation functions), m, is
the produced hadron mass and p, = |p,|. D), /4(2, pi) is the unpolarized
TMD FF, while the N qc(z) factors are given by

NE

fav

(2)=N§, 77, NS(2) =N ©)

fav unf

All these parameters have been extracted in Ref. [55] by fitting data on
SIDIS and e*e~ azimuthal asymmetries.

The unpolarized TMD FFs are parametrized using a factorized Gaus-

sian ansatz:
2 2

Dy/y(z.p7) = Dy (2) L/zw 10

z{p])
with (p?) =0.12 GeV? as extracted from a fit to HERMES multiplici-
ties [61]. As for the collinear parts, we adopt the MSHT20nlo proton
PDFs [62] and the DEHSS fragmentation functions for pions [63,64].
Apart from the transversity function in Eq. (6), that is evolved to higher
©? values through a modified version of HOPPET [65,66], in all cases, in-
cluding the collinear part of the Collins function (see Eq. (8)), the scale
dependence is computed via DGLAP evolution equations.

Before presenting our results, a few comments are in order. Let us
start with the choice of the factorization scale, both in the collinear PDFs
and in the TMD FFs. On the one hand, the relevant scale for the TMD FFs
for this kind of processes is y; = pir R, where R is the jet-cone radius,
as discussed in Ref. [46]. Then, by evolving up to u = pjr, One resums
single logarithms in the jet size parameter to all orders in the strong
coupling constant a,. On the other hand, working at LO accuracy, which
is independent from R (and more generally from the jet dynamics), and
following Ref. [45], we can safely use u = pj; for the unpolarized and
the Collins TMD FFs and similarly for the collinear distributions.

Another relevant issue is that, in order to determine the proper par-
tonic frame, one should consider the backward going jet together with
the jet around which we measure the final hadron, as pointed out in
Ref. [67]. Indeed, the z and p, dependences of the FF for a jet with
a large transverse momentum are not invariant under Lorentz boosts
along the pp direction. This could cause a mismatch with the corre-
sponding variables adopted in SIDIS and e*e~ expressions. Since these
differences scale as Ej, /\/E [68], we expect that, for the energies and
the kinematics considered here, these corrections are not larger than a
few percent.

3. Results
We present here our theoretical estimates of the Collins azimuthal

asymmetry for p'p — jet # X, and compare them against STAR data [47—
49], adopting the corresponding kinematics and experimental setups. In
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Fig. 1. Estimates of the Collins azimuthal asymmetry for p'p — jet z X, based on
the extractions of Ref. [55], as a function of z, integrated over 7, in the forward
region, at /s = 200 GeV and (p;r) = 13.3 GeV (upper panel) and /s = 510 GeV
and (pjr) = 32.3 GeV (lower panel). Uncertainty bands at 2¢ CL are also shown.
STAR data are from Refs. [47,49].

particular, we consider data in the forward region?, that is 7 20, and
all our estimates are integrated in the range 0 < 5; < 0.9.

Our results are based on the latest extractions performed in Ref. [55],
where, with the final aim to include also a new set of data within a si-
multaneous reweighting procedure, we reanalyzed SIDIS and e*e™ az-
imuthal asymmetries. More precisely, we adopt the updated extraction
of h‘l’ and H Il" from Ref. [55], that was used as a prior for the Bayesian
reweighting. The predictions from the reweighted TMDs, including the
information from SSA data in inclusive processes, will be presented sep-
arately in Section 3.1.

In what follows, we always adopt the median of the Monte Carlo
sets (generated to estimate the uncertainty on the extraction) as central
value, and the uncertainties are computed at a 2¢ confidence level (CL).

It is worth stressing that, as already discussed in Ref. [44], these
are genuine predictions based on extractions from processes for which
TMD factorization has been rigorously proven. In this respect the present
study can be considered a further indication of the possible and some-
how expected extension of TMD factorization also for pion-in-jet pro-
duction in pp collisions.

In Fig. 1 we show our estimates for the Collins azimuthal asymmetry
for charged pions at \/E =200 GeV and (pjr) = 13.3 GeV (upper panel)
and at \/_ =510 GeV and (p;y) = 32.3 GeV (lower panel) as a function
of z, while in Fig. 2 we present the corresponding ones as a function
of xp =2pjr/ \/E, integrated over z in the range [0.1:0.8]. Data from
STAR at 200 GeV [47] and 510 GeV [49] are also displayed. Moreover,
to provide a more detailed picture, in Fig. 3 we give our predictions for

B _H
Aj\',n(‘bs z) as a function of z at \/— =200 GeV [47] (upper panels) and
510 GeV [48] (lower panels) for different Pir bins.

The overall agreement with STAR data is definitely good and no

significant energy dependence appears. This supports once again the

4 All theoretical estimates are obtained by imposing proper cuts on the cone
radius as adopted in the experimental analyses.
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conjectured validity of TMD factorization for these nonstandard TMD
processes showing, at the same time, that any evolution effect is milder
in such observables (see below).

Only some discrepancy, mostly for z~ data at moderate and large z,
is observed in Figs. 1 and 3. This can be traced back to the relatively
simple parametrization adopted for the Collins functions that, for the un-
favored one, assumes the same z dependence as the unpolarized TMD
FF (see Eq. (9)). More flexible parametrizations are highly desirable
and deserve extra analyses beyond the scope of this work. We have also
to remark that the extraction of the Collins function from e*e™ data is
limited to the region z > 0.2. This means that we are entering an unex-
plored region. For these reasons in Fig. 1 we have suitably indicated this
by shadowing the region below z = 0.2.

A word of caution is nevertheless mandatory. Indeed, one cannot
exclude that, within this simplified LO approach, a sort of cancellation
between higher-order corrections and potential factorization-breaking
contributions might occur. On the other hand, the general agreement
between data and LO predictions is quite encouraging. Further improved
studies along this direction, as well as more experimental analyses, will
certainly help in shedding light on these issues.

Concerning the x; dependence, we have to recall that at fixed x;
we are probing (ie. integrating over) the transversity distributions at
x > xr, that is we are entering a region poorly explored by SIDIS data
(x 2 0.3). In this respect, the discrepancy in size for #* production, at
moderate x, values, can be traced back to the poorly known behavior
of the up-quark transversity distribution at large x. Once again, a com-
bined fit, including this data set, could help in constraining h‘f in this
unexplored region.

To further investigate these findings, in Fig. 4 we compare our pre-
dictions against STAR data at \/_ =200 GeV [47] (left panels) and
\/_ =510 GeV [49] (right panels) as a function of j for different z bins.
These distributions are indeed very challenging and extremely useful
to learn about the intrinsic transverse momentum in the fragmentation
mechanism and its correlation with the hadron longitudinal momentum
fraction. Moreover, they represent a tool to access the relative j; depen-
dence between the Collins and the unpolarized TMD FFs.

On the other hand, we have to keep in mind that we are adopting
a very simple parametrization of the j distribution for the TMD FFs:
the simplest one indeed, a Gaussian-like form, with no flavor and/or
z dependences in the Gaussian width. These two assumptions could be
certainly reconsidered in future studies and the model can be further
improved. Despite of this and except for some bins, the agreement is very
good. Notice that the upper panels, corresponding to the unexplored z
region, are consistently shadowed. It is nevertheless worth stressing the
excellent agreement for z~ data at both energies. Concerning the larger z
values a more flexible parametrization could definitely help in reducing
the residual discrepancies.

A similar situation holds for Fig. 5, where we show our estimates
against data at \/_ = 200 GeV [47] (upper panels) and 4/s = 510 GeV
[48] (lower panels) as a function of j for different Pir bins, integrated
over z. This comparison is in favor of mild evolution effects with the hard
scale even for the intrinsic transverse momentum dependence. Nonethe-
less, and once again, a more detailed and educated choice for the j; de-
pendence in the TMD parameterizations and/or a more accurate treat-
ment of the jet fragmentation mechanism [69-71] would certainly help
in improving the description.

3.1. Predictions from reweighted extractions

We finally present a comparison of a subset of predictions, still
against STAR data, based on the reweighted h’f and H llq extractions
from Ref. [55], where also SSA data for inclusive pion production in
polarized pp collisions were considered. The estimates are given for two
effective approaches: the generalized parton model (GPM) [72-74] and
its color-gauge invariant (CGI-GPM) [75-78] extension. Though the lat-
ter approach affects only the Sivers contribution, the transversity and
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Collins extractions are anyway differently weighted. In fact, in the com-
putation of Ay for polarized pp collisions the Sivers contribution cannot
be separated from the Collins effect and the latter turns to be slightly
different in the GPM and in the CGI-GPM.

In Figs. 6 and 7 we show our predictions for the Collins azimuthal
asymmetries for the production of charged pions within a jet in p'p
collisions, based on the reweighted extractions of Ref. [55], as a func-
tion of z, at fixed p;;, and as a function of x;, integrated over z, re-
spectively, at \/_ =200 GeV upper panels) and \/_ =510 GeV (lower
panels) within the two approaches mentioned above (GPM on the left
panels and CGI-GPM on the right panels). As one can see the agree-
ment is still extremely satisfactory, even within the uncertainty bands,
and, as expected, no significant differences appear for the two mod-
els. The same happens for all other cases, jr-dependent asymmetries
and the pjT-binned ones (cfr. Figs. 3-5), not shown here for brevity.
These findings, once again, support the possibility of a unified TMD
picture of SSAs for single-scale inclusive and two-scale less inclusive
processes.
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4. Conclusions and outlook

In this work we have shown how, by employing the transversity
and the Collins functions as extracted from SIDIS and e*e~ annihila-
tion processes, one is able to describe, in sign and size, the behavior
of the available data from STAR Collaboration on the azimuthal asym-
metries for pion-in-jet production in polarized pp collisions. The overall
agreement of our theoretical estimates when compared against two data
sets, collected at different energies and spanning different p;; values, is
definitely remarkable. The almost energy independence of STAR data
and predictions is another aspect that clearly emerges.

With all due caution, coming from the assumptions and the simpli-
fied scheme adopted, this result supports the universality hypothesis of
the Collins function and the validity of TMD factorization for this kind
of processes. In other words, no sizable signals of factorization break-
ing effects appear, at least when a collinear configuration for the initial
state is assumed. At the same time, the impact of proper TMD evolu-
tion seems to play only a marginal role, definitely less relevant than the
standard DGLAP collinear evolution. This behavior, as found in other
phenomenological analyses and based on the experimental evidence, is
somehow expected for azimuthal spin asymmetries, being ratios of cross
sections.

The few small discrepancies between theoretical estimates and data,
still appearing in this study, can be easily understood in terms of the
simplified model adopted, together with the small number of parame-
ters employed and the flavor-independent Gaussian p -functional form
of the Collins function. These assumptions deserve further investigation
and the model can be certainly refined by exploring more flexible pa-
rameterizations. Nevertheless, even with these words of caution, these
findings are quite encouraging and represent another important step in
our comprehension of azimuthal asymmetries in QCD.

As a complementary investigation we have also considered an extrac-
tion of the transversity and the Collins FF where SSA data for inclusive
processes are suitably included through a simultaneous reweighting pro-
cedure. Once again the agreement of the predictions and pion-jet data
is good, indicating the reliability of a unified and global description of
all these observables within a TMD approach.

Further investigations are certainly necessary. From the theoretical
point of view, a more accurate treatment of the jet fragmentation mech-
anism, beyond the LO accuracy, could improve the formulation of these
observables in QCD, and help at the same time in shedding light on po-
tential factorization-breaking effects. More generally, a global fit, or a
reweighting procedure, including SIDIS and e*e™ azimuthal asymme-
tries, could help to better constrain the behavior of the Collins FF (at
small and large z) as well as the transversity (at large x). Exploring more
flexible parameterizations in the partonic variables, including the intrin-
sic transverse momentum dependence in the TMD-FFs, is another issue
for future analyses. Similarly, the study of the Collins azimuthal asym-
metries in pion-in-jet production in lepton-proton collisions, as those
measurable at EIC, will be crucial to refine and extend the extraction
of the transversity distribution also at low-x values (probing the totally
unknown sea region), test the overall picture and provide a deeper com-
prehension of these phenomena.
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