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In this Letter, we investigate the spontaneous transverse polarization of Λ hyperons produced in unpolarized 
𝑝𝑝 collisions inside a jet, by adopting a TMD approach where transverse momentum effects are included only 
in the fragmentation process. We will present predictions based on the parametrizations of the Λ polarizing 
fragmentation function as extracted from fits to Belle 𝑒+𝑒− data. These estimates will be compared against 
preliminary STAR data. We will then be able to explore the universality properties of the quark polarizing 
fragmentation function and, for the first time, the role of its gluon counterpart.
1. Introduction

Understanding the hadronization of partons in terms of transverse 
spin and their correlations with intrinsic transverse momentum degrees 
of freedom remains an outstanding challenge in unfolding the par-

tonic structure of hadrons. In this context, one of the most fundamen-

tal problems is to reveal the dynamical mechanism that provides the 
spontaneous transverse polarization of Λ fragmentation in unpolarized 
lepton-lepton, lepton-hadron and hadron-hadron scattering within the 
field theory of partonic interactions, quantum chromodynamics (QCD).

QCD provides the theoretical framework to study the partonic cor-

relations of hadron structure in conjunction with transverse momentum 
dependent (TMD) factorization theorems [1–4]. TMD factorization pro-

vides a framework that links perturbative parton dynamics of the quark 
and gluon structure to the rich nonperturbative three dimensional (3-D) 
momentum structure of hadrons [5]. It is characterized by the presence 
of two ordered energy scales: a small one (e.g. the transverse momen-

tum unbalance of the two hadrons produced in opposite hemispheres 
in 𝑒+𝑒− processes or the transverse momentum of the final hadron in 
lepton-hadron semi-inclusive deep-inelastic scattering (SIDIS))1 and a 
large one (e.g. the virtuality of the exchanged photon). A fundamen-

tal prediction of TMD factorization for this class of processes is that 
the nonperturbative intrinsic structure in the fragmentation process is 
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universal [6–10]. Universality and scale evolution are essential proper-

ties that allow one to study hadron structure in different processes and 
across a wide range of energies. Moreover, in this context, the so-called 
naive time reversal odd (T-odd), transverse momentum dependent frag-

mentation functions (TMDFFs), like the Collins function [11] and the 
polarizing fragmentation function (polFF) [12,13] are processes inde-

pendent [6–10,14–17]. This is to be compared with the modified T-odd 
universality in the initial state for the Sivers [18] and Boer-Mulders [19]

functions [7,20,21].

Early phenomenological studies of the Λ polarizing fragmentation 
function in unpolarized proton-proton collisions and SIDIS processes 
were carried out in Refs. [13,22]. More recently, experimental data 
collected by the Belle Collaboration [23] for the transverse Λ, Λ̄ polar-

ization in almost back-to-back two-hadron production in 𝑒+𝑒− processes 
has resulted in new phenomenological analyses. Studies within a TMD 
scheme at fixed scale were presented in Refs. [24,25], while subsequent 
extractions, implementing the Collins-Soper-Sterman (CSS) motivated 
TMD evolution [1–3], were carried out in Refs. [26–30]. Then, in 
Ref. [31] the role of 𝑆𝑈 (2) symmetry (see also Refs. [29,32]) as well as 
of the charm contribution was explored with some detail.

In recent years the study of the transverse momentum distribution 
of hadrons inside jets has garnered much attention as a tool to explore 
the hadronization mechanism [14,33–35]. As this pertains to study-
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ing TMD fragmentation, these processes complement the benchmark 
ones, SIDIS and single and double semi-inclusive hadron production in 
electron-positron annihilation. A significant appeal to studying single-

inclusive hadron production within a jet in 𝑝𝑝 collisions is due to the 
fact that one can employ the collinear parton distribution functions 
(PDFs), which allows for a direct probe of the transverse momentum 
dependent hadronization process. Theoretical developments on hadron 
in jet factorization theorems given in terms of transverse momentum 
dependent jet-fragmentation functions (TMDJFFs) were presented in 
Refs. [35–37], where it is demonstrated that these TMDJFFs are directly 
related to the ordinary TMDFFs when the transverse momentum of the 
hadron is measured with respect to the standard jet axis. A comprehen-

sive theoretical analysis for the distribution of polarized hadrons within 
jets in electron-proton and proton-proton collisions was performed in 
Refs. [37–39].

For the production of a transversely polarized spin-1/2 hadron, the 
polFF couples directly to the collinear unpolarized PDFs in the initial 
state. With accurately determined PDFs, one can directly probe the 
self-analyzing fragmentation mechanism, in principle allowing for a fur-

ther determination of the Λ hyperon polarizing TMDFF, through the 
measurement of its transverse polarization. Moreover, this process can 
eventually serve as an additional test of the universality of T-odd frag-

mentation functions.

In this context, first studies of the universality of the Collins effect 
in hadron in jet processes were performed in Refs. [14,33]. More recent 
phenomenological studies of hadron in jet Collins azimuthal asymme-

tries were carried out incorporating evolution effects [34], and also in 
the generalized parton model [40].2

Quite recently a new opportunity has presented itself with the avail-

ability of preliminary data on transverse polarization of Λ’s produced 
inside a jet in unpolarized proton-proton collisions at RHIC from the 
STAR Collaboration [41,42]. This measurement in principle can pro-

vide further constraints on the polFFs and might eventually be used in 
global analyses.

In this letter, we will carry out a preliminary phenomenological 
study using our recent extractions of the polFFs from fits to 𝑒+𝑒− an-

nihilation processes [30,31], to investigate the spontaneous transverse 
polarization of Λ hyperons produced in unpolarized proton-proton col-

lisions inside a jet. Our analysis can be considered as a first attempt to 
check the predicted universality properties of the polFFs, a fundamental 
issue as mentioned above. Another important aspect, never treated be-

fore, is that for this class of processes, by contrast with 𝑒+𝑒− and SIDIS, 
one can directly access gluon TMDFFs, since all partons enter at the 
same perturbative order. This would open a window on the study of the 
still unknown polarizing fragmentation function for gluons, as we will 
discuss.

The letter is organized as follows: after reviewing the main aspects 
of the formalism and all basic formulas in Section 2, we present the 
phenomenological analysis, and then our theoretical predictions against 
STAR data in Section 3. Our conclusions and final remarks are collected 
in Section 4.

2. Transverse 𝚲 polarization in unpolarized 𝒑𝒑 collisions

In this section, we provide the main formulas to compute the trans-

verse polarization, 𝑃Λ
𝑇

, of Λ(Λ̄) hyperons (or any spin-1/2 hadron) 
produced within a jet in unpolarized hadron-hadron (𝐴𝐵) collisions,

𝐴(𝑝𝐴)𝐵(𝑝𝐵)→ jet(𝑝j)Λ↑(𝑝Λ)𝑋 , (1)

where 𝑝𝐴, 𝑝𝐵, 𝑝𝑗 , 𝑝Λ are the four-momenta of the incoming hadrons, the 
jet, and the produced Λ respectively. This observable is defined as

𝑃Λ
𝑇
(𝒑j, 𝜉,𝒑⟂Λ) =

𝑑𝜎↑ − 𝑑𝜎↓

𝑑𝜎↑ + 𝑑𝜎↓
= 𝑑Δ𝜎
𝑑𝜎unp

, (2)
2

2 These analyses yielded similar results.
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where the differential cross section for the production of a Λ within a 
jet transversely polarized with respect to the Λ-jet plane is

𝑑𝜎↑(↓) ≡𝐸j
𝑑𝜎𝐴𝐵→jet Λ↑(↓)𝑋

𝑑3𝒑j𝑑𝜉𝑑
2𝒑⟂Λ

, (3)

and 𝑑𝜎unp is the unpolarized cross section, while 𝜉 is the Λ light-cone 
momentum fraction and 𝑝⟂Λ ≡ |𝒑⟂Λ| its transverse momentum with 
respect to the fragmenting jet.

We will employ a leading order (LO) factorization framework, with 
a collinear configuration for the initial state followed by TMD factoriza-

tion for the final state, similarly to the scheme adopted in Refs. [14,34]. 
More precisely, the full differential cross section for the production of a 
transversely polarized Λ within a jet can be expressed as:

𝐸j
𝑑𝜎𝐴𝐵→jetΛ↑𝑋

𝑑3𝒑j𝑑𝜉𝑑
2𝒑⟂Λ

=
∑
𝑎,𝑏,𝑐,𝑑

∫ 𝑑𝑥𝑎𝑑𝑥𝑏
𝛼2𝑠
�̂�
𝑓𝑎∕𝐴(𝑥𝑎)𝑓𝑏∕𝐵(𝑥𝑏)

× |𝑀𝑎𝑏→𝑐𝑑 |2𝛿(�̂�+ 𝑡+ �̂�) �̂�Λ↑∕𝑐(𝜉,𝒑⟂Λ) ,

(4)

where 𝑓𝑎,𝑏(𝑥)’s are the collinear PDFs, �̂�Λ↑∕𝑐(𝜉, 𝒑⟂Λ) is the TMDFF for 
an unpolarized parton 𝑐 fragmenting into a transversely polarized Λ, 
and �̂�, 𝑡 and �̂� are the standard partonic Mandelstam invariants. Lastly, |𝑀𝑎𝑏→𝑐𝑑 |2 are the amplitudes squared for the hard elementary process 
𝑎𝑏 → 𝑐𝑑, averaged(summed) over initial(final) spins and colors. They 
are normalized so that the unpolarized partonic cross, for a collinear 
collision, is given by

𝑑𝜎𝑎𝑏→𝑐𝑑

𝑑𝑡
= 1

16𝜋�̂�2
|𝑀|2 , (5)

where here and in the following we drop the partonic subscripts on the 
hard scattering amplitudes.

In a LO pQCD approach the scattered parton 𝑐 in the hard elemen-

tary process 𝑎𝑏 → 𝑐𝑑 is identified with the observed fragmenting jet: 𝑐 ≡
jet. Notice that the scale dependence of the nonperturbative functions, 
i.e. PDFs and TMDFFs (even if different in nature), has been understood 
in Eq. (4) and will be properly taken into account in the following anal-

ysis.

Let us summarize briefly the kinematics adopted. We will work in 
the 𝐴𝐵 center-of-mass (cm) frame, with 𝐴𝐵 along the 𝑧 axis and the 
jet laying in the 𝑥𝑧 plane, keeping hadron mass effects only in the final 
state. As discussed in Refs. [24,30,31] these could eventually play a 
role, at least in some kinematical regions.

The four-momenta (for massless initial hadrons and partons) are 
given as

𝑝
𝜇

𝐴
=

√
𝑠

2
(1,0,0,1), 𝑝

𝜇

𝐵
=

√
𝑠

2
(1,0,0,−1),

𝑝
𝜇

Λ = (𝐸Λ,𝒑Λ), with

𝒑Λ = |𝒑Λ|(sin𝜃Λ cos𝜙Λ, sin𝜃Λ sin𝜙Λ, cos𝜃Λ),

𝑝𝜇
𝑎
= 𝑥𝑎

√
𝑠

2
(1,0,0,1), 𝑝

𝜇

𝑏
= 𝑥𝑏

√
𝑠

2
(1,0,0,−1),

𝑝
𝜇

j =𝐸j(1, sin𝜃j,0, cos𝜃j) = 𝑝jT(cosh 𝜂j,1,0, sinh 𝜂j) ,

(6)

where 𝑠 is the cm energy squared, 𝜂j = − log[tan(𝜃j∕2)], is the jet pseu-

dorapidity and 𝑝jT ≡ |𝒑jT| its transverse momentum in the 𝐴𝐵 cm 
frame. Moreover, in the jet helicity frame the Λ four-momentum can 
be expressed as

𝑝
𝜇

Λ =
(
𝜉𝐸j

(
1 +

𝑝2⟂Λ +𝑚2
Λ

4𝜉2𝐸2
j

)
, 𝑝⟂Λ cos �̃�Λ,

𝑝⟂Λ sin �̃�Λ, 𝜉𝐸j

(
1 −

𝑝2⟂Λ +𝑚2
Λ

4𝜉2𝐸2
j

))
,

(7)

where �̃�Λ is the Λ azimuthal angle around the jet (parton) direction of 

motion and 𝑚Λ is the Λ mass. The partonic Mandelstam invariants are
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�̂� = 𝑥𝑎𝑥𝑏𝑠, 𝑡 = −𝑥𝑎
√
𝑠𝐸j(1 − cos𝜃j),

�̂� = −𝑥𝑏
√
𝑠𝐸j(1 + cos𝜃j) .

(8)

The numerator of Eq. (2), 𝑑Δ𝜎, involves the polarizing fragmenta-

tion function, giving the probability that an unpolarized parton frag-

ments into a transversely polarized spin-1/2 hadron (a Λ hyperon in 
the present study). This is defined as

Δ�̂�Λ↑∕𝑐(𝜉,𝒑⟂Λ) = �̂�Λ↑∕𝑐(𝜉,𝒑⟂Λ) − �̂�Λ↓∕𝑐(𝜉,𝒑⟂Λ)

= Δ𝐷Λ↑∕𝑐(𝜉, 𝑝⟂Λ) �̂�
Λ
⋅ (�̂�𝑐 × �̂�⟂Λ) ,

(9)

where �̂� Λ
is the Λ spin-polarization vector and �̂�𝑐 , �̂�⟂Λ are unit vec-

tors. To better clarify the above expressions, we recall that according 
to our “hat-convention” the quantities like �̂� (or Δ�̂�) depend on 𝒑⟂, 
including its phase, while quantities like 𝐷 (or Δ𝐷) do not depend on 
phases anymore, as such dependence has been explicitly factorized out. 
Another common notation adopted in the literature [43] is

Δ𝐷Λ↑∕𝑐(𝜉, 𝑝⟂Λ) =
𝑝⟂Λ
𝜉𝑚Λ

𝐷⟂𝑐
1𝑇 (𝜉, 𝑝⟂Λ) . (10)

We also recall that the cross product entering the definition of the polFF 
in Eq. (9) can be expressed as follows

�̂�
Λ
⋅ (�̂�𝑐 × �̂�⟂Λ) = sin(�̃�𝑆Λ − �̃�Λ) , (11)

where the angles �̃� are defined in the parton helicity frame [44].

We can then compute the transverse Λ polarization with respect to 
the jet-Λ plane by setting

sin(�̃�𝑆Λ − �̃�Λ) = 1 . (12)

This leads to the factorized cross section expressions,

𝑑Δ𝜎 =
∑
𝑎,𝑏,𝑐,𝑑

∫ 𝑑𝑥𝑎𝑑𝑥𝑏
𝛼2𝑠
�̂�
𝑓𝑎∕𝐴(𝑥𝑎)𝑓𝑏∕𝐵(𝑥𝑏)

× |𝑀|2𝛿(�̂�+ 𝑡+ �̂�)Δ𝐷Λ↑∕𝑐(𝜉, 𝑝⟂Λ)

(13)

𝑑𝜎unp =
∑
𝑎,𝑏,𝑐,𝑑

∫ 𝑑𝑥𝑎𝑑𝑥𝑏
𝛼2𝑠
�̂�
𝑓𝑎∕𝐴(𝑥𝑎)𝑓𝑏∕𝐵(𝑥𝑏)

× |𝑀|2𝛿(�̂�+ 𝑡+ �̂�)𝐷Λ∕𝑐(𝜉, 𝑝⟂Λ) ,

(14)

where 𝐷Λ∕𝑐(𝜉, 𝑝⟂Λ) is the unpolarized TMDFF.

By exploiting the delta-function in Eqs. (13) and (14), one can inte-

grate over one of the partonic variables 𝑥𝑎, 𝑥𝑏, so that they become

𝑑Δ𝜎 =
∑
𝑎,𝑏,𝑐,𝑑

∫
𝑑𝑥𝑎

𝑥𝑎𝑠−
√
𝑠𝐸j(1 + cos𝜃j)

𝛼2
𝑠

�̂�

×𝑓𝑎∕𝐴(𝑥𝑎)𝑓𝑏∕𝐵(𝑥𝑏) |𝑀|2 Δ𝐷Λ↑∕𝑐(𝜉, 𝑝⟂Λ)

𝑑𝜎unp =
∑
𝑎,𝑏,𝑐,𝑑

∫
𝑑𝑥𝑎

𝑥𝑎𝑠−
√
𝑠𝐸j(1 + cos𝜃j)

𝛼2
𝑠

�̂�

×𝑓𝑎∕𝐴(𝑥𝑎)𝑓𝑏∕𝐵(𝑥𝑏) |𝑀|2𝐷Λ∕𝑐(𝜉, 𝑝⟂Λ) ,

(15)

with

𝑥𝑏 =
𝑥𝑎𝐸j(1 − cos𝜃j)

𝑥𝑎
√
𝑠−𝐸j(1 + cos𝜃j)

. (16)

Notice that in the above equations we will use the TMDFFs (both the un-

polarized and the polarizing one) within the CSS framework, presented 
in Refs. [30,31], by inverse Fourier transforming from 𝑏𝑇 to 𝑘𝑇 space, 
as used here.

For a massive hadron, one can define further several scaling vari-

ables:

𝑧Λ =𝐸Λ∕𝐸j (energy fraction) (17)
3

𝑧𝑝 = |𝒑Λ|∕𝐸j (momentum fraction) (18)
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or, as adopted in the experimental analysis we are going to consider,

𝑧 =
𝒑Λ ⋅ 𝒑j

𝒑2j

=
𝒑Λ ⋅ �̂�j
𝐸j

=
�̃�𝐿Λ
𝐸j

(longitudinal momentum fraction) , (19)

where �̃�𝐿Λ is the longitudinal momentum of the Λ along the jet di-

rection. This scaling variable can be directly related to the light-cone 
momentum fraction 𝜉 as follows:

𝜉 =
𝐸Λ + �̃�𝐿Λ

2𝐸j
= 1
2

[√
𝑧2 + (𝑝2⟂Λ +𝑚2

Λ)∕𝐸
2
j + 𝑧

]
. (20)

We can then express the transverse Λ polarization in Eq. (2) as a func-

tion of 𝑧 (instead of 𝜉) by using

𝑑Δ𝜎(𝒑j, 𝑧,𝒑⟂Λ)
𝑑𝑧

= 𝑑𝜉

𝑑𝑧

𝑑Δ𝜎(𝒑j, 𝜉,𝒑⟂Λ)
𝑑𝜉

(21)

𝑑𝜎unp(𝒑j, 𝑧,𝒑⟂Λ)
𝑑𝑧

= 𝑑𝜉

𝑑𝑧

𝑑𝜎unp(𝒑j, 𝜉,𝒑⟂Λ)
𝑑𝜉

, (22)

with

𝑑𝜉

𝑑𝑧
= 1

2

[
1 + 1∕

√
1 + (𝑝2⟂Λ +𝑚2

Λ)∕(𝑧𝐸j)2
]
. (23)

Notice that this extra factor simplifies in the polarization observable 
(ratio of cross sections) only at fixed kinematical variables, while it 
could play a role when one integrates the cross sections over 𝑧 and/or 
𝑝⟂Λ.

3. Phenomenology

Here we present estimates for the transverse Λ∕Λ̄ polarization in 
𝑝𝑝 → jet Λ↑𝑋 at the center-of-mass energy 

√
𝑠 = 200 GeV and compare 

them against STAR preliminary data [41]. The kinematic cuts adopted 
in the experimental analysis are:

𝑝⟂Λ ≤ 1.6 GeV∕𝑐, 0 ≤ 𝑧 ≤ 1,

8 ≤ 𝑝jT ≤ 25 GeV∕𝑐 with ⟨𝑝jT⟩ = 11 GeV∕𝑐,

|𝜂j| ≤ 1.0, 𝑝𝑇Λ ≤ 10 GeV∕𝑐, |𝜂Λ| ≤ 1.5, (24)

where 𝑝⟂Λ coincides with 𝑗𝑇 , as adopted by the STAR Collaboration.

Our estimates will be computed at fixed 𝜂j = 0 and 𝑝jT = 11 GeV/𝑐. 
The latter, being the hard energy scale of the process, will be used as 
factorization scale. We will discuss this choice in more detail below.

Further, when we integrate over 𝑧 we limit to the region 𝑧 < 0.8, and 
when we integrate over 𝑝⟂Λ, we limit to the region 𝑝⟂Λ ≤ 1.2 GeV/𝑐. 
This is indeed the region effectively covered by the data and Monte 
Carlo simulations (see Refs. [41,42]). Another important constraint 
comes from the reconstruction of the jet. Following the experimen-

tal analysis we will consider the anti-𝑘𝑇 algorithm with a jet-cone 
radius 𝑅 = 0.6. For further details on the jet reconstruction and the 
transverse momentum distribution of hadrons within a jet see also 
Refs. [34,45,46].

Before presenting our results, we summarize the information already 
extracted on the polarizing FF by fitting Belle data on transverse Λ
polarization in 𝑒+𝑒− annihilation processes at 𝑄 = 10.58 GeV [23]. It is 
worth noticing that this is almost equal to the scale we will adopt in the 
present analysis.

Two data sets are available: one for the associated production of Λ’s 
together with a light hadron in an almost back-to-back configuration, 
and one for the inclusive Λ production with the reconstruction of the 
thrust axis in the opposite hemisphere. It is important to stress that 
while for the first case a well defined TMD factorization approach has 
been formally developed, the second one presents some subtleties, and 
maybe related to modified TMD factorization schemes. The latter has 
been indeed discussed in a series of papers [47–50], showing that the 

absence of a hadron in the second (opposite) hemisphere prevents the 
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symmetric absorption of the soft radiation factor, resulting in a TMDFF 
with a more complex nonperturbative structure.

For this reason in Ref. [31] we performed a fit, within the CSS 
framework, limiting to the associated production data set and focus-

ing at the same time on the 𝑆𝑈 (2) symmetry issue. On the other hand, 
in Ref. [30], in an exploratory combined fit including both associated 
production and inclusive data sets, in order to obtain a reasonable de-

scription we had to adopt two different nonperturbative models for the 
polFF. In this respect this was, and has to be considered, only as a first 
attempt, also because of some critical aspects of the inclusive data set 
used in the fit.

In the present analysis we will consider four different parameteri-

zations of the polFFs; three scenarios (Sc.s 1, 2 and 3) based on the 
associated production data fit [31], and one from the combined fit 
within a double model (DM) for the nonperturbative part [30]:

1. Three different polFFs for 𝑢, 𝑑, 𝑠 quarks, and a single one for the sea 
antiquarks (�̄� = 𝑑 = �̄�), no charm contribution in the unpolarized 
cross section and no use of 𝑆𝑈 (2) isospin symmetry (Sc. 1);

2. Same as in Sc. 1 but with the inclusion of the charm contribution 
in the unpolarized cross section (Sc. 2);

3. Inclusion of the charm contribution in the unpolarized cross sec-

tion and use of 𝑆𝑈 (2) isospin symmetry for the 𝑢, 𝑑 quark polFFs, 
adopting different pFFs for 𝑠 and �̄� quarks (Sc. 3);

4. Same as in Sc. 1, from the combined fit and adopting the model 
parametrization of Ref. [31] which better describe the inclusive 
data set (DM in the following).

This will allow us to explore and test several important issues: 𝑖)
the universality of the polarizing FF; 𝑖𝑖) the role of the charm contri-

bution and 𝑆𝑈 (2) isospin symmetry; 𝑖𝑖𝑖) the nature of these effects in 
𝑝𝑝 collisions with respect to the corresponding ones observed in 𝑒+𝑒−
annihilation processes for associated production or in the inclusive case.

We stress once again that the DM parametrization (from the com-

bined fit) has been adopted here only for completeness.

Another important remark is that, in contrast with 𝑒+𝑒− and SIDIS 
processes, in 𝑝𝑝 collisions gluons enter at the same perturbative or-

der as quarks. In other words, parton 𝑐 can be also a gluon and the 
two contributions in the fragmentation process add up together. This 
means that a nonzero gluon polarizing fragmentation function, still to-

tally unknown, could contribute to the transverse Λ polarization. In the 
following, while keeping the gluon contribution in the denominator, via 
a nonzero unpolarized gluon TMDFF, we set the gluon polFF to zero. We 
will come back to this very interesting point below.

We must emphasize here that the unpolarized gluon TMDFF has not 
been extracted so far. For it we will employ the same TMD structure as 
for quarks, while for the perturbative and nonperturbative Sudakov soft 
factors we adopt suitable expressions, as given in Appendix A.

Lastly, for what concerns the collinear parton distribution functions 
we will employ the next-to-next-to-leading order CT14 set [51] at the 
scale 𝜇 = 𝑝j𝑇 .

A more detailed comment on the choice of the factorization scale 
both in the collinear PDFs and the TMDFFs is mandatory. In fact, the 
relevant scale for the TMDFFs for this kind of process is 𝜇𝑗 = 𝑝j𝑇 𝑅, 
where 𝑅 is the jet-cone radius, as discussed in Ref. [35]. Then, by prop-

erly evolving up to 𝜇 = 𝑝j𝑇 one can resum single logarithms in the jet 
size parameter to all orders in 𝛼𝑠, the strong coupling constant. Since 
our study is performed at LO accuracy, which is independent of 𝑅 (and 
more generally of the jet dynamics), we will use 𝜇 = 𝑝j𝑇 for the unpo-

larized and the polarizing TMDFFs and similarly for the collinear PDFs: 
the same procedure was implemented in Ref. [34] where the authors 
studied the Collins asymmetry of hadrons in a jet.

In Fig. 1 we show our predictions for the transverse Λ polarization 
as a function of 𝑧 adopting Sc. 1 (green dashed lines) and DM (red dot-

ted line) parametrizations (upper panel), and Sc.s 2 (orange solid lines) 
4

and 3 (purple dot-dashed lines) (lower panel) against STAR preliminary 
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Fig. 1. Estimates of the transverse Λ polarization in 𝑝𝑝 → jet Λ 𝑋 as a function 
of 𝑧 at 

√
𝑠 = 200 GeV, 𝜂j = 0 and 𝑝j𝑇 = 11 GeV/c, adopting for the polFFs 

the parametrizations of Sc. 1 and DM (upper panel), and those of Sc.s 2 and 3 
(lower panel), see text. Uncertainty bands at 2-𝜎 CL are also shown for Sc.s 1–3. 
Preliminary STAR data are from Ref. [41].

Fig. 2. Estimates of the transverse Λ polarization in 𝑝𝑝 → jet Λ 𝑋 as a function 
of 𝑝⟂Λ at 

√
𝑠 = 200 GeV, 𝜂j = 0 and 𝑝j𝑇 = 11 GeV/c, adopting for the polFFs 

the parametrizations of Sc. 1 and DM (upper panel), and those of Sc.s 2 and 3 
(lower panel), see text. Uncertainty bands at 2-𝜎 CL are also shown for Sc.s 1–3. 
Preliminary STAR data are from Ref. [41].

data, while in Fig. 2 we show the corresponding curves as a function of 
𝑝⟂Λ. In both cases we integrate over the other variable. For the three 
scenarios from the associated production fit we also show the statistical 
uncertainty bands at 2-𝜎 confidence level (CL) from the uncertainties 
in the polFFs as determined in Ref. [31]. We note that to speed up the 
numerical computation, which involves inverse Fourier transforms, we 
employ a compression procedure to reduce the large number of polFF 
sets used to generate the bands (see Ref. [52]). Corresponding estimates 
for the transverse Λ̄ polarization as a function of 𝑧 and 𝑝⟂Λ are shown 

respectively in Figs. 3 and 4.
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Fig. 3. Same as in Fig. 1 but for the transverse Λ̄ polarization.

Fig. 4. Same as in Fig. 2 but for the transverse Λ̄ polarization.

A few comments are in order: 𝑖) the behavior in 𝑧 is driven by the 
relative contributions of the polFFs. More precisely, while within Sc.s 1 
and 2 (and similarly for the DM case) only the up polFF is positive (see 
Fig. 4 of Ref. [31]), in Sc. 3 also the down polFF is positive (see Fig. 5 
of Ref. [31]). In all cases they are strongly suppressed at large 𝑧. This 
turns into a positive value of the polarization for Λ in Sc. 3 at small 
𝑧, becoming negative at intermediate/large 𝑧, and negative values for 
Sc.s 1, 2 and DM over almost the entire 𝑧 range. For Λ̄ the negative 
values within all scenarios are driven by the negative sign of the sea 
polFFs, coupled with the up and down valence content of the incoming 
protons. Notice that the minimum value of the initial parton light-cone 
momentum fractions, 𝑥𝑎, 𝑥𝑏, explored in this kinematical configuration 
is around 0.06. Similar considerations are valid for the 𝑝⟂Λ behavior

(see Figs. 2 and 4).

For completeness we have also considered the role of intrinsic charm 
in the proton, an issue already discussed in Ref. [31] in the context 
of the corresponding estimates for SIDIS processes. In such a case the 
results for the transverse polarization are almost indistinguishable from 
5

the curves shown above.
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As one can see from the plots, the large experimental error bars pre-

vent us to draw strong conclusions and/or to adopt or disregard any of 
the scenarios considered. We can nevertheless observe a general agree-

ment with data, in favour of the predicted universality property of the 
polFF. More precisely, concerning the three scenarios obtained from the 
associated production fits, only one scenario, Sc. 3, gives estimates (pur-

ple dot-dashed lines/bands) that are somewhat far from the data. On 
the other hand, Sc. 1 (green dashed lines/bands) and, to a lesser extent, 
Sc. 2 (orange solid lines/bands) seem to be able to describe the data 
fairly well. It is important to note that Sc. 1 has been extracted without 
considering the non-negligible contribution from the charm quark frag-

mentation into Λ’s in 𝑒+𝑒− processes. In contrast, in Sc. 2 (as well as 
in Sc. 3), for which this contribution has been included in the unpolar-

ized cross section (the denominator of the transverse polarization), the 
corresponding term driven by the polFF for charm quark (in the numer-

ator) was not taken into account (see Ref. [31] for more details). In this 
respect, this open issue has to be properly addressed in the future.

Moreover, as we will discuss below, there is another totally un-

known, and potentially non-negligible, contribution coming from the 
gluon polFF. Finally, for what concerns the estimates from the double-

model fit (red dotted lines), which shares the same flavor structure as 
for Sc. 1, there are, as already stated, even more fundamental issues still 
to be addressed.

We mention that an analogous phenomenological study was carried 
out in Ref. [37], where predictions for RHIC kinematics around the 
central rapidity region were given. The authors employed the TMDJFFs, 
properly connected to the TMD polFFs (corresponding to our Sc. 1), as 
extracted from associated production 𝑒+𝑒− data. It is noteworthy that 
these analyses come to similar results, indicating that the LO framework 
is well motivated.

As a final remark we come back to the potential role of the gluon 
polFF. We have checked that in this kinematical region the contribution 
to the unpolarized Λ and Λ̄ cross section coming from gluon fragmen-

tation is about 50%, both as a function of 𝑧 and 𝑝⟂Λ. This implies that, 
since the estimates from the quark contribution to the polarization are 
around 5–8% in size (at most) and almost compatible with data in all 
scenarios, only a gluon polFF reduced in size at about 10% of its posi-

tivity bound would be allowed. Even if only on a qualitative level, this 
is the first hint ever on the size of the gluon polFF based on available 
data. We stress once again that this is possible because in this process, 
at variance with 𝑒+𝑒− and SIDIS processes, gluons and quarks enter at 
the same perturbative order. Last but not least, even such a reduced 
contribution could help in improving the agreement with data. At this 
stage, the large error bars prevent one to further exploit this issue. Fu-

ture and improved experimental analyses will be extremely helpful in 
this respect.

4. Conclusions

In this paper we have presented a phenomenological analysis of the 
transverse polarization of Λ and Λ̄ hyperons within a jet, produced 
in unpolarized proton-proton collisions. Adopting a hybrid approach, 
with a collinear factorization scheme in the initial state and keeping 
TMD effects only in the fragmentation mechanism, we have presented 
several theoretical estimates, based on recent extractions of the quark 
polarizing fragmentation functions from fits to Belle 𝑒+𝑒− data for the 
associated and inclusive Λ production. By comparing these predictions 
with recent preliminary data by the STAR Collaboration in 𝑝𝑝 colli-

sions, we have carried out the first attempt to test the universality of 
the polFF.

Although the large error bars still prevent one to draw any definite 
conclusions, the present estimates are compatible with the measured 
data points, corroborating the expected universality property of T-odd 
TMDFFs.

As a by-product we have elaborated on the totally unknown gluon 

polFF, that in principle enters at the same perturbative order as the 
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quarks. Based on the present data, even if within their large uncertain-

ties, some hints towards a strong reduction in its size, by around 10% 
with respect to the positivity bound, has been inferred. This process 
could then represent the golden channel to get information on this to-

tally unknown TMDFF.

New and more precise data, maybe also at different energies to ac-

cess larger hard scales, will definitely be useful in refining this analysis 
and testing, together with the universality, the scale evolution of the 
polFFs. Moreover, they will surely play a significant role in disentan-

gling the nature of spontaneous transverse polarization of Λ hyperons 
and its connection to what has been observed in 𝑒+𝑒− processes and to 
future SIDIS measurements at the Electron Ion Collider [27,31,39,53].
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Appendix A. TMDFFs and Sudakov soft factors

The full expression in 𝑏𝑇 space for the unpolarized TMDFF for 
quarks and gluons, as adopted in Ref. [30] (to which we refer for all 
details), is given by

�̃�1,ℎ∕𝑖(𝜉, 𝑏𝑐 (𝑏𝑇 );𝑄2,𝑄) = 1
𝜉2
𝑑ℎ∕𝑖(𝜉; �̄�𝑏)𝑀𝐷(𝑏𝑐(𝑏𝑇 ), 𝜉)

× exp
{

− 𝑔𝑖
𝐾
(𝑏𝑐(𝑏𝑇 );𝑏max) ln

𝑄𝜉

𝑀ℎ

+ 1
2
𝑆𝑖
pert (𝑏∗; �̄�𝑏)

}
, (A.1)

with 𝑖 = 𝑞, 𝑔, where we have used the LO expression for the coefficient 
function [30] and where 𝑆𝑖

pert is the perturbative Sudakov soft factor. 
Its analytic expression is given as

𝑆𝑖
pert (𝑏∗; �̄�𝑏) =𝐾𝑖(𝑏∗; �̄�𝑏) ln

𝑄2

�̄�2
𝑏

+

𝑄

∫̄
𝜇𝑏

𝑑𝜇′

𝜇′

[
2𝛾𝑖

𝐷
(𝑔(𝜇′); 1) − 𝛾𝑖

𝐾
(𝑔(𝜇′)) ln 𝑄2

𝜇′ 2

]
.

(A.2)

At next-to-leading-logarithmic accuracy we take 𝛼𝑠 at LO order:

𝛼 (𝜇2) = 1
, (A.3)
6

𝑠
𝛽0 ln(𝜇2∕Λ2

QCD)
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and we expand the cusp and non-cusp anomalous dimensions as follows:

𝛾𝑖
𝐾
=
∑
𝑛

𝛾
𝑖[𝑛]
𝐾

(
𝛼𝑠

4𝜋

)𝑛

𝛾𝑖
𝐷
=
∑
𝑛

𝛾
𝑖[𝑛]
𝐷

(
𝛼𝑠

4𝜋

)𝑛

, (A.4)

retaining up to, respectively, the second and first order. Given that the 
first order term of 𝐾(𝑏∗; �̄�𝑏) is zero [4,54], the perturbative Sudakov 
factor can be written again as:

𝑆𝑖
pert (𝑏∗; �̄�𝑏) =

𝛾
𝑖[1]
𝐷

4𝜋𝛽0
ln
( ln(𝑄∕ΛQCD)
ln(�̄�𝑏∕ΛQCD)

)

+
𝛾
𝑖[1]
𝐾

4𝜋𝛽0

[
ln(𝑄∕�̄�𝑏) − ln(𝑄∕ΛQCD) ln

( ln(𝑄∕ΛQCD)
ln(�̄�𝑏∕ΛQCD)

)]

+
𝛾
𝑖[2]
𝐾

2(4𝜋𝛽0)2

[
−

ln(𝑄∕�̄�𝑏)
ln(�̄�𝑏∕ΛQCD)

+ ln
( ln(𝑄∕ΛQCD)
ln(�̄�𝑏∕ΛQCD)

)]
,

where [55,56]:

𝛽0 =
11𝐶𝐴 − 4𝑇𝐹 𝑛𝑓

12𝜋

𝛾
𝑞[1]
𝐷

= 6𝐶𝐹 𝛾
𝑔[1]
𝐷

= 22
3
𝐶𝐴 − 8

3
𝑇𝐹 𝑛𝑓

𝛾
𝑞[1]
𝐾

= 8𝐶𝐹 , 𝛾
𝑞[2]
𝐾

= 𝐶𝐴𝐶𝐹

(
536
9

− 8𝜋2
3

)
− 80

9
𝐶𝐹 𝑛𝑓

𝛾
𝑔[1]
𝐾

= 8𝐶𝐴 , 𝛾
𝑔[2]
𝐾

= 𝐶2
𝐴

(
536
9

− 8𝜋2
3

)
− 80

9
𝐶𝐴𝑛𝑓 , (A.5)

with 𝐶𝐹 = 4∕3, 𝐶𝐴 = 3, 𝑇𝐹 = 1∕2, and ΛQCD = 0.2123 GeV for 𝑛𝑓 = 3
or ΛQCD = 0.1737 GeV for 𝑛𝑓 = 4.

For the nonperturbative Sudakov soft factor we adopt the Pavia ex-

traction for the quark TMDFF [57], while for the gluon TMDFF we 
rescale it by a factor 𝐶𝐴∕𝐶𝐹 , as discussed in Ref. [35]

𝑔
𝑞

𝐾
= 𝑔2

𝑏2
𝑇

2
𝑔2 = 0.13 GeV2 (A.6)

𝑔
𝑔

𝐾
=
𝐶𝐴

𝐶𝐹
𝑔
𝑞

𝐾
, (A.7)

employing the same quark nonperturbative part, 𝑀𝐷 .
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