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Hadronization

• Hadronization process turns partons produced in hard-scattering reactions into the physical,
colorless, non- perturbative hadronic bound states detected in experiments.

• Processes with an observed hadron in the final state can be described in terms of perturbative hard-
scattering cross sections and certain non-perturbative but universal functions:

❖ Parton distribution functions (PDFs), accounting for the partonic structure of the hadrons in the
initial state just before the interaction.

❖ Fragmentation Functions (FFs), encoding the details of the subsequent hadronization process .



Fragmentation Functions (FFs)

• FFs are essential ingredients of theoretical predictions for the present and future hadron colliders
such as LHC and LHeC, FCC [arXiv:2004.04213].

• FFs are basic ingredient for the calculation of the production of high transverse-momentum
particles at collider energies within perturbative QCD, [J. High Energy Phys.06 (2019) 51].



• Precise determination of Fragmentation Functions (FFs) including their experimental uncertainties 
had become active topics for many hard Processes.

[JHEP 1509 (2015) 149] [Phys Rev D 82 (2010) 119903]

[arXiv:2001.10194v2]

Clean initial state 



Transverse Momentum Dependent (TMD) PDFs and TMD FFs

is the TMD PDFs of unpolarized partons with flavor a in an unpolarized
proton, carrying longitudinal momentum fraction x and transverse
momentum k⊥

is the TMD FFs describing the fragmentation of an unpolarized parton with
flavor a into an unpolarized hadron h carrying longitudinal momentum
fraction z and transverse momentum P⊥







TMD Production Cross section by Belle Collaboration
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FIG. 1. I llust rat ion of t ransverse-momentum-dependent sin-
gle hadron fragmentat ion where the final-state hadron is de-

picted as a red arrow, the incoming leptons as blue arrows,
and the event plane – spanned by leptons (blue lines) and ini-

t ial quarks/ thrust axis n (purple line) – is depicted as a light
blue plane. The t ransverse momentum Ph T is calculated rel-

at ive to the thrust axis and depicted by the red, dashed line.

tector at the KEKB asymmetric-energy e+ e− (3.5 GeV
on 8 GeV) collider [33, 34] operat ing at the ⌥(4S) res-
onance (denoted as on-resonance), as well as a smaller
data set taken 60 MeV below for comparison (denoted as
cont inuum).

The Belle detector is a large-solid-angle magnet ic spec-
t rometer that consists of a silicon vertex detector (SVD),
a 50-layer cent ral drift chamber, an array of aerogel
threshold Cherenkov counters, a barrel-like arrangement
of t ime-of-flight scint illat ion counters, and an elect romag-
net ic calorimeter comprised of CsI(T l) crystals located
inside a superconduct ing solenoid coil that provides a
1.5 T magnet ic field. An iron flux-return located outside
of the coil is inst rumented to detect K 0

L mesons and to
ident ify muons. The detector is described in detail else-
where [35, 36]. A 1.5 cm beampipe with 1 mm thickness
and a 4-layer SVD and a small-cell inner drift chamber
were used to record 558 fb− 1 [37].

The primary light (uds)- and charm-quark simulat ions
used in this analysis were generated using py t hia6.2
[38], embedded into the EvtGen [39] framework, followed
by a geant 3 [40] simulat ion of the detector response.
The various MC samples were produced separately for
light (uds) and charm quarks, and on the generator level
several JETSET[41] set t ings were produced in order to
study their impact . For generator level MC to data
comparisons, long-lived weak decays, which normally are
handled in geant , were allowed in EvtGen. In addit ion,
we generated charged and neut ral B meson pairs from
⌥(4S) decays in EvtGen, ⌧pair events with the KKMC
[42, 43] generator and the Tauol a [44] decay package,
and other events with either pyt hia or dedicated gener-
ators [45] such as for two-photon processes.

A . Event and t r ack select ion

The goal of this analysis is to ext ract hadron cross
sect ions from uds and charm pair events. Therefore
events are required to have a visible energy of all de-
tected charged t racks and neut ral clusters above 7 GeV
(to remove ⌧pair events) and either a heavy-jet mass
(the greater of the invariant masses of all part icles in
a hemisphere as generated by the plane perpendicular
to the thrust axis) above 1.8 GeV/ c2 or a rat io of the
heavy-jet mass to visible energy above 0.25. Also, events
need to have at least three reconstructed charged t racks,
which reduces two-photon processes. The thrust value
is calculated as descibed above, where all detected par-
t icles and neut ral clusters are included. For the charged
part icles, the mass hypothesis for the ident ified part icle
type is taken into account when boost ing into the CMS.
The thrust axis is required to point into the barrel part
of the detector by having a z component |n̂z | < 0.75 in
order to reduce the amount of thrust-axis smearing due
to undetected part icles in the forward/ backward regions.
Tracks are required to be within 4 cm (2 cm) of the
interact ion point along (perpendicular to) the posit ron
beam axis. Each t rack is required to have at least three
SVD hits and fall within the polar-angular acceptance of
− 0.511 < cos✓lab < 0.842 in order to have PID infor-
mat ion from all relevant PID detectors. The fract ional
energy of each track is required to exceed 0.1 and the
t ransverse momentum with respect to the thrust axis is
then calculated in theCMSas illust rated in Fig. 1. Also a
minimum transverse momentum in the laboratory frame
with respect to the beam axis of 100 MeV/ c is imposed
to ensure the part icles t raverse the magnet ic field.

B . P I D select ion

To apply the PID correct ion according to the PID effi-
ciency matrices used in previous results [46], the same se-
lect ion criteria are applied first to define a charged t rack
as a pion, kaon, proton, elect ron or muon. This informa-
t ion is determined from normalized likelihood rat ios that
are const ructed from various detector responses. If the
muon-hadron likelihood rat io is above 0.9, the t rack is
ident ified as a muon. Otherwise, if the elect ron-hadron
likelihood rat io is above 0.85, the t rack is ident ified as an
elect ron. If neither of these applies, the track is ident ified
as a kaon by a kaon-pion likelihood rat io above 0.6 and a
kaon-proton likelihood rat io above 0.2. Pions are ident i-
fied with the kaon-pion likelihood rat io below 0.6 and a
pion-proton rat io above 0.2. Finally, protons are ident i-
fied with kaon-proton and pion-proton rat ios below 0.2.
Here, and in the remaining sect ions of this presentat ion,
protons will refer to combinat ions of protons and ant i-
protons unless the charge is explicit ly ment ioned. While
neither muons nor electrons are considered explicit ly for
the single hadron analysis, they are retained as necessary
contributors for the PID correct ion, wherein a certain

As the thrust variable describes how collimated all particles in an event are, the results are presented in bins of this value.

Experimentally, the transverse momentum of the 
hadron is calculated relative to the thrust axis nˆ 
which maximizes the event-shape variable 
thrust T 

This single-hadron cross-section measurement is based on a data
sample of 558 fb−1 collected with the Belle detector at the KEKB
asymmetric-energy e+e− (3.5 GeV on 8 GeV) collider.



Binning

For the hadron cross section, a (z, PhT) binning of 18 equidistant z
bins from 0.1 to 1.0 and 20 equidistant PhT bins from 0 to 2.5
GeV/c is chosen. The thrust values are separated into six bins
with boundaries at 0.5, 0.7, 0.8, 0.85, 0.9, 0.95, and 1.0



Binning and cross-section extraction

The goal of this analysis is to extract hadron cross sections from uds and charm pair events.

The distributions of thrust for the selected hadron samples are displayed in above plots, where the
different processes are depicted. It can be seen that uds and charm events peak at high thrust values,
which is why in the following most corrections and results are displayed in the 0.85 < T < 0.9 thrust bin.



TMD Production Cross section by Belle Collaboration

First direct transverse-momentum-dependent single-hadron production cross sections e+ e- collisions at
Q =10.58 GeV for pions, kaons, and protons.



Factorization of TMD FFs

Factorization of TMD for e+ e- → hX process, one observed hadron at the final state

TMD fragmentation function two terms:

❑ First term is the unpolarized collinear FFs: [Dh/f (z,Q2)]
❑ Second term corresponds to the TMD dependent: [hh(PhT)]

FFs by NNFF1.0 Collaboration: Eur Phys J C 77 (2017) 516

not dependent on the scale of energy
and also the flavor



NNFF1.0 (FFs)



Fitting Methodology

Commonly parameterizations for the TMD FFs in SIDIS, Drell-Yan and  SIA processes,  Gaussian
form at low p⊥

Minimization has been done by the CERN program library MINUIT
[Comput. Phys. Commun. 10, 343 (1975)]

Physics Letters B 772 (2017) 78-86

JHEP 04 (2014) 005



Kinematical cuts



Χ2 Scanning

TMD FFs fits for each different P hT< PhT
max cut



Dependence on z parameter:

Sensitivity of χ2 to the particular value of zmax

Exclude the datasets with z > zmax from the analysis.



Results



Pion Results

Comparisons between the differential cross sections measurements from Belle Collaboration for pion and 
our theory predictions as a function of PhT for different z bins.



Kaon Results



Proton Results



The distributions for < 𝑝ℎ𝑇
2 > as a function of z. The plots shown are for the charged pion, kaon, and

proton/antiproton FFs, respectively. The error bars correspond to the 1-σ uncertainty at 68% CL.



Future high-energy colliders

✓ Future colliders, such as LHeC, EIC, FCC, etc. could offer

unique possibilities to reach the ultimate precision in PDFs

and FFs determinations by probing kinematic regions

which are far from the reach of current experiments.



Coverage of the kinematic plane in deep inelastic lepton-proton scattering by some initial fixed target
experiments, with electrons (SLAC) and muons (NMS, BCDMS), and by the ep colliders: the EIC (green), HERA
(yellow), the LHeC (blue) and the FCC-eh (brown).

CERN-ACC-Note-2020-0002
Geneva, June 18, 2020

To appear in:
Journal of Physics G



Future Circular Collider (FCC)
• The goal of the FCC is to greatly push the energy and intensity frontiers of particle colliders, with the aim of

reaching collision energies of 100 TeV, in the search for new physics.

• The FCC Study, hosted by CERN, is an international collaboration of more than 150 universities, research
institutes and industrial partners from all over the world.

Eur. Phys. J. C 79 (2019) 474

The phenomenology of PDFs

at such extreme energies is

very rich: such as top quark

PDFs and ... lots of fun!!!

Growing consensus that the

next big machine more

suitable to explore the energy

frontier should be a 100 TeV

hadron collider, possibly with

also e+e-, ep and pp operation

modes.



Summary and Conclusion

✓ Recently, Belle Collaboration at KEKB has published the first measurements on e+e- → hX
differential cross sections in both z and PhT space for charged pion, kaon, and proton/antiproton.
Previously, there was no dataset on the transverse momentum dependence of the cross sections or
multiplicities for extraction of the unpolarized TMD FFs for the identified light hadrons.

✓ These datasets are the only available observables in SIA process which we used, for the first time,
to determine the unpolarized TMD FFs for pion, kaon, and proton/antiproton from QCD fits.
These new measurements could provide enough constrains on the energy fraction z of the
fragmentation process.

✓ This analysis is restricted to the electron-positron annihilation processes, and hence, another
possible area of future research would be to investigate the effect of another source of information
on the TMD FFs which mainly come from the SIDIS processes. In terms of future work, it would
be interesting to repeat the analysis described here considering the mentioned improvements.



It is my honor to thank: The organizers of ICHEP2020

conference, and your attentions!

http://pic.sj9.cn/pic/pic_43038.htm

