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– BaBar collaboration - Phys Rev D 88, 032011 (2013) – 

represent the largest contributions to the systematic uncer-
tainties. Figures showing different contributions to the
systematic uncertainties for the final pion and kaon cross
sections are given in the Supplementary Material [19].

The final cross sections are compared with normalized
cross section measurements from LEP and SLC experi-
ments as well as from other, lower-energy eþe" experi-
ments. As an illustration, the pion cross section is compared
to those fromRefs. [5,6,8,22–27] in Fig. 3. The correspond-
ing plot for kaon cross sections can be found in the
Supplementary Material [19]. The resolution in z is signifi-
cantly improved for all compared normalized cross sections
overmost of the z range of thismeasurement. In addition, no
other previous measurement probes the z dependence of
hadron production for z * 0:7. The total relative uncertain-
ties of the previous measurements described above are
larger or comparable to the uncertainties achieved in the
results reported here. In particular, significantly better pre-
cision than previous measurements at low-energy scales is
reached. A comparison of the Belle results with simulated
data shows agreement for z & 0:5, but exhibits a strong
dependence on the chosen simulation parameter values at
z * 0:6 (see the Supplementary Material [19]).

In conclusion, differential cross sections of identified
charged pion and kaon production are measured over a
broad range in z with 0:2 # z < 0:98 with high relative
precision. The analyzed data sample of 68:0 fb"1 has
been accumulated at a center-of-mass energy of

ffiffiffi
s

p ¼
10:52 GeV, rendering this measurement the first precision
measurement far from LEP or SLC center-of-mass ener-
gies. The high statistics and good control of systematic
uncertainties will, for the first time, give constraints on the
dependence of hadron FFs at z * 0:7 and allow studies of
higher-order QCD effects at z% 1:0.
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FIG. 3 (color online). Belle results compared to charge-
integrated normalized pion cross sections (multiplicities) from
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scaled by arbitrary numbers (indicated between parentheses).
(Presentation style based on plots created by O. Biebel et al. for
Sec. 19 of Ref. [28].) Statistical and systematic uncertainties are
added in quadrature.
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as might be expected from a mass-driven scaling violation.
The differences are consistent with those expected by the
hadronization models described in Sec. VIB. However,
when the correlations between the systematic uncertainties
are taken into account, the significance of these differences
is only a few standard deviations for !! and K!, and
below 2" for p= !p. ARGUS also presents results including
K0

S and " decay products. A comparison with our conven-
tional results yields the same conclusions.

B. Comparison with hadronization models

In Fig. 13, we compare our cross sections for prompt
particles with the predictions of the three hadronization
models discussed in Sec. I. These models represent the
three different mechanisms for hadronization currently
available. In each case we use the default parameter values,
which have been chosen based on previous data, mostly at
higher energies but including the ARGUS data. All three
models describe the bulk of the spectra qualitatively, but no
model describes any spectrum in detail. The peak positions

are consistent with the data, except for the HERWIG K!,
which is too low. The peak amplitudes are low by 9%–20%
for !!, high by 8%–11% for K!, and either 30% low or
30%–50% high for p= !p.
The HERWIG peaks are too narrow, and the high-xp tails

are much too long; in particular, the p= !p spectrum shows a
pronounced structure at high xp, and also drops to zero in
the highest-xp bin. In contrast, the JETSET and UCLA !!

and K! peaks are slightly too broad, and the tails too short,
although both models describe the shapewell in the 0.2–0.7
range. UCLA also reproduces the amplitude of the K!

spectrum in this range. JETSET’s p= !p spectrum has the
correct shape for xp < 0:5, but then drops too slowly.
UCLA’s p= !p spectrum is distorted relative to the data in a
manner similar to HERWIG’s !! and K! spectra. A com-
parison of the conventional cross sections (not shown)
gives similar results.
Similar discrepancies with these models have been

reported at higher energies [12–18], although earlier ver-
sions of the models were often used and some parameter
values differed. Most differences from the data were of
the same sign and similar in size to those we observe,
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p ¼ 9:98 GeV. The error bars repre-
sent combined statistical and systematic uncertainties.
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➡ large amount of cross section measurements at high √s, 
near Z0 mass

➡ the region around √s ∼ 10 GeV remained until recently 
poorly investigated 

➡ precise measurements from Belle and BaBar
➡ differential cross-section for π±, K± and p/p

Figure 1. The newest charge-integrated normalized pion(up) and
kaon(bottom) cross sections (multiplicities) from selected mea-
surements [9].

3 Perspectives on Fragmentation
Functions

3.1 Inclusive production of π, K

To test the unpolarized FFs, one is interested in the in-
tegrated cross section of the (charged and neutral) hadrons.
There is a lack of information at the low energy scale [9]
and high z range, as shown in Fig. 1, where BESIII can
contribute. While it is also a challenge for charged π or
K with high fractional energy z, due to the high rate of
the mis-identification of π and K with very high momen-
tum. In contrast, studying on π0 is a good opportunity
because particle identification is not needed. Especially,
EMC which measures the neutral tracks at BESIII has
good performance. Neutral kaon, KS , is also a clean chan-
nel because of the flight distance of the KS , thus its de-
cay vertex is very useful to suppress backgrounds. Mea-
surements of the inclusive production of KS now is in
progress at BESIII. Preliminary Monte Carlo (MC) sim-
ulations shows that the backgrounds are very few and the
resolution of the KS momentum, which is also crucial to
study the z dependence of the FFs, is good enough.

3.2 Collins asymmetries in inclusive charged
pions

3.2.1 Cross section

The Collins fragmentation function describes the pro-
duction of a hadron with transverse momentum Ph⊥ from a
transversely polarized quark with spin Sq and momentum

Figure 2. The definition of azimuthal angle φ0 in the second
hadron frame [10].

k. The number densities for finding a hadron h produced
from a transversely polarized quark q can be defined as :

Dh,q↑ = Dq
1(z, P2

h⊥) + H⊥q
1 (z, P2

h⊥)
(k̂ × Ph⊥) · Sq

zMh
. (1)

The first term is the unpolarized fragmentation function,
while the second term contains the Collins fragmentation
function H⊥q

1 (z, P2
h⊥) and the spin orientation of the quark.

The Collins function describes the relationship between
the quark spin and the creation of final hadrons. The vec-
tor product introduces a cos(φ) modulation where φ is the
azimuthal angle spanned by the transverse momentum and
the plane normal to the quark spin along the quark’s mo-
mentum. The modulation is the so-called single spin asym-
metries (SSA).

Same as Belle [3] and BABAR [4], with the unpolar-
ized beams, the SSA caused by a single Collins function
can not be observed at BESIII. Instead, the Double Collins
Asymmetries (DCA) can be explored by looking at the two
correlated Collins functions simultaneously. Specifically,
in e+e− → qq̄ process, due to the spin of the virtual pho-
ton, the spin direction of the q and q̄ must be parallel. This
is the correlation between the Collins FFs of the quark and
the anti-quark. To probe DCA, the azimuthal angles can be
defined in two frames : the jet reference frame and the sec-
ond hadron frame [10]. However, only the later one was
introduce at BESIII, because it is too hard to define jets in
the case of the low energy and low multiplicity. In the sec-
ond hadron frame, the azimuthal angle φ0 is defined as the
angle between the plane spanned by the beam axis and the
second hadron P2, and the transverse momentum pt0 of the
first hadron around the second hadron direction, as shown
in Fig. 2. And the cross section follows the expression

σ(e+e− → h1h2X) ∝ cos(2φ0)H⊥
1 (z1) ⊗ H⊥

2 (z2), (2)

where two Collins FFs are included and a cos(2φ0) mod-
ulation is introduced. In the ongoing analysis at BESIII,
only the inclusive charged π is studied now.

3.2.2 Double Ratio

Referring to Belle and BABAR’s measurements, dou-
ble ratio are constructed to cancel detector effects and

EPJ Web of Conferences

02037-p.2

– Belle collaboration. - Phys Rev D 111 062002 (2013) –
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breaking between the ū ¼ d and s ¼ s̄ FFs. This little extra
freedom not only helps to accommodate all the different
data sets used in the global analysis in a much better way,
but it also leads to more realistic uncertainty estimates for
both Dπþ

s and Dπþ
ū . In particular, it now turns out that the

uncertainties for Dπþ
s are much bigger than for Dπþ

ū as can
be inferred from Fig. 1, where we present the individual
parton-to-pion FFs Dπþ

i ðz;Q2Þ at Q2 ¼ 10 GeV2. The four
leftmost panels show the optimum zDπþ

i at NLO accuracy
for i ¼ uþ ū, dþ d̄, ū ¼ d, s ¼ s̄, c ¼ c̄, and the gluon g
(solid lines) along with our uncertainty estimates at
68% C.L. (inner bands) and 90% C.L. (outer bands),
obtained as described in Sec. II C. For better visibility,
the rightmost panels give the relative uncertainties for the
same set of zDπþ

i . The results of the previous NLO DSS fit
are shown as dashed lines.
As can be inferred from Fig. 1, for the light quark flavors

the old DSS results are either close to the updated fit or
within its 90% C.L. uncertainty band. The best determined
pion FF is Dπþ

uþū, where the relative uncertainties are below
10% at 90% C.L. throughout most of the relevant z range.
Only for z≳ 0.8 the errors rapidly increase because of the
lack of experimental constraints in this region. The corre-
sponding uncertainties for Dπþ

dþd̄ turn out to be slightly
larger as they also include possible violations of SU(2)
charge symmetry through Eq. (3). We stress again, that at

variance with the DSS analysis [10], the new fit does not
favor any SU(2) breaking. For the unfavored FFs, Dπþ

ū ¼
Dπþ

d are determined well in a much more limited range of z,
and uncertainties start to increase already for z≳ 0.5. The
corresponding ambiguities on Dπþ

s ¼ Dπþ
s̄ are about a

factor of 2 larger and amount to at least 25% at
90% C.L. for z≃ 0.3.
Bigger deviations from the DSS analysis are found for

both the gluon and the charm FFs. In the latter case, this is
driven by the greater flexibility of the functional form, five
fit parameters rather than three, which helps with the
overall quality of the global fit and cannot be pinpointed
to a particular data set. In fact, there had been no new charm
(or bottom) tagged data since the LEP and SLAC era. The
significantly reducedDπþ

g above z≃ 0.4 as compared to the
DSS fit is a result of the new ALICE pp data [32], which
have a strong preference for fewer pions from gluon
fragmentation for basically all values of z. We will discuss
this finding, and possible tensions arising with the pp data
from RHIC, in more detail in Sec. III D. The relative
uncertainties on Dπþ

g at Q2 ¼ 10 GeV2 are about 25% at
90% C.L. up to z≃ 0.5 and quickly increase toward larger
z values.
We refrain from performing a detailed comparison to the

uncertainty estimates based on the data sets available for
the original DSS analysis [10,26] as they can be viewed at
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FIG. 1 (color online). The individual FFs for positively charged pions zDπþ
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so far little explored. The binning of BABAR data [28] is
more sparse toward large z, and a similar trend as for the
BELLE data is not visible here.
For all the sets shown in Fig. 3, the new fit is able to

follow the trend of the data even below the z values

included in the analysis (the region indicated by the hatched
area). Agreement with BABAR data below the cut z ¼ 0.1
quickly deteriorates though. In this region, the data start to
drop while the NLO SIA cross section continues to rise as
can be seen in the left-hand panel of Fig. 4. Since the
BABAR data are taken at the lowest c.m.s. energy, such an
effect is not unexpected and signifies the onset of neglected
hadron mass effects in the theoretical framework. In fact,
this was the reason for us to choose a somewhat higher cut
in z, z > 0.1 than for the other SIA data obtained at higher
c.m.s. energies. The BELLE experiment did not publish
any data below z ¼ 0.2 [29].
Also shown in Figs. 3 and 4 are the theoretical results

obtained with the original DSS FFs (dashed lines), i.e.,
without any refitting or adjusting normalization shifts. The
agreement with SIA data is in general very good, except for
some small deviations from the recent B factory data, most
noticeable in the comparison to BABAR. Contrary to the
new analysis, the original DSS fit undershoots both the
BELLE and BABAR data at high z.
Our estimated uncertainty bands, also shown in Figs. 3

and 4, reflect the accuracy and kinematical coverage of the
fitted data. They increase toward both small and large z,
similar to the pattern observed for the individual Dπþ

i in
Figs. 1 and 2. One should keep in mind that the obtained
bands are constrained by the fit to the global set of SIA,
SIDIS, and pp data and do not necessarily have to follow
the accuracy of each individual set of data.
As was already mentioned in Sec. III A, the SIA data

from the LEP and SLAC experiments constrain mainly the
total quark singlet fragmentation to pions as up-type and
down-type quark couplings to the exchanged Z gauge
boson are roughly equal at Q≃MZ. The new BABAR and
BELLE data are dominated by photon exchange and,
hence, prefer up-type quark flavors. When combined, this
leads to some partial flavor separation. QCD scale evolu-
tion between Q2 ≃ 110 GeV2 and Q2 ¼ M2

Z provides
some additional constraints, in particular, also for the gluon
FF. The flavor-tagged LEP and SLAC data, listed in
Table II, are still the best “direct” source of information
on the charm- and bottom-to-pion FFs.
Finally, we wish to remark that despite the excellent

agreement with all SIA data there are still some issues
which require further scrutiny and, perhaps, more detailed
comparisons among the different experimental groups. One
concern is the question to what extent “feed-down” pions
from weak decays contribute to the individual data sets.
Different treatments of QED radiative corrections, of which
the main effect is to lower the “true” c.m.s. energy

ffiffiffi
S

p
of

the collisions, might be another source of potential tension.
For instance, the BELLE Collaboration [29] provides only
a measurement of the cross section dσ=dz, while all other
experiments in SIA scale their quoted results by the total
cross section σtot for eþe− → hadrons. Since BELLE cuts
on radiative photon events if their energy exceeds a certain
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➡ predictions  from  all  available  FF  sets  are  not 
compatible with CMS and ALICE inclusive charged 
hadron spectra 

➡ reason might be the gluon-to-hadron FFs

Fragmentation functions: why should we bother?

Example 1: Ratio of the inclusive charged-

hadron spectra measured by CMS and ALICE

Figures taken from [NPB883 (2014) 615]

Example 2: The strange polarized parton

distribution at Q2

= 2.5 GeV2 (�s = �s̄)

Figure taken from [PRDD84 (2011) 014002]

1 Predictions from all available FF sets are not

compatible with CMS and ALICE data, not

even within scale and PDF/FF uncertainties

2 If SIDIS data are used to determine �s, K±

FFs for di↵erent sets lead to di↵erent results.

Such results may di↵er significantly among

them and w.r.t. the results obtained from DIS

Emanuele R. Nocera (Oxford) Towards NNFF1.0 July 11, 2016 5 / 17

Surprises come with new data 
– Nucl Phys B 883 (2014) 615 – 

breaking between the ū ¼ d and s ¼ s̄ FFs. This little extra
freedom not only helps to accommodate all the different
data sets used in the global analysis in a much better way,
but it also leads to more realistic uncertainty estimates for
both Dπþ

s and Dπþ
ū . In particular, it now turns out that the

uncertainties for Dπþ
s are much bigger than for Dπþ

ū as can
be inferred from Fig. 1, where we present the individual
parton-to-pion FFs Dπþ

i ðz;Q2Þ at Q2 ¼ 10 GeV2. The four
leftmost panels show the optimum zDπþ

i at NLO accuracy
for i ¼ uþ ū, dþ d̄, ū ¼ d, s ¼ s̄, c ¼ c̄, and the gluon g
(solid lines) along with our uncertainty estimates at
68% C.L. (inner bands) and 90% C.L. (outer bands),
obtained as described in Sec. II C. For better visibility,
the rightmost panels give the relative uncertainties for the
same set of zDπþ

i . The results of the previous NLO DSS fit
are shown as dashed lines.
As can be inferred from Fig. 1, for the light quark flavors

the old DSS results are either close to the updated fit or
within its 90% C.L. uncertainty band. The best determined
pion FF is Dπþ

uþū, where the relative uncertainties are below
10% at 90% C.L. throughout most of the relevant z range.
Only for z≳ 0.8 the errors rapidly increase because of the
lack of experimental constraints in this region. The corre-
sponding uncertainties for Dπþ

dþd̄ turn out to be slightly
larger as they also include possible violations of SU(2)
charge symmetry through Eq. (3). We stress again, that at

variance with the DSS analysis [10], the new fit does not
favor any SU(2) breaking. For the unfavored FFs, Dπþ

ū ¼
Dπþ

d are determined well in a much more limited range of z,
and uncertainties start to increase already for z≳ 0.5. The
corresponding ambiguities on Dπþ

s ¼ Dπþ
s̄ are about a

factor of 2 larger and amount to at least 25% at
90% C.L. for z≃ 0.3.
Bigger deviations from the DSS analysis are found for

both the gluon and the charm FFs. In the latter case, this is
driven by the greater flexibility of the functional form, five
fit parameters rather than three, which helps with the
overall quality of the global fit and cannot be pinpointed
to a particular data set. In fact, there had been no new charm
(or bottom) tagged data since the LEP and SLAC era. The
significantly reducedDπþ

g above z≃ 0.4 as compared to the
DSS fit is a result of the new ALICE pp data [32], which
have a strong preference for fewer pions from gluon
fragmentation for basically all values of z. We will discuss
this finding, and possible tensions arising with the pp data
from RHIC, in more detail in Sec. III D. The relative
uncertainties on Dπþ

g at Q2 ¼ 10 GeV2 are about 25% at
90% C.L. up to z≃ 0.5 and quickly increase toward larger
z values.
We refrain from performing a detailed comparison to the

uncertainty estimates based on the data sets available for
the original DSS analysis [10,26] as they can be viewed at
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FIG. 1 (color online). The individual FFs for positively charged pions zDπþ
i ðz; Q2Þ atQ2 ¼ 10 GeV2 along with uncertainty estimates

at 68% and 90% C.L. indicated by the inner and outer shaded bands, respectively. The panels on the right-hand side show the
corresponding relative uncertainties. Also shown is a comparison to the previous global analysis by DSS [10] (dashed lines).
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so far little explored. The binning of BABAR data [28] is
more sparse toward large z, and a similar trend as for the
BELLE data is not visible here.
For all the sets shown in Fig. 3, the new fit is able to

follow the trend of the data even below the z values

included in the analysis (the region indicated by the hatched
area). Agreement with BABAR data below the cut z ¼ 0.1
quickly deteriorates though. In this region, the data start to
drop while the NLO SIA cross section continues to rise as
can be seen in the left-hand panel of Fig. 4. Since the
BABAR data are taken at the lowest c.m.s. energy, such an
effect is not unexpected and signifies the onset of neglected
hadron mass effects in the theoretical framework. In fact,
this was the reason for us to choose a somewhat higher cut
in z, z > 0.1 than for the other SIA data obtained at higher
c.m.s. energies. The BELLE experiment did not publish
any data below z ¼ 0.2 [29].
Also shown in Figs. 3 and 4 are the theoretical results

obtained with the original DSS FFs (dashed lines), i.e.,
without any refitting or adjusting normalization shifts. The
agreement with SIA data is in general very good, except for
some small deviations from the recent B factory data, most
noticeable in the comparison to BABAR. Contrary to the
new analysis, the original DSS fit undershoots both the
BELLE and BABAR data at high z.
Our estimated uncertainty bands, also shown in Figs. 3

and 4, reflect the accuracy and kinematical coverage of the
fitted data. They increase toward both small and large z,
similar to the pattern observed for the individual Dπþ

i in
Figs. 1 and 2. One should keep in mind that the obtained
bands are constrained by the fit to the global set of SIA,
SIDIS, and pp data and do not necessarily have to follow
the accuracy of each individual set of data.
As was already mentioned in Sec. III A, the SIA data

from the LEP and SLAC experiments constrain mainly the
total quark singlet fragmentation to pions as up-type and
down-type quark couplings to the exchanged Z gauge
boson are roughly equal at Q≃MZ. The new BABAR and
BELLE data are dominated by photon exchange and,
hence, prefer up-type quark flavors. When combined, this
leads to some partial flavor separation. QCD scale evolu-
tion between Q2 ≃ 110 GeV2 and Q2 ¼ M2

Z provides
some additional constraints, in particular, also for the gluon
FF. The flavor-tagged LEP and SLAC data, listed in
Table II, are still the best “direct” source of information
on the charm- and bottom-to-pion FFs.
Finally, we wish to remark that despite the excellent

agreement with all SIA data there are still some issues
which require further scrutiny and, perhaps, more detailed
comparisons among the different experimental groups. One
concern is the question to what extent “feed-down” pions
from weak decays contribute to the individual data sets.
Different treatments of QED radiative corrections, of which
the main effect is to lower the “true” c.m.s. energy
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the collisions, might be another source of potential tension.
For instance, the BELLE Collaboration [29] provides only
a measurement of the cross section dσ=dz, while all other
experiments in SIA scale their quoted results by the total
cross section σtot for eþe− → hadrons. Since BELLE cuts
on radiative photon events if their energy exceeds a certain
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(dashed lines). The inner and outer shaded bands correspond to
the new uncertainty estimates at 68% and 90% C.L., respectively.
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FIG. 3 (color online). Left-hand side: comparison of our
new NLO results (solid lines) and the previous DSS fit [10]
(dashed lines) with data sets for inclusive pion production in SIA
used in both fits; see Table II. The inner and outer shaded bands
correspond to new uncertainty estimates at 68% and 90% C.L.,
respectively. Right-hand side: “(data-theory)/theory” for each of
the data sets with respect to our new fit (symbols) and the DSS
analysis (dashed lines).
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TABLE II: Parameters describing the NLO FFs for pos-

itively charged kaons, DK+

i (z,Q0), in Eq. (1) in the MS
scheme at the input scale Q0 = 1GeV. Results for the
charm and bottom FFs refer to Q0 = mc = 1.43GeV and
Q0 = mb = 4.3GeV, respectively.

flavor i Ni αi βi γi δi
u+ u 0.0663 -0.486 0.098 10.85 1.826
s+ s 0.2319 2.745 2.867 59.07 7.421

u = d = d = s 0.0059 3.657 12.62 59.07 7.409
c+ c 0.1255 -0.941 2.145 0.0 0.0
b+ b 0.0643 -0.941 5.221 0.0 0.0
g 0.0283 13.60 12.62 0.0 0.0

level (C.L.) and the results from our previous DSS 07 fit
[3]. As can be inferred from the figures, the FFs for most
flavors are either close to the updated fit or within its
90% C.L. uncertainty band; one should recall, that only
data with z ≥ 0.1 are included in our analysis [z ≥ 0.2
for BaBar]. For some flavors i and regions of z there
are, however, sizable differences. They are most notice-
able for DK+

u+ū and the unfavored FF DK+

ū below z ≃ 0.5,

for DK+

c+c̄ at large z, and for the gluon-to-kaon FF around
z ≃ 0.4.
The differences with respect to the DSS 07 results are

mainly driven by the newly added Belle and Babar
data at high z, by the z − x projections of the mul-
tiplicities both from Hermes [19] and Compass [22],
and by the K−/K+ ratios measured in pp collisions by
Star [24]. All these sets provide sensitivity to the fla-
vor separation of the parton-to-kaon FFs that was not
available in the DSS 07 analysis, and in the global fit
all FFs have to adjust accordingly. It is worth noticing
that the total strange quark FF DK+

s+s̄, which plays an
important role in determinations of the strangeness he-
licity distribution [5], is always somewhat smaller than
the corresponding DSS 07 result, but the differences are
within the 90% C.L. uncertainty band for z ! 0.1. In
spite of the much improved experimental information,
no evidence of a flavor symmetry breaking between the
unfavored FFs is found. A single parameterization for
DK+

u = DK+

d = DK+

d
= DK+

s is still the most economi-
cal choice to reproduce the data, as was the case in the
original DSS 07 analysis.
In terms of uncertainties, the strange quark FF is less

well constrained than other FFs despite being a “favored”
FF. Light quark FFs have the advantage that u and d
quarks are much more abundant than s quarks in SIDIS
due to the corresponding u and d valence quark PDFs. In
addition, scattering off a u-quark is more likely due to its
larger electrical charge. The heavy quark FFs are rather
tightly constrained by flavor-tagged SIA data and, thanks
to the new Belle and Babar data, to some extent also
from their interplay with LEP and SLAC data at higher
c.m.s. energies; for instance, for Belle and Babar the
bottom FFs does not play a role.
The overall quality of the fit is summarized in Tab. I,
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FIG. 2: As in Fig. 1 but now at the scale Q = MZ where also
the bottom-to-K+ fragmentation function is nonzero.

where we list all data sets included in our global analy-
sis, as discussed in Sec. II B, along with their individual
χ2 values and the analytically determined normalization
shifts for each set. We note that the quoted χ2 values are
based only on fitted data points, i.e., after applying the
cuts mentioned in Sec. II B, and include the χ2 penalty
from the normalization shifts; see Ref. [15] for more de-
tails on the method.

It is also worth mentioning that there is a more than
five-fold increase in the number of available data points

– de Florian et al, 2017 – ➡ the main constraints on FFs come from e+e- data
➡ gluon-to-hadron fragmentation functions 

largely unconstrained
➡ gluon FFs constraints from pp data

➡ data from RHIC at small values of pT < 5 GeV
➡ inclusion of new data from LHC is mandatory
➡ dσK/dσπ  from Alice
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FIG. 10: Ratio of the charged kaon to charged pion cross sec-
tion at

√

S = 2.76 TeV as measured by Alice [23] compared
to our NLO results (solid line). The pion cross section is com-
puted with the DSS 14 set [15]. The dashed line illustrates the
result obtained with the old DSS 07 sets of FFs for both pions
and kaons. The inner and outer shaded bands correspond to
uncertainty estimates at 68% and 90% C.L., respectively.

Alice pion data. As can be seen, the current description
of the data is much better than the one achieved by the
previous DSS 07 sets of pion and kaon FFs (dashed line)
which turns out to be way to small in the entire range of
pT . One reason is the much reduced gluon-to-pion FF in
the DSS 14 set [15] as compared to DSS 07, which pushes
the kaon-to-pion ratio up. In addition, the new fit has
a larger gluon-to-kaon FF than in our previous DSS 07
analysis as can be inferred from Fig. 1.

The inner and outer shaded bands in Figs. 8 - 10 repre-
sent our uncertainty estimates at 68% and 90% C.L., re-
spectively. The bands are considerably wider than for the
corresponding kinematics for pion yields, see Figs. 9-11 in
Ref. [15]. In addition, there are theoretical uncertainties
from the choice of the factorization and renormalization
scales and the set of PDFs in the cross section calcula-
tions. For the results shown in the figures, we use a com-
mon scale µf = µr = pT and, as for SIDIS multiplicities,
the MMHT set of PDF [9]. Since the relevant kinematics
and the dominance of gluons is very similar to the case of
single-inclusive pion production at RHIC and the LHC,
also the scale and PDF uncertainties for kaons are sim-
ilar, see Figs. 9-11 in Ref. [15] for estimates. For kaons,
however, the uncertainty estimates at 68% and 90% C.L.
shown in Figs. 8 - 10 are now the dominant ones, which
basically reflects the fact that the experimental data for
kaon production is less accurate that those for pions.

IV. SUMMARY AND OUTLOOK

We have presented a new, comprehensive global
QCD analysis of parton-to-kaon fragmentation functions
at next-to-leading order accuracy including the latest
experimental information. The analyzed data com-
prise single-inclusive kaon production in semi-inclusive
electron-positron annihilation, deep-inelastic scattering,
and proton-proton collisions and span energy scales rang-
ing from about 1GeV up to the mass of the Z boson.
The very satisfactory and simultaneous description of all
data sets within the estimated uncertainties strongly sup-
ports the validity of the underlying theoretical framework
based on pQCD and, in particular, the notion of factor-
ization and universality for parton-to-kaon fragmentation
functions.
Compared to our previous analysis of kaon fragmen-

tation functions in 2007, which was based on much less
precise and copious experimental inputs, and to which we
have made extensive comparisons throughout this work,
we now obtained a significantly better fit, as measured in
terms its the global χ2, using the same functional form as
before with only a few additional fit parameters. While
most of the favored and unfavored quark-to-kaon frag-
mentation functions are by and large similar to our pre-
vious results, perhaps the most noteworthy change is a
larger gluon-to-kaon fragmentation function, which can
be tested and constrained further by upcoming data from
the LHC experiments.
The wealth of new data included in our updated global

analysis allow for the first time to perform a reliable
estimate of uncertainties for parton-to-kaon fragmenta-
tion functions based on the standard iterative Hessian
method. The availability of Hessian sets will significantly
facilitate the propagation of these uncertainties to other
observables with identified kaons. The obtained uncer-
tainties are still sizable in the kinematic regions covered
and constrained by data and they quickly deteriorate be-
yond. They range at best from about twenty to thirty
percent for the total strange quark fragmentation func-
tion and from ten to twenty five percent for the total u
quark and the gluon fragmentation functions. Another
new asset of the current analysis was to analytically de-
termine the optimum normalization shift for each data
set in the fit, which greatly facilitated the fitting proce-
dure.
The newly obtained kaon fragmentation functions and

their uncertainty estimates will be a crucial ingredient in
future global analyses of both helicity and transverse-
momentum dependent parton densities, which heavily
draw on data with identified kaons in the final-state. Our
results will also serve as the baseline in heavy-ion and
proton-heavy ion collisions, where one of the main ob-
jectives is to quantify and understand possible modifica-
tions of hadron production yields by the nuclear medium.
Since pions and kaons constitute by far the largest frac-
tion in frequently measured yields of unidentified charged
hadrons, our newly updated sets of fragmentation func-

➡ substantial differences between new and old fits
➡ reduced gluon-to-pion fragmentation functions
➡ larger gluon-to-kaon fragmentation functions
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The Lund string model

8

➡ The fragmentation process has yet to be understood from first principles

➡ Commonly used phenomenological models of hadronisaion:

➡ String model

➡ Cluster model

➡ Independent model

➡ … 

➡ All models have a probabilistic nature →  probabilistic rules are given for the production of new 
flavours, and for the sharing of energy and momentum between the products 

➡ String fragmentation model was proposed by X. Artru and G. Mennessier as early as 1974

➡ Later was developed by Lund group 

➡ And still is widely in use in Monte Carlo generators

➡ PYTHIA

➡ Lepto

➡ …

➡ … is the basic part of many computer simulations which are necessary to obtain accurate predictions 
for production of hadrons 
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The basic picture

9

➡Asymptotic  freedom:  at  short  distances  the  force  between  the  quark-antiquark  pair 
becomes increasingly QED-like 

➡At long distances, gluon self-interaction makes field lines attract each other 
➡  gluon interactions described by flux tubes  – strings

+ - e�e+QED:

QCD:

Event Generator Physics 3 Bryan Webber

Confinement
Asymptotic freedom:        becomes increasingly QED-like 

at short distances.

QED:

but at long distances, gluon self-interaction makes field 
lines attract each other:

QCD:

linear potential  confinement

+ –+ –

q q̄

➡Confinement:  linear potential  at  long distances →  needs an infinite energy to drag the 
quarks apart 

V (r) ⇡ r

F (r) ⇡ const =  ⇡ 1 GeV/fm

➡Approximately constant energy density in the string 
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String fragmentation

10

Stretch enough and the strings break apart!

➡generate quark-antiquark pair

➡Gaussian transverse momentum

➡ select the hadron state (L=0, S=0 or 1)

➡determine the longitudinal momentum

➡String break by tunnelling:

➡ common Gaussian pT spectrum

➡ suppression of heavy-quark production →  u : d : s : c ≈ 1 : 1 : 0.3 : 10−11

➡ diquark ∼ antiquark ⇒ simple model for baryon production 

➡Motion of quark and antiquark pairs with adjacent pairs forming hadrons

P / exp(

�⇡m2
T


) = exp(

�⇡p2T


) exp(

�⇡m2


)
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Continuum spectrum

11

Understanding the hadronization and the continuum spectrum
➡ contribute to all processes with hadrons in the final state

➡ particularly important for studying the spin structure of nucleons

➡ a tool to study the QCD vacuum structure

➡ background in NP searches

2 Methodology

interacting positron and electron, makes it easy to infer the missing energy and momentum. For
this we also need to quantify the total “visible” four-momentum Pvis, as the sum of four-momenta
of all particles detected in the event.

Po = (ELER + EHER, EHER sin , 0, EHER cos � ELER)

Pvis =

allX

i

P
i

Pmiss = Po � Pvis

M2
miss = P 2

miss. (2.3)

Here ELER and EHER are the energies of the low and high energy beams (namely the positron and
electron beams, with an energy of 3.5GeV and 8GeV respectively). The angle  represents the
crossing angle between the two beams at the interaction point, with a value of 0.022 rad.

Jet-like continuum events deposit on average a bigger fraction of their energy close to the beam
pipe direction than spherical BB events. We try to account for this feature by decomposing Pvis

into components that are parallel and transverse with respect to the beam pipe. The variable used
is the transverse energy ET, which is defined as:

Pvis = (Evis, px, py, pz)

ET =

q
p2
x

+ p2
y

. (2.4)

The distribution of both variables is shown in Fig. 2.4
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Figure 2.4: Kinematic variables: (a) missing mass squared and (b) transverse energy.

2.2.4 Calorimeter variables

Photons deposit all of their energy in the ECL crystals. We are interested in isolated and well
reconstructed photons, we look for clusters whose energy is concentrated around the seed cell and
is regularly distributed around it. The two variables we have used are shown in Fig. 2.5:

• E9oE25: the ratio of energy deposited in the 9 cells around the seed cell over the 25 cells
around the seed cell.

• Width: is the RMS width of the shower, measured in cm.

6

 – Belle collaboration – PRL 114, 151601 (2015) – 
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Belle → Belle II: Monte Carlo generators

12
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Belle → Belle II: Monte Carlo generators
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Belle II Monte Carlo generators

13
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➡ large effect of ISR 

➡ three options to generate the FSR 

➡ tiny effect of ISR/FSR interference

➡maximum 10-20% effect of FSR at 
low momenta

➡ source of systematic uncertainty



Excited QCD 2017, Sintra, Portugal Ami Rostomyan

Belle II Monte Carlo generators

13

e+

e�

�⇤

q̄

q

q̄

q

q̄

q

q̄

q̄
q

q
D0

K�

e+

⌫e
QED ISR QCD FSR

QED FSR

In
te

rle
av

in
g

QED FSR

KKMC

PYTHIA

PHOTOS

➡ large effect of ISR 

➡ three options to generate the FSR 

➡ tiny effect of ISR/FSR interference

➡maximum 10-20% effect of FSR at 
low momenta

➡ source of systematic uncertainty



Excited QCD 2017, Sintra, Portugal Ami Rostomyan

Belle MC % Belle2 MC
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Pythia 8 is a clean new start, to provide a successor to Pythia 6. 

➡ in general PYTHIA 8 is different from PYTHIA 6

➡ not possible to "port" a PYTHIA 6 tune to PYTHIA 8
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Towards PYTHIA8 tuning

15

Tuning overview

How to tune the fragmentation process?
 � use Belle data

Goal:
Prepare a software tool tha can be used
on  any dataset from Belle to extract 
the optimal puthia tunig

BelleII MC 
generators 

Belle Data

Belle Detector
Simulation 
(Geant)

Unfolding of 
Belle Detector 
effects

Which Datasets?
  Y(1S) for  ggg events
  Y(4S)-30 MeV continuum for qq

Do we need different sets of tunes?
  Yes (No?)

Do we need two different approaches?
 � NO

Large systematics

Time consuming

24

Pythia8 tuning task force
  Hulya Atmacan, 
  Torben Ferber, 
  Ami Rostomyan, 
  U.T.

use Belle data

➡ off-resonance data: qq  events 
(q=u, d, s, c)

use Belle II MC generators
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Tuning overview

How to tune the fragmentation process?
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Do we need two different approaches?
 � NO

Large systematics

Time consuming

24

Pythia8 tuning task force
  Hulya Atmacan, 
  Torben Ferber, 
  Ami Rostomyan, 
  U.T.

use Belle data

➡ off-resonance data: qq  events 
(q=u, d, s, c)

use Belle II MC generators

➡ a tuning tool for Monte Carlo event generators
➡ automated tuning approach
➡ tune itself is very fast

➡ professor supplies the parameter grid 
➡ generate Monte Carlo for a given set of parameter values 
➡ calculate observables 
➡ build interpolations

➡ parametrise the MC in parameter space with a polynomial
➡ tune polynomial to data

➡ determination of minimum in parameters space
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Parameter sensitivity 

16

What do we mean by sensitivity?
StringZ:aLund = 0.4; (StringZ:aLund = 0.32; range : 0.0 - 2.0)
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sensitive
What do we mean by insensitivity?

MiniStringFragmentation:nTry = 4;
(MiniStringFragmentation:nTry = 2; range : 1 - 10)
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insensitive

ri  → number of events in ith bin in the reference sample

R  →  total number of events in the reference sample

mi → number of events in ith bin in the modified sample

M  → total number of events in the modified sample

resi =
ri �R p̂ivuutR p̂i

 
1�R

R+M

!
�
1� p̂i

�
with p̂i =

ri +mi

R+M

PYTHIA8 fragmentation → ~100 parameters → can’t tune all
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The parameter list

17

➡ Lund symmetric fragmentation functions

➡ parameters modifying s-quark, diquark and c-quark fragmentation

f(z) =
1

z
(1� z)StringZ:aLund e�StringZ:bLund m2

T/z
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➡ Lund symmetric fragmentation functions

➡ parameters modifying s-quark, diquark and c-quark fragmentation

➡ the total width in the fragmentation process

➡ parameters to describe the non-Gaussian tail in transverse momentum distribution

f(z) =
1

z
(1� z)StringZ:aLund e�StringZ:bLund m2

T/z

< p2T >
hadron

= 2 StringPT : sigma
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➡ particles
π +,  π –, π 0,  π ++ π –

K+, K–, K++ K–

η, ηʹ, γ
Λ, p

D0, D0*

➡ observables
z, pT, M2h

multiplicities

thrust, R2
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PYTHIA8 tuning for Belle II

Professor tool for tuningProfessor tool for tuning

✔ parameter correlations

✔ tuning procedure validation 
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Testing the tuning procedure

18

➡ Simultaneous tuning of all 14 parameters
➡ requires 1362 Monte Carlo samples → ~ 40 TB
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FIG. 2: Definition of the azimuthal angles φ1 and φ2 of the
two hadrons, between the scattering plane and their transverse
momenta Phi⊥ around the thrust axis n̂. The angle θ is defined
as the angle between the lepton axis and the thrust axis.

momentum of the quark-antiquark pair is known. The
quark directions are, however, not accessible to a direct
measurement and are thus approximated by the thrust
axis. The thrust axis n̂ maximizes the event shape vari-
able thrust:

T
max
=

∑

h |PCMS
h

· n̂|
∑

h |PCMS
h |

, (3)

where the sum extends over all detected particles. The
thrust value varies between 0.5 for spherical events and
1 for tracks aligned with the thrust axis of an event. The
thrust axis is a good approximation to the original quark-
antiquark axis as described in Section III A. The first
method of accessing the Collins asymmetry, M12 is based
on measuring a cos(φ1 + φ2) modulation of hadron pairs
(N(φ1 + φ2)) on top of the flat distribution due to the
unpolarized part of the fragmentation function. The un-
polarized part is given by the average bin content ⟨N12⟩.
The normalized distribution is then defined as

R12 :=
N(φ1 + φ2)

⟨N12⟩
. (4)

The corresponding cross section is differential in both az-
imuthal angles φ1,φ2 and fractional energies z1,z2 and
thus reads [25]:

dσ(e+e− → h1h2X)

dΩdz1dz2dφ1dφ2
=

∑

q,q̄
3α2

Q2

e2
q

4 z2
1z

2
2

{

(1 + cos2 θ)Dq,[0]
1 (z1)D

q,[0]
1 (z2)

+ sin2 θ cos(φ1 + φ2)H
⊥,[1],q
1 (z1)H

⊥,[1],q
1 (z2)

}

, (5)

where the summation runs over all quark flavors acces-
sible at the center-of-mass energy. Antiquark fragmen-
tation is denoted by a bar over the corresponding quark

FIG. 3: Definition of the azimuthal angle φ0 formed between
the planes defined by the lepton momenta and that of one
hadron and the second hadron’s transverse momentum P ′

h1⊥

relative to the first hadron.

fragmentation function; the charge-conjugate term has
been omitted. The fragmentation functions do not ap-
pear in the cross section directly but as the zeroth ([0])
or first ([1]) moments in the absolute value of the corre-
sponding transverse momenta [26]:

F [n](z) =

∫

d|kT |2
[

|kT |
M

]n

F (z,k2
T ) . (6)

In this equation the transverse hadron momentum
has been rewritten in terms of the intrinsic transverse
momentum of the process: Ph⊥ = zkT . The mass M is
usually set to be the mass of the detected hadron, in the
analysis presented here M will be the pion mass.

A second way of calculating the azimuthal asymme-
tries, method M0, integrates over all thrust axis direc-
tions leaving only one azimuthal angle. This angle is de-
fined as the angle between the planes spanned by one
hadron momentum and the lepton momenta, and the
transverse momentum of the second hadron with respect
to the first hadron momentum. This angle in the opposite
jet hemisphere is displayed in Fig. 3, and is calculated as

φ0 = sgn [Ph2 · {(ẑ × Ph2) × (Ph2 × Ph1)}]

× arccos

(

ẑ × Ph2

|ẑ × Ph2|
·

Ph2 × Ph1

|Ph2 × Ph1|

)

. (7)

The corresponding normalized distribution R0, which is
defined as

R0 :=
N(2φ0)

⟨N0⟩
, (8)

contains a cos(2φ0) modulation. The differential cross
section depends on fractional energies z1, z2 of the two
hadrons, on the angle φ0 and the transverse momentum
QT = |qT | of the virtual photon from the e+e− annihila-
tion process in the two hadron center-of-mass system. At
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Fig. 7. Collins asymmetries A12 measured by Belle [7] as a
function of 16-(z1, z2) intervals. For each subplot, z1 is fixed in
one of the four intervals defined in the text, while z2 ranges be-
tween 0.2 to 1. Triangles (squares) show the fit result from the
UL (UC) double ratio. Statistical uncertainties are represented
by the bars around the points, and systematic contributions by
the lower error bars.
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Fig. 8. Collins asymmetries A12 measured by BaBar [8] as a
function of 36-(z1, z2) intervals. For each subplot, z1 is fixed
in one of the four intervals defined in the text, while z2 ranges
from 0.15 to 0.9. Up (down) triangles show the fit result from
the UL (UC) double ratio. Statistical and systematic uncer-
tainties are represented by the bars and bands around the data
points.

with (z1, z2) = (0.3–0.5)(0.2–0.3), while the first bin re-
ports only the measure for z < 0.2 from BaBar, as that
region is not covered by Belle. The measurements done in
the RF0 frame are in overall good agreement within the
uncertainties, while some tensions are present in RF12.
Despite RF12 allows a more intuitive interpretation from
a theoretical point of view, the definition of the thrust
axis could introduce systematic biases which complicate
the experimental measurements. Large differences are ob-
served in the last two z bins, while for lower z values
BaBar asymmetries are only marginally larger than Belle.
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Fig. 9. Comparison between BaBar (stars) and Belle (squares)
asymmetries measured in the RF0 (up) and RF12 (down) ref-
erence frames. The total uncertainties (sum in quadrature of
systematic and statistical contributions) are represented by the
error bars around the points, while the symmetric (z1, z2)-bins
used are defined in the text.

We suggest two main reasons for these discrepancies: the
first arises from the different corrections (described in the
previous section) applied to account for the asymmetry
dilution due to thrust axis smearing, which accounts for
about 30% of the discrepancy at higher z. The residual
discrepancy is ascribed to the different selection of pion’s
maximum momenta, which mostly affects the RF12 frame
due to the proximity of the tracks with high momenta to
the thrust analysis axis.

The asymmetry behavior as a function of the trans-
verse momentum pt0 ≡ P1⊥ is shown in fig. 10. The asym-
metry is consistent with zero for low transverse momenta;
then it rises almost linearly until 2.5% (1.13%) for the
UL (UC) double ratio, and then it becomes flat. Au-
thors of ref. [49] have studied the Ph⊥ evolution of Collins
function in both e+e− and SIDIS experiments. In par-
ticular, they applied the TMD evolution at the approxi-
mate next-to-leading-logarithmic (NLL’) order finding a
good description of experimental results. The asymmetry
in RF12 shows a different behavior: it differs from zero
for low transverse pion momentum and exhibits only a
smooth rise for increasing (P1⊥, P2⊥) up to a maximum
of about 7% (3%) for UL (UC) [8]. However, P1(2)⊥ is

5
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as the angle between the lepton axis and the thrust axis.
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quark directions are, however, not accessible to a direct
measurement and are thus approximated by the thrust
axis. The thrust axis n̂ maximizes the event shape vari-
able thrust:
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where the sum extends over all detected particles. The
thrust value varies between 0.5 for spherical events and
1 for tracks aligned with the thrust axis of an event. The
thrust axis is a good approximation to the original quark-
antiquark axis as described in Section III A. The first
method of accessing the Collins asymmetry, M12 is based
on measuring a cos(φ1 + φ2) modulation of hadron pairs
(N(φ1 + φ2)) on top of the flat distribution due to the
unpolarized part of the fragmentation function. The un-
polarized part is given by the average bin content ⟨N12⟩.
The normalized distribution is then defined as
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thus reads [25]:
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fragmentation function; the charge-conjugate term has
been omitted. The fragmentation functions do not ap-
pear in the cross section directly but as the zeroth ([0])
or first ([1]) moments in the absolute value of the corre-
sponding transverse momenta [26]:

F [n](z) =

∫

d|kT |2
[

|kT |
M

]n

F (z,k2
T ) . (6)

In this equation the transverse hadron momentum
has been rewritten in terms of the intrinsic transverse
momentum of the process: Ph⊥ = zkT . The mass M is
usually set to be the mass of the detected hadron, in the
analysis presented here M will be the pion mass.

A second way of calculating the azimuthal asymme-
tries, method M0, integrates over all thrust axis direc-
tions leaving only one azimuthal angle. This angle is de-
fined as the angle between the planes spanned by one
hadron momentum and the lepton momenta, and the
transverse momentum of the second hadron with respect
to the first hadron momentum. This angle in the opposite
jet hemisphere is displayed in Fig. 3, and is calculated as

φ0 = sgn [Ph2 · {(ẑ × Ph2) × (Ph2 × Ph1)}]

× arccos

(

ẑ × Ph2

|ẑ × Ph2|
·

Ph2 × Ph1

|Ph2 × Ph1|

)

. (7)

The corresponding normalized distribution R0, which is
defined as

R0 :=
N(2φ0)

⟨N0⟩
, (8)

contains a cos(2φ0) modulation. The differential cross
section depends on fractional energies z1, z2 of the two
hadrons, on the angle φ0 and the transverse momentum
QT = |qT | of the virtual photon from the e+e− annihila-
tion process in the two hadron center-of-mass system. At
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tension between Belle and BaBar results
➡ thrust axis corrections 
➡ background corrections
➡ z<0.9 for BaBar, z<1 for Belle

– Eur. Phys. J. A (2016) 52: 152 – 
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Quark fragmentation in:

2

FIG. 1. Illustration of the three dimensional kinematics of
transversely polarized quark fragmentation. The fragmenting
quark’s momentum k defines the z-axis with its transverse
polarization spin vector Sq along x axis. The emitted hadron
has momentum p with the transverse component P? with
respect to the z-axis. The polar angle of hadron’s momentum
P with respect to the zx plane is denoted by '.

be written as

D
h/q

"(z, P 2
?,') = D
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?) (1)

�H
?h/q

1 (z, P 2
?)

P?Sq

zm
h

sin('),

where the unpolarized fragmentation function is denoted

D
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1 (z, P 2
?) and H

?h/q

1 (z, P 2
?) is the Collins function.

When integrated over P 2
?, the polarized fragmentation

function can be expressed in terms of the integrated un-

polarized fragmentation function D
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1 (z) and the 1/2
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In the Monte Carlo simulations of Ref. [20], we used
as input the elementary unpolarized and Collins frag-
mentation functions for single hadron production, calcu-
lated within NJL model, where we used the mechanism
of Ref. [8] for the elementary Collins function. The full
polarized fragmentation function was then calculated in
MC simulations with multiple hadron emission. The re-
sulting polarized fragmentations, when integrated over
the hadron transverse momentum squared (P 2

?), exhib-
ited the Collins modulation both for favored and unfa-
vored hadron production. Here the unfavored Collins

function’s 1/2 moment is comparable in size but oppo-
site in sign to that for the favored fragmentation. For
the transverse momentum dependent (TMD) polarized
fragmentation functions, at fixed values for the hadron’s
light cone momentum fraction z and P 2

?, exhibited mod-
ulation with a fourth order polynomial in sin('), even in
simulations with only two produced hadrons.
In this work we have two goals, focusing on pion frag-

mentations from light quarks only. First, we examine the
dependence of the sign and the magnitude of the 1/2 mo-
ment of unfavored fragmentation function on the quark
spin flip probability used in the NJL-jet model MC sim-
ulations. Second, we examine the origins of the higher
order Collins modulations in the TMD polarized frag-
mentation functions.

II. NJL-JET MODEL WITH TRANSVERSELY
POLARIZED QUARK

FIG. 2. NJL-jet model including transverse momentum and
quark polarization transfer. Here the orange double-lined ar-
rows schematically indicate the spin direction of the quark in
the decay chain.

Schematically, the NJL-jet model with the transversely
polarized quark is depicted in Fig. 2. In MC simula-
tions of Ref. [20], in each hadronization step, we used
the elementary polarized fragmentations to sample the
momentum of the production hadron, z1, p? and '1,
with respect to the fragmenting quark in that step (here
'1 is defined with respect to the spin of the fragmenting
quark). Using the momentum we calculated and recorded
the hadron’s momentum, z, P? and ', with respect to
the initial fragmenting quark. Further, we also deter-
mined the momentum of the remnant quark using mo-
mentum conservation, while the probability of the rem-
nant quark’s spin flip was sampled using the spin non-flip
and flip probabilities |a1|2 and |a�1|2. These probabilities
were calculated using Dirac spinors of the transversely
polarized quark, that in turn can be expressed in terms
of the Lepage-Brodsky spinors in helicity basis [22, 23].
Explicit these probabilities are proportional to

|a1|2 ⇠ l2
x

, |a�1|2 ⇠ l2
y

+ (M2 � (1� z)M1)
2, (5)

where M1 and M2 are the masses of the fragmenting
and the remnant quarks, and l? ⌘ (l

x

, l
y

) = �p? is the

> perturbative QCD vacuum

➡ spin-dynamics of hadronisation

e+ + e� ! �⇤ ! qq̄ ! (h1h2) + (h̄1h̄2) +X

New: Use Jet Reconstruction at Belle

� Robust vs. final state radiation
� De-correlate axis between hemispheres
� We use anti-kT algorithm implemented in fastjet
� Cone radius R=1.0
� Min energy per jet 2.75 GeVà suppress weak decays
� Only allow events with 2 jets passing energy cut (dijet events)
� Only particles that form the jet are used in the asymmetry calculation
� Thrust cut of 0.8< T< 0.95

16

Hadronisation depends on the QCD-vacuum structure!
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Quark fragmentation in:

2

FIG. 1. Illustration of the three dimensional kinematics of
transversely polarized quark fragmentation. The fragmenting
quark’s momentum k defines the z-axis with its transverse
polarization spin vector Sq along x axis. The emitted hadron
has momentum p with the transverse component P? with
respect to the z-axis. The polar angle of hadron’s momentum
P with respect to the zx plane is denoted by '.
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In the Monte Carlo simulations of Ref. [20], we used
as input the elementary unpolarized and Collins frag-
mentation functions for single hadron production, calcu-
lated within NJL model, where we used the mechanism
of Ref. [8] for the elementary Collins function. The full
polarized fragmentation function was then calculated in
MC simulations with multiple hadron emission. The re-
sulting polarized fragmentations, when integrated over
the hadron transverse momentum squared (P 2

?), exhib-
ited the Collins modulation both for favored and unfa-
vored hadron production. Here the unfavored Collins

function’s 1/2 moment is comparable in size but oppo-
site in sign to that for the favored fragmentation. For
the transverse momentum dependent (TMD) polarized
fragmentation functions, at fixed values for the hadron’s
light cone momentum fraction z and P 2

?, exhibited mod-
ulation with a fourth order polynomial in sin('), even in
simulations with only two produced hadrons.
In this work we have two goals, focusing on pion frag-

mentations from light quarks only. First, we examine the
dependence of the sign and the magnitude of the 1/2 mo-
ment of unfavored fragmentation function on the quark
spin flip probability used in the NJL-jet model MC sim-
ulations. Second, we examine the origins of the higher
order Collins modulations in the TMD polarized frag-
mentation functions.

II. NJL-JET MODEL WITH TRANSVERSELY
POLARIZED QUARK

FIG. 2. NJL-jet model including transverse momentum and
quark polarization transfer. Here the orange double-lined ar-
rows schematically indicate the spin direction of the quark in
the decay chain.

Schematically, the NJL-jet model with the transversely
polarized quark is depicted in Fig. 2. In MC simula-
tions of Ref. [20], in each hadronization step, we used
the elementary polarized fragmentations to sample the
momentum of the production hadron, z1, p? and '1,
with respect to the fragmenting quark in that step (here
'1 is defined with respect to the spin of the fragmenting
quark). Using the momentum we calculated and recorded
the hadron’s momentum, z, P? and ', with respect to
the initial fragmenting quark. Further, we also deter-
mined the momentum of the remnant quark using mo-
mentum conservation, while the probability of the rem-
nant quark’s spin flip was sampled using the spin non-flip
and flip probabilities |a1|2 and |a�1|2. These probabilities
were calculated using Dirac spinors of the transversely
polarized quark, that in turn can be expressed in terms
of the Lepage-Brodsky spinors in helicity basis [22, 23].
Explicit these probabilities are proportional to

|a1|2 ⇠ l2
x

, |a�1|2 ⇠ l2
y

+ (M2 � (1� z)M1)
2, (5)

where M1 and M2 are the masses of the fragmenting
and the remnant quarks, and l? ⌘ (l
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> perturbative QCD vacuum

➡ spin-dynamics of hadronisation

> non-perturbative QCD vacuum

➡ factorisation breaking
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� Cone radius R=1.0
� Min energy per jet 2.75 GeVà suppress weak decays
� Only allow events with 2 jets passing energy cut (dijet events)
� Only particles that form the jet are used in the asymmetry calculation
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Hadronisation depends on the QCD-vacuum structure!

> θ-vacuum

➡ local CP violation

24.09.2013   |   Ami Rostomyan 

13

D. Leinweber

Topological number fluctuations in QCD vacuum
(“cooled” configurations)

✓ The physical vacuum state of QCD - a superposition of an infinity of possible vacua 
characterised by a θ-parameter (“θ-vacuum”)!

✓ to reflect this vacuum structure:!
!
✓ unless θ is identically equal to zero, this term permits the breaking of P- and CP-symmetries of 

QCD!
✓ no global CP-violation in the strong interactions!
✓ the existence of topological fluctuations may lead to local P-odd domains in space and time!
✓ local P- and CP-odd effects

quarks fragmentation in θ-vacuum

#6

L✓ =
✓
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 – Kang, Kharzeev (2011) –  – Boer (20011) – 
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Outlook

22

➡ The framework for generating the continuum spectrum is ready and validated

➡ The strategy for tuning of PYTHIA8 has been settled

➡ Tuning using the Belle off-resonance data is in progress

➡As soon as the Belle II data is available, tune using the Belle II data

➡ systematics dominated: both from experimental and phenomenological part

➡Long way ahead before the fragmentation functions will be as precise as the PDFs

➡The spin-dependent and transverse momentum unintegrated fragmentation functions even less 
constraint

➡Belle II will be a major player in the near future
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Backups
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 Belle II   |   80th PRC Open Session    

KEKB → SuperKEKB
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Nano beam scheme at SuperKEKB.
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Lorentz factor
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(crossing angle, hourglass effect)
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Belle II Schedule 
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Francesco Tenchini HINT2016

• Phase 1 (2016, complete): 
— Accelerator 

commissioning 
— No detector 

• Phase 2 (start of 2018): 
— Partial detector 
— Background studies 
— First physics 

• Phase 3 (end of 2018): 
— Full detector 
— Belle II run

25

Belle II Physics  /  Bryan Fulsom (PNNL)  /  ICHEP  /  2016-08-05 

Current Status and Schedule 

5 

Belle II Collaboration: ~700 members, ~100 institutions, 23 countries 
 
Phase 1 (complete) 

Accelerator commissioning 
 
Phase 2 (2017) 

First collisions 
Partial detector  
Background study 
Physics possible 

Phase 3 (“Run 1”) 
Nominal Belle II start 

Ultimate goal: 50 ab-1 

See: P. Lewis, Detector 05 Aug 09:20 

Total BaBar+Belle Luminosity 

KEKB Performance 

Belle II Goal 

SuperKEKB Goal 

Belle
Belle II Schedule
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Methodology
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> “left” pairs: 
➡ Ω < 0

H =
NR(⌦ > 0)�NL(⌦ < 0)

NR(⌦ > 0) +NL(⌦ < 0)
C =

h⌦1⌦2i � h⌦1ih⌦2ip
h⌦2

1i � h⌦1i2
p

h⌦2
2i � h⌦2i2

⌦ =
(~P+ ⇥ ~P�) · ~T

|~P+||~P�|

The experimental observables for disentangling the hadronization mechanisms :

> jet handedness                                                    jet handedness correlation

> “right” pairs:  
➡ Ω > 0

beam pipe

thrust axis

hemisphere a

hemisphere b

so
ft 

radiatio
n

collinear radiation

Figure 1. Schematic dijet event. The thrust axis is depicted as a dashed red line. Collinear
particles are represented as black arrows around the thrust axis. Soft radiation appears as green
wiggly lines and can be emitted in central regions of the phase-space. The two hemispheres a and
b are separated by a plane normal to the thrust axis, and in this figure it appears as a blue dashed
line. ✓T is defined as the angle between the beam (for example the initial-state electron) and the
thrust axis. 'T is the orientation of the event in the azimuthal direction around the thrust axis.
We average over that angle.
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is the Born cross-section. It is straightforward to compute (n
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1

�0

d�S
dcos ✓

T

de
=

3

8

(1 + cos

2 ✓
T

)

1

�0

d�S
de

. (2.9)

The form of Eq. (2.9) is actually very simple: the most singular terms of the oriented event-
shape distribution inherit the angular dependence of the lowest order process e+e� ! q q̄,
shown in Fig. 2, identifying the thrust axis with the direction of the produced quark. The
structure of singular logarithms and power corrections is completely identical to that of
averaged event-shapes. Terms with any other angular dependence cannot contain singular
terms. We will explicitly verify this at O(↵S) (analytically) in Sec. 3 and at O(↵2

S) (nu-
merically) in Sec. 5. The same result was found in [57] for the case of doubly differential
hemisphere mass distribution.

– 6 –
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e+ + e� ! �⇤ ! qq̄ ! (h1h2) + (h̄1h̄2) +X
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Baryon production
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Baryon production
Meson production ≈ same colour everywhere.
Fluctuations with other colour→ no net force.

q qq q

i.e. r + g = b
Baryon production as if diquark
when only one break
inside “wrong-colour” region:

q qq qq q

Popcorn when several breaks:

q qq qq q q′q′

a can be flavour-dependent, dP/dΓ ∝ Γaα e−bΓ,
e.g. aqq > aq corresponding to larger formation time for diquarks.
Gives modified fragmentation function:

f(z) ∝
1

z
zaα

(

1 − z

z

)aβ
exp

(

−
bm2

⊥

z

)


