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Fragmentation functions from e+e- annihilation at 
Belle

XI CPAN Days - Oviedo - October 21-23, 2019

Cuts 
y |Z| vertex < 4cm , r vertex < 2cm, Pt>100MeV, 
y Eid, muid, then hadron id: 

y kpi(3,1,0,3,2); kpr(3,1,0,3,4); pipr(3,1,0,2,4); 
y Always two hadron ids cut on, should be similar to Martin’s analysis 

y Hadronb>0.5 
y NSVD hits>=3 
y Evisible>7 GeV 
y z1,z2>0.1 (or 0.2) 
y cosqlab >-0.511 && cosqlab<0.842 (matching Martin’s PID studies 

and full PID acceptance) 
y If thrust cut (same/opposite hemispheres) : thrust>0.8 and 

|thrustz|<0.75 
y Opening angle between thrust axis and track >0.8  

REF2015, Nov 2, 2015 51 R.Seidl: Fragmentation measurements 
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SIDIS: probing PDFs through fragmentation
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SIDIS: probing PDFs through fragmentation

eight PDFs describing the 
spin-momentum correlations
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SIDIS: probing PDFs through fragmentation

in SIDIS*) couple PDFs to:

Collins FF:
Dihadron FF:
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SIDIS: probing PDFs through fragmentation

in SIDIS*) couple PDFs to:

ordinary FF:

Collins FF:
Dihadron FF:

H?,q!h
1

Dq!h
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➟ FFs act as quark flavor-tagger and polarimeter
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fragmentation functions

quarks not observed, only final-state hadrons (➠ confinement) 

fragmentation fct’s: non-perturbative but universal objects of QCD 

(similar to PDFs) not calculable from first principle

parameterizations fitted to experimental data

probabilities that a parton fragments into a hadron carrying a 
momentum fraction (usually denoted z) of the parent parton

also depend on transverse momentum and parton/hadron polarization

currently much less constrained than, e.g., the proton PDFs

“clean” laboratory: e+e- annihilation into quark-antiquark pairs

5
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e+e- annihilation at BaBar, Belle, and BESIII 

6

The BaBar and BESIII detectors

3I. Garzia, TMDe2015 - 2-4 Sep, 2015 5

e+ 3.1 GeV

NIM A479, 1 (2002), 
update: NIM A729, 615 (2013) 

e- 9 GeV

Instrumented  

Flux Return

Silicon Vertex 
Tracker

Solenoid (B=1.5 T)

EMC

DIRC

Drift  
CHamber 

• PEP-II storage ring 
• asymmetric e+e- collider operating at the 
ϒ(4S) resonance (√s=10.58 GeV )  
- High Energy Ring (HER): 9.0 GeV e- 
- Low Energy Ring (LER): 3.1 GeV e+ 
- c.m.-lab boost, βγ≈0.56

• High luminosity: L ~ 468 fb-1 used here  

e-  (1-2.4) GeV e+  (1-2.4) GeV

Solenoid (B=1 T) RPC muon 
detector

EMC

Time of 
Flight Drift 

Chamber

NIM A614, 345 (2010)

• Beijing Electron Positron Collider II (BEPCII) 
• Symmetric e+e- collider  
• Beam energy: 1-2.3 GeV 
• 2008: test run 
• 2009-today: BESIII physics runs 

• Luminosity: L ~ 62 pb-1  @ 3.65 GeV used 
here (below open charm threshold) 

Silicon Vertex Tracker

Solenoid (B=1.5T)
Instrumented 

Flux Return

Electromagnetic Calorimeter

6580 CsI(Tl) crystals

9 GeV

3.1 GeV

DIRC

144 bars of fused silica

• Asymmetric e+e- collider operating at the ϒ(4S) resonance (√s=10.58 GeV )

• High Energy Ring (HER): 9.0 GeV e-

• Low Energy Ring (LER): 3.1 GeV e+

• βγ≈0.56

PEP-II and the BaBar detector at SLAC

L ~ 430 fb-1 :  peak of the ϒ(4S) resonance

L ~ 40 fb-1 :    40 MeV below the ϒ(4S) resonance

==> ~109 uds events

Drift CHamber 

I. Garzia 8QCD-N’12

Francesca Giordano

BELLE @ KEKB

8 GeV e−

3.5 GeV e+

Asymmetric e+ e- collider
On resonance: √s = 10.58 GeV (e+ e- → Y(4S) → BB)

Off resonance √s = 10.52 GeV (e+ e- → qq  (q=u,d,s,c))
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BELLE @ KEKB

8 GeV e−

3.5 GeV e+

Asymmetric e+ e- collider
On resonance: √s = 10.58 GeV (e+ e- → Y(4S) → BB)

Off resonance √s = 10.52 GeV (e+ e- → qq  (q=u,d,s,c))

7

BaBar/Belle: asymmetric 
beam-energy  e+e- collider 
near/at Υ(4S) resonance 

(10.58 GeV) 

BESIII: symmetric 
collider with Ee=1...2.4 GeV 



XI CPAN Days - Oct 22nd, 2019gunar.schnell @ desy.de

e+e- annihilation at BaBar, Belle, and BESIII 

7

BaBar/Belle: asymmetric 
beam-energy  e+e- collider 
near/at Υ(4S) resonance 

(10.58 GeV) 

BESIII: symmetric 
collider with Ee=1...2.4 GeV 

integrated luminosities 
used for FF analyses:

Υ(4S) 
on resonance

Υ(4S) 
off resonance other

BaBar 424.2 fb-1 43.9 fb-1

Belle (140+571) fb-1 (15.6+73.8) fb-1  ~180 fb-1  @Υ(nS) 

BESIII ~62 pb-1 @3.65 GeV *)

*) used for the Collins analysis

6 51. Plots of cross sections and related quantities

R in Light-Flavor, Charm, and Beauty Threshold Regions
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Figure 51.6: R in the light-flavor, charm, and beauty threshold regions. Data errors are total below 2 GeV and statistical above 2 GeV.
The curves are the same as in Fig. 51.5. Note: CLEO data above Υ(4S) were not fully corrected for radiative effects, and we retain
them on the plot only for illustrative purposes with a normalization factor of 0.8. The full list of references to the original data and
the details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. The computer-readable data are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, August 2015.)
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before 2013: lack of precision data 
at (moderately) high z and at low √s

limits analysis of evolution and gluon
fragmentation

limited information in kinematic 
region often used in semi-inclusive DIS

single-hadron production

8

[2012 PDG]

19. Fragmentation functions in e
+

e
−, ep and pp collisions 5

corrected) in Refs. [19,25]. Thus the coefficient functions are known to NNLO except
for FL where the leading contribution is of order αs.

The effect of the evolution is similar in the timelike and spacelike cases: as the scale
increases, one observes a scaling violation in which the x-distribution is shifted towards
lower values. This can be seen from Fig. 19.2 where a large amount of measurements of
the total fragmentation function in e+e− annihilation are summarized. QCD analyses of
these data are discussed in Section 19.5 below.
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Figure 19.2: The e+e− fragmentation function for all charged particles is shown
[8, 26−42] (a) for different CM energies

√
s versus x and (b) for various ranges

of x versus
√

s. For the purpose of plotting (a), the distributions were scaled by
c(
√

s) = 10i with i ranging from i = 0 (
√

s = 12 GeV) to i = 13 (
√

s = 202 GeV).

Unlike the splitting functions in Eq. (19.5), see Refs. [18–20], the coefficient
functions for F2,T,A in Eq. (19.6) show a threshold enhancement with terms up to

αn
s (1−z)−1 ln 2n−1(1−z). Such logarithms can be resummed to all orders in αs using

standard soft-gluon techniques [43–45]. Recently this resummation has been extended to
the subleading (and for FL leading) class αn

s ln k(1−z) of large-x logarithms [46,47].

In Refs. [23] the NLO coefficient functions have been calculated also for single hadron
production in lepton-proton scattering, ep → e + h + X . More recently corresponding
results have been obtained for the case that a non-vanishing transverse momentum is
required in the HCMS frame [48].

June 18, 2012 16:19
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before 2013: lack of precision data 
at (moderately) high z and at low √s

limits analysis of evolution and gluon
fragmentation

limited information in kinematic 
region often used in semi-inclusive DIS

by now also results from BaBar and Belle:

BaBar Collaboration, Phys. Rev. D88 (2013) 032011:  "±, K±, p+p

Belle Collaboration, Phys. Rev. Lett. 111 (2013) 062002: "±, K±

Belle Collaboration, Phys. Rev. D92 (2015) 092007: "±, K±, p+p

single-hadron production

8
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corrected) in Refs. [19,25]. Thus the coefficient functions are known to NNLO except
for FL where the leading contribution is of order αs.

The effect of the evolution is similar in the timelike and spacelike cases: as the scale
increases, one observes a scaling violation in which the x-distribution is shifted towards
lower values. This can be seen from Fig. 19.2 where a large amount of measurements of
the total fragmentation function in e+e− annihilation are summarized. QCD analyses of
these data are discussed in Section 19.5 below.
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Unlike the splitting functions in Eq. (19.5), see Refs. [18–20], the coefficient
functions for F2,T,A in Eq. (19.6) show a threshold enhancement with terms up to

αn
s (1−z)−1 ln 2n−1(1−z). Such logarithms can be resummed to all orders in αs using

standard soft-gluon techniques [43–45]. Recently this resummation has been extended to
the subleading (and for FL leading) class αn

s ln k(1−z) of large-x logarithms [46,47].

In Refs. [23] the NLO coefficient functions have been calculated also for single hadron
production in lepton-proton scattering, ep → e + h + X . More recently corresponding
results have been obtained for the case that a non-vanishing transverse momentum is
required in the HCMS frame [48].
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as compared to the original DSS 07 analysis [3]. Secondly,
the overall quality of the global fit has improved dramat-
ically from χ2/d.o.f. ≃ 1.83 for DSS 07, see Tab. V in
Ref. [3], to χ2/d.o.f. ≃ 1.08 for the current fit. A more
detailed inspection reveals that the individual χ2 values
for the SIA data [30–33, 37], which were already included
in the DSS 07 fit, have, by and large, not changed signif-
icantly. The biggest improvement concerns the SIDIS
multiplicities from Hermes which, in their published
version [19], are described rather well by the updated
fit, with only a few exceptions; see below. Also, the
charged kaon multiplicities from Compass [22] and the
new SIA data from BaBar [17] and Belle [18] integrate
very nicely into the global QCD analysis of parton-to-
kaon FFs at NLO accuracy. We recall that the original
DSS 07 fit was based on the 2003 NLO (2002 LO) PDF
set [38] ([39]) from the MRST group. In the present fit,
the underlying set of PDFs has have been upgraded to
the recent MMHT 2014 analysis [9], that gives a much
more accurate description of sea-quark parton densities
on which the analysis of SIDIS multiplicities depends
rather strongly. We have checked that very similar re-
sults for kaon FFs are obtained with other up-to-date sets
of PDFs such as [8, 10]. Nevertheless, the correspond-
ing PDF uncertainty is included in the χ2-minimization
procedure and, hence, the quoted χ2 values for SIDIS
multiplicities.

B. Electron-Position Annihilation Data

In Figs. 3 and 4 we present a detailed comparison of the
results of our fit and its uncertainties at both 68% and
90% C.L. with the SIA data already included and newly
added to the original DSS 07 analysis [3], respectively. In
general, the agreement of the fit with SIA data is excel-
lent in the entire energy and z-range covered by the ex-
periments. The new fit reproduces SLAC and LEP data
at Q = MZ as well or even slightly better than the old
DSS 07 result for z ≥ 0.1, and improves very significantly
the description of the newly added Belle and BaBar
data as can be best seen from the “(data-theory)/theory”
panels in Fig. 4; recall that only data with z ≥ 0.2 are
included in the fit for BaBar due the lower

√
S. This

is mainly achieved by changing the singlet flavor combi-
nations rather significantly at large z ∼ 0.5 − 0.8 at the
lower Q relevant for Belle and BaBar. For SIA data
at z-values lower than those included in the χ2 minimiza-
tion, the old DSS 07 fit gives, however, a better descrip-
tion when extrapolated, presumably because the fit has
to accommodate much less data.
The Belle data [18], shown in Fig. 4, provide not only

the finest binning in z but also reach the highest z-values
measured so far. Above z ! 0.8 one observes an in-
creasing trend for the new fit to overshoot the data, still
within the estimated and growing theoretical (and exper-
imental) uncertainties though. In this kinematic regime
one expects large logarithmic corrections, which appear
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as compared to the original DSS 07 analysis [3]. Secondly,
the overall quality of the global fit has improved dramat-
ically from χ2/d.o.f. ≃ 1.83 for DSS 07, see Tab. V in
Ref. [3], to χ2/d.o.f. ≃ 1.08 for the current fit. A more
detailed inspection reveals that the individual χ2 values
for the SIA data [30–33, 37], which were already included
in the DSS 07 fit, have, by and large, not changed signif-
icantly. The biggest improvement concerns the SIDIS
multiplicities from Hermes which, in their published
version [19], are described rather well by the updated
fit, with only a few exceptions; see below. Also, the
charged kaon multiplicities from Compass [22] and the
new SIA data from BaBar [17] and Belle [18] integrate
very nicely into the global QCD analysis of parton-to-
kaon FFs at NLO accuracy. We recall that the original
DSS 07 fit was based on the 2003 NLO (2002 LO) PDF
set [38] ([39]) from the MRST group. In the present fit,
the underlying set of PDFs has have been upgraded to
the recent MMHT 2014 analysis [9], that gives a much
more accurate description of sea-quark parton densities
on which the analysis of SIDIS multiplicities depends
rather strongly. We have checked that very similar re-
sults for kaon FFs are obtained with other up-to-date sets
of PDFs such as [8, 10]. Nevertheless, the correspond-
ing PDF uncertainty is included in the χ2-minimization
procedure and, hence, the quoted χ2 values for SIDIS
multiplicities.

B. Electron-Position Annihilation Data

In Figs. 3 and 4 we present a detailed comparison of the
results of our fit and its uncertainties at both 68% and
90% C.L. with the SIA data already included and newly
added to the original DSS 07 analysis [3], respectively. In
general, the agreement of the fit with SIA data is excel-
lent in the entire energy and z-range covered by the ex-
periments. The new fit reproduces SLAC and LEP data
at Q = MZ as well or even slightly better than the old
DSS 07 result for z ≥ 0.1, and improves very significantly
the description of the newly added Belle and BaBar
data as can be best seen from the “(data-theory)/theory”
panels in Fig. 4; recall that only data with z ≥ 0.2 are
included in the fit for BaBar due the lower
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S. This

is mainly achieved by changing the singlet flavor combi-
nations rather significantly at large z ∼ 0.5 − 0.8 at the
lower Q relevant for Belle and BaBar. For SIA data
at z-values lower than those included in the χ2 minimiza-
tion, the old DSS 07 fit gives, however, a better descrip-
tion when extrapolated, presumably because the fit has
to accommodate much less data.
The Belle data [18], shown in Fig. 4, provide not only

the finest binning in z but also reach the highest z-values
measured so far. Above z ! 0.8 one observes an in-
creasing trend for the new fit to overshoot the data, still
within the estimated and growing theoretical (and exper-
imental) uncertainties though. In this kinematic regime
one expects large logarithmic corrections, which appear
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in each order of perturbation theory, to become more and
more relevant. It is known how to resum such terms to

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
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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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(dashed lines). The inner and outer shaded bands correspond to
the new uncertainty estimates at 68% and 90% C.L., respectively.

-0.4
-0.2

0
0.2
0.4

-0.4
-0.2

0
0.2
0.4

-0.2
-0.1

0
0.1
0.2

-0.4
-0.2

-0
0.2
0.4
0.6

-0.2
0

0.2
0.4
0.6

10
-1

1

TPC

(data - theory) / theory

SLD

ALEPH

DELPHI

OPAL

z

(× 100)

(× 10)

(× 1)

(× 0.1)

(× 0.01)

TPC

SLD

ALEPH

DELPHI

OPAL

z

not
fitted

1 dσπ

σtot dz

THIS FIT

DSS

with 68 and 90% C.L. bands

10-4

10-3

10-2

10-1

1

10

10 2

10 3

10 4

10
-1

1

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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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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the entire z range, while the ALEPH and LEP/Tevatron
tunes roughly agree with the data at low z and the
older Belle MC setting is in moderate agreement at
high z.

IV. SUMMARY

In summary, we present eþe− → h1h2X differential
cross sections in z1 and z2 for pion-pion, pion-kaon and
kaon-kaon pairs of the same and opposite charges and in
various topologies. The general expectations of disfa-
vored fragmentation functions being suppressed, espe-
cially at large fractional energies, are confirmed within
the assumptions mentioned in this article. In particular,
the same-sign pion pairs in opposite hemispheres fall
off more rapidly than the opposite-sign pion pairs. The
ordering with additional strangeness is also as expected
when taking into account the favored-kaon fragmentation
of strange quarks and charm decays. For example, where
strangeness needs to be created in the fragmentation such
as for same-sign kaon pairs and, to a lesser extent, the
same-sign pion-kaon pairs, the cross sections decrease
even more rapidly as the already disfavored same-sign
pion pairs.
The vanishing of the same-hemisphere dihadron cross

sections once the sum of the fractional energies of the two
hadrons exceeds unity supports the assumption of the
same-hemisphere dihadrons being produced predominantly
via single-parton dihadron fragmentation. This, in turn,
bolsters the interpretation of the opposite hemisphere
hadron pairs as arising from the fragmentation of different
partons. As a consequence, the inclusion of the opposite
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Cuts 
y |Z| vertex < 4cm , r vertex < 2cm, Pt>100MeV, 
y Eid, muid, then hadron id: 

y kpi(3,1,0,3,2); kpr(3,1,0,3,4); pipr(3,1,0,2,4); 
y Always two hadron ids cut on, should be similar to Martin’s analysis 

y Hadronb>0.5 
y NSVD hits>=3 
y Evisible>7 GeV 
y z1,z2>0.1 (or 0.2) 
y cosqlab >-0.511 && cosqlab<0.842 (matching Martin’s PID studies 

and full PID acceptance) 
y If thrust cut (same/opposite hemispheres) : thrust>0.8 and 

|thrustz|<0.75 
y Opening angle between thrust axis and track >0.8  
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as compared to the original DSS 07 analysis [3]. Secondly,
the overall quality of the global fit has improved dramat-
ically from χ2/d.o.f. ≃ 1.83 for DSS 07, see Tab. V in
Ref. [3], to χ2/d.o.f. ≃ 1.08 for the current fit. A more
detailed inspection reveals that the individual χ2 values
for the SIA data [30–33, 37], which were already included
in the DSS 07 fit, have, by and large, not changed signif-
icantly. The biggest improvement concerns the SIDIS
multiplicities from Hermes which, in their published
version [19], are described rather well by the updated
fit, with only a few exceptions; see below. Also, the
charged kaon multiplicities from Compass [22] and the
new SIA data from BaBar [17] and Belle [18] integrate
very nicely into the global QCD analysis of parton-to-
kaon FFs at NLO accuracy. We recall that the original
DSS 07 fit was based on the 2003 NLO (2002 LO) PDF
set [38] ([39]) from the MRST group. In the present fit,
the underlying set of PDFs has have been upgraded to
the recent MMHT 2014 analysis [9], that gives a much
more accurate description of sea-quark parton densities
on which the analysis of SIDIS multiplicities depends
rather strongly. We have checked that very similar re-
sults for kaon FFs are obtained with other up-to-date sets
of PDFs such as [8, 10]. Nevertheless, the correspond-
ing PDF uncertainty is included in the χ2-minimization
procedure and, hence, the quoted χ2 values for SIDIS
multiplicities.

B. Electron-Position Annihilation Data

In Figs. 3 and 4 we present a detailed comparison of the
results of our fit and its uncertainties at both 68% and
90% C.L. with the SIA data already included and newly
added to the original DSS 07 analysis [3], respectively. In
general, the agreement of the fit with SIA data is excel-
lent in the entire energy and z-range covered by the ex-
periments. The new fit reproduces SLAC and LEP data
at Q = MZ as well or even slightly better than the old
DSS 07 result for z ≥ 0.1, and improves very significantly
the description of the newly added Belle and BaBar
data as can be best seen from the “(data-theory)/theory”
panels in Fig. 4; recall that only data with z ≥ 0.2 are
included in the fit for BaBar due the lower

√
S. This

is mainly achieved by changing the singlet flavor combi-
nations rather significantly at large z ∼ 0.5 − 0.8 at the
lower Q relevant for Belle and BaBar. For SIA data
at z-values lower than those included in the χ2 minimiza-
tion, the old DSS 07 fit gives, however, a better descrip-
tion when extrapolated, presumably because the fit has
to accommodate much less data.
The Belle data [18], shown in Fig. 4, provide not only

the finest binning in z but also reach the highest z-values
measured so far. Above z ! 0.8 one observes an in-
creasing trend for the new fit to overshoot the data, still
within the estimated and growing theoretical (and exper-
imental) uncertainties though. In this kinematic regime
one expects large logarithmic corrections, which appear
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6

as compared to the original DSS 07 analysis [3]. Secondly,
the overall quality of the global fit has improved dramat-
ically from χ2/d.o.f. ≃ 1.83 for DSS 07, see Tab. V in
Ref. [3], to χ2/d.o.f. ≃ 1.08 for the current fit. A more
detailed inspection reveals that the individual χ2 values
for the SIA data [30–33, 37], which were already included
in the DSS 07 fit, have, by and large, not changed signif-
icantly. The biggest improvement concerns the SIDIS
multiplicities from Hermes which, in their published
version [19], are described rather well by the updated
fit, with only a few exceptions; see below. Also, the
charged kaon multiplicities from Compass [22] and the
new SIA data from BaBar [17] and Belle [18] integrate
very nicely into the global QCD analysis of parton-to-
kaon FFs at NLO accuracy. We recall that the original
DSS 07 fit was based on the 2003 NLO (2002 LO) PDF
set [38] ([39]) from the MRST group. In the present fit,
the underlying set of PDFs has have been upgraded to
the recent MMHT 2014 analysis [9], that gives a much
more accurate description of sea-quark parton densities
on which the analysis of SIDIS multiplicities depends
rather strongly. We have checked that very similar re-
sults for kaon FFs are obtained with other up-to-date sets
of PDFs such as [8, 10]. Nevertheless, the correspond-
ing PDF uncertainty is included in the χ2-minimization
procedure and, hence, the quoted χ2 values for SIDIS
multiplicities.

B. Electron-Position Annihilation Data

In Figs. 3 and 4 we present a detailed comparison of the
results of our fit and its uncertainties at both 68% and
90% C.L. with the SIA data already included and newly
added to the original DSS 07 analysis [3], respectively. In
general, the agreement of the fit with SIA data is excel-
lent in the entire energy and z-range covered by the ex-
periments. The new fit reproduces SLAC and LEP data
at Q = MZ as well or even slightly better than the old
DSS 07 result for z ≥ 0.1, and improves very significantly
the description of the newly added Belle and BaBar
data as can be best seen from the “(data-theory)/theory”
panels in Fig. 4; recall that only data with z ≥ 0.2 are
included in the fit for BaBar due the lower
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nations rather significantly at large z ∼ 0.5 − 0.8 at the
lower Q relevant for Belle and BaBar. For SIA data
at z-values lower than those included in the χ2 minimiza-
tion, the old DSS 07 fit gives, however, a better descrip-
tion when extrapolated, presumably because the fit has
to accommodate much less data.
The Belle data [18], shown in Fig. 4, provide not only

the finest binning in z but also reach the highest z-values
measured so far. Above z ! 0.8 one observes an in-
creasing trend for the new fit to overshoot the data, still
within the estimated and growing theoretical (and exper-
imental) uncertainties though. In this kinematic regime
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in each order of perturbation theory, to become more and
more relevant. It is known how to resum such terms to

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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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
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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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experiments in SIA scale their quoted results by the total
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inclusive hadrons - transverse momentum
quasi-inclusive hadron production 
gives access to transverse 
momentum in fragmentation

transverse momentum measured 
with respect to thrust axis n

involves sum over all final-state 
particles in event

event selection and hadron 
distributions dependent on thrust 
value T required

low thrust -> more spherical

high thrust -> highly collimated
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with fractional energy z ¼ 2Eh=
ffiffiffi
s

p
, and transverse

momentum kT at the scale Q ¼
ffiffiffi
s

p
. Experimentally, the

transverse momentum of the hadron is calculated relative to
the thrust axis n̂ which maximizes the event-shape variable
thrust T [31]:

T ¼max
P

hjPCMS
h · n̂jP

hjPCMS
h j

: ð1Þ

The sum extends over all detected particles, and PCMS
h

denotes the momentum of particle h in the center-of-mass
system, CMS.
As the thrust variable describes how collimated all

particles in an event are, the results are presented in bins
of this value.
The paper is organized as follows: the detector setup and

reconstruction criteria are detailed in Sec. II, in Sec. III the
various corrections to get from the raw spectra to the final
cross sections are discussed. In Sec. IV the results are shown
and compared toMonte Carlo (MC) tunes beforewe proceed
to study the transverse-momentumbehavior viaGaussian fits
for small transverse momenta. We conclude with a summary
in Sec. V. (Note: Additional figures and data files are
available online in the Supplemental Material [32].)

II. BELLE DETECTOR AND DATA SELECTION

This single-hadron cross-sectionmeasurement is based on
a data sample of 558 fb−1 collected with the Belle detector at
the KEKB asymmetric-energy eþe− (3.5 GeV on 8 GeV)
collider [33,34] operating at theϒð4SÞ resonance (denoted as
on-resonance), as well as a smaller data set taken 60 MeV
below for comparison (denoted as continuum).
The Belle detector is a large-solid-angle magnetic

spectrometer that consists of a silicon vertex detector
(SVD), a 50-layer central drift chamber, an array of aerogel
threshold Cherenkov counters, a barrel-like arrangement of
time-of-flight scintillation counters, and an electromagnetic
calorimeter comprised of CsI(Tl) crystals located inside a
superconducting solenoid coil that provides a 1.5 T mag-
netic field. An iron flux return located outside of the coil is
instrumented to detect K0

L mesons and to identify muons.
The detector is described in detail elsewhere [35,36].
A 1.5 cm beampipe with 1 mm thickness and a four-layer
SVD and a small-cell inner drift chamber were used to
record 558 fb−1 [37].
The primary light (uds)- and charm-quark simulations

used in this analysis were generated using PYTHIA6.2 [38],
embedded into the EVTGEN [39] framework, followed by a
GEANT3 [40] simulation 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] settings 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 addition, we generated

charged and neutral B meson pairs from ϒð4SÞ decays
in EVTGEN, τ pair events with the KKMC [42,43] generator
and the TAUOLA [44] decay package, and other events with
either PYTHIA or dedicated generators [45] such as for two-
photon processes.

A. Event and track selection

The goal of this analysis is to extract hadron cross
sections from uds and charm pair events. Therefore events
are required to have a visible energy of all detected charged
tracks and neutral clusters above 7 GeV (to remove τ pair
events) and either a heavy-jet mass (the greater of the
invariant masses of all particles in a hemisphere as
generated by the plane perpendicular to the thrust axis)
above 1.8 GeV=c2 or a ratio of the heavy-jet mass to visible
energy above 0.25. Also, events need to have at least three
reconstructed charged tracks, which reduces two-photon
processes. The thrust value is calculated as described
above, where all detected particles and neutral clusters
are included. For the charged particles, the mass hypothesis
for the identified particle type is taken into account when
boosting into the CMS. The thrust axis is required to point
into the barrel part of the detector by having a z component
jn̂zj < 0.75 in order to reduce the amount of thrust-axis
smearing due to undetected particles in the forward/back-
ward regions. Tracks are required to be within 4 cm (2 cm)
of the interaction point along (perpendicular to) the
positron beam axis. Each track is required to have at least
three SVD hits and fall within the polar-angular acceptance
of −0.511 < cos θlab < 0.842 in order to have Particle
Identification (PID) information from all relevant PID
detectors. The fractional energy of each track is required
to exceed 0.1 and the transverse momentum with respect to
the thrust axis is then calculated in the CMS as illustrated in
Fig. 1. Also a minimum transverse momentum in the

FIG. 1. Illustration of transverse-momentum-dependent single
hadron fragmentation where the final-state hadron is depicted as a
red arrow, the incoming leptons as blue arrows, and the event
plane—spanned by leptons (blue lines) and initial quarks/thrust
axis n (purple line)—is depicted as a light blue plane. The
transverse momentum PhT is calculated relative to the thrust axis
and depicted by the red, dashed line.
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obtained from a 655 fb�1 data sample collected near the ⌥(4S) resonance with the Belle detector
at the KEKB asymmetric-energy e+e� collider.

Fragmentation functions allow us to understand the109

transition of asymptotically free partons into several con-110

fined hadrons. They cannot be calculated from first prin-111

ciples and thus need to be extracted experimentally. One112

of the main ways of obtaining them is via cross section113

or multiplicity measurements in electron-positron anni-114

hilation where no hadrons are present in the initial state.115

For many processes, factorization is assumed or proven116

to certain orders of the strong coupling and fragmenta-117

tion functions as well as parton distribution functions118

are considered universal. Because of this universality,119

these functions extracted in one process can be applied120

to another process. As such, the knowledge of fragmen-121

tation functions is, for example, used to extract various122

spin-dependent parton distribution functions in polarized123

semi-inclusive deep-inelastic scattering (SIDIS) and po-124

larized hadron collisions. In particular, the extraction125

of the chiral-odd transversity distribution functions [1]126

and their related tensor charges so far entirely relies on127

transverse spin dependent fragmentation functions.128

The Belle experiment was the first to provide asym-129

metries [2] related to the single-hadron Collins fragmen-130

tation function [3]. These asymmetries rely on an ex-131

plicit transverse-momentum dependence of fragmenta-132

tion functions. The Collins fragmentation function de-133

scribes a correlation between the direction of an outgoing134

transversely polarized quark, its spin orientation and the135

azimuthal distribution of final-state hadrons, and serves136

as a transverse-spin analyzer. Collins asymmetries were137

extracted for pions and kaons in several SIDIS measure-138

ments so far [4–8], where they are convolved with the139

transversity distributions of interest, as well as recently140

in proton-proton collisions for pions [9]. The correspond-141

ing Collins fragmentation measurements were obtained142

in various electron-positron annihilation experiments for143

pions [2, 10, 11] and recently also kaons [12] based on144

the description of Ref. [13]. Some of these measurements145

have already been included in global transversity extrac-146

tions [14–17].147

An alternative way of accessing quark transversity is148

via di-hadron fragmentation functions [18–20]. This has149

the advantage of being based on collinear factorization.150

Also here Belle has provided the corresponding asym-151

metries related to the polarized fragmentation functions152

[21], which were used with the SIDIS measurements153

[22, 23] in a global analysis [24] (although not yet with154

the relevant measurements from proton-proton collisions155

[25]) to extract transversity in a collinear approach.156

In both approaches of transversity extraction, several157

assumptions had to be made due to the lack of su�-158

cient measurements. In the Collins-based extractions,159

the explicit transverse-momentum dependence was until160

recently unknown and is still poorly constrained. In the161

di-hadron based extractions, the corresponding unpolar-162

ized di-hadron fragmentation functions were not avail-163

able so far and theorists used Monte Carlo (MC) simu-164

lations to estimate those. This publication provides the165

unpolarized baseline for the measurements related to the166

spin-dependent di-hadron fragmentation functions.167

In a previous publication [26] the focus was on two-168

hadron cross sections di↵erential in their individual frac-169

tional energies z
1

= 2Eh1/
p
s and (likewise) z

2

. In170

this description, the two-hadron production can be de-171

scribed by di-hadron fragmentation functions (DiFF),172

initially introduced in Ref. [27] and based on the for-173

malism developed in Ref. [28]. DGLAP [29] evolution for174

DiFFs was also introduced previously [30, 31]. Recently175

this theoretical work has been applied also to DiFFs176

depending explicitly on the combined fractional energy177

z =
2Eh1h2p

s
and invariant mass mh1h2 of the hadons, in-178

stead of the hadron’s individual fractional energies, and179

including evolution as summarized in Ref. [32]. It is in180

this description that the SIDIS measurements and the181

Belle asymmetries were performed and, here we report182

the corresponding cross sections di↵erential in these two183

variables to provide the unpolarized baseline.184

The cross section at leading order in the strong cou-
pling can be described as

d2�(e+e� ! h
1

h
2

X)

dzdmh1h2

/
X

q

e2q

⇣
Dh1h2

1,q (z,mh1h2) +Dh1h2
1,q (z,mh1h2)

⌘
, (1)

where it is assumed that both hadrons emerge from the
same (anti)quark, q, and the scale dependence has been
dropped for brevity. The assumption that hadrons de-
tected in the same hemisphere, as illustrated in Fig. 1,
originate from the same initial parton is supported by the
results of Ref. [26]. To define the hemispheres a selection
of thrust axis and thrust value is required. The thrust
axis n̂ maximizes the thrust T [33]:

T
max

=

P
h |PCMS

h · n̂|P
h |PCMS

h |
. (2)

The sum extends over all detected particles, and PCMS

h185

denotes the three-momentum of particle h in the (e+e�)186

center-of-mass system (CMS).187

The cross sections for the inclusive production of di-188

hadrons of charged pions and kaons in the same hemi-189

sphere as a function of their fractional energy z and in-190

variant mass mh1h2 are presented in this paper. The191

cross sections are compared to various MC simulation192

tunes optimized for di↵erent collision systems and ener-193

gies. Various resonances in the mass spectra and distinct194

features from multi-body or subsequent decays of res-195

onances are identified with the help of MC simulations.196

Additionally, also the di-hadron cross sections after a MC197

based removal of all weak decays are presented.198
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inclusive hadrons - transverse momentum
quasi-inclusive hadron production 
gives access to transverse 
momentum in fragmentation

transverse momentum measured 
with respect to thrust axis n

analysis performed differential in z 
and PhT in various slices in T 
(18x20x6 bins)

correction steps similar as for 
PhT-integrated cross sections 

Gaussian fits to transverse-
momentum distribution provided for 
all hadrons in (z,T)-bins
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with fractional energy z ¼ 2Eh=
ffiffiffi
s

p
, and transverse

momentum kT at the scale Q ¼
ffiffiffi
s

p
. Experimentally, the

transverse momentum of the hadron is calculated relative to
the thrust axis n̂ which maximizes the event-shape variable
thrust T [31]:

T ¼max
P

hjPCMS
h · n̂jP

hjPCMS
h j

: ð1Þ

The sum extends over all detected particles, and PCMS
h

denotes the momentum of particle h in the center-of-mass
system, CMS.
As the thrust variable describes how collimated all

particles in an event are, the results are presented in bins
of this value.
The paper is organized as follows: the detector setup and

reconstruction criteria are detailed in Sec. II, in Sec. III the
various corrections to get from the raw spectra to the final
cross sections are discussed. In Sec. IV the results are shown
and compared toMonte Carlo (MC) tunes beforewe proceed
to study the transverse-momentumbehavior viaGaussian fits
for small transverse momenta. We conclude with a summary
in Sec. V. (Note: Additional figures and data files are
available online in the Supplemental Material [32].)

II. BELLE DETECTOR AND DATA SELECTION

This single-hadron cross-sectionmeasurement is based on
a data sample of 558 fb−1 collected with the Belle detector at
the KEKB asymmetric-energy eþe− (3.5 GeV on 8 GeV)
collider [33,34] operating at theϒð4SÞ resonance (denoted as
on-resonance), as well as a smaller data set taken 60 MeV
below for comparison (denoted as continuum).
The Belle detector is a large-solid-angle magnetic

spectrometer that consists of a silicon vertex detector
(SVD), a 50-layer central drift chamber, an array of aerogel
threshold Cherenkov counters, a barrel-like arrangement of
time-of-flight scintillation counters, and an electromagnetic
calorimeter comprised of CsI(Tl) crystals located inside a
superconducting solenoid coil that provides a 1.5 T mag-
netic field. An iron flux return located outside of the coil is
instrumented to detect K0

L mesons and to identify muons.
The detector is described in detail elsewhere [35,36].
A 1.5 cm beampipe with 1 mm thickness and a four-layer
SVD and a small-cell inner drift chamber were used to
record 558 fb−1 [37].
The primary light (uds)- and charm-quark simulations

used in this analysis were generated using PYTHIA6.2 [38],
embedded into the EVTGEN [39] framework, followed by a
GEANT3 [40] simulation 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] settings 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 addition, we generated

charged and neutral B meson pairs from ϒð4SÞ decays
in EVTGEN, τ pair events with the KKMC [42,43] generator
and the TAUOLA [44] decay package, and other events with
either PYTHIA or dedicated generators [45] such as for two-
photon processes.

A. Event and track selection

The goal of this analysis is to extract hadron cross
sections from uds and charm pair events. Therefore events
are required to have a visible energy of all detected charged
tracks and neutral clusters above 7 GeV (to remove τ pair
events) and either a heavy-jet mass (the greater of the
invariant masses of all particles in a hemisphere as
generated by the plane perpendicular to the thrust axis)
above 1.8 GeV=c2 or a ratio of the heavy-jet mass to visible
energy above 0.25. Also, events need to have at least three
reconstructed charged tracks, which reduces two-photon
processes. The thrust value is calculated as described
above, where all detected particles and neutral clusters
are included. For the charged particles, the mass hypothesis
for the identified particle type is taken into account when
boosting into the CMS. The thrust axis is required to point
into the barrel part of the detector by having a z component
jn̂zj < 0.75 in order to reduce the amount of thrust-axis
smearing due to undetected particles in the forward/back-
ward regions. Tracks are required to be within 4 cm (2 cm)
of the interaction point along (perpendicular to) the
positron beam axis. Each track is required to have at least
three SVD hits and fall within the polar-angular acceptance
of −0.511 < cos θlab < 0.842 in order to have Particle
Identification (PID) information from all relevant PID
detectors. The fractional energy of each track is required
to exceed 0.1 and the transverse momentum with respect to
the thrust axis is then calculated in the CMS as illustrated in
Fig. 1. Also a minimum transverse momentum in the

FIG. 1. Illustration of transverse-momentum-dependent single
hadron fragmentation where the final-state hadron is depicted as a
red arrow, the incoming leptons as blue arrows, and the event
plane—spanned by leptons (blue lines) and initial quarks/thrust
axis n (purple line)—is depicted as a light blue plane. The
transverse momentum PhT is calculated relative to the thrust axis
and depicted by the red, dashed line.

R. SEIDL et al. PHYS. REV. D 99, 112006 (2019)
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obtained from a 655 fb�1 data sample collected near the ⌥(4S) resonance with the Belle detector
at the KEKB asymmetric-energy e+e� collider.

Fragmentation functions allow us to understand the109

transition of asymptotically free partons into several con-110

fined hadrons. They cannot be calculated from first prin-111

ciples and thus need to be extracted experimentally. One112

of the main ways of obtaining them is via cross section113

or multiplicity measurements in electron-positron anni-114

hilation where no hadrons are present in the initial state.115

For many processes, factorization is assumed or proven116

to certain orders of the strong coupling and fragmenta-117

tion functions as well as parton distribution functions118

are considered universal. Because of this universality,119

these functions extracted in one process can be applied120

to another process. As such, the knowledge of fragmen-121

tation functions is, for example, used to extract various122

spin-dependent parton distribution functions in polarized123

semi-inclusive deep-inelastic scattering (SIDIS) and po-124

larized hadron collisions. In particular, the extraction125

of the chiral-odd transversity distribution functions [1]126

and their related tensor charges so far entirely relies on127

transverse spin dependent fragmentation functions.128

The Belle experiment was the first to provide asym-129

metries [2] related to the single-hadron Collins fragmen-130

tation function [3]. These asymmetries rely on an ex-131

plicit transverse-momentum dependence of fragmenta-132

tion functions. The Collins fragmentation function de-133

scribes a correlation between the direction of an outgoing134

transversely polarized quark, its spin orientation and the135

azimuthal distribution of final-state hadrons, and serves136

as a transverse-spin analyzer. Collins asymmetries were137

extracted for pions and kaons in several SIDIS measure-138

ments so far [4–8], where they are convolved with the139

transversity distributions of interest, as well as recently140

in proton-proton collisions for pions [9]. The correspond-141

ing Collins fragmentation measurements were obtained142

in various electron-positron annihilation experiments for143

pions [2, 10, 11] and recently also kaons [12] based on144

the description of Ref. [13]. Some of these measurements145

have already been included in global transversity extrac-146

tions [14–17].147

An alternative way of accessing quark transversity is148

via di-hadron fragmentation functions [18–20]. This has149

the advantage of being based on collinear factorization.150

Also here Belle has provided the corresponding asym-151

metries related to the polarized fragmentation functions152

[21], which were used with the SIDIS measurements153

[22, 23] in a global analysis [24] (although not yet with154

the relevant measurements from proton-proton collisions155

[25]) to extract transversity in a collinear approach.156

In both approaches of transversity extraction, several157

assumptions had to be made due to the lack of su�-158

cient measurements. In the Collins-based extractions,159

the explicit transverse-momentum dependence was until160

recently unknown and is still poorly constrained. In the161

di-hadron based extractions, the corresponding unpolar-162

ized di-hadron fragmentation functions were not avail-163

able so far and theorists used Monte Carlo (MC) simu-164

lations to estimate those. This publication provides the165

unpolarized baseline for the measurements related to the166

spin-dependent di-hadron fragmentation functions.167

In a previous publication [26] the focus was on two-168

hadron cross sections di↵erential in their individual frac-169

tional energies z
1

= 2Eh1/
p
s and (likewise) z

2

. In170

this description, the two-hadron production can be de-171

scribed by di-hadron fragmentation functions (DiFF),172

initially introduced in Ref. [27] and based on the for-173

malism developed in Ref. [28]. DGLAP [29] evolution for174

DiFFs was also introduced previously [30, 31]. Recently175

this theoretical work has been applied also to DiFFs176

depending explicitly on the combined fractional energy177

z =
2Eh1h2p

s
and invariant mass mh1h2 of the hadons, in-178

stead of the hadron’s individual fractional energies, and179

including evolution as summarized in Ref. [32]. It is in180

this description that the SIDIS measurements and the181

Belle asymmetries were performed and, here we report182

the corresponding cross sections di↵erential in these two183

variables to provide the unpolarized baseline.184

The cross section at leading order in the strong cou-
pling can be described as

d2�(e+e� ! h
1

h
2

X)

dzdmh1h2

/
X

q

e2q

⇣
Dh1h2

1,q (z,mh1h2) +Dh1h2
1,q (z,mh1h2)

⌘
, (1)

where it is assumed that both hadrons emerge from the
same (anti)quark, q, and the scale dependence has been
dropped for brevity. The assumption that hadrons de-
tected in the same hemisphere, as illustrated in Fig. 1,
originate from the same initial parton is supported by the
results of Ref. [26]. To define the hemispheres a selection
of thrust axis and thrust value is required. The thrust
axis n̂ maximizes the thrust T [33]:

T
max

=

P
h |PCMS

h · n̂|P
h |PCMS

h |
. (2)

The sum extends over all detected particles, and PCMS

h185

denotes the three-momentum of particle h in the (e+e�)186

center-of-mass system (CMS).187

The cross sections for the inclusive production of di-188

hadrons of charged pions and kaons in the same hemi-189

sphere as a function of their fractional energy z and in-190

variant mass mh1h2 are presented in this paper. The191

cross sections are compared to various MC simulation192

tunes optimized for di↵erent collision systems and ener-193

gies. Various resonances in the mass spectra and distinct194

features from multi-body or subsequent decays of res-195

onances are identified with the help of MC simulations.196

Additionally, also the di-hadron cross sections after a MC197

based removal of all weak decays are presented.198
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thrust distribution: process contributions

large contribution from BB at lower thrust

large thrust dominated by uds and charm fragmentation 
(at very large T significant τ contribution for pions, not visible here)

concentrate mainly on 0.85<T<0.9 bin, though others available as well
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pronounced at low thrust values and z, reaching initially
more than 80% of the yields before rapidly decreasing with
z and thrust value. For protons, the ϒð4SÞ contributions are
again less dominant. It should be noted that the large

number of decays needed by B mesons to produce the light
hadrons studied here increases their contribution at higher
transverse momenta disproportionately. Also the initial
momentum of the B mesons is small which enhances

Thrust
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FIG. 2. Contributions to the thrust distributions from various processes for the reconstructed pion (left), kaon (center), and proton
(right) yields at theϒð4SÞ resonance. From bottom to top, the stacked contributions from eecc̄ (yellow), eess̄ (dark blue), eeuū (purple),
τþτ− (light green), ϒð4SÞ → BþB− (violet), ϒð4SÞ → B0B̄0 (dark green), charm (blue), and uds (red) are shown. For comparison, the
data for continuum (turquoise, denoted as “data cont”) and on-resonance (orange, denoted as “data res”) are also shown. The black
vertical lines display the thrust bin boundaries used in this analysis.

0.30 < z < 0.350.25 < z < 0.300.20 < z < 0.250.15 < z < 0.20

 [GeV/c] hTP

yi
el

d 
ra

tio
 

0.2

0.4

0.6

0.8
1

1.2

1.4 0.10 < z < 0.15

0.85 < T < 0.90

0.55 < z < 0.600.50 < z < 0.550.45 < z < 0.500.40 < z < 0.45

 [GeV/c] hTP

yi
el

d 
ra

tio
 

0.2

0.4

0.6

0.8
1

1.2

1.4 0.35 < z < 0.40

  [GeV/c] hTP
0.5 1 1.5 2 2.5

0.80 < z < 0.85

  [GeV/c] hTP
0.5 1 1.5 2 2.5

0.75 < z < 0.800.70 < z < 0.750.65 < z < 0.70

yi
el

d 
ra

tio
 

0.2

0.4

0.6

0.8
1

1.2

1.4 0.60 < z < 0.65

 PID / raw +π  PID / raw +K

p PID / raw 

  [GeV/c] hTP
0.5 1 1.5 2 2.5

0.95 < z < 1.00

  [GeV/c] hTP
0.5 1 1.5 2 2.5

0.90 < z < 0.95

  [GeV/c] hTP
0.5 1 1.5 2 2.5

yi
el

d 
ra

tio
 

0.2

0.4

0.6

0.8

1

1.2

1.4 0.85 < z < 0.90

FIG. 3. Ratio of yields after to before applying the PID correction for pions (green), kaons (blue), and protons (red), as a function of the
transverse momentum PhT in bins of z for an intermediate thrust bin. Empty bins are visible where the yields become zero, especially for
high-z bins as well as for kinematically inaccessible low-z protons. The error bars represent the systematic uncertainties assigned for this
correction step.

R. SEIDL et al. PHYS. REV. D 99, 112006 (2019)

112006-6

[Belle, PRD 99 (2019) 112006]

Cuts 
y |Z| vertex < 4cm , r vertex < 2cm, Pt>100MeV, 
y Eid, muid, then hadron id: 

y kpi(3,1,0,3,2); kpr(3,1,0,3,4); pipr(3,1,0,2,4); 
y Always two hadron ids cut on, should be similar to Martin’s analysis 

y Hadronb>0.5 
y NSVD hits>=3 
y Evisible>7 GeV 
y z1,z2>0.1 (or 0.2) 
y cosqlab >-0.511 && cosqlab<0.842 (matching Martin’s PID studies 

and full PID acceptance) 
y If thrust cut (same/opposite hemispheres) : thrust>0.8 and 

|thrustz|<0.75 
y Opening angle between thrust axis and track >0.8  

REF2015, Nov 2, 2015 51 R.Seidl: Fragmentation measurements 

https://doi.org/10.1103/PhysRevD.99.112006
https://doi.org/10.1103/PhysRevD.99.112006
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transverse-momentum distributions

lowest T bin -> rather spherical events 

transverse momenta almost uniformly distributed in medium-z bins

faster drop for heavier hadrons
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FIG. 14. Di↵erential cross sections for pions (black circles), kaons (blue squares) and protons (green triangles) as a function

of PhT for the indicated z bins and thrust 0.5 < T < 0.7. The error boxes represent the systematic uncertainties. Due to the

large uncertainties in them, z bins above 0.85 are not displayed.
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FIG. 15. Di↵erential cross sections for pions (black circles), kaons (blue squares) and protons (green triangles) as a function

of PhT for the indicated z bins and thrust 0.7 < T < 0.8. The error boxes represent the systematic uncertainties. Due to the

large uncertainties in them, z bins above 0.85 are not displayed.
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Cuts 
y |Z| vertex < 4cm , r vertex < 2cm, Pt>100MeV, 
y Eid, muid, then hadron id: 

y kpi(3,1,0,3,2); kpr(3,1,0,3,4); pipr(3,1,0,2,4); 
y Always two hadron ids cut on, should be similar to Martin’s analysis 

y Hadronb>0.5 
y NSVD hits>=3 
y Evisible>7 GeV 
y z1,z2>0.1 (or 0.2) 
y cosqlab >-0.511 && cosqlab<0.842 (matching Martin’s PID studies 

and full PID acceptance) 
y If thrust cut (same/opposite hemispheres) : thrust>0.8 and 

|thrustz|<0.75 
y Opening angle between thrust axis and track >0.8  
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FIG. 14. Di↵erential cross sections for pions (black circles), kaons (blue squares) and protons (green triangles) as a function

of PhT for the indicated z bins and thrust 0.5 < T < 0.7. The error boxes represent the systematic uncertainties. Due to the

large uncertainties in them, z bins above 0.85 are not displayed.
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FIG. 15. Di↵erential cross sections for pions (black circles), kaons (blue squares) and protons (green triangles) as a function

of PhT for the indicated z bins and thrust 0.7 < T < 0.8. The error boxes represent the systematic uncertainties. Due to the

large uncertainties in them, z bins above 0.85 are not displayed.

transverse-momentum distributions

15

0.7 < T < 0.8 -> particles already more collimated

transverse momenta already more Gaussian distributed

large-z region with large uncertainties
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Cuts 
y |Z| vertex < 4cm , r vertex < 2cm, Pt>100MeV, 
y Eid, muid, then hadron id: 

y kpi(3,1,0,3,2); kpr(3,1,0,3,4); pipr(3,1,0,2,4); 
y Always two hadron ids cut on, should be similar to Martin’s analysis 

y Hadronb>0.5 
y NSVD hits>=3 
y Evisible>7 GeV 
y z1,z2>0.1 (or 0.2) 
y cosqlab >-0.511 && cosqlab<0.842 (matching Martin’s PID studies 

and full PID acceptance) 
y If thrust cut (same/opposite hemispheres) : thrust>0.8 and 

|thrustz|<0.75 
y Opening angle between thrust axis and track >0.8  
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FIG. 16. Di↵erential cross sections for pions (black circles), kaons (blue squares) and protons (green triangles) as a function of

PhT for the indicated z bins and thrust 0.8 < T < 0.85. The error boxes represent the systematic uncertainties. Due to the

large uncertainties in them, z bins above 0.85 are not displayed.
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FIG. 17. Di↵erential cross sections for pions (black circles), kaons (blue squares) and protons (green triangles) as a function of

PhT for the indicated z bins and thrust 0.9 < T < 0.95. The error boxes represent the systematic uncertainties. Due to the

large uncertainties in them, z bins above 0.85 are not displayed.

transverse-momentum distributions

16

0.8 < T < 0.85 

transverse momenta mostly Gaussian distributed

possible deviations for large-PhT tails [but also larger uncertainties]
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Cuts 
y |Z| vertex < 4cm , r vertex < 2cm, Pt>100MeV, 
y Eid, muid, then hadron id: 

y kpi(3,1,0,3,2); kpr(3,1,0,3,4); pipr(3,1,0,2,4); 
y Always two hadron ids cut on, should be similar to Martin’s analysis 

y Hadronb>0.5 
y NSVD hits>=3 
y Evisible>7 GeV 
y z1,z2>0.1 (or 0.2) 
y cosqlab >-0.511 && cosqlab<0.842 (matching Martin’s PID studies 

and full PID acceptance) 
y If thrust cut (same/opposite hemispheres) : thrust>0.8 and 

|thrustz|<0.75 
y Opening angle between thrust axis and track >0.8  
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FIG. 9. Differential cross sections for pions (black circles), kaons (blue squares), and protons (green triangles) as a function of PhT for
the indicated z bins and thrust 0.85 < T < 0.9. The error boxes represent the systematic uncertainties. Due to the large uncertainties in
them, z bins above 0.85 are not displayed.
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R. SEIDL et al. PHYS. REV. D 99, 112006 (2019)

112006-12

transverse-momentum distributions

0.85 < T < 0.9 

transverse momenta mostly Gaussian distributed; widths narrowing

possible deviations for large-PhT tails [but also larger uncertainties]
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Cuts 
y |Z| vertex < 4cm , r vertex < 2cm, Pt>100MeV, 
y Eid, muid, then hadron id: 

y kpi(3,1,0,3,2); kpr(3,1,0,3,4); pipr(3,1,0,2,4); 
y Always two hadron ids cut on, should be similar to Martin’s analysis 

y Hadronb>0.5 
y NSVD hits>=3 
y Evisible>7 GeV 
y z1,z2>0.1 (or 0.2) 
y cosqlab >-0.511 && cosqlab<0.842 (matching Martin’s PID studies 

and full PID acceptance) 
y If thrust cut (same/opposite hemispheres) : thrust>0.8 and 

|thrustz|<0.75 
y Opening angle between thrust axis and track >0.8  

REF2015, Nov 2, 2015 51 R.Seidl: Fragmentation measurements 

https://doi.org/10.1103/PhysRevD.99.112006
https://doi.org/10.1103/PhysRevD.99.112006


XI CPAN Days - Oct 22nd, 2019gunar.schnell @ desy.de

transverse-momentum distributions
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FIG. 14. Di↵erential cross sections for pions (black circles), kaons (blue squares) and protons (green triangles) as a function

of PhT for the indicated z bins and thrust 0.5 < T < 0.7. The error boxes represent the systematic uncertainties. Due to the

large uncertainties in them, z bins above 0.85 are not displayed.
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FIG. 15. Di↵erential cross sections for pions (black circles), kaons (blue squares) and protons (green triangles) as a function

of PhT for the indicated z bins and thrust 0.7 < T < 0.8. The error boxes represent the systematic uncertainties. Due to the

large uncertainties in them, z bins above 0.85 are not displayed.

12

 [GeV/c]  hTP

 [f
b/

G
eV

/c
]

hT
/d

z 
dP

σ2 d

0.25 < z < 0.30

 [GeV/c]  hTP

 [f
b/

G
eV

/c
]

hT
/d

z 
dP

σ2 d

0.20 < z < 0.25

 [GeV/c]  hTP

 [f
b/

G
eV

/c
]

hT
/d

z 
dP

σ2 d

0.15 < z < 0.20

 [GeV/c]  hTP

 [f
b/

G
eV

/c
]

hT
/d

z 
dP

σ2 d

210

310

410

510

610

710

810
0.10 < z < 0.15

0.80 < T < 0.85

 [GeV/c]  hTP

 [f
b/

G
eV

/c
]

hT
/d

z 
dP

σ2 d

0.45 < z < 0.50

 [GeV/c]  hTP

 [f
b/

G
eV

/c
]

hT
/d

z 
dP

σ2 d

0.40 < z < 0.45

 [GeV/c]  hTP

 [f
b/

G
eV

/c
]

hT
/d

z 
dP

σ2 d

0.35 < z < 0.40

 [GeV/c]  hTP

 [f
b/

G
eV

/c
]

hT
/d

z 
dP

σ2 d

10

210

310

410

510

610

710 0.30 < z < 0.35

 [GeV/c]  hTP
0 0.5 1 1.5 2 2.5

 [f
b/

G
eV

/c
]

hT
/d

z 
dP

σ2 d

0.65 < z < 0.70

 [GeV/c]  hTP

 [f
b/

G
eV

/c
]

hT
/d

z 
dP

σ2 d

0.60 < z < 0.65

 [GeV/c]  hTP

 [f
b/

G
eV

/c
]

hT
/d

z 
dP

σ2 d

0.55 < z < 0.60

 [GeV/c]  hTP

 [f
b/

G
eV

/c
]

hT
/d

z 
dP

σ2 d

10

210

310

410

510

610

710

0.50 < z < 0.55

±π ±K
pp/

 [GeV/c]  hTP
0 0.5 1 1.5 2 2.5

 [f
b/

G
eV

/c
]

hT
/d

z 
dP

σ2 d

0.80 < z < 0.85

 [GeV/c]  hTP
0 0.5 1 1.5 2 2.5

 [f
b/

G
eV

/c
]

hT
/d

z 
dP

σ2 d

0.75 < z < 0.80

 [GeV/c]  hTP
0 0.5 1 1.5 2 2.5

 [f
b/

G
eV

/c
]

hT
/d

z 
dP

σ2 d

1

10

210

310

410

510

610
0.70 < z < 0.75

FIG. 16. Di↵erential cross sections for pions (black circles), kaons (blue squares) and protons (green triangles) as a function of

PhT for the indicated z bins and thrust 0.8 < T < 0.85. The error boxes represent the systematic uncertainties. Due to the

large uncertainties in them, z bins above 0.85 are not displayed.
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FIG. 17. Di↵erential cross sections for pions (black circles), kaons (blue squares) and protons (green triangles) as a function of

PhT for the indicated z bins and thrust 0.9 < T < 0.95. The error boxes represent the systematic uncertainties. Due to the

large uncertainties in them, z bins above 0.85 are not displayed.
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FIG. 18. Di↵erential cross sections for pions (black circles), kaons (blue squares) and protons (green triangles) as a function of

PhT for the indicated z bins and thrust 0.95 < T < 1.0. The error boxes represent the systematic uncertainties. Due to the

large uncertainties in them, z bins above 0.85 are not displayed.
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FIG. 16. Di↵erential cross sections for pions (black circles), kaons (blue squares) and protons (green triangles) as a function of

PhT for the indicated z bins and thrust 0.8 < T < 0.85. The error boxes represent the systematic uncertainties. Due to the

large uncertainties in them, z bins above 0.85 are not displayed.
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FIG. 17. Di↵erential cross sections for pions (black circles), kaons (blue squares) and protons (green triangles) as a function of

PhT for the indicated z bins and thrust 0.9 < T < 0.95. The error boxes represent the systematic uncertainties. Due to the

large uncertainties in them, z bins above 0.85 are not displayed.

0.9 < T < 0.95 

transverse momenta mostly Gaussian distributed; widths even narrower

possible deviations for large-PhT tails [but also larger uncertainties]
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RD
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00

6]

Cuts 
y |Z| vertex < 4cm , r vertex < 2cm, Pt>100MeV, 
y Eid, muid, then hadron id: 

y kpi(3,1,0,3,2); kpr(3,1,0,3,4); pipr(3,1,0,2,4); 
y Always two hadron ids cut on, should be similar to Martin’s analysis 

y Hadronb>0.5 
y NSVD hits>=3 
y Evisible>7 GeV 
y z1,z2>0.1 (or 0.2) 
y cosqlab >-0.511 && cosqlab<0.842 (matching Martin’s PID studies 

and full PID acceptance) 
y If thrust cut (same/opposite hemispheres) : thrust>0.8 and 

|thrustz|<0.75 
y Opening angle between thrust axis and track >0.8  

REF2015, Nov 2, 2015 51 R.Seidl: Fragmentation measurements 
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FIG. 18. Di↵erential cross sections for pions (black circles), kaons (blue squares) and protons (green triangles) as a function of

PhT for the indicated z bins and thrust 0.95 < T < 1.0. The error boxes represent the systematic uncertainties. Due to the

large uncertainties in them, z bins above 0.85 are not displayed.
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transverse-momentum distributions

19

0.95 < T < 1.0

transverse momenta mostly Gaussian distributed

widths very narrow as particles very collimated
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Cuts 
y |Z| vertex < 4cm , r vertex < 2cm, Pt>100MeV, 
y Eid, muid, then hadron id: 

y kpi(3,1,0,3,2); kpr(3,1,0,3,4); pipr(3,1,0,2,4); 
y Always two hadron ids cut on, should be similar to Martin’s analysis 

y Hadronb>0.5 
y NSVD hits>=3 
y Evisible>7 GeV 
y z1,z2>0.1 (or 0.2) 
y cosqlab >-0.511 && cosqlab<0.842 (matching Martin’s PID studies 

and full PID acceptance) 
y If thrust cut (same/opposite hemispheres) : thrust>0.8 and 

|thrustz|<0.75 
y Opening angle between thrust axis and track >0.8  
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transverse-momentum: Gaussian widths

20

0.85 < T < 0.90

fit Gauss to low-PhT data

mostly well described with 
possible exception at high z

deviation from Gauss at large PhT

clear increase of width with z 
for low values of z
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FIG. 9. Differential cross sections for pions (black circles), kaons (blue squares), and protons (green triangles) as a function of PhT for
the indicated z bins and thrust 0.85 < T < 0.9. The error boxes represent the systematic uncertainties. Due to the large uncertainties in
them, z bins above 0.85 are not displayed.
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FIG. 10. Single charged pion cross sections as a function of P2
hT

for selected bins of fractional energy z and thrust 0.85 < T < 0.9.
The full lines at lower transverse momenta correspond to the
Gaussian fits to this data using the same color coding as for the
data. They are extended as dotted lines to larger transverse
momenta not included in the fit. Each data point is displayed at
the bin’s central value while horizontal uncertainties display the
rms value. The error boxes represent the systematic uncertainties.
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FIG. 11. Gaussian widths as a function of z for pions (black
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(green triangles and boxes) and thrust 0.85 < T < 0.9. The error
boxes represent the corresponding systematic uncertainties as
described in the text.
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Cuts 
y |Z| vertex < 4cm , r vertex < 2cm, Pt>100MeV, 
y Eid, muid, then hadron id: 

y kpi(3,1,0,3,2); kpr(3,1,0,3,4); pipr(3,1,0,2,4); 
y Always two hadron ids cut on, should be similar to Martin’s analysis 

y Hadronb>0.5 
y NSVD hits>=3 
y Evisible>7 GeV 
y z1,z2>0.1 (or 0.2) 
y cosqlab >-0.511 && cosqlab<0.842 (matching Martin’s PID studies 

and full PID acceptance) 
y If thrust cut (same/opposite hemispheres) : thrust>0.8 and 

|thrustz|<0.75 
y Opening angle between thrust axis and track >0.8  
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transverse-momentum: Gaussian widths

20

0.85 < T < 0.90

fit Gauss to low-PhT data

mostly well described with 
possible exception at high z

deviation from Gauss at large PhT

clear increase of width with z 
for low values of z

Gaussian widths as function of z

general increase with z with 
turnover at larger values of z
for mesons

protons with smaller width and 
more linear rise with z

0.25 < z < 0.300.20 < z < 0.250.15 < z < 0.20
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FIG. 9. Differential cross sections for pions (black circles), kaons (blue squares), and protons (green triangles) as a function of PhT for
the indicated z bins and thrust 0.85 < T < 0.9. The error boxes represent the systematic uncertainties. Due to the large uncertainties in
them, z bins above 0.85 are not displayed.
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FIG. 10. Single charged pion cross sections as a function of P2
hT

for selected bins of fractional energy z and thrust 0.85 < T < 0.9.
The full lines at lower transverse momenta correspond to the
Gaussian fits to this data using the same color coding as for the
data. They are extended as dotted lines to larger transverse
momenta not included in the fit. Each data point is displayed at
the bin’s central value while horizontal uncertainties display the
rms value. The error boxes represent the systematic uncertainties.
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FIG. 11. Gaussian widths as a function of z for pions (black
circles and boxes), kaons (blue squares and boxes), and protons
(green triangles and boxes) and thrust 0.85 < T < 0.9. The error
boxes represent the corresponding systematic uncertainties as
described in the text.
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FIG. 9. Differential cross sections for pions (black circles), kaons (blue squares), and protons (green triangles) as a function of PhT for
the indicated z bins and thrust 0.85 < T < 0.9. The error boxes represent the systematic uncertainties. Due to the large uncertainties in
them, z bins above 0.85 are not displayed.
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FIG. 10. Single charged pion cross sections as a function of P2
hT

for selected bins of fractional energy z and thrust 0.85 < T < 0.9.
The full lines at lower transverse momenta correspond to the
Gaussian fits to this data using the same color coding as for the
data. They are extended as dotted lines to larger transverse
momenta not included in the fit. Each data point is displayed at
the bin’s central value while horizontal uncertainties display the
rms value. The error boxes represent the systematic uncertainties.
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FIG. 11. Gaussian widths as a function of z for pions (black
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boxes represent the corresponding systematic uncertainties as
described in the text.
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Cuts 
y |Z| vertex < 4cm , r vertex < 2cm, Pt>100MeV, 
y Eid, muid, then hadron id: 

y kpi(3,1,0,3,2); kpr(3,1,0,3,4); pipr(3,1,0,2,4); 
y Always two hadron ids cut on, should be similar to Martin’s analysis 

y Hadronb>0.5 
y NSVD hits>=3 
y Evisible>7 GeV 
y z1,z2>0.1 (or 0.2) 
y cosqlab >-0.511 && cosqlab<0.842 (matching Martin’s PID studies 

and full PID acceptance) 
y If thrust cut (same/opposite hemispheres) : thrust>0.8 and 

|thrustz|<0.75 
y Opening angle between thrust axis and track >0.8  
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Cuts 
y |Z| vertex < 4cm , r vertex < 2cm, Pt>100MeV, 
y Eid, muid, then hadron id: 

y kpi(3,1,0,3,2); kpr(3,1,0,3,4); pipr(3,1,0,2,4); 
y Always two hadron ids cut on, should be similar to Martin’s analysis 

y Hadronb>0.5 
y NSVD hits>=3 
y Evisible>7 GeV 
y z1,z2>0.1 (or 0.2) 
y cosqlab >-0.511 && cosqlab<0.842 (matching Martin’s PID studies 

and full PID acceptance) 
y If thrust cut (same/opposite hemispheres) : thrust>0.8 and 

|thrustz|<0.75 
y Opening angle between thrust axis and track >0.8  
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transverse-momentum: Gaussian widths

21

0.85 < T < 0.90

fit Gauss to low-PhT data

mostly well described with 
possible exception at high z

deviation from Gauss at large PhT

clear increase of width with z 
for low values of z

Gaussian widths depend on z and T

general increase with z with 
turnover at larger values of z

clear decrease of widths with 
increase of T

particles more and more 
collimated 

0.25 < z < 0.300.20 < z < 0.250.15 < z < 0.20
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FIG. 9. Differential cross sections for pions (black circles), kaons (blue squares), and protons (green triangles) as a function of PhT for
the indicated z bins and thrust 0.85 < T < 0.9. The error boxes represent the systematic uncertainties. Due to the large uncertainties in
them, z bins above 0.85 are not displayed.
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FIG. 10. Single charged pion cross sections as a function of P2
hT

for selected bins of fractional energy z and thrust 0.85 < T < 0.9.
The full lines at lower transverse momenta correspond to the
Gaussian fits to this data using the same color coding as for the
data. They are extended as dotted lines to larger transverse
momenta not included in the fit. Each data point is displayed at
the bin’s central value while horizontal uncertainties display the
rms value. The error boxes represent the systematic uncertainties.
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FIG. 11. Gaussian widths as a function of z for pions (black
circles and boxes), kaons (blue squares and boxes), and protons
(green triangles and boxes) and thrust 0.85 < T < 0.9. The error
boxes represent the corresponding systematic uncertainties as
described in the text.

R. SEIDL et al. PHYS. REV. D 99, 112006 (2019)

112006-12

It is also interesting to study the behavior of the Gaussian
widths for the different thrust ranges. These are shown for
pions in Fig. 12. At very low thrust, any reference direction
is as good as any other, resulting in a nearly flat distribution
of transverse momenta. Consequently, the Gaussian widths
cannot be well extracted or become very large. For all other
thrust ranges, the widths show the same general behavior:
increasing toward intermediate z before decreasing again.
They are ordered according to the thrust ranges with the
lowest thrust having the largest widths and vice versa. This
correlation can be understood by the high-thrust limit,
where the event is very collimated along the thrust axis and
therefore little transverse momentum with respect to this

axis is available. The behavior of the Gaussian widths for
different thrust bin values is also shown for kaons and
protons in Figs. 13 and 14, respectively. For kaons, the
same narrowing of the widths with increasing thrust can be
seen as observed for the pions. Also for the protons, the
thrust dependence is similar but the uncertainties start to
overlap in many z bins, making the effect less pronounced.

B. MC generator comparison

One can study the behavior of various PYTHIA tunes on
the transverse-momentum dependence. It should be noted
that the overall z dependence has already been discussed in
previous publications [50,51], showing that only a few
tunes are reasonably close to the actual data, while others
either largely overshoot or undershoot them, particularly at
high z. The Gaussian widths, however, are not sensitive to
either the z behavior nor the overall normalization. In
PYTHIA they are very directly related to the variable ParJ
(21), which ranges between 0.28 and 0.4 in these tunes and
describes the Gaussian widths for primary hadrons within
the LUND string model [41]. The Gaussian widths are
partially also sensitive to the variable ParJ(42), which
ranges from 0.54 to 0.80 and describes the inverse of
the width of the transverse mass in the LUND string model.
With the exception of the old Belle tune [ParJð21Þ ¼ 0.28],
all tunes have very similar Gaussian widths and reproduce
both the small and larger fractional energies well. At
intermediate z, the PYTHIA default tune and the tunes with
larger ParJ(21) seem to get closest to the data but fail to
fully describe the maximum widths. The comparison for
intermediate thrust values can be seen in Fig. 15.
The individual pion, kaon and proton cross sections as a

function of fractional energy, thrust value and transverse
momentum as well as the extracted Gaussian widths are
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FIG. 12. Gaussian widths as a function of z for pions and thrust
0.7 < T < 0.8 (black circles and boxes), thrust 0.8 < T < 0.85
(blue squared and boxes), thrust 0.85 < T < 0.9 (green triangles
and boxes), thrust 0.9 < T < 0.95 (magenta triangles and boxes)
and 0.95 < T < 1.0 (red circles and boxes). The error boxes
represent the corresponding systematic uncertainties.
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FIG. 13. Gaussian widths as a function of z for kaons and thrust
0.7 < T < 0.8 (black circles and boxes), thrust 0.8 < T < 0.85
(blue squared and boxes), thrust 0.85 < T < 0.9 (green triangles
and boxes), thrust 0.9 < T < 0.95 (magenta triangles and boxes)
and 0.95 < T < 1.0 (red circles and boxes). The error boxes
represent the corresponding systematic uncertainties.
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FIG. 14. Gaussian widths as a function of z for protons and
thrust 0.7 < T < 0.8 (black circles and boxes), thrust 0.8 < T <
0.85 (blue squared and boxes), thrust 0.85 < T < 0.9 (green
triangles and boxes), thrust 0.9 < T < 0.95 (magenta triangles
and boxes) and 0.95 < T < 1.0 (red circles and boxes). The error
boxes represent the corresponding systematic uncertainties.
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Cuts 
y |Z| vertex < 4cm , r vertex < 2cm, Pt>100MeV, 
y Eid, muid, then hadron id: 

y kpi(3,1,0,3,2); kpr(3,1,0,3,4); pipr(3,1,0,2,4); 
y Always two hadron ids cut on, should be similar to Martin’s analysis 

y Hadronb>0.5 
y NSVD hits>=3 
y Evisible>7 GeV 
y z1,z2>0.1 (or 0.2) 
y cosqlab >-0.511 && cosqlab<0.842 (matching Martin’s PID studies 

and full PID acceptance) 
y If thrust cut (same/opposite hemispheres) : thrust>0.8 and 

|thrustz|<0.75 
y Opening angle between thrust axis and track >0.8  
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what else available or to expect (soon) 
single-hadron production

hyperon cross sections [PRD 97 (2018) 072005]

kT-dependent D1 FFs 

nearly back-to-back hadrons 

Collins asymmetries: 

charged pions and neutral meson (pion & eta)  incl. kT dependence [PRL 96 
(2006) 232002, PRD 78 (2008) 032011, PRD 86 (2012) 039905(E), arXiv:1909.01857]

kaon Collins FFs

hyperon polarization

transverse Lambda polarization [Belle, PRL 122 (2019) 042001]

di-hadron production

unpolarized dihadron FFs [PRD 92 (2015) 092007, PRD 96 (2017) 032005]

chiral-odd interference fragmentation [PRL 107 (2011) 072004]

helicity-dependent dihadron fragmentation function G1⊥ (“jet handedness”)
22

https://doi.org/10.1103/PhysRevD.97.072005%5D
https://doi.org/10.1103/PhysRevD.97.072005%5D
https://link.aps.org/doi/10.1103/PhysRevLett.122.042001
https://link.aps.org/doi/10.1103/PhysRevLett.122.042001
http://dx.doi.org/10.1103/PhysRevD.92.092007
http://dx.doi.org/10.1103/PhysRevD.92.092007
http://dx.doi.org/10.1103/PhysRevD.96.032005
http://dx.doi.org/10.1103/PhysRevD.96.032005
https://doi.org/10.1103/PhysRevLett.107.072004
https://doi.org/10.1103/PhysRevLett.107.072004
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‘Advanced pixel detectors for future colliders’, 
with emphasis in CMOS detector developments for 
Belle II VXD upgrade 

responsibilities in operation and management 

physics exploitation

lepton-flavor universality, e.g. R(D(*), π, J/Ψ) 

fragmentation
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hadron-pair production
single-hadron production has low 
discriminating power for parton flavor

can use 2nd hadron in opposite hemisphere 
to “tag” flavor, transverse momentum, and 
polarization 

mainly sensitive to product of single-
hadron FFs

if hadrons in same hemisphere: 
dihadron fragmentation

a la de Florian & Vanni [Phys. Lett. B 578 
(2004) 139]

a la Collins, Heppelmann & Ladinsky 
[Nucl. Phys. B 420 (1994) 565];
Boer, Jacobs & Radici [Phys. Rev. D 67 
(2003) 094003]

raises question of defining hemispheres
28

This initial fractional energy selection always takes the
nominal hadron mass as given by the PID information
into account. The requirement of z > 0.1 therefore safely
accommodates pion-kaon misidentification, which is
unfolded in the course of this analysis.
In addition, in order to study whether two hadrons have

likely emerged from the same parton or different partons,
the analysis is performed on several different sets by
requiring that both hadrons be in opposite hemispheres,
the same hemisphere or anywhere as depicted in Figs. 1
and 2. For the data sets where a hemisphere assignment is

required, the hemispheres are defined by the plane
perpendicular to the thrust axis and the thrust must satisfy
T > 0.8.

B. PID selection

To apply the PID correction according to the PID
efficiency matrices described in Ref. [1], the same selection
criteria must be applied to define a charged track as a
pion, kaon, proton, electron or muon. The information is
determined from normalized likelihood ratios that are
constructed from various detector responses. If the muon-
hadron likelihood ratio is above 0.9, the track is identified
as a muon. Otherwise, if the electron-hadron likelihood
ratio is above 0.85, the track is identified as an electron. If
neither of these applies, the track is identified as a kaon by
a kaon-pion likelihood ratio above 0.6 and a kaon-proton
likelihood ratio above 0.2. Pions are identified with the
kaon-pion likelihood ratio below 0.6 and a pion-proton
ratio above 0.2. Finally, protons are identified with the
inverse proton ratios above with kaon-proton and pion-
proton ratios below 0.2. While neither muons nor electrons
are considered explicitly for the single and dihadron
analysis, they are retained as necessary contributors for
the PID correction, wherein a certain fraction enter the
pion, kaon and proton samples under study.

II. DIHADRON ANALYSIS

In the following sections, the dihadron yields are
extracted and, successively, the various corrections and
the corresponding systematic uncertainties are applied
to arrive at the dihadron differential cross sections
d2σðeþe− → h1h2XÞ=dz1dz2.

A. Binning and cross section extraction

For the dihadron cross sections, a (z1, z2) binning is used.
We forgo a combined z and invariant-mass binning of the
hadron pair; the latter, in particular, is relevant in the same-
hemisphere topology as an unpolarized baseline to the
previously extracted interference fragmentation functions
[41] and would have allowed the extraction of individual
fragmentation functions for ρ, K$, ϕ and other resonances.
The z1 and z2 ranges of 0.2 to 1.0 used in this analysis

are each partitioned into 16 equidistant bins. All hadron
and charge combinations are treated independently and are
merged only after all corrections are applied and after
confirming their consistency where applicable (i.e., where
the same combinations of fragmentation functions appear,
such as πþπþ and π−π−). This leaves 16 different charge
and type combinations for pions and kaons initially, of
which six contain irreducible information.
Furthermore, as mentioned in the Introduction, three

hemisphere combinations are studied: two hadrons in the
same hemisphere, two hadrons in opposite hemispheres
and two hadrons irrespective of hemisphere or thrust cut;

FIG. 1 (color online). Illustration of dihadron fragmentation
where the final-state hadrons are depicted as red arrows, the
incoming leptons as blue arrows, and the event plane—spanned
by leptons and thrust axis—is depicted as a light blue plane. In
this case, both hadrons are found in opposite hemispheres defined
by the thrust axis, and generally out of the plane, as indicated by
the cones.

FIG. 2 (color online). Illustration of dihadron fragmentation
where the final-state hadrons are depicted as red arrows, the
incoming leptons as blue arrows and the event plane—spanned
by leptons and initial quarks/thrust axis—is depicted as a light
blue plane. In this case, both hadrons are found in the same
hemisphere as defined by the thrust axis, and generally out of the
plane, as indicated by the cones.
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incoming leptons as blue arrows and the event plane—spanned
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blue plane. In this case, both hadrons are found in the same
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from hadron yields to cross sections

hadron yields undergo series of corrections

particle (mis)identification [e.g., not every identified pion was a pion]

smearing unfolding  [e.g., measured and true momentum might differ]

non-qq processes  [e.g., two-photon processes, Υ-> BB, …]

“4"” correction [selection criteria and limited geometric acceptance]

QED radiation  [initial-state radiation (ISR)]

optional: weak-decay removal (e.g., “prompt fragmentation”)

Collins asymmetries also corrected for false asymmetries and maybe 
for qq-axis (mis)reconstruction

partially different approaches in different experiments/analyses

29

-

-


