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• e e annihilation provides cleanest access to fragmentation functions

• universality of fragmentation functions: use as input for nucleon-structure 
investigation in semi-inclusive DIS and proton-proton collisions

• no qq and less flavor discrimination: need global analysis, including measurements 
from semi-inclusive DIS and proton-proton collisions.  
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sensitivity to favoured and disfavoured fragmentation functions

oppositely charged pions: same-sign pions:
u ! ⇡+ ⇥ ū ! ⇡�
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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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p
s = 10.58GeV : e+e� ! ⌥(4S) ! BB̄ decay

p
s = 10.52GeV : e+e� ! qq̄ (q = u, d, s, c)

• Particle identification
- pion, kaon, proton, electron, muon identification

• Track/momentum reconstruction:
- silicon vertex detector, central drift chambers
- 1.5 T solenoid

The Belle Experiment

We use 772 million BB̄ pairs recorded by the Belle detector

S. Wehle | DESY | LHC Ski 2016, 14.04.2016 | Page 6/13
Intoduction Angular Analysis Result

• located at the asymmetric e+e- KEKB collider

159 fb�1

655 fb�1: hadron-pair analysis

: single-proton analysis



Extracted observables
• Dihadron cross sections for ππ, πK, KK pairs for different charge combinations

• 16x16 equidistant bins in z in [0.2,1.0]

• any hemisphere, opposite hemisphere, same hemisphere

• Single-proton cross section

• 16 equidistant bins in z in [0.2,1.0]

• From raw yields to cross sections:
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• Particle misidentification ≈10%, but up to 50%      correction needed!                           
construct PID matrix from experimental + Monte-Carlo (where limited statistics) data

• Smearing correction: compare for z bins Monte-Carlo generated and reconstructed 
events

• Non-qq background:

• subtract QED processes:              , 

• subtract resonant 

• Acceptance corrections 

• Optional correction for weak decays, based on Monte-Carlo                                 
(here not shown)

• Initial-state photon radiation: exclude hadrons from events with

Applied corrections

13

e+e� ! ⌧⌧ e+e� ! e+e�qq̄

⌥(4S) ! BB̄

E� > 0.5%
p
s/2
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• systematic+statistical
• driven by systematics

uncertainties:

energy; the events with a c.m. energy below 99.5% of the
nominal energy are removed. Ideally, one would want to
observe the initial-state radiation directly in the recon-
structed data; however, most photons are in the very
forward and backward regions, outside the Belle accep-
tance. Instead, generated MC data are used to directly
identify ISR photons and remove their energies from the
total c.m. energy. In the MC data, the ISR photons are
identified by having their mother particles be an initial-
state lepton. The fraction of such events depends on the
fractional energies of the two final-state hadrons. If a

large amount of the energy is removed by the photons
from the produced quark-antiquark system, very high
fractional energies with respect to the nominal

ffiffiffi
s

p
are

inaccessible. Therefore the fraction of non-ISR events
(i.e., less than 0.5% c.m. energy loss) increases with
increasing fractional energies. This is indeed the case as
can be seen in Fig. 9 for the any topology hadron pairs
(and similarly for the other two topologies). The events
are then corrected by this fraction to obtain the ISR-free
differential cross sections at the nominal center-of-mass
energy. Since the ISR fraction depends on the fractional

TABLE I. Systematic and statistical uncertainty contributions for the main hadron combinations in the any topology integrated over
the entire ðz1; z2Þ range. The uncertainties due to the luminosity and track reconstruction are additional global uncertainties.

πþπ− πþπþ πþK− πþKþ KþK− KþKþ

Statistical 8.71 × 10−05 1.11 × 10−04 1.56 × 10−04 1.73 × 10−04 1.83 × 10−04 3.31 × 10−04

PID 9.61 × 10−04 4.78 × 10−04 2.09 × 10−03 1.85 × 10−03 2.57 × 10−03 3.06 × 10−03

Smearing 6.31 × 10−05 3.42 × 10−05 3.92 × 10−04 2.07 × 10−05 6.69 × 10−05 2.75 × 10−04

Non-qq̄ 6.07 × 10−04 6.30 × 10−04 1.03 × 10−03 9.98 × 10−04 1.14 × 10−03 1.88 × 10−03

Acceptance 1.16 × 10−03 1.32 × 10−03 2.04 × 10−03 2.14 × 10−03 2.24 × 10−03 3.65 × 10−03

ISR 3.66 × 10−04 4.13 × 10−04 5.97 × 10−04 6.09 × 10−04 7.12 × 10−04 1.03 × 10−03

Combined systematics 1.86 × 10−03 1.71 × 10−03 3.82 × 10−03 4.38 × 10−03 4.21 × 10−03 5.28 × 10−02

Luminosity 1.4 × 10−02

Track reconstruction 0.7 × 10−02
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FIG. 12 (color online). Differential cross sections for πþπ− (black circles), πþπþ (blue squares), πþK− (green triangles), πþKþ

(purple diamonds), KþK− (red crosses) and KþKþ (violet downward triangles) pairs in the any topology as a function of z2 for the
indicated z1 bins. The error boxes represent the systematic uncertainties.
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FIG. 12 (color online). Differential cross sections for πþπ− (black circles), πþπþ (blue squares), πþK− (green triangles), πþKþ

(purple diamonds), KþK− (red crosses) and KþKþ (violet downward triangles) pairs in the any topology as a function of z2 for the
indicated z1 bins. The error boxes represent the systematic uncertainties.
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energy; the events with a c.m. energy below 99.5% of the
nominal energy are removed. Ideally, one would want to
observe the initial-state radiation directly in the recon-
structed data; however, most photons are in the very
forward and backward regions, outside the Belle accep-
tance. Instead, generated MC data are used to directly
identify ISR photons and remove their energies from the
total c.m. energy. In the MC data, the ISR photons are
identified by having their mother particles be an initial-
state lepton. The fraction of such events depends on the
fractional energies of the two final-state hadrons. If a

large amount of the energy is removed by the photons
from the produced quark-antiquark system, very high
fractional energies with respect to the nominal

ffiffiffi
s

p
are

inaccessible. Therefore the fraction of non-ISR events
(i.e., less than 0.5% c.m. energy loss) increases with
increasing fractional energies. This is indeed the case as
can be seen in Fig. 9 for the any topology hadron pairs
(and similarly for the other two topologies). The events
are then corrected by this fraction to obtain the ISR-free
differential cross sections at the nominal center-of-mass
energy. Since the ISR fraction depends on the fractional

TABLE I. Systematic and statistical uncertainty contributions for the main hadron combinations in the any topology integrated over
the entire ðz1; z2Þ range. The uncertainties due to the luminosity and track reconstruction are additional global uncertainties.

πþπ− πþπþ πþK− πþKþ KþK− KþKþ

Statistical 8.71 × 10−05 1.11 × 10−04 1.56 × 10−04 1.73 × 10−04 1.83 × 10−04 3.31 × 10−04

PID 9.61 × 10−04 4.78 × 10−04 2.09 × 10−03 1.85 × 10−03 2.57 × 10−03 3.06 × 10−03

Smearing 6.31 × 10−05 3.42 × 10−05 3.92 × 10−04 2.07 × 10−05 6.69 × 10−05 2.75 × 10−04

Non-qq̄ 6.07 × 10−04 6.30 × 10−04 1.03 × 10−03 9.98 × 10−04 1.14 × 10−03 1.88 × 10−03

Acceptance 1.16 × 10−03 1.32 × 10−03 2.04 × 10−03 2.14 × 10−03 2.24 × 10−03 3.65 × 10−03

ISR 3.66 × 10−04 4.13 × 10−04 5.97 × 10−04 6.09 × 10−04 7.12 × 10−04 1.03 × 10−03

Combined systematics 1.86 × 10−03 1.71 × 10−03 3.82 × 10−03 4.38 × 10−03 4.21 × 10−03 5.28 × 10−02

Luminosity 1.4 × 10−02

Track reconstruction 0.7 × 10−02
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FIG. 12 (color online). Differential cross sections for πþπ− (black circles), πþπþ (blue squares), πþK− (green triangles), πþKþ

(purple diamonds), KþK− (red crosses) and KþKþ (violet downward triangles) pairs in the any topology as a function of z2 for the
indicated z1 bins. The error boxes represent the systematic uncertainties.
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energy; the events with a c.m. energy below 99.5% of the
nominal energy are removed. Ideally, one would want to
observe the initial-state radiation directly in the recon-
structed data; however, most photons are in the very
forward and backward regions, outside the Belle accep-
tance. Instead, generated MC data are used to directly
identify ISR photons and remove their energies from the
total c.m. energy. In the MC data, the ISR photons are
identified by having their mother particles be an initial-
state lepton. The fraction of such events depends on the
fractional energies of the two final-state hadrons. If a

large amount of the energy is removed by the photons
from the produced quark-antiquark system, very high
fractional energies with respect to the nominal

ffiffiffi
s

p
are

inaccessible. Therefore the fraction of non-ISR events
(i.e., less than 0.5% c.m. energy loss) increases with
increasing fractional energies. This is indeed the case as
can be seen in Fig. 9 for the any topology hadron pairs
(and similarly for the other two topologies). The events
are then corrected by this fraction to obtain the ISR-free
differential cross sections at the nominal center-of-mass
energy. Since the ISR fraction depends on the fractional

TABLE I. Systematic and statistical uncertainty contributions for the main hadron combinations in the any topology integrated over
the entire ðz1; z2Þ range. The uncertainties due to the luminosity and track reconstruction are additional global uncertainties.

πþπ− πþπþ πþK− πþKþ KþK− KþKþ

Statistical 8.71 × 10−05 1.11 × 10−04 1.56 × 10−04 1.73 × 10−04 1.83 × 10−04 3.31 × 10−04

PID 9.61 × 10−04 4.78 × 10−04 2.09 × 10−03 1.85 × 10−03 2.57 × 10−03 3.06 × 10−03

Smearing 6.31 × 10−05 3.42 × 10−05 3.92 × 10−04 2.07 × 10−05 6.69 × 10−05 2.75 × 10−04

Non-qq̄ 6.07 × 10−04 6.30 × 10−04 1.03 × 10−03 9.98 × 10−04 1.14 × 10−03 1.88 × 10−03

Acceptance 1.16 × 10−03 1.32 × 10−03 2.04 × 10−03 2.14 × 10−03 2.24 × 10−03 3.65 × 10−03

ISR 3.66 × 10−04 4.13 × 10−04 5.97 × 10−04 6.09 × 10−04 7.12 × 10−04 1.03 × 10−03

Combined systematics 1.86 × 10−03 1.71 × 10−03 3.82 × 10−03 4.38 × 10−03 4.21 × 10−03 5.28 × 10−02

Luminosity 1.4 × 10−02

Track reconstruction 0.7 × 10−02
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FIG. 12 (color online). Differential cross sections for πþπ− (black circles), πþπþ (blue squares), πþK− (green triangles), πþKþ

(purple diamonds), KþK− (red crosses) and KþKþ (violet downward triangles) pairs in the any topology as a function of z2 for the
indicated z1 bins. The error boxes represent the systematic uncertainties.
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energy; the events with a c.m. energy below 99.5% of the
nominal energy are removed. Ideally, one would want to
observe the initial-state radiation directly in the recon-
structed data; however, most photons are in the very
forward and backward regions, outside the Belle accep-
tance. Instead, generated MC data are used to directly
identify ISR photons and remove their energies from the
total c.m. energy. In the MC data, the ISR photons are
identified by having their mother particles be an initial-
state lepton. The fraction of such events depends on the
fractional energies of the two final-state hadrons. If a

large amount of the energy is removed by the photons
from the produced quark-antiquark system, very high
fractional energies with respect to the nominal

ffiffiffi
s

p
are

inaccessible. Therefore the fraction of non-ISR events
(i.e., less than 0.5% c.m. energy loss) increases with
increasing fractional energies. This is indeed the case as
can be seen in Fig. 9 for the any topology hadron pairs
(and similarly for the other two topologies). The events
are then corrected by this fraction to obtain the ISR-free
differential cross sections at the nominal center-of-mass
energy. Since the ISR fraction depends on the fractional

TABLE I. Systematic and statistical uncertainty contributions for the main hadron combinations in the any topology integrated over
the entire ðz1; z2Þ range. The uncertainties due to the luminosity and track reconstruction are additional global uncertainties.

πþπ− πþπþ πþK− πþKþ KþK− KþKþ

Statistical 8.71 × 10−05 1.11 × 10−04 1.56 × 10−04 1.73 × 10−04 1.83 × 10−04 3.31 × 10−04

PID 9.61 × 10−04 4.78 × 10−04 2.09 × 10−03 1.85 × 10−03 2.57 × 10−03 3.06 × 10−03

Smearing 6.31 × 10−05 3.42 × 10−05 3.92 × 10−04 2.07 × 10−05 6.69 × 10−05 2.75 × 10−04

Non-qq̄ 6.07 × 10−04 6.30 × 10−04 1.03 × 10−03 9.98 × 10−04 1.14 × 10−03 1.88 × 10−03

Acceptance 1.16 × 10−03 1.32 × 10−03 2.04 × 10−03 2.14 × 10−03 2.24 × 10−03 3.65 × 10−03

ISR 3.66 × 10−04 4.13 × 10−04 5.97 × 10−04 6.09 × 10−04 7.12 × 10−04 1.03 × 10−03

Combined systematics 1.86 × 10−03 1.71 × 10−03 3.82 × 10−03 4.38 × 10−03 4.21 × 10−03 5.28 × 10−02

Luminosity 1.4 × 10−02

Track reconstruction 0.7 × 10−02
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FIG. 12 (color online). Differential cross sections for πþπ− (black circles), πþπþ (blue squares), πþK− (green triangles), πþKþ

(purple diamonds), KþK− (red crosses) and KþKþ (violet downward triangles) pairs in the any topology as a function of z2 for the
indicated z1 bins. The error boxes represent the systematic uncertainties.
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smearing correction. Additionally, there are global scale
uncertainties due to the luminosity measurement (1.4%)
and the track reconstruction (2 × 0.35%) are not shown.

I. Results

The final cross sections for the main hadron-pair
combinations are presented in Fig. 12 for all ðz1; z2Þ bins
and without topology assignment. The results shown here
and elsewhere include weak decays unless otherwise noted.
As expected, the opposite-sign pion pairs have the largest
cross sections at all z combinations, followed by the same-
sign pion pairs. However, the oppositely charged pion-kaon
and kaon-kaon combinations seem to be of similar magni-
tude or even larger than the same-sign pions at higher z,
which might be explained by the potentially larger favored
fragmentation combination from strange-quark pairs.
Same-sign kaon pairs have the lowest cross sections in
general, with the relative differences from the other
combinations increasing at increasing z. As at least one
kaon in this case needs to be produced from disfavored
fragmentation, the additional strangeness suppresses
the cross sections beyond that for the disfavored pion
fragmentation functions.

The cross sections for dihadrons in the same hemi-
sphere are displayed in Fig. 13 for all ðz1; z2Þ bins. The
cross sections fall off rapidly and mostly disappear at the
boundary z1 þ z2 ¼ 1, where the total energy of one
initial parton is fully contained in the energy of the two
hadrons. A small excess above this limit can be seen. MC
studies show that this excess can be explained qualita-
tively by a small misassignment of hemisphere due to the
smearing of the thrust axis relative to the initial quark-
antiquark axis. In addition, hard gluon radiation may
create such events.

1. Cross section ratios

As several of the uncertainties are common to all
charge and hadron combinations, these cancel in ratios
and the information about favored and disfavored frag-
mentation should be more reliable. For example, ignoring
strange-quark fragmentation to pions, the same-sign to
opposite-sign pion-pair ratios are simple measures of
disfavored vs favored pion fragmentation functions for
light quarks. As can be seen in the ratios in Fig. 14, they
show a similar nearly flat behavior at low fractional
energies, but deviate substantially from this trend at
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Results hadron pairs: same hemisphere

energies of the hadrons, the ðz1; z2Þ distribution shape of
the MC simulation enters in the ISR correction. To
address the dependence of the ISR correction on the
shape in the MC data, an alternative MC simulation is
used for comparison and the differences in the extracted
dihadron cross sections is assigned as systematic uncer-
tainties. These fractions are also shown in Fig. 9. The
ISR fractions are found to be consistent within the
limited precision for both PYTHIA settings.
The total impact of all corrections from the particle

misidentification to the correction for ISR can be seen
successively in Fig. 10 for the main hadron combinations
without a hemisphere assignment. The overall correction to
the raw yields is substantial, predominantly due to the
necessary acceptance corrections. They are comparable for
most ðz1; z2Þ bins but rise at the highest z bins due to the
acceptance and smearing corrections.

H. Consistency checks and total
systematic uncertainties

To confirm the consistency of the results, various tests
are performed. For example, the dependence on the data-
taking periods is studied; after taking into account varia-
tions in acceptance and reconstruction efficiency, the cross

sections are consistent within several percent between
different periods and no additional systematic uncertainty
is assigned. In another study, we compare the data recorded
at the ϒð4SÞ resonance with the smaller off-resonance data
sample. After removal of the ϒð4SÞ decay contributions
in the non-qq̄ correction, the results from both collision
energies are consistent. In yet another set of comparisons
with the same physics-related information, such as charge
conjugation of both particles (πþπþ↔π−π−, etc.) or
(random) hemisphere assignments (π−Kþ↔Kþπ−), no
systematic differences beyond the assigned uncertainties
are found.
All diagonal systematic uncertainties are summed in

quadrature. The total relative systematic uncertainties along
with the statistical uncertainties are displayed in Fig. 11 for
the relevant hadron pairs without topology assignment
for diagonal ðz1; z2Þ bins and in Table I for the entire
measurement range. This measurement is limited almost
everywhere by the systematic uncertainties, for which the
dominant contributions arise from the smearing correction
except at high z where the rapidly falling MC precision
contributes comparably. With increased MC data the
systematic uncertainties could be reduced to the level
of the statistical uncertainties and be dominated by the

 < 0.4010.35 < z < 0.3510.30 < z < 0.3010.25 < z

 [f
b]

2
 d

z
1

 / 
dz

σ
d

210

310

410

510

610

10  < 0.2510.20 < z

 < 0.6010.55 < z < 0.5510.50 < z < 0.5010.45 < z

 [f
b]

2
 d

z
1

 / 
dz

σ
d

210

310

410

510

610

710  < 0.4510.40 < z

 < 0.8010.75 < z < 0.7510.70 < z < 0.7010.65 < z

 [f
b]

2
 d

z
1

 / 
dz

σ
d

210

310

410

510

610

710  < 0.6510.60 < z

 data+K+π

 data
-

K+K

 data+K+K

 < 1.0010.95 < z

 data-π+π

 data+π+π

 data
-

K+π

 < 0.9510.90 < z < 0.9010.85 < z

 [f
b]

2
 d

z
1

 / 
dz

σ
d

210

310

410

510

610

710  < 0.8510.80 < z

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

2 z 2 z 2 z 2 z

2
2

2
2

FIG. 13 (color online). Differential cross sections for πþπ− (black circles), πþπþ (blue squares), πþK− (green triangles), πþKþ

(purple diamonds),KþK− (red crosses) and KþKþ (violet downward triangles) pairs in the same topology (including T > 0.8 selection)
as a function of z2 for the indicated z1 bins. The error boxes represent the systematic uncertainties. The vertical, dashed green line
represents the z1 þ z2 ¼ 1 limit in each panel.
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disfavored fragmentation from strange quarks to pions is not
as suppressed. Same-sign kaon pairs, where at least one
strange-quark pair needs to be produced in the fragmenta-
tion, are always suppressed at least one order of magnitude
relative to the opposite-sign pion pairs. This shows that
strangeness produced in fragmentation is indeed strongly

suppressed, as is generally assumed in fragmentation
models such as those included in PYTHIA.

2. Hemisphere decomposition

Figure 15 displays all six relevant hadron combinations
for opposite hemispheres while Fig. 16 shows the cross
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visibility, only the diagonal ðz1; z2Þ bins and statistical uncertainties are displayed.
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• systematic+statisticaluncertainties:

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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FIG. 23 (color online). Differential cross sections (top panels) and ratios to the data (bottom panels) for the main single hadrons as a
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uncertainties are shown for the data as well.
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• Cross sections for single protons extracted:

• allow constrain of proton fragmentation functions

Summary
• Cross sections for pairs of charged hadrons extracted:

• Results consistent with disfavoured fragmentation being suppressed:               
same-sign pion pairs fall-off more rapidly with z in opposite hemispheres than 
opposite-sign pion pairs

• suppression of fragmentation with creation of strangeness

• vanishing cross section for semi-hemisphere hadrons for z≥1                                                
consistent with hadrons in same hemisphere predominantly from same quark
consistent with hadrons in opposite hemisphere predominantly from different quarks
      help constrain single-hadron fragmentation functions 
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Back up



• particle misidentification ≈10%, but up to 50%      correction needed!                           
construct PID matrix from experimental + Monte-Carlo (where limited statistics) data

• Smearing correction: compare for z bins Monte-Carlo generated and reconstructed 
events

• Non-qq background:

• subtract QED processes:              , 

• subtract resonant 

• Acceptance corrections: 

• Optional correction for weak decays, based on Monte-Carlo                                 
(here not shown)

• Initial-state photon radiation: exclude hadrons from events with

Applied corrections
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e+e� ! ⌧⌧ e+e� ! e+e�qq̄

⌥(4S) ! BB̄

decays needed to produce pions and kaons. The distribu-
tions for other dipion topologies are similar except that the
additional thrust requirement removes nearly all ϒð4SÞ
decays. For same-sign dipions, the τ contribution is
substantially smaller as the single-prong decays of oppo-
sitely charged τ’s create predominantly oppositely charged
pions. For same-hemisphere dipions, the single-prong τ
decays cannot contribute and consequently the relative τ
contributions are below 10%–20% everywhere.
For kaon-related dihadron combinations, the overall non-

qq̄ contributions are as small as for dipions, but eess̄
and eecc̄ are more important. In addition, the τ decays do
not play a substantial role due to the suppressed kaonic
decays. Charm decays generally produce more Cabibbo-
Kobayashi-Maskawa (CKM)-favored [55] kaons than
CKM-suppressed pions. This results in a generally larger
fraction of charm events contributing to the pion-kaon and
kaon-kaon cross sections: up to 60% for kaon pairs at the
lowest z, with a similar falloff as for pion pairs. Similarly,
ϒð4SÞ decays favor kaons over pions and thus their
fractions are as high as 20% (summed), rapidly disappear-
ing at higher z.
Assuming that the non-qq̄ and ϒ MC simulations

reliably describe the data, the background contributions
are directly subtracted from the data distributions. In this

way, we avoid introducing further uncertainties due to the
shape of the udscMC. As all these processes are QED and
ϒð4SÞ processes, they are very well understood at the
theory level. The yield uncertainty is 1.4% for the eþe− →
τþτ− process [49] but is substantially larger for the two-
photon processes due to associated production, which is not
taken into account in the current two-photon simulations. A
factor of 4 relative to the nominal yield has been assumed
for the latter [56]. For the systematic uncertainties due to
the non-qq̄ background correction, these overall uncertain-
ties, as well as the statistical uncertainties in the non-qq̄MC
simulations, are taken into account.

E. Preselection and acceptance correction

The preselection and acceptance correction is divided
into three separate terms, motivated by the different
sources of corrections and to better expose their indi-
vidual effects. The first takes into account the effect on
the reconstruction within the specified acceptance selec-
tion, mostly due to the preselection criteria and decays
in flight; the second treats the losses outside the barrel
acceptance; and the third takes into account potential
losses as jcos θj approaches unity, which are not properly
described in the generic MC simulations.
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FIG. 6 (color online). Fraction of hadron pairs in any topology as a function of ðz1; z2Þ originating from various subprocesses. The
individual relative contributions are displayed from top to bottom for uds (red filled area), charm (blue, dotted area), mixed
[ϒð4SÞ → B0B̄0, dark-green, hatched area] and charged [ϒð4SÞ → BþB−, violet, horizontally hatched area], τ pair (light green, scaled
area), eeuū (purple, starred area), eess̄ (light blue, dotted area) and eecc̄ (orange hatched area) events. Also, for comparison, the
continuum (green, solid lines) and on-resonance (orange, dotted lines) data are shown. For brevity, only diagonal (z1 ¼ z2) entries in
each two-dimensional matrix are shown.
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decays needed to produce pions and kaons. The distribu-
tions for other dipion topologies are similar except that the
additional thrust requirement removes nearly all ϒð4SÞ
decays. For same-sign dipions, the τ contribution is
substantially smaller as the single-prong decays of oppo-
sitely charged τ’s create predominantly oppositely charged
pions. For same-hemisphere dipions, the single-prong τ
decays cannot contribute and consequently the relative τ
contributions are below 10%–20% everywhere.
For kaon-related dihadron combinations, the overall non-

qq̄ contributions are as small as for dipions, but eess̄
and eecc̄ are more important. In addition, the τ decays do
not play a substantial role due to the suppressed kaonic
decays. Charm decays generally produce more Cabibbo-
Kobayashi-Maskawa (CKM)-favored [55] kaons than
CKM-suppressed pions. This results in a generally larger
fraction of charm events contributing to the pion-kaon and
kaon-kaon cross sections: up to 60% for kaon pairs at the
lowest z, with a similar falloff as for pion pairs. Similarly,
ϒð4SÞ decays favor kaons over pions and thus their
fractions are as high as 20% (summed), rapidly disappear-
ing at higher z.
Assuming that the non-qq̄ and ϒ MC simulations

reliably describe the data, the background contributions
are directly subtracted from the data distributions. In this

way, we avoid introducing further uncertainties due to the
shape of the udscMC. As all these processes are QED and
ϒð4SÞ processes, they are very well understood at the
theory level. The yield uncertainty is 1.4% for the eþe− →
τþτ− process [49] but is substantially larger for the two-
photon processes due to associated production, which is not
taken into account in the current two-photon simulations. A
factor of 4 relative to the nominal yield has been assumed
for the latter [56]. For the systematic uncertainties due to
the non-qq̄ background correction, these overall uncertain-
ties, as well as the statistical uncertainties in the non-qq̄MC
simulations, are taken into account.

E. Preselection and acceptance correction

The preselection and acceptance correction is divided
into three separate terms, motivated by the different
sources of corrections and to better expose their indi-
vidual effects. The first takes into account the effect on
the reconstruction within the specified acceptance selec-
tion, mostly due to the preselection criteria and decays
in flight; the second treats the losses outside the barrel
acceptance; and the third takes into account potential
losses as jcos θj approaches unity, which are not properly
described in the generic MC simulations.
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FIG. 6 (color online). Fraction of hadron pairs in any topology as a function of ðz1; z2Þ originating from various subprocesses. The
individual relative contributions are displayed from top to bottom for uds (red filled area), charm (blue, dotted area), mixed
[ϒð4SÞ → B0B̄0, dark-green, hatched area] and charged [ϒð4SÞ → BþB−, violet, horizontally hatched area], τ pair (light green, scaled
area), eeuū (purple, starred area), eess̄ (light blue, dotted area) and eecc̄ (orange hatched area) events. Also, for comparison, the
continuum (green, solid lines) and on-resonance (orange, dotted lines) data are shown. For brevity, only diagonal (z1 ¼ z2) entries in
each two-dimensional matrix are shown.
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decays needed to produce pions and kaons. The distribu-
tions for other dipion topologies are similar except that the
additional thrust requirement removes nearly all ϒð4SÞ
decays. For same-sign dipions, the τ contribution is
substantially smaller as the single-prong decays of oppo-
sitely charged τ’s create predominantly oppositely charged
pions. For same-hemisphere dipions, the single-prong τ
decays cannot contribute and consequently the relative τ
contributions are below 10%–20% everywhere.
For kaon-related dihadron combinations, the overall non-

qq̄ contributions are as small as for dipions, but eess̄
and eecc̄ are more important. In addition, the τ decays do
not play a substantial role due to the suppressed kaonic
decays. Charm decays generally produce more Cabibbo-
Kobayashi-Maskawa (CKM)-favored [55] kaons than
CKM-suppressed pions. This results in a generally larger
fraction of charm events contributing to the pion-kaon and
kaon-kaon cross sections: up to 60% for kaon pairs at the
lowest z, with a similar falloff as for pion pairs. Similarly,
ϒð4SÞ decays favor kaons over pions and thus their
fractions are as high as 20% (summed), rapidly disappear-
ing at higher z.
Assuming that the non-qq̄ and ϒ MC simulations

reliably describe the data, the background contributions
are directly subtracted from the data distributions. In this

way, we avoid introducing further uncertainties due to the
shape of the udscMC. As all these processes are QED and
ϒð4SÞ processes, they are very well understood at the
theory level. The yield uncertainty is 1.4% for the eþe− →
τþτ− process [49] but is substantially larger for the two-
photon processes due to associated production, which is not
taken into account in the current two-photon simulations. A
factor of 4 relative to the nominal yield has been assumed
for the latter [56]. For the systematic uncertainties due to
the non-qq̄ background correction, these overall uncertain-
ties, as well as the statistical uncertainties in the non-qq̄MC
simulations, are taken into account.

E. Preselection and acceptance correction

The preselection and acceptance correction is divided
into three separate terms, motivated by the different
sources of corrections and to better expose their indi-
vidual effects. The first takes into account the effect on
the reconstruction within the specified acceptance selec-
tion, mostly due to the preselection criteria and decays
in flight; the second treats the losses outside the barrel
acceptance; and the third takes into account potential
losses as jcos θj approaches unity, which are not properly
described in the generic MC simulations.
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FIG. 6 (color online). Fraction of hadron pairs in any topology as a function of ðz1; z2Þ originating from various subprocesses. The
individual relative contributions are displayed from top to bottom for uds (red filled area), charm (blue, dotted area), mixed
[ϒð4SÞ → B0B̄0, dark-green, hatched area] and charged [ϒð4SÞ → BþB−, violet, horizontally hatched area], τ pair (light green, scaled
area), eeuū (purple, starred area), eess̄ (light blue, dotted area) and eecc̄ (orange hatched area) events. Also, for comparison, the
continuum (green, solid lines) and on-resonance (orange, dotted lines) data are shown. For brevity, only diagonal (z1 ¼ z2) entries in
each two-dimensional matrix are shown.
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• particle misidentification ≈10%, but up to 50%      correction needed!                           
construct PID matrix from experimental + Monte-Carlo (where limited statistics) data

• Smearing correction: compare for z bins Monte-Carlo generated and reconstructed 
events

• Non-qq background:

• subtract QED processes:              , 

• subtract resonant 

• Acceptance corrections: 

• Optional correction for weak decays, based on Monte-Carlo                                 
(here not shown)

• Initial-state photon radiation: exclude hadrons from events with

Applied corrections
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FIG. 10 (color online). Ratio of yields after various corrections relative to the raw yields for the main hadron combinations without
hemisphere assignment. From top to bottom, the ratios after acceptance correction (purple, dash-dotted line), initial-state radiation (red,
long dash-dotted line), PID correction (dark-green, full lines), smearing correction (blue, dashed line) and non-qq̄ removal (magenta,
dotted lines) are shown. For brevity, only diagonal (z1 ¼ z2) entries in each of the two-dimensional matrices are shown.
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FIG. 11 (color online). Relative (asymmetric) systematic (lower uncertainties: dashed lines; upper uncertainties: dash-dotted lines) and
statistical uncertainties (full lines) for the most relevant hadron pairs in the any topology as a function of ðz1; z2Þ. For brevity, only the
diagonal bins (z1 ¼ z2) are shown.
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FIG. 10 (color online). Ratio of yields after various corrections relative to the raw yields for the main hadron combinations without
hemisphere assignment. From top to bottom, the ratios after acceptance correction (purple, dash-dotted line), initial-state radiation (red,
long dash-dotted line), PID correction (dark-green, full lines), smearing correction (blue, dashed line) and non-qq̄ removal (magenta,
dotted lines) are shown. For brevity, only diagonal (z1 ¼ z2) entries in each of the two-dimensional matrices are shown.
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FIG. 11 (color online). Relative (asymmetric) systematic (lower uncertainties: dashed lines; upper uncertainties: dash-dotted lines) and
statistical uncertainties (full lines) for the most relevant hadron pairs in the any topology as a function of ðz1; z2Þ. For brevity, only the
diagonal bins (z1 ¼ z2) are shown.
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III. SINGLE-HADRON ANALYSIS

In addition to the dihadron analysis, the production of
single hadrons, especially previously unpublished single
protons, is considered here. The single-hadron analysis
follows the same procedure as the dihadron analysis.
The z range between 0.1 and 1.0 is divided into 36 bins;
for protons, z < 0.2 is kinematically inaccessible. The
particle misidentification correction is performed as in
the dihadron analysis (but only for one track) and
the resulting yield modification is shown in Fig. 20.
At intermediate z, in particular, the proton yields are
reduced substantially due to proton misidentification.
Non-qq̄ events contribute once again to the pion and
kaon distributions but not as much to protons, where
predominantly eeuū processes at high z (≈5%) and ϒ
decays at low z (maximally ≈20%) are the dominant
backgrounds. All acceptance corrections are only weakly
dependent on hadron type and show the same moderate
(substantial) correction factors at small and intermediate
(high) z; the high-z correction is again dominated by the
event preselection efficiencies. Weak decays originate

predominantly from charm decays and so are a very
small contribution (< 10%) for protons. The various
correction steps for single pions, kaons and protons
are summarized in Fig. 20.
The ISR correction here is similar to that in the

dihadron analysis. To clarify the correction for the
previous single-pion and kaon results [1], we show in
Fig. 21 the ISR and non-ISR fractions for single pions
and kaons as well as protons. As in the dihadron
analysis, the fraction of events with an actual c.m. energy
below 99.5% of the nominal energy is below 30% and
decreases with increasing z.
The resulting single-pion, -kaon and -proton cross

sections are displayed in Fig. 22. While the pion and
kaon results are consistent within uncertainties to those
published before, the proton results from Belle are shown
for the first time. The results are compared with the
aforementioned PYTHIA/JetSet fragmentation tunes in
Fig. 23. As has been noted above and in [1], the
PYTHIA/JetSet settings close to the default settings
reproduce the pion and kaon cross sections rather
well. For the proton cross sections, no setting describes
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