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Measurement of the cross section for inclusive  
production in  collisions at energies around 11 GeV 
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 mesons  — open-flavor,  
 MeV

 and  mesons — open-flavor,  
 

 MeV

Bottomonia— hidden-flavor  

Bs
m = (5366.92 ± 0.10)

B0 B+

m = (5279.66 ± 0.12)

Goal of this dissertation —  and  at  from 10.63 to 11.02 GeVσ(e+e− → BsB̄sX) σ(e+e− → BB̄X) Ecm

b̄ b

b̄ s

b̄ u

X

B(s)

B̄(s)

}

}b̄d
 - continuum bb̄ bottomonia



Heavy quarkonium spectroscopy is an excellent laboratory to study non-perturbative QCD

Bottomonium states below  threshold 
are well described by quark model

Bottomonium states above  threshold 
 demonstrate unexpected properties

➡  and  are charged  
(at least 4 quarks)

➡ Rates of hadronic transition to 
lower bottomonia are higher  
then expected for pure   
(violate OZI-rules)

➡  transitions are not suppressed  
relative to dipion transitions  
(violate HQSS)

BB̄

BB̄

Zb Z′ b

bb̄

η

Bottomonium spectroscopy
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Bottomonium system 1

Bottomonium System

Updated July 2021.

The level scheme of meson states containing a minimal quark content of bb. The name
of a state is determined by its quantum numbers IGJPC (see the review “Naming
Scheme for Hadrons”). States included in the Summary Tables are shown with solid lines;
those requiring confirmation are shown with dotted lines. The arrows indicate the most
dominant hadronic transitions. Single photon transitions, including Υ(nS) → γηb(mS),
Υ(nS) → γχbJ (mP ), and χbJ (nP ) → γΥ(mS), are omitted for clarity. For orientation,
the location of the thresholds related to a pair of ground state open bottom mesons is
indicated in the figure.

R.L. Workman et al. (Particle Data Group), Prog.Theor.Exp.Phys. 2022, 083C01 (2022)
August 11, 2022 13:25

Nature of bottomonia above threshold is not well understood yet!



Rb =
σ(e+e− → bb̄)

σ(e+e− → μ+μ−)

Υ(5S)
Υ(6S)

Υ(4S)

Analysis of the individual cross sections
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Rb =
σ(e+e− → bb̄)

σ(e+e− → μ+μ−)

Υ(5S)
Υ(6S)

Υ(4S)

Analysis of the individual cross sections
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Parameters of the resonances extracted from different channels may differ 
—  peak position in  and  are shifted from peak in 

Certain states may not be seen in some channels
—   was observed in  final states and is not seen in total 

 have complex shape with peaks and valleys/dips near thresholds
— coupled-channel dynamic should be taken into account

A sum of Breit-Wigner amplitudes violate unitarity — results are unreliable

Υ(5S) Υ(nS)π+π− hb(1,2P)π+π− B(*)
s B̄(*)

s

Υ(10753) Υ(1,2,3S)π+π− σ(bb̄)

σ(BB̄), σ(BB̄*), σ(B*B̄*)

Problems with the analysis of the individual cross sections



Global phenomenological analysis

Used data:  

 , , , , , 
, , , 

,  and 

Poles for:
 , , , 

Various  and electronic widths

The uncertainties are still large

Need more data

BB̄ B*B̄ B*B̄* B*s B̄*s Υ(1S)π+π−

Υ(2S)π+π− Υ(3S)π+π− hb(1P)π+π−

hb(2P)π+π− σbb̄

Υ(4S) Υ(10753) Υ(5S) Υ(6S)

ℬ′ s
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PRD 106 (2022) 9, 094013

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.094013


Used data: 
 , , , , , 

, , , 
,  and 

Poles for:
 , , , 

Various  and electronic widths

The uncertainties are still large

Need more data

BB̄ B*B̄ B*B̄* B*s B̄*s Υ(1S)π+π−

Υ(2S)π+π− Υ(3S)π+π− hb(1P)π+π−

hb(2P)π+π− σbb̄

Υ(4S) Υ(10750) Υ(5S) Υ(6S)

ℬ′ s

PRD 106 (2022) 9, 094013
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 channel — the current data 
doesn’t constrain the fit function well

Need to improve the accuracy in 
 channel

B(*)
s B̄(*)

s

B(*)
s B̄(*)

s

Channel e+e− → B(*)
s B̄(*)

s

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.094013


Summary of  introduction

• Bottomonia above the open-bottom threshold are still puzzling

• Global combined analysis is promising approach to investigate the bottomonia nature

• Every additional channel is very important for the global analysis 

• Improving accuracy in particular channels will allow better constrained fitting function

Goal:

Measuring  and  with high accuracyσ(e+e− → BsB̄sX) σ(e+e− → BB̄X)
8

More experimental data and new measurements are welcome!



xp

bb-events
continuum-events

Reconstruct inclusive  and  at each energy scan point,

 is used to separate continuum and - events;

 and  

Measured cross sections can be expressed as:        

Ds D0

xp =
p

pmax
bb̄

σ(Ds X) σ(D0 X)

σ(DsX)/2 = ℬ(Bs → DsX) ⋅ σ(BsB̄sX) + ℬ(B → DsX) ⋅ σ(BB̄X)

σ(D0X)/2 = ℬ(Bs → D0X) ⋅ σ(BsB̄sX) + ℬ(B → D0X) ⋅ σ(BB̄X)

Explicite formulas for:

 and σ (BsB̄sX) σ (BB̄X)

MC at  energyΥ(5S)

Ds

Idea

model: (8 ± 7) %

(60.2 ± 6.2) % (8.7 ± 1.2) %

(64.0 ± 3.0) % 9

B̄(*)
(s)

D(s)

B(*)
(s)

e −

e + X



xp

bb-events
continuum-events

Reconstruct inclusive  and  at each energy scan point,

 is used to separate continuum and - events;

 and  

Measured cross sections can be expressed as:        

Ds D0

xp =
p

pmax
bb̄

σ(Ds X) σ(D0 X)

σ(DsX)/2 = ℬ(Bs → DsX) ⋅ σ(BsB̄sX) + ℬ(B → DsX) ⋅ σ(BB̄X)

σ(D0X)/2 = ℬ(Bs → D0X) ⋅ σ(BsB̄sX) + ℬ(B → D0X) ⋅ σ(BB̄X)

Explicite formulas for:

 and σ (BsB̄sX) σ (BB̄X)

MC at  energyΥ(5S)

Ds

Idea

model: (8 ± 7) %

(60.2 ± 6.2) % (8.7 ± 1.2) %

(64.0 ± 3.0) % 10

B̄(*)
(s)

D(s)

B(*)
(s)

e −

e + X

but  has large uncertainty
 is not measured, only prediction

ℬ(Bs → DsX)
ℬ(Bs → D0X)



At scan points:
     σ(DsX)/2 = ℬ(Bs → DsX) ⋅ σ(BsB̄sX)+ℬ(B → DsX) ⋅ σ(BB̄X)

σ(D0X)/2 = C ⋅ ℬ(Bs → DsX) ⋅ σ(BsB̄sX)+ℬ(B → D0X) ⋅ σ(BB̄X)

At energy point near :Υ(5S)

σ(DsX) |Υ(5S) /2 = ℬ(Bs → DsX) ⋅ σ(BsB̄sX) |Υ(5S) + ℬ(B → DsX) ⋅ σ(BB̄X) |Υ(5S)

σ(D0X) |Υ(5S) /2 = ℬ(Bs → D0X) ⋅ σ(BsB̄sX) |Υ(5S) + ℬ(B → D0X) ⋅ σ(BB̄X) |Υ(5S)

from JHEP 06 (2021) 137

{
We can measure using  dataΥ(4S)

No  at energy point near :

          Measure with high accuracy ,       

Bs Υ(4S)
ℬ(B → DsX) ℬ(B → D0X)

Solving eq’s system:                  energy dependence of the  and σ(BsB̄sX) ⋅ ℬ(Bs → DsX) σ(BB̄X)

C =
ℬ(Bs → D0X)
ℬ(Bs → DsX)

=
σ(D0X) |Υ(5S) − ℬ(B → D0X) ⋅ σ(BB̄X) |Υ(5S)

σ(D±
s X) |Υ(5S) − ℬ(B → DsX) ⋅ σ(BB̄X) |Υ(5S)

We can measure using  dataΥ(5S)

Idea

11

https://link.springer.com/article/10.1007/JHEP06(2021)137


Data used in this analysis:
data at  energy:               
data at  energy:           
data at 10.52 GeV:      
(continuum data sample)
22 energy scan points:             

 from 10.63 GeV to 11.02 GeV

Υ(4S) ℒ4S = 571 fb−1

Υ(5S) ℒ5S = 121 fb−1

Ecm = ℒcont = 74 fb−1

ℒi ≈ 1 fb−1

Ecm

Data samples and selection criteria

12

Charged tracks:
 cm and  cm 

 
 

 MeV/c
 

 GeV/c

 — the angle between  and   in  rest frame 

 GeV/c

|dr | < 0.5 |dz | < 2.0
ℒK/π = ℒK /(ℒK + ℒπ) > 0.6
ℒπ/K = ℒπ /(ℒK + ℒπ) > 0.1

D+
s → ϕπ+, ϕ → K+K−

|Minv(K−K+) − mϕ | < 19 2

|cos θhel | > 0.25
1.9 < M(Ds) < 2.02 2

θhel K+ D+
s ϕ

D0 → K−π+

1.8 < M(D0) < 1.932 2



Ds@Υ(5S)

xp

Ds@Υ(5S)

xp

Method
Fit in high  to continuum 

spectra
xp xp

Ds@Υ(5S)

0.25 < xp < 0.30

 Fit  in  binsM(Ds) xp

After continuum subtraction

 cross sectionsD  and  
cross sections

BsB̄sX BB̄X

ℬ(B → DsX)
ℬ(B → D0X)

ℬ(Bs → D0X)
ℬ(Bs → DsX)

13

 cross sections at
 and :

D
Υ(4S) Υ(5S)

At each scan point:

xp

continuumDs@

xp

Obtain the  spectra xp



 are fixed from MCσi

 are fixed from MCμi

common shift and 
fudge factor for 4 

gaussians 

MC Data

all parameters 
are free

0.7 < xp < 0.75
0.7 < xp < 0.75

Fit the  mass distributions in the different  bins at Ds xp Υ(5S)

14



continuum

contribution

 spectra of  at  and below xp Ds Υ(5S) Υ(4S)

15



correction for 

correction for 

Ds

D0

Belle II generators:         
 KKMC — initial state radiation,
Pythia 8.2 — c-quark fragmentation

Due to the evolution of fragmentation with energy the 
shape of the continuum spectrum changes noticeably 
between . = 10.52 GeV and the  energy Ecm Υ(5S)

The continuum  spectra should be corrected xp

Continuum spectrum correction

16
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 spectra at 
 and  data

xp
Υ(5S) Υ(4S)

Red points — on-resonance data

We fit the large  part of the on-resonance 
spectra to find the continuum contribution 
in the  region

Fitting function — shape of the  spectra 
for the data below the 

Blue hatched histograms —fit results 
Open dashed histograms  — 
extrapolation of the continuum component 

xp

bb̄

xp
Υ(4S)

We subtract the continuum component to 
obtain pure  spectrabb̄

17



Continuum subtraction

Points in the high  region are consistent 
with zero, it means that continuum spectra 

shapes are correct

xp

Ds@Υ(5S)

Ds@Υ(4S)

D0@Υ(5S)

D0@Υ(4S)

xp xp

xp xp

Apply efficiency correction to calculate 
 cross sections e+e− → bb̄ → DX

18



σ(e+e− → bb̄ → DsX) |Υ(5S) = (151.8 ± 1.0 ± 5.5) pb σ(e+e− → bb̄ → D0X) |Υ(5S) = (379.7 ± 1.6 ± 10.0) pb

σ(e+e− → bb̄ → DsX) |Υ(4S) = (248.6 ± 0.6 ± 9.2) pb σ(e+e− → bb̄ → D0X) |Υ(4S) = (1468.5 ± 0.9 ± 36.6) pb

σ(e+e− → bb̄ → DsX) =
imax

∑
i=1

Ni(DS) − k ⋅ ni(DS)
ℒ ⋅ ℰi ⋅ ℬ(DS → K+K−π) ⋅ rϕ−cut

σ(e+e− → bb̄ → D0X) =
imax

∑
i=1

Ni(D0) − k ⋅ ni(D0)
ℒ ⋅ ℰi ⋅ ℬ(D0 → K−π+)

 — number of  events from 
fit  in i-bin of the  spectrum for  

on-resonance data 

 — number of  events from 
fit in i-bin of the  spectrum for 

continuum

k — scale factor for continuum    
spectrum normalisation

Ni D
xp

ni D
xp

rϕ−cut = 0.981 ± 0.006

 calculationσ(e+e− → DX)

19



This measurement

Results at  and Υ(4S) Υ(5S)

 =  =                              

  =  =                      

ℬ(B → Ds X)
σ(Ds X) |Υ(4S)

2 ⋅ σ(e+e− → bb̄) |Υ(4S)
(11.28 ± 0.03 ± 0.43) % (10.4+1.3

−1.8) % (8.3 ± 0.8) %

ℬ(B → D0X)
σ(D0X) |Υ(4S)

2 ⋅ σ(e+e− → bb̄) |Υ(4S)
(66.63 ± 0.04 ± 1.77) % (71.6 ± 4.6) % (61.6 ± 2.9) %

PDG
full recon

PDG
same method 

                    C = 0.416 ± 0.018 ± 0.092

 data: Υ(4S)

 data: Υ(5S)

20

JHEP 10 (2019), 220

 pb  (255.5 ± 7.9)

C =
ℬ(Bs → D0X)
ℬ(Bs → DsX)

=
σ(e+e− → bb̄ → D0X) |Υ(5S) − ℬ(B0 → D0X) ⋅ σ(e+e− → BB̄X) |Υ(5S)

σ(e+e− → bb̄ → DsX) |Υ(5S) − ℬ(B0 → DsX) ⋅ σ(e+e− → BB̄X) |Υ(5S)



 calculationfs

Fractions of  events produced at :

    

BsB̄sX Υ(5S)

fs =
σ(e+e− → BsB̄sX) |Υ(5S)

σ(e+e− → b(̄b)) |Υ(5S)
= (23.0 ± 0.2 ± 2.8) % (17.2 ± 3.0) %

Belle 2013
PRD 87 (2013) 3, 031101This measurement

To improve accuracy we fit 

  

 = (75.1 ± 4.0)% 

  = (4.9 ± 0.6)%

with one constraint 

 

fs = (23.0 ± 0.2 ± 2.8) %

fBB̄X

f known
B

fs + fBB̄X + fB = 1

 fs = (22.0+2.0
−2.1) %

JHEP 06 (2021) 137

Result from the fit:

JHEP 06 (2021) 137

Results at  and Υ(4S) Υ(5S)

(28.5 ± 3.2 ± 3.7) %

Belle 2022
PRD 105 (2022) 012004

Belle
PRD 105 (2022) 1, 012004

ℬ(Bs → DsX) = (60.2 ± 5.8 ± 2.3) % 21

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.031101
https://link.springer.com/article/10.1007/JHEP06(2021)137
https://link.springer.com/article/10.1007/JHEP06(2021)137
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.012004


bb̄
fit results 

23 energy points  from 10.63 to 11.02 GeV— repeat the procedure at each of them

 spectra fits 
for 

xp
Ds

 spectra fits 
for 

xp
D0

Figure 1:

1

Figure 1:

1

Energy scan points

22



 and  σ(e+e− → bb̄ → D±
s X) σ(e+e− → bb̄ → D0/D̄0 X)

23



From D to B

24

σ(e+e− → B0
s B̄0

s X) ⋅ ℬ = 0.54 ⋅ σ(e+e− → bb̄ → D+
s X) − 0.09 ⋅ σ(e+e− → bb̄ → D0X),

σ(e+e− → BB̄X) = −0.34 ⋅ σ(e+e− → bb̄ → D+
s X) + 0.81 ⋅ σ(e+e− → bb̄ → D0X)

This work:

        

ℬ(B → D±X) = (11.28 ± 0.03 ± 0.43) %
ℬ(B → D0/D̄0X) = (66.63 ± 0.04 ± 1.77) %

C =
ℬ(Bs → D0X)
ℬ(Bs → DsX)

= 0.416 ± 0.018 ± 0.092

σ(e+e− → bb̄ → D+
s X)/2 = ℬ(B0

s → D+
s X) ⋅ σ(e+e− → BsB̄sX)+ℬ(B → DsX) ⋅ σ(e+e− → BB̄X)

σ(e+e− → bb̄ → D0X)/2 = C ⋅ ℬ(B0
s → D+

s X) ⋅ σ(e+e− → B0
s B̄0

s X)+ℬ(B → D0X) ⋅ σ(e+e− → BB̄X)

up to  threshold (11.004 GeV)

σ(e+e− → BsB̄sX) = σ(e+e− → B(*)
s B̄(*)

s )

BsB̄sπ0π0



B s
B̄ s

B* s
B̄ s

B* s
B̄* s

B s
B̄ s

B* s
B̄ s

B* s
B̄* sClear peak 

near Υ(5S)

Hint of a peak 
near Υ(6S)

Small non-resonant 
contribution

Shape similar to  
σ(e+e− → bb̄)

 and σ(e+e− → BsB̄sX) σ(e+e− → BB̄X)

25



✓ Cross sections  and  as well as  

 and  are measured from 10.63 to 11.02 GeV

✓ Inclusive  and  are obtained

✓ Ratio  is determined

✓ The fraction of  mesons at  is measured to be 

σ(e+e− → bb̄ → D±
s X) σ(e+e− → bb̄ → D0D̄0X)

σ(e+e− → BsB̄sX) σ(e+e− → BB̄X)

ℬ(B → D0X) ℬ(B → DsX)

ℬ(Bs → D0X)/ℬ(Bs → DsX) = 0.416 ± 0.018 ± 0.092

Bs Υ(5S) fs = (22.0+2.0
−2.1) %

Thank you very much for your attention!

Summary

26



Backup

27



Cross sections for open flavour channels

Total hadronic cross section has peaks at the 
,  and , and dips near the 

open bottom thresholds

 and  could provide an oscillatory 
behaviour of the corresponding exclusive cross 
sections

The individual cross sections contain 
considerably more information than their sum

,   and 
 has been already measured 

Υ(4S) Υ(5S) Υ(6S)

Υ(5S) Υ(6S)

e+e− → Υ(nS)π+π− e+e− → hbπ+π−

e+e− → B(*)B̄(*)(π)

Rb =
σ(e+e− → bb̄)

σ(e+e− → μ+μ−)

Measurements of the exclusive cross sections should shed light 
on the nature of bottomonium states 

Υ(5S)
Υ(6S)

Υ(4S)



Puzzling bottomonium states

305.8 MeV/c
224.2 MeV/c

M(Υ(5S)) − M(Υ(4S)) = 2

M(Υ(4S)) − M(Υ(3S)) = 2

81.6 MeV/c

 MeV/c

Δ = 2

Δexpected
bb̄

≈ 40 2

102

Anomalous production of Υ(nS)π+π−

Mass splitting is too large
 transitions are not suppressedη

Υ(1S)
Υ(5S)

B*

B̄*
π+

π−
Υ(2S) Υ(1S)

π+

π−
Pure -states:bb̄ Rescattering ϒ(5S) → B(*)B(*) → ϒ(nS)ππ ?

PRL100,112001(2008) Г, MeV
0.59 +- 0.04 +- 0.09
0.85 +- 0.07 +- 0.16

0.52+0.20-0.17+-0.013
0.0060
0.0009
0.0019

Υ(5S) → Υ(1S)π+π−

Υ(5S) → Υ(2S)π+π−

Υ(5S) → Υ(3S)π+π−

Υ(2S) → Υ(1S)π+π−

Υ(3S) → Υ(1S)π+π−

Υ(4S) → Υ(1S)π+π−

Conclusion: states above threshold are not pure bb̄ 29



data at  energy: 

data at  energy:
  

data at 10.52 GeV 
(continuum data sample):

22 energy scan points 
(  from 10.63 GeV to 11.02 GeV):

                        

Υ(4S)
ℒ4S = 571 fb−1

Υ(5S)
ℒ5S = 121 fb−1

Ecm =

ℒcont = 74 fb−1

Ecm
ℒi ≈ 1 fb−1

Data samples for the analysis

30

Data used in this analysis:

B̄(*)
(s)

D(s)

B(*)
(s)

e −

e +

D̄(s)

XX



Charged particles: 
Neutral particles: 

Decay vertices - SVD

Charged particle tracking — CDC

Particle ID —  in CDC (p<1 GeV), 

ACC (1.2 < p < 3.5 GeV), and 
TOF (p < 1.2 GeV)

Electromagnetic showers — ECL

 and  — KLM system

e±, μ±, π±, K±, p±

γ, KL

dE
dx

μ KL

Belle detector

31



Belle detector

32

Bi4Ge3O12
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Υ(4S)

continuum
Υ(5S)

Υ(4S)

continuum
Υ(5S)

Fit the  mass distributions in the different  bins at DS xp Υ(4S)



34

Υ(4S)
continuum

Υ(4S)
continuum

Υ(5S) Υ(5S)

Fit the  mass distributions in the different  bins at D0 xp Υ(4S)



Ncut

Ncut + Nanti−cut

DATA

MC

DATA
MC

p0 = 0 . 981 ± 0 . 005
χ2/ndf = 1 . 59
p-value = 0.07  

-cut efficiency correctionϕ  MeV/c , |Minv(K−K+) − mϕ | < 19 2 |cos θhel | > 0.25
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 and  σ(e+e− → cc̄ → Ds X) σ(e+e− → cc̄ → D0 X)
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Yield  from bsbs and nonbsbs MCNDS

5s_evtgen-bsbs
5s_evtgen-nonbsbs

Yield  from bsbs and nonbsbs MCNDS

zoomed

from fit 

 spectra of  in bb MC at xp DS Υ(5S)

Chosen region: xp > 0.55
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zoomed

Continuum spectrum subtraction for  at D0 Υ(5S)

Chosen region: xp > 0.6
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Yield  from charged and mixed MCNDS

4s_evtgen-charged
4s_evtgen-mixed

Yield  from charged and mixed MCNDS

zoomed

from fit 

 spectra of  in bb MC at xp DS Υ(4S)

Chosen region: xp > 0.5
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Yield  from bb MCND0

4s_evtgen-charged
4s_evtgen-mixed

zoomed

Yield  from bb MCND0

 spectra of  in bb MC at xp D0 Υ(4S)

Chosen region: xp > 0.55
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Reconstruction efficiency

 efficiency as function Ds xp  efficiency as function D0 xp

at  energy
at  energy

Υ(4S)
Υ(5S)

at  energy
at  energy

Υ(4S)
Υ(5S)



Source Ds at Υ(5S) D0 at Υ(5S) Ds at Υ(4S) D0 at Υ(4S) 

Fit model 0.6 0.3 1.0 1.1

Continuum xp spectrum 
statistical error 0.6 0.4 0.4 0.1

 Continuum xp spectrum 
correction 0.3 1.3 - -

MC statistical error 0.2 0.1 0.1  0.0

rφ 0.6 - 0.6 -

Tracking 1.1 0.7 1.1 0.7

K/π identification 2.3 1.4 2.3 1.4

Luminosity 1.4 1.4 1.4 1.4

Branching fraction 1.9 0.8 1.9 0.8

Total 3.6 2.6 3.7 2.5

Systematic uncertainties in σ(e+e− → D X)

Continuum xp spectrum statistical error:

MC statistical error:

1
σ

imax

∑
i=1 (σi

Δni k
Ni − k ni )

2

1
σ

imax

∑
i=1 (σi

Δℰi

ℰi )
2
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