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Introduction

σ = PDF ⊗ME ⊗ FF

Fragmentation functions and
fragmentation fractions (FF)
cannot be calculated
perturbatively ⇒ have to be
extracted from data.

Are FF universal?

Do FF sum up to 1?
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Input data

Criteria:
√
s� 2mc ≈ 3 GeV

minimal model dependence, e.g. particle beams (absence of matter effects)

sufficient precision

Input data sets:

e+e−:

B-factories (CLEO, ARGUS, BABAR, BELLE)
LEP (OPAL, ALEPH, DELPHI)

e±p:

DIS (ZEUS, H1)
PHP (ZEUS)

pp: LHCb, ALICE, ATLAS

Measurements are updated to latest branching ratios from PDG 2014 + 2015 update
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Calculation of fragmentation fractions

Two considered FF calculation:

1 f(c→ H) = σ(H)/σ(c)

Need to know total charm x-section σ(c): e+e− only
Can check S =

∑
w.d. f(c→ H) = 1

2 f(c→ H) = σ(H)/
∑

w.d. σ(H)

Need to measure all weakly decaying (w.d.) final states
More model independent (the only assumption S =

∑
w.d. f(c→ H) = 1)

Weakly decaying final states: D0, D+, D+
s , Λ+

c , Ξ+
c , Ξ0

c and Ω0
c

Final states Ξ+
c , Ξ0

c and Ω0
c are poorly studied ⇒ take the ratios from strange:

σ(Ξ+
c ) + σ(Ξ0

c) + σ(Ω0
c) = λσ(Λ+

c )∑
w.d. σ(H) = σ(D0) + σ(D+) + σ(D+

s ) + σ(Λ+
c ) + λσ(Λ+

c )

λ = 2
f(s→Ξ−)

f(s→Λ0)
+

f(s→Ω−)

f(s→Λ0)
= 0.136± 0.006 (PDG) ⇒ Ξ+

c ,Ξ
0
c ,Ω

0
c < 1%

In addition FF of some excited states have been combined

4/11 M. Lisovyi, A. Verbytskyi, O. Zenaiev Combined charm fragmentation fractions



Combination procedure

χ2 minimisation with MINUIT

Free parameters: FF, charm x-sections, kinematic phase space factors

Correlation of branching fractions uncertainties are taken into account

Experimental correlation uncertainties are taken into account if available

Combination is performed separately for B-factories, LEP, DIS, PHP and
pp, as well as one global combination
Additionaly calculated:

Ru/d =
f(c→ cū)

f(c→ cd̄)
≈
f(c→ D0)− f(c→ D∗+)BD∗+→D0

f(c→ D+) + f(c→ D∗+)BD∗+→D0

γs =
2f(c→ cs̄)

f(c→ cū/d̄)
(J = 0) ≈

2f(c→ D+
s )

f(c→ D+) + f(c→ D0)

γ
∗
s =

2f(c→ cs̄)

f(c→ cū/d̄)
(J = 1) ≈

2f(c→ D∗+s )

f(c→ D∗+) + f(c→ D∗0)

P
d
V =

f(c→ cū/d̄)(J = 1)

f(c→ cū/d̄)(J = 0)
≈
f(c→ D∗+) + f(c→ D∗0)

f(c→ D+) + f(c→ D0)

5/11 M. Lisovyi, A. Verbytskyi, O. Zenaiev Combined charm fragmentation fractions



Results: e+e−

B-factories LEP

Good consistency

S ≈ 1 checked

Good consistency

S ≈ 1 within 3 σ

6/11 M. Lisovyi, A. Verbytskyi, O. Zenaiev Combined charm fragmentation fractions



Results: e±p, pp

DIS PHP pp

Only constrained S fit possible

Good consistency
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Results: global combination, figures

B-factories+LEP+DIS+PHP+pp

Perfect consistency for
constrained S

Tension for fixed e+e− charm
x-sections (consequence of
S = 0.929± 0.026 at LEP)
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Results: global combination, pp charm x-sections

Correlation matrix for FF

Fitted charm x-sections in pp

[JHEP 1603 (2016) 159]

0 1000 2000 3000 4000
σ(pp→ ccX) [µb]

POWHEG+NNPDF3.0L (absolute)

POWHEG+NNPDF3.0L (scaled)

FONLL

LHCb average

LHCb D0

LHCb D+

arXiv:1506.08025

arXiv:1506.08025

arXiv:1507.06197

0< pT < 8 GeV/c, 2< y< 4.5 LHCb√
s = 13 TeV

FF combination

Improved charm x-sections ratios
R13/7 = 1.97± 0.18 differs by 2.7σ from theory prediction

R13/7(th) = 1.39+0.12
−0.29 [arXiv:1506.08025] (based on PDF fits with 7 TeV data)
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Excited states

ZEUS, OPAL and ALEPH data have been used

The strangeness-suppression factor for L = 1, J = 1+ charm mesons is
calculated neglecting D(2430)0 contribution and assuming D+

1 is 1+

state:

γs1 ≈
2f(c→ D+

s1)

f(c→ D0
1) + f(c→ D+

1 )
.

First combinarion of FF for excited charm hadrons
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Summary

Summary
Summary of measurements of the fragmentation of charm quarks into a
specific charm hadron is given

Measurements in different production regimes agree within uncertainties,
supporting the hypothesis of fragmentation universality

Hypothesis that the sum of known weakly decaying charm hadrons FF is
equal to 1 is checked to hold within 3 σ using the e+e− data

Averages have significantly reduced uncertainties compared to individual
measurements

The application of the obtained values can significantly reduce
uncertainties in future analyses and already published results
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BACKUP
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BACKUP. Restricted phase space treatment (1)
The full x-section of a charm hadron, σ(H)∈v can be split into x-section of direct production
σ(H)dir,∈v and the contribution from the decays of heavier charm states H∗, σ(H)decays,∈v :

σ(H)∈v = σ(H)dir,∈v+σ(H)decays,∈v = σ(H)dir,∈v+
∑

allH∗
σ(H

∗
)B(H

∗ → H)kH∗→H ,

where kH∗→H < 1 is a fraction of H∗ → H decays with H in v.
With the assumptions above, we have the equations:

σ(D+)∈v = σ(D+)dir,∈v + kσ(D∗+)dirB(D∗+ → D+)

σ(D0)∈v = σ(D0)dir,D0∈v + kσ(D∗0)dirB(D∗0 → D0)

+kσ(D∗+)dirB(D∗+ → D0)

σ(D+
s )∈v = σ(D+

s )dir,∈v
σ(Λ+

c )∈v = σ(Λ+
c )dir,∈v

σ(D∗+)∈v = σ(D∗+)dir,∈v
σ(D∗0)∈v = σ(D∗0)dir,∈v

Assuming σ(H)dir,∈v = σ(c)∈vf(c→ H)dir and introducing κ = kσ(c)/σ(c)∈v we have:

σ(D+)∈v = σ(c)∈v(f(c→ D+)dir
+κf(c→ D∗+)dirB(D∗+ → D+))

σ(D0)∈v = σ(c)∈v(f(c→ D0)dir
+κf(c→ D∗0)dirB(D∗0 → D0)

+κf(c→ D∗+)dirB(D∗+ → D0))

σ(D+
s )∈v = σ(c)∈vf(c→ D+

s )dir
σ(Λ+

c )∈v = σ(c)∈vf(c→ Λ+
c )dir

σ(D∗+)∈v = σ(c)∈vf(c→ D∗+)dir
σ(D∗0)∈v = σ(c)∈vf(c→ D∗0)dir.
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BACKUP. Restricted phase space treatment (2)

In the full kinematical space:

f(c→ D+) = f(c→ D+)dir
+f(c→ D∗+)dirB(D∗+ → D+)

f(c→ D0) = f(c→ D0)dir
+f(c→ D∗0)dirB(D∗0 → D0)

+f(c→ D∗+)dirB(D∗+ → D0)

f(c→ D+
s ) = f(c→ D+

s )dir
f(c→ Λ+

c ) = f(c→ Λ+
c )dir

f(c→ D∗+) = f(c→ D∗+)dir
f(c→ D∗0) = f(c→ D∗0)dir.

In general, to solve the system the measurements of D∗0 production are needed. However,
these can be avoided with an assumption of isospin invariance:

f(c→ D+)dir

f(c→ D0)dir
=
f(c→ D∗+)dir

f(c→ D∗0)dir
.

The last two systems are the working equations for the calculation of the charm fragmentation

fractions from the cross-section measurements in the restricted phase space.
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BACKUP. Predictions for charm production at BBB-factories
(1)

The total cross-section of quark q production in e+e− collisions at energies
2M(q)�

√
s�M(Z) can be given as

σ(e
+
e
− → q) = 2σ(e

+
e
− → l

+
l
−

)
∑

colours

v
2
qrq, (1)

where vq is the vector electromagnetic coupling of the quark q (i.e. charge), rq(s) are the
correction coefficients with higher order QCD corrections and

σ(e
+
e
− → l

+
l
−

) = 4α
2
(s)π/3s (2)

is the total cross-section of massless charged lepton pair production. In this work, the

calculations of the rq(s) were done according to Ref. [Chetyrkin 2000] at the reference

energy of
√
s = 10.5 GeV and assuming the c quark is the heavy one. The constants used for

the calculations in Eq.1 and Eq.2 are the strong coupling αs(
√
s = 10.5 GeV) = 0.172

[Chetyrkin 2000], the MS charm-quark mass mc(
√
s = 10.5GeV) = 0.74 GeV [Chetyrkin

2000] and the electromagnetic coupling α(
√
s = 10.5 GeV) = 1/132.0 (calculated according

to [Altarelli 1989, Burkhardt 1989] as implemented in [Harris 1997]). The uncertainties on

the given values are negligible. The result of the calculations is σ(e+e− → c,
√
s = 10.5

GeV) = 2399.23 nb.
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BACKUP. Predictions for charm production at BBB-factories
(2)

To verify the calculations, Eq.1 can be rewritten as

σ(e
+
e
− → c) = 2σ(e

+
e
− → l

+
l
−

)RcRhad,

where the quantities

Rhad =
σ(e+e− → hadrons)
σ(e+e− → l+l−)

=
∑

u,d,s,c

∑
colours

v
2
qrq = 3.5239

and

Rc =
σ(e+e− → cc̄)

σ(e+e− → hadrons)
=

∑
colours

v2crc∑
u,d,s,c

∑
colours

v2qrq
= 0.4012

can be compared with the existing measurements and predictions. It was found that Rhad is in

agreement with the direct measurement from CLEO below
√
s = 10.56 GeV

Rhad,CLEO = 3.591± 0.003± 0.067± 0.049 [Besson 2007] and Rc is in agreement with

the CLEO Monte-Carlo based estimation Rc,CLEO = 0.37± 0.05 [Bortoletto 1988]. For all
the theoretically calculated values, the uncertainties of calculations are negligible.
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BACKUP. Predictions for charm production at LEP

The theoretically calculated value that is used,
Γ(Z→cc̄)

Γ(Z→hadrons) = 0.17223± 0.00001 [Freitas 2014], is in agreement with the
experimental world average 0.1721± 0.003 [PDG].
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