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Abstract A summary of measurements of the fragmenta-
tion of charm quarks into a specific hadron is given. Mea-
surements performed in photoproduction and deep inelastic
scattering in e p, pp and ete™ collisions are compared,
using up-to-date branching ratios. Within uncertainties, all
measurements agree, supporting the hypothesis that frag-
mentation is independent of the specific production process.
Averages of the fragmentation fractions over all measure-
ments are presented. The average has significantly reduced
uncertainties compared to individual measurements.

1 Introduction

The production of specific charm hadrons has been measured
in different regimes and environments: in e*e™ collisions at
B-factories [1-8] and in Z decays [9-13], in eip collisions
in photoproduction (PHP) [14,15], deep inelastic scattering
(DIS) [16-18] and in pp collisions [19-24].

The fragmentation process is soft and hence can not be cal-
culated with the techniques of perturbative QCD (pQCD).
Therefore, these measurements are a necessary ingredient
for any QCD prediction of charm-hadron production. In
this context, it is important to validate the hypothesis that
fragmentation fractions are universal, i.e. independent of
the hard production mechanism. Thus, once precisely mea-
sured in one experiment, they can be applied in any reaction.
Another important check is that the sum of fragmentation
fractions of all known weakly decaying charm hadrons is
equal to unity, thus checking if all weakly decaying states
are known.

To achieve these goals, a comparison of fragmentation-
fraction measurements obtained in different production
regimes is performed using a combination of individual

2 e-mail: andrii.verbytskyi @mpp.mpg.de

measurements. Due to independent data sets and different
detector types and constructions, the experimental statistical
and systematic uncertainties in most cases can be treated
as uncorrelated between measurements. However, a care-
ful treatment of correlated uncertainties due to common
usage of branching ratios and theory inputs is essential, as in
many measurements these are one of the leading uncertainty
sources. In the past several combinations of fragmentation-
fraction data were performed with fewer inputs: the summary
of the charm fragmentation fractions in e*e™ at the Z reso-
nance [25], the combination of eTe™ measurements [26,27]
as well as the combination of ete™ and e*p measure-
ments [28]. Compared to those, the present analysis extends
to a larger set of measurements, in particular the final mea-
surement in PHP by the ZEUS experiment at HERA [15],
the pp measurements from LHCb [19,20], ALICE [21-23],
ATLAS [24] and the AZF measurements from the BABAR
experiment [8]. It uses the up-to-date branching-ratio val-
ues [25,29,30], treats correlations of branching-ratio uncer-
tainties and recent theory predictions with reduced uncer-
tainties [31,32] as input.

2 Combination of individual measurements

2.1 Update of input measurements to recent branching
ratios

To make separate inputs consistent, the original measure-
ments are corrected to the same up-to-date world averages of
branching ratios of the charm-hadron decays, 3, summarised
in Table 1. Most of the values were taken from Ref. [25]. The
B(D*® — D%z%) was calculated from the two most pre-
cise measurements [29,30] of B(D** — D7) /B(D*0 —
D) assuming B(D*® — D70 + B(D** — D) = 1.
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Table1 Branching ratios used for calculations. The second uncertainty
for the B(A:r) is the uncertainty of decay branching ratios of daugh-
ters. The numbers in the D} decay branching ratio indicate the used

|M (KT K™T)—M/(¢(1020))| mass windows. For the experiments which
measured combination of cross-sections and branching ratios, the val-
ues of branching ratios are not given

Decay

In this work (%)

In experiments (%)

D*t — DT
D*t — D70

D*t — DOxt

D*O s DO
D0 — pOz0
Dt — Dfy

Dt - K—mtnt

Dt — KOrt

DY — K—nt

DY > K~ ntatn—
D} — K*(K—mH)K+
D} — (KK )mt

Df — ¢n™

Df — KYK~xn",7MeV

Df — KTK~nt,20MeV

KY > ntn—
K - Ktn~

¢ — KTK~

AV - prt

AF — pK—nt

AF = AO(prH)mt
A — AOxFtntn—
AF — A0z

AF > E"Ktxt
AF — pk®

AF — pKO(ntmT)

A — pKontm~

32.30 £0.50 [25]
30.70 £ 0.50 [25]
67.70 £ 0.50 [25]

100.00 [29,30]
64.94 £ 0.89 [29,30]
93.50 £0.70 [25]
9.46 £0.24 [25]

1.53 £0.06 [25]
3.93 £0.04 [25]

8.07 £0.23 [25]
2.61 £0.09 [25]
2.27£0.08 [25]

4.50 £ 0.40 [25]

1.83 £0.06 [25,34]
2.23 £0.08 [25,34]
69.20 £ 0.05 [25]
66.67 [25]

48.90 £+ 0.50 [25]

63.90 £ 0.50 [25]
0.32
6.847075 [25]

0.95 £0.10 £0.05 [25]
3.59 £0.28 [25]
1.46 £+ 0.13 [25]
0.70 £ 0.08 [25]
3.21£0.30 [25]
1.09 £0.06 +0.11 [25]
3.50 £0.40 [25]

30.70 & 0.50, BELLE [7]

68.13 & 1.40, ALEPH [11] 67.70 = 0.50, ALICE [21-23]
55.00 & 4.00, ARGUS [3-5] 67.70 & 0.50, ATLAS [24]
67.70 & 0.50, BELLE [7] 67.60 = 0.50, H1 [18]

67.70 & 0.50, ZEUS [14-16,33] 67.70 & 0.50, LHCb [20]
68.30 & 1.40, OPAL [9,10]

100.00, H1 [18] 100.00, ZEUS [16]

61.90 & 2.90, BELLE [7]

94.20 = 0.70, BABAR [6,8]

9.13 £ 0.19, ALICE [21-23] 7.70 + 1.00, ARGUS [3-5]
9.13 £ 0.19, ATLAS [24] 9.20 £ 0.60, BELLE [7]

9.00 = 0.60, H1 [18] 9.51 & 0.34, ZEUS [16,33]

9.20 & 0.60, ZEUS [14] 9.13 £ 0.19, ZEUS [15]

9.13 4 0.19, LHCb [19,20]

3.85+0.09, ALEPH [11] 3.87 £ 0.05, ALICE [21-23]
3.71 £0.25, ARGUS [3-5] 3.88 4= 0.05, ATLAS [24]
3.80 £0.09, BELLE [7] 3.83 +0.09, H1 [18]

3.80 £0.07, ZEUS [16,33] 3.80 £ 0.90, ZEUS [14]
3.88 £0.05, ZEUS [15] 3.89 £ 0.05, LHCb [19,20]

2.28 £0.12, ALICE [21,22] 2.16 £ 0.28, ZEUS [16]
2.28 £0.12, ZEUS [15] 0.00, LHCb [19,20]

3.60 &£ 0.90, ALEPH [11] 3.60 % 0.90, BELLE [7]
3.60 £0.90, H1 [18] 3.60 &= 0.90, ZEUS [14]
1.85£0.11, ATLAS [24]

2.24 £0.13, LHCb [19,20]

66.67, DELPHI [11]

49.10 £ 0.80, ALEPH [11] 49.00 & 1.00, ARGUS [3-5]
48.90 £ 0.50, BABAR [6,8] 49.10 & 0.60, BELLE [7]
49.00 £ 1.00, CLEO [1,2] 49.10 & 0.80, DELPHI [11]
49.20 £0.70, H1 [18] 49.10 £ 0.60, ZEUS [14]

49.10 £ 0.80, OPAL [9,10]

5.00 £ 1.30, BABAR [6,8] 5.00 & 1.30, BELLE [7]

5.00 £ 1.30, ZEUS [14,15,17] 5.00 & 1.30, LHCb [19]
0.68 £ 0.18, ZEUS [17]

0.80 £ 0.21, ZEUS [17]
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2.2 Calculation of the fragmentation fractions

In this paper the charm-quark fragmentation fraction to a
specific hadron H is defined as the production cross-section
via charm quark divided by the production cross-section of
the charm quark:

fle— H)=0(H)/o(c). ey

The charm hadrons produced in the decays of beauty hadrons
are not considered. The Standard Model makes precise pre-
dictions for the total charm cross-section in eTe™ colli-
sions, therefore, for those processes it is possible to calculate
f(c = H) according to Eq. (1). Sufficiently precise predic-
tions for the charm-quark production in pp and e* p colli-
sions are not available. However, it is possible to make an
assumption that the sum of charm-quark fragmentation frac-
tions to all known weakly decaying charm hadrons in the end
of the fragmentation process is unity. Then the charm-quark
fragmentation fraction to a specific hadron can be calculated
as the ratio of the hadron-production cross-section over the
sum of cross-sections of all known weakly decaying (w.d.)
charm hadrons

fle— H)y=o(H)/Y o(H). ©)

w.d.

To obtain the charm-quark fragmentation fractions accord-
ing to Eq. (2), in addition to the production cross-sections
of D mesons and Aj’, it is necessary to know the cross-
sections of the weakly decaying af 0 and Q(c) states. Those
states are poorly studied, therefore as in Ref. [9] itis assumed
that ratios of fragmentation fractions of charm and strange
quarks into the corresponding baryons are similar, f(c —
ED/fe = M) = fc — B)/fc — A}) = f(s —
E7)/f(s - A% and f(c — QY /f(c - AD) = f(s —
Q7)/f(s — A).In this approach the sum of the production
cross-sections of these states can be estimated as

() +0(EYD +0(20) =ra(A)), 3)

where we define

o ED)  feo o)
A_2f(s_> A0) + 765 A9) =0.136 £ 0.006. (4)

The value of A is calculated using the most precise set of
s quark fragmentation fractions f(s — E7) = 0.0016 £
0.0003, f(s — Q) = 0.0258+£0.0010 and f(s — A") =
0.3915 £ 0.0065 from Ref. [25] obtained at LEP. Hereby,
the sum of production cross-sections of all weakly decaying

states is

Y o(H)=0(D%) + o(DN)+o (D) +o (AN +ro(A]).
w.d.

&)

The fragmentation fractions calculated according to
Eq. (1) for the eTe™ collisions and Z decays allow an inde-
pendent check that

S=flc— DO+ f(c— DH+f(c— DH+flc—AD)
+Aaf(c— Af) (6)

is close to unity with sufficient accuracy.

2.3 Combination procedure

The combination of the measurements used in the present
analysis is based on numerical x> minimisation with respect
to observables of interest. The numerical minimisation was
performed with the MINUIT package [35] and the procedure
for calculation of x 2 itself is outlined below.

For a set of m measurements and corresponding expecta-
tion values calculated from n parameters, a column-vector of
the residuals R(1 x m) is calculated as a difference of a mea-
surement and the corresponding expectation. The covariance
matrix, V (m x m), is calculated as

Vij = Usij+ ) CiaCius

k
where U; stands for an uncorrelated uncertainty of ith resid-
ual, C; x stands for the correlated uncertainty of source k of
the ith measurement and the sum runs over all sources of
correlated uncertainties. The y? is then calculated as

x>=RTV7IR.

The correlated uncertainties are treated multiplicatively
in the construction of the covariance matrix, i.e. the relative
uncertainties are used to scale the corresponding expectation
values instead of the measurement. This avoids the bias for
normalisation uncertainties, such as branching ratio uncer-
tainties, which are the main correlated uncertainties consid-
ered in the presented analysis. The statistical and uncorre-
lated systematic uncertainties are treated additively. Data sets
and their systematic uncertainties are assumed to be inde-
pendent between experiments. In addition, most of the mea-
surements do not contain the information about a potential
correlation between cross-section values for different charm
hadrons. Therefore, in the following all experimental uncer-
tainties are treated as uncorrelated, unless otherwise stated.
Uncertainties on the combined values of the fragmentation
fractions are determined using the Hessian method with the
criterion Ay2 = 1.1

1 As an illustrative example, when for a given combination set-up the
inputs are the m cross-section measurements. These data define the
m X m covariance matrix V with the experimental statistical and sys-
tematic uncertainties contributing to the diagonal elements and the cor-
related uncertainties setting the off-diagonal elements and contributing

@ Springer
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The evaluated total uncertainties on the free parameters
comprise experimental, branching ratio and uncertainties of
the A parameter.

The combination of all the measurements is obtained
imposing the normalisation constraint on the sum of all
ground state hadrons by adding an additional “measurement”
of S calculated from Eq. (6) with an uncertainty on X and the
corresponding prediction S = 1. In order to keep the main
result with the normalisation constraint as model indepen-
dent as possible, no theory inputs on the charm cross-section
are used in such a combination, and the fragmentation frac-
tions are calculated according to Eq. (5). For the same reason,
any measurements that require theoretical inputs for conver-
sion into cross-sections or fragmentation fractions and do
not have these inputs in the original publications are also
excluded from the main combination. However, such data
are included in a more constrained combination. In the fol-
lowing, treatment of such measurements will be discussed
case-by-case in the relevant sections.

The quantities commonly used as Monte Carlo generator
parameters,

fle—ci)  fle—> D)~ f(c—> D*NHBper po

Rup = e~ Fles DO+ flems D HBperpo”
2f(c—c5) 2f(c— D)

Vs=————=—( =0 ,
flc—cu/d) flc— DM+ f(c — DY)

. 2f(c—cs)
YT e ca/d)
and
¢ fle—ca/d)(J =1) _ flc— D)+ f(c— D*)

V'™ fle—ci/d)(J =0)  flc— DT) + f(c — DY)
were calculated from the fit results with the full error propaga-

tion and taking into account the correlation between param-
eters.

I =1~ 2f(c— Di)
= )Nf(c—>D*+)+f(c—>D*0)

3 Charm-quark fragmentation into hadrons in e*e~
collisions

Measurements of charm-hadron-production cross-sections
in eTe™ collisions hadrons were based on the differential

Footnote 1 continued

to the total uncertainties on the diagonal. The correlated uncertainties
considered are those related to A in Eq. (5) and branching ratios. The
residuals are obtained subtracting from the measurements cross-section
expectations calculated from n free parameters in the fit, which could be
fragmentation fractions, total charm cross-sections, kinematic factors,
etc. The details of this calculation are outlined in the each section. With
all these components at hand the x> can be evaluated and iteratively
numerically minimised with respect to the free parameters.

@ Springer

momentum spectrum do (eTe~ — H)/dx,. The extrapola-
tion to the total cross-section was made in the original papers
using a theoretical fragmentation function (e.g. Bowler [36]
or Peterson [37]).2

As mentioned before, the precise predictions of the total
charm-production cross-section in e*e™ allow calculation of
the fragmentation fractions without constraints on the sum
of fractions. This way the used hypothesis about the sum of
fragmentation fractions (Eq. (6)) can be verified.

3.1 Charm-quark fragmentation fractions from
measurements at B-factories

The B-factories provided many results on charm-hadron pro-
duction around the Y resonances, which can be used for
the calculation of the charm-quark fragmentation fractions
in hadrons (see Table 2). The results of the CLEO [1,2]
and ARGUS [3-5] experiments are represented as a product
of the charm-hadron cross-sections times decay branching
ratios, o (ete™ — H) - B(H — daughters). The BELLE
experiment [7] provided measurements of o (eTe™ — H).
The BABAR experiment [8] provided a measurement of an
average number of A7 — pK ™ w™" decays per hadronic
event

o(ete — Aj')

o (ete~ — hadrons)

N B(AF - pK nt) =2

xB(AY — pK~ ™)
=2R. - f(c—> AD)-B(AS — pK~—=),
where R, = % is the average number of charm-
quark pairs per hadronic event. A prediction of R, is needed
to use this measurement as an input, therefore, as discussed
in Sect. 2.3, it is used only in the case of o(eTe™ — c¢)
fixed to a theoretical prediction.

For the calculation of the charm-quark fragmentation frac-
tions a fit procedure is used as described in Sect. 2. The
total charm-quark-production cross-section is calculated as
described in Appendix A. The fit parameters are the frag-
mentation fractions. The obtained results are given in the
middle column of Table 3. The sum of the charm-quark frag-
mentation fractions into weakly decaying states calculated
according to Eq. (6), Sy = 0.9701 &£ 0.0284, is consistent
with unity.

2 A proper extrapolation procedure requires only the hadrons produced
directly in fragmentation to be used in the fits. The hadrons produced
in decays of excited charm hadrons should be treated separately.

In many cases the limited precision of the measurements makes this
requirement hard to follow and the decay part of the meson production
is treated together with the fragmentation part. In the cases where the
contribution of hadrons from decays is comparable with the contribution
of the direct production in fragmentation, e.g. for D and D, the joint
treatment could bias the results.
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Table 2 Measured cross-sections, o, cross-sections times branching

ratios, o -1, and Nzlq -B(see text for explanation) for the production of the
charm hadrons produced in e™e™ collisions at centre-of-mass energies
of /s = 10.55GeV [1], /s = 10.52GeV [2,7], /s = 10.47 GeV [3],

5 = 10.5GeV [4], /s = 10.2GeV [5] and /s = 10.54 GeV [6,8].
The numbers are given as in the original publications with uncertainties
related to branching ratios omitted. The first uncertainty is statistical
and the second is systematic

Decay CLEO ARGUS BABAR BELLE
o - B, pb o, pb o - B, pb o, pb

D*t — DO,

DY — K—x*t 170+ 1.5+ 1.4[1] 690 =+ 80 [3] 598 £ 24 77 [7]

D*t — D70,

DY - K—mtnt 590 +£5 £ 78 [7]

D*t — DOx,

D - K nntmt 33.0+3.0+1.8([1]

D*0 — DO70/y 30.0+3.0+58(1]

D*0 — pOz0 51043 4 84 [7]

D® > K~ x+t 524+ 5+4(1] 1180 + 150 [3] 1449 £ 2 + 64 [7]

Dt —» K~ ntxt 5147 +2[1] 650 = 90 [3] 654 + 1 436 [7]
o - B, pb o - B, pb NI B x 107 o, pb

AF - pK—mt
Af — pK—mt
A — K%

AY — KOprtrm~
Af — A0zt

AY — Alntrtn-

Af - B Ktnt

13.5+4.0+ 1.4[1]
10.0+ 1.5+ 1.5[2]
4.6+0.6+0.8 2]
45+13+1.1[2]
1.94+0.3+0.3[2]
6.8+ 1.0+ 1.3[2]
1.6+ 0.4 +0.3 [2]

9.0£1.2+£1.0[5]

284 £4£9 (8]

189 £ 1 £66 [7]

o - B, pb

o - B, pb

o - B, pb

o, pb

D} — ¢nt
Df — ¢nty

72£19+£1.0[1]

7.5+£0.8+0.7[4]

7.55 £0.20 £0.34 [6]
5.8£0.7£0.5[6]

231 £2£92[7]

The combination is also done according to Eq. (2) and
imposing the constraint Sy — 1 = 0, to be consistent with
the definition used for e p and pp data. The fit parameters
are the fragmentation fractions and the total charm cross-
section. The centre-of-mass energy dependence of the charm-
quark cross-section is accounted for, according to formulae
in Appendix A taking the total charm-quark cross-section at
a centre-of-mass energy /s = 10.5GeV as a reference. The
results are given in Table 3 (right column). In this approach,
the precise BABAR measurement of A production [8] is
not included in the combination since it requires usage of the
R, theoretical prediction. The latter has an influence on other
fragmentation-fraction results.

3.2 Charm-quark fragmentation fractions from
measurements at LEP

The LEP collider provided many results on the charm-
hadron production. The most valuable for the studies of

fragmentation are results obtained from Z decays. Most
of those results are represented in the form of fraction of
charm events multiplied by branching ratios %
f(c - H)-B(H — daughters) (see Table 4). In addition,
ALEPH [11], DELPHI [13] and OPAL [10] provided mea-
surements of f(c — D*T) from the fits of fragmentation
functions (see Table 4).

For the calculation of charm-quark fragmentation frac-
tions, a fit procedure is used, as described in Sect. 2. The
theoretically calculated value that is used, #m =
0.17223 4+ 0.00001 [32], is in agreement with the experi-
mental world average 0.1721 &£ 0.003 [25]. The fit parame-
ters are the fragmentation fractions. The results are given in
the middle column of Table 5. The sum of the charm-quark
fragmentation fractions into weakly decaying states calcu-
lated according to Eq. (6), Sz = 0.9292 + 0.0261, differs
from unity by 2.7 standard deviations.

The combination is also done using Eq. (2), and imposing
the constraint Sz — 1 = 0, to be consistent with the definition

@ Springer
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Table 3 Average of charm-quark fragmentation fractions in hadrons in
e*e™ collisions around /s = 10.5 GeV. The quantities S, R,, Jd> P“f and
ys were recalculated from the fit results taking into account correlation
of fit parameters. The value of minimised x> and the number degrees
of freedom of the fit ngof are given as well

Fixed o(eTe™ — ¢) Constrained S

f(c — D*t) 0.2470 £ 0.0137 0.2525 +0.0155
f(c —> D*0) 0.2241 £ 0.0304 0.2291 £ 0.0316
flc — D) 0.0532 =+ 0.0082 0.0544 + 0.0085
f(c— DT) 0.2639 + 0.0139 0.2698 +0.0125
f(c— DY 0.5772 £ 0.0241 0.5901 =+ 0.0140
flc— D) 0.0691 = 0.0045 0.0707 £ 0.0048
fle— AD) 0.0526 =+ 0.0031 0.0611 = 0.0060
X2 19.2 17.0

Ndof 21 20

N 0.9701 + 0.0284 1.0000 =+ 0.0005
Rusd 0.9508 + 0.0752 0.9508 + 0.0752
pg 0.5601 =+ 0.0432 0.5601 =+ 0.0431
Vs 0.1644 £ 0.0121 0.1644 £ 0.0121
Ve 0.2257 +0.0385 0.2257 £ 0.0385

used for e* p and pp data. The fit parameters are the frag-

. . I'(Z—cd) .
mentation fractions and the T(Z— hadrons) ratio. The results,

given in Table 5 (right column), are in good agreement with
Ref. [27].

Table 4 LEP measurements of the products of the partial decay width

of the Z into cc¢ quark pairs, Il:;; ”:d , charm-hadron-production fractions,

f(c — H),and corresponding branching ratios. The numbers are given

4 Charm-quark fragmentation into hadrons in e¢* p
collisions

The charm-hadron-production cross-sections at HERA were
measured in a restricted fiducial phase space. The extraction
of the charm-quark fragmentation fractions requires a special
treatment, as described in detail in Appendix B. The approach
followed in this analysis is similar to the one originally used
by the ZEUS collaboration [14].

4.1 Charm-quark fragmentation fractions from
measurements in DIS

Charm-quark fragmentation fractions in DIS in e® p colli-
sions are calculated from ZEUS and H1 measurements given
in Table 6. For the calculation of charm-quark fragmentation
fractions a fit procedure is used as it is described in Sect. 2.
The free parameters in the fit are the charm fragmentation
fractions and pairs of variables o (¢);|i=1..3 and k;|;=1...3 for
each set of measurement. Here, o (¢); is the total charm cross-
section in e* p, while «; is the kinematic factor for decays
from higher states (see Appendix B). The parameter « is fixed
to one for the low-pr measurements in Ref. [17] since the
whole pr kinematic space was covered. The present beauty
contributions in Ref. [18] have small impact on the result
and are neglected. The sum of charm fragmentation fractions
Sep DIs 18 constrained to unity. The results of the averaging
procedure are given in Table 7.

as in the original publications with uncertainties related to branching
ratios omitted. The first uncertainty is statistical and the second is sys-
tematical

Particle or decay

OPAL

gTﬁl-f(ce H)-B

(107%)

ALEPH DELPHI
£ f(c— H)-B fE-f(c — H)-B
(1079 (107

Df — ¢(KTK)m™
D} — K*O(Km)K+
D > K nt

DT - K—ntmt

Af — pK—mt

D*t - DYK—n )zt

560 % 150 £ 70 [9]

3890 £ 270135 [9]
3580 = 460723 [9]
410 % 190 = 70 [9]
1041 = 20 £ 40 [10]

352 £ 57 £21[11]

3700 £ 110 230 [11]
3680 = 120 %200 [11]
673 £70 £ 37 [11]

765 £ 69 & 37 [12]
624 + 122 + 73 [12]
3570 £ 100 £ 146 [12]
3494 £ 116 & 140 [12]
743 £ 155 £ 78 [12]
1089 £ 27 £ 39 [12]

flc— H) flc— H) flc— H)
(1073 (1073 (1073

D*t 222 + 14 + 14 [10] 233.3 +£10.2 +8.41 [11]
flc— H)-B fc— H)-B flc— H)-B
(1073 (1073 (1073

D*t — pOxt
DIt — ¢p(KtK)Hmty

69+ 18 £7[11]

174 =210+ 4.2 [13]

@ Springer
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Table 5 Average of charm-quark fragmentation fractions into hadrons
in Z decays. The quantities S, R4, Pg and y; are recalculated from
the fit results taking into account correlation of fit parameters. The value
of minimised X2 and the number degrees of freedom of the fit ngor are

given as well

Table 7 Average of charm-quark fragmentation fractions in e* p col-
lisions in DIS. The quantities S, R, /4, P“,’ and y; are recalculated from
the fit results taking into account correlation of fit parameters. The value
of minimised X2 and the number degrees of freedom of the fit nqor are
given as well

Fixed lfhfd Constrained S

f(c — D*") 0.2369 + 0.0064 0.2454 +0.0071
f(c— D) 0.0545 £0.0144 0.0547 +£0.0145
f(c— DY) 0.2267 +0.0100 0.2429 +0.0102
flc— DY) 0.5470 4+ 0.0215 0.5894 +0.0132
flc— Dj') 0.0925 4 0.0082 0.0996 £ 0.0083
flc— Aj’) 0.0555 4+ 0.0065 0.0600 4 0.0066
%2 6.7 7.8

Rdof 13 13

S 0.9292 4+ 0.0261 1.0000 £ 0.0005
Ruja 0.9987 4+ 0.0627 1.0348 4+ 0.0580
P{f 0.6119 £0.0185 0.6000 £ 0.0177
Vs 0.2390 £ 0.0224 0.2394 + 0.0223

The obtained fragmentation fractions are in agreement
with those obtained in the original publications [16,18]. The
uncertainties of the obtained results are somewhat larger
because this analysis, contrary to those studies, relies only
on DIS results, whereas the HERA DIS papers [16, 18] used
fragmentation fractions into A measured at e*e™ colliders.

4.2 Charm-quark fragmentation fractions from
measurements in PHP

Charm-quark fragmentation fractions in PHP in e* p colli-
sions were calculated from measurements of ZEUS collab-
oration and given in Table 8. For the update of the latest
ZEUS measurement [15] to the decay branching ratios from
Table 1, the measured fragmentation fractions are first trans-

Constrained S

fle — D*F) 0.2372 +0.0173
fe— D) 0.2170 & 0.0203
f(c— D% 0.6272 + 0.0287
fle— D} 0.0945 + 0.0124
fle—=AD) 0.0540 £ 0.0195
x? 1.7

Ndof 3

N 1.0000 £ 0.0004
Rusa 1.2361 4 0.1331
rg 0.6282 + 0.0440
Vs 0.2240 % 0.0320

formed into total charm-hadron cross-sections according to
the formulae in Appendix B and only then used in the cal-
culations. In this procedure, the kinematic factor for decays
from higher states, «, is set to 1, since the total phase space
is considered from the fragmentation fraction definition, and
the o (c) value cancels out in the procedure.

For the calculation of charm-quark fragmentation frac-
tions, a fit procedure is used as it is described in Sect. 2.
The free parameters in the fit are the charm fragmentation
fractions and pairs of variables o (¢);|;j=1..2 and «;|;=1. 2 for
each set of measurement. Here, o (¢); is the total charm cross-
section in e* p, while «; is the kinematic factor for decays
from higher states (see Appendix B). The sum of charm
fragmentation fractions S, pyp is constrained to unity. The
results of the averaging procedure are given in Table 9. The

Table 6 Measurements of charm-hadron-production cross-sections in DIS in e* p collisions. The numbers are given as in the original publications.
The first uncertainty is statistical, the second is systematical and the third one corresponds to the branching ratio

Decay ZEUS [16] ZEUS [17] HI [18]
o, nb o, nb o, nb
D’ — Kt~ 7.34£0.36103) £0.13 6.53 £0.49119%

0.18
2.80£0.3017 5 £0.10

Dt — Ktntnt
Dt — K0nt

Df — ¢(KTK)m™t 1.27 £ 0.1670 114019

—0.06—0.15
D — DYK—m )zt 3.14£0.12701% £ 0.06
A;L — Ant
A — K0p

Af(combination)

DY — K~z no D** 1.78 £0.0870 12 £0.03

2.16 +£0.197048
257441735 +08
+0.54
1.67 £ 0.41703
2.90 +0.20793%
14.9+49722+39
14.0+58738 +37

2.1
147 £3.873) £3.9
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Table 8 Measurements of
charm-hadron-production
cross-sections and

Decay

ZEUS [14]
o, nb

ZEUS [15]
fc— H)

fragmentation fractions in
photoproduction in e* p
collisions. The numbers are
given as in the original
publications. The first
uncertainty is statistical, the
second is systematic and the
third one corresponds to the
branching ratio

DT - K ntnt

DY — K*x~ no D*t
D — Ktn~, with D**
Df — ¢(KTK)m™
Af — pK—mt

D*t — DYK~mH)x+t
addD*+ N DO

kinD*+_) DO

0.234 + 0.006+0'004+0‘006

+0.44+40.34
5.07£0.36 —0.006—0.008

—0.23-0.30

0.47+0.20
8.49 & 0.441047+0.20
2.65+0.087011 4+ 0.06
2.37 £0.20 £0.201072

+0.54+1.15
3.59 +0.667 93118

0.588 & 0.0170 006 70013
0.088 & 0.006+0.002+0.005
0.079 4 0.0137.905+0.024
0.234 4 0.0060-004-+0.005
1.05 + 007092 +0.03

4.97 +0.141023+0.13

obtained fragmentation fractions are in agreement with those
obtained in the original publications [14,15].

5 Charm-quark fragmentation into hadrons
in pp collisions

The ALICE experiment measured fiducial cross-sections of
D [22] and differential py cross-sections of D, D* and
D** mesons [21,23] at /s = 2.76 TeV and /s = 7TeV.
With an integration of the differential cross-sections of D,
Dt and D** from Ref. [21] and D° from Ref. [23], a coher-
ent set of measurements in the kinematic range 2 < pr <
12GeV, |y| < 0.5 has been constructed (see Table 10) for
the \/s = 2.76 TeV and /s = 7 TeV. The LHCb experiment
provided measurements of charm-hadron cross-sections at
/s = 7TeV [19] and at \/s = 13 TeV [20]. The ATLAS
experiment recently measured the production cross-sections
of D**, Dt and D} mesons at /s = 7TeV [24] in the
kinematic range 3.5 < pr < 20GeV, |n| < 2.1.

The measurements together with the correlation matrix
for LHCb /s = 7 TeV are given in Table 10.

For the calculation of charm-quark fragmentation frac-
tions a fit procedure is used as it is described in Sect. 2.
The free parameters in the fit are: the charm fragmentation
fractions, the fiducial cross-sections for LHCb, ALICE and
ATLAS measurements in kinematic regions given in Table 10
and corresponding k parameters.

The constraint S, — 1 = 0 is imposed. As the Refs. [21,
23] do not provide detailed decomposition of the system-
atic uncertainties, for every bin all systematic uncertainties
were conservatively assumed to be fully correlated. For all
of these measurements we assume the statistical and system-
atic uncertainties uncorrelated and luminosity uncertainties
— fully correlated within a set of measurements at a given
value of 4/s.

A set of orthogonal fully correlated uncertainties was
obtained from the covariance matrix of the /s = 7TeV

@ Springer

Table 9 Average of charm-quark fragmentation fractions in hadrons in
e p collisions in photoproduction. The quantities S, R, /d> Pg and y;
are recalculated from the fit results taking into account correlation of
fit parameters. The value of minimised x> and the number degrees of
freedom of the fit ngof are given as well

Constrained S

flc — D*F) 0.2345 + 0.0081
fle— DY) 0.2341 + 0.0093
f(c— D% 0.5991 = 0.0126
fle— D} 0.0901 = 0.0062
fle—AD) 0.0675 £ 0.0106
x? 52

Ndof 4

N 1.0000 £ 0.0005
Ruja 1.1209 + 0.0545
rg 0.5970 £ 0.0181
Vs 0.2164 £+ 0.0162

LHCb measurements with an eigenvector decomposition.
The obtained uncertainties are later treated in the same way
as other correlated sources in the combination. The Ref. [20]
does not contain the correlation matrix for the measurements
at /s = 13 TeV, therefore simplified correlations between
measurements were calculated as follows. All of the measure-
ments include 3.9 % fully correlated uncertainty related to
luminosity included in the Ref. [20] to the systematic uncer-
tainty. The systematic uncertainties also include the uncer-
tainties on the branching ratios, which were treated corre-
lated with other branching-ratio uncertainties. The remain-
ing systematic uncertainty were treated as fully uncorre-
lated for different measurements with the same pr cuts
and fully correlated for the same measurements with differ-
ent pr cuts. The statistical uncertainties of a(DO) pr<8GeVs
o(DT) pr<8Gev Were split in two parts, which correspond
to pr < 1GeV and pr > 1GeV regions. The later were
considered fully correlated to the statistical uncertainties
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Table 10 Measurements of charm-hadron-production cross-sections in pp collisions. For the measurements from Ref. [19] the total uncertainty is
given. For the rest of measurements the first uncertainty is statistical, the second is systematic. pr is given in GeV

Decay LHCb [19] LHCb [20] ALICE [23]  ALICE [21] ATLAS [24]
7TeV 13 TeV 2.76 TeV 7TeV 7TeV
prel0,8]ye(2,4.5] pre(l, 8] prel2,12]  pre(2,12] pr €[3.5,20]

Corr. (%) ye[2,4.5] Iy < 0.5 ly| < 0.5 Inl < 2.1
o, ub pY pt p*t D} o, ub o, ub o, ub o, ub

D’ — Kn 1661 + 129 2460 £34+130  110+1675F 231+ 1273

Dt — K ntn* 645+74 76 1000+£3+110  47+£979 81+£7% 328 £ 16 +27

Dt — DYK~nt)mt  677£83 77 73 460+ 13+£100  59+1473 104 +67)] 331+ 18+ 28

Df — ¢p(KTK )t 197+£31 55 52 53 880 £ 5 + 140 53+1273[221 160 £31+17

A} — pK~n*t 233+£77 26 25 25 18

pr€(0,8]
D’ — Kn 3370 & 4 £ 200

Dt - K ntnt

1290 + 8 + 190

Table 11 Average of charm-quark fragmentation fractions in pp col-
lisions. The quantities S, Ry /q4, P‘G,l and y; are recalculated from the fit
results taking into account correlation of fit parameters. The value of
minimised XZ and the number degrees of freedom of the fit ngof are
given as well

Constrained S

fc— D*h) 0.2337 £ 0.0175
fe— D) 0.2274 4+ 0.0128
f(c— D% 0.6176 + 0.0160
fe— D 0.0824 + 0.0084
fle—=AD 0.0639 & 0.0122
x2 6.9

Rdof 7

S 1.0000 = 0.0005
Rujd 1.1913 £ 0.1012
rg 0.6059 + 0.0306
Vs 0.1951 £ 0.0216

of the o (DO) l<pr<8Gev and o (D+)1<[,T<g Gev Imeasure-
ments.

For the LHCb and ATLAS measurements of the D" —
K+tK~nt in the limited mass windows M(KTK™) the
following approach was used. The branching ratios were
obtained from the integrals over the M (K+ K ™) line shape
that was parametrised as in Ref. [34] with the total D" —
KTK~mt signal normalised to B(D} — KtK~nt) =
5.45 £ 0.17 % [25]. The results are given in Table 1.

The results of the fit are reported in Table 11. In addition
to the values of the fragmentation fractions, the fit deliv-
ers the inclusive charm-production cross sections in the cor-
responding fiducial regions, which have particular interest.
Therefore, the values of these cross-sections obtained in

the global combination with better precision are discussed
below.

6 Selection of measurements for the extraction of
fragmentation fractions

The selection of the measurements for the extraction of frag-
mentation fractions was done according a set of criteria
explained below.

First, the selection is limited to the measurements obtained
in the collisions of high energy particle beams as it assures
an absence of possible matter effects and the charm quark
production mechanism in these environments is well under-
stood. The measurements of charm-hadron production in
proton—meson, proton—nucleon and nucleon—nucleon colli-
sions [38-43] were omitted as those provide results in very
specific production environment and energy ranges which
cannot be easily compared to the results in other experi-
ments.

The second criteria of the selection is the precision of the
measured quantities: the measurements in e*e™ collisions
with \/s = 12 —90 GeV from MARK-II [44], HRS [45-49],
TPC [50], TASSO [51,52], JADE [53,54], VENUS [55] and
some other experiments have very limited precision and are
not used for the global combination.

The third criterion of the selection is the availability of
sufficient measurements in the given physical environment
needed for the extraction procedure. Several results on charm
production in e p collisions (e.g. Ref. [56]) and pp colli-
sions (e.g. Refs. [42,43,57]) do not contain enough simul-
taneous measurements of hadron production and, therefore,
cannot be treated independently and/or constrain the results
of the combination.

@ Springer
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Table 12 Average of

charm-quark fragmentation

Constrained S Constrained S,

fractions in hadrons. The fixed o (ete™ — ¢), lf e
quantities S, Ry /4, P{f and y; had
are recalculated from the fit flc— D*F) 0.2429 = 0.0049 0.2386 = 0.0046
results taking into account 0
correlation of fit parameters. f(c— D*) 0.2306 + 0.0315 0.2250 + 0.0299
The value of minimised X2 and flc— D;k+) 0.0548 +0.0074 0.0537 £ 0.0072
the number degrees of freedom f(c— D% 0.2404 + 0.0067 0.2439 4 0.0067
of the fit ngor are given as well f(c — DY 0.6086 + 0.0076 0.6141 + 0.0073

f(c— D) 0.0802 £ 0.0040 0.0797 £ 0.0040

fle— AN 0.0623 + 0.0041 0.0549 £+ 0.0026

X2 65.6 87.1

Ndof 64 67

S 1.0000 £ 0.0005 1.0000 £ 0.0004

Rusa 1.0971 £ 0.0354 1.1164 £ 0.0354

P“/l 0.5578 £ 0.0375 0.5403 £ 0.0355

Vs 0.1890 £ 0.0103 0.1859 £ 0.0101

Ve 0.2314 £ 0.0347 0.2316 +0.0346
7 The global combination - Combination ° e*e” B-factories

e*e” Z decays e'p DIS
A e‘p PHP pp LHC
To check the consistency of the data from different produc- F \ \ \ \ \ \ ]
tion regimes and also to extract the charm-quark fragmen- @ 06F \ \ \ ?ﬂ \ -
tation fractions with high precision, all input measurements 2 F | | | | | | ]
introduced in the previous sections are used together to pro- § 051 | | | | | | B
duce a global combination. As discussed in Sect. 3.1, the A" = oab- } } } } } } E
measurement by the BABAR experiment [8] is not included -% E | | | | | | ]
while obtaining the combined result. The free parameters E 03F | | | | | | 3
of the fit are the charm-quark fragmentation fractions and £ = ;,,q ‘ ‘ ]
. . ) C ]

pairs of variables o (¢);|i=1..5 and k;|j=1.. 5 for three DIS g 02 o | | | | =
and two PHP sets of measurements, lf}:d, olete” = ¢ € o1 5 \ \ \ \ \ \ E
at /s = 10.5GeV, and the fiducial charm-quark cross- S T | — | v — nens
section and « parameters in pp collisions, at \/s = 7 TeV and O ot | | | | | | .

/s = 13 TeV, corresponding to the phase space of the mea-
surements. The constraint on the sum of the cross-sections of
the weakly decaying charm states, S, is imposed in the com-
bination, i.e. the prediction for the total charm cross-sections
in eTe™ collisions is not used, in order to minimise model
dependence of the averaging procedure. The result of aver-
aging ete™, e*p and pp data, with the constraint § = 1
is presented in the middle column of Table 12 and is shown
in Fig. 1. The correlations between the fitted parameters are
given in Table 13. The input data are in very good agreement
with x2 /Ndof = 65.6/64. The result of the combination has
significantly reduced uncertainties compared to individual
measurements.

As an alternative, the combination is also performed using
both the constraint on S as well as theoretical predictions
of charm production in eTe™ collisions and Z decays, i.e.

o(ete™ — ¢) at /s = 10.5GeV and Fr}::d This approach

@ Springer
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D+

x|

DO

Fig. 1 The values of charm-quark fragmentation fractions, f(c —
H), in different experiments with the S constraint. The global combi-
nation with the S constraint is shown with the shaded band. Averages
of included data in different production regimes are shown with various
full symbols

also allows to include the precise BABAR measurement of
A7 production [8] using the R, calculation as described
in Appendix A, which significantly affects the averaged
value of f(A]). The result of the averaging procedure with
this approach is given in the right column of Table 12 for
completeness. The result is more model dependent than
the default combination, but has a higher precision. At the
same time, the result visibly differs from the result of the
default procedure. This may partially be traced to the value
Sz =0.9292 £ 0.0261 for the accurate LEP measurements,
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Table 13 Correlation of

0 0
charm-quark fragmentation Dt D* Dt D* D Df Af
fractions from the fit with o+ ) ) N ) 2
constrained § D 00 ~0.0 ~0.0 ~0.08 0.19 -0.07 0.
D*0 —0.02 1.00 0.02 —-0.07 0.07 0.01 —0.01
D;”' —0.02 0.02 1.00 —0.05 —0.07 0.23 —0.01
Dt —0.08 —0.07 —0.05 1.00 —0.66 —0.19 —0.19
DO 0.19 0.07 —0.07 —0.66 1.00 —0.32 —0.41
DS+ —-0.07 0.01 0.23 —0.19 —0.32 1.00 —0.07
Aj —-0.12 —-0.01 —0.01 —0.19 —0.41 —0.07 1.00
B combination ®  e'e B-factories of the ratio of the inclusive fiducial charm-quark production
e'e’Z decays epDIS cross-sections:
A e'p PHP pp LHC
O  ppCDF O PYaverage by A. David R 0 (PP = C)7TeV,2<pr<12GeV,|y|<0.5
C . 7/2.76 =
1ab | | E / (PP = €)2.76TeV,2< pr<12GeV,|y|<0.5
- | | ] = 1.89 £ 0.66
12 . | =
F + | } B and
oo | | E o(pp = c)
N . 13TeV, pr <8 GeV,2<y<4.5
06 o 3 Rup= SLPr =BT I —1.96 £+ 0.18.
“F M ] o (PP = ©)7TeV, pr <8 GeV,2<y<4.5
0.4 ] . . . . .
r | | : The R7/2.76 is compatible with the predictions in Ref. [59].
0.2 \ -:.ﬂ The Ry3/7 value is visibly higher than the theoretical predic-
ok \ . \ tion Ry3/7(theory) = 1.3970:72 [60].
F‘ul«:i PV Ys

Fig. 2 The values of Ry /4, P“; and y; in different experiments with
the S constraint. The global combination with the S constraint is shown
with the shaded band. Combinations of included data in different pro-
duction regimes are shown with various full symbols. Data that were
not included in the combination [57,58] are shown with open symbols.
Note, that the latter are quoted from the original papers, i.e. without cor-
rection to the up-to-date branching ratios and with no branching ratio
uncertainty, if not given in the source

which differs markedly from 1 (see Sect. 3.2). This dif-
ference is also reflected in the larger X2 /ndot value com-
pared to the default global combination. The difference in
the f(c — A]) precision is to a large extent due to inclu-
sion of the precise BABAR data [8].

The extracted R4, P“f and y; factors are provided in
Table 12 and shown in Fig. 2. The combined data are also
compared to recent measurements [57,58] that were not
included in the combination. In particular, R,,;; = 1.097
0.035 isin fair agreement with the isospin invariance hypoth-
esis R,/q = 1 within 2.7 standard deviations. The values of
the o (pp — c) cross-sections, obtained in the global fit (see
Table 14) are consistent with those obtained in the original
analysis, but have significantly reduced uncertainties. The
consistent treatment of the LHCb and ALICE measurements
in the combination procedure allows unbiased calculation

8 Excited states

In addition to the average fragmentation fractions for the
ground, L = 0, states, some fragmentation fractions for the
excited, L = 1 charm hadrons are calculated.

The measurements used for the calculations are shown in
Table 15. The unpublished measurement of f(c — D:Tl)
from Ref. [61] was not used. The fragmentation fractions
were not updated to the most recent branching ratios, as the
difference between the used branching ratios and the newest
is negligible in comparison to statistical and systematical
uncertainties of the measurements, and is well below the
given numerical precision of the individual measurements
in Table 15.

The averages are calculated with an assumption of fully
uncorrelated statistical and systematical uncertainties. The
results of the averaging procedure are given in Table 16. The
strangeness-suppression factor for L = 1, J = 17 charm
mesons is calculated neglecting D (2430)° contribution and
assuming D is 17 state:

N 2f(c— D)
i flc— DY)+ f(c — D)’
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Table 14 The values of the

inclusive fiducial charm quark Vs, rr yorn Fit result Original
production cross-section, TeV range, range o(pp — o), o(pp — o),
o(pp — c), from the original GeV ub ub
publications and obtained in the
elobal fit. The statistical. 7 [0, 8] yel2,4.5] 2689 + 203 2838 + 268 [19]
systematic and fragmentation 13 [1, 8] ye([2,4.5] 4174 £ 339 4300 =+ 356 [20]
E“Cfemligtizeg of the V;(liuZS_from 13 [0, 8] ye[2,4.5] 5269 = 293 5880 = 482 [20]
efs. [19,20] were added in 276 2,12] Iy < 0.5 229 + 67

quadrature

7 [2,12] ly] <0.5 434 + 84

7 (3.5, 20] Il < 2.1 1400 + 141
Table 15 Comparison of -
fragmentation-fraction-results Particle ZEUS OPAL ALEPH
of measurements of excited Sl 2—> H) flc 2—> H) fc 2—> H)
charm mesons 1075) 1075) (1079

DY 2.9£0.5703 [62] 2.1£0.7 £0.3[63]

3.5+£0410¢ [33]

D3° 3.9+£0970% [62]
3.84+0.7107 [33]
Df 4.6 +1.8729 [62]
D3t 32408103 [62]
D, 111 +£0.16709 [33]

52+£22+£1.3[63]

1.6 0.4 £0.3 [63]

0.94 +0.22 £ 0.07 [64]

Table 16 Average of charm-quark fragmentation fractions in excited
charm mesons. The y;| quantity is calculated from the averaging results
without taking into account correlations

Average (1072)

fe— D) 4.60719
fle— Dy 3.2010%
flc— DY) 2.97 £0.38
flc— D30 3.94 +0.68
flc— D) 1.09 +£0.14
Vs1 28.7555

9 Summary

A summary of measurements of the fragmentation of charm
quarks into a specific charm hadron is given. The analysis
includes data collected in photoproduction and deep inelas-
tic scattering in e* p collisions and well as et e~ and pp data.
Measurements in different production regimes agree within
uncertainties, supporting the hypothesis that fragmentation
proceeds independent of the specific production process.
Averages of the fragmentation fractions are presented. The
global average has significantly reduced uncertainties com-
pared to individual measurements. In addition, the hypothesis
that the sum of fragmentation fractions of all known weakly
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decaying charm hadrons is equal to unity is checked to hold
within 3 standard deviations using the eTe™ data.
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Appendix A: Predictions for charm production at B-
factories

The total cross-section of quark g production in e*e™ col-
lisions at energies 2M (q) < /s < M(Z) can be given
as

olete” = q) =20(ete” = 1T17) Z v;’"q, (N
colours

where v, is the vector electromagnetic coupling of the quark
q (i.e. charge), r,(s) are the correction coefficients with
higher order QCD corrections and
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oete™ = IT17) = 4a®(s)7/3s ®)

is the total cross-section of massless charged lepton pair pro-
duction. In this work, the calculations of the r, (s) were done
according to Ref. [31] at the reference energy of /s = 10.5
GeV and assuming the ¢ quark is the heavy one. The constants
used for the calculations in Eqs. (7) and (8) are the strong
coupling as (/s = 10.5GeV) = 0.172 [31], the MS charm-
quark mass m.(y/s = 10.5GeV) = 0.74 GeV [31] and the
electromagnetic coupling (/s = 10.5GeV) = 1/132.0
(calculated according to [65,66] as implemented in [67]). The
uncertainties on the given values are negligible. The result
of the calculations is o (eTe™ — ¢, /s = 10.5GeV) =
2399.23 nb. To verify the calculations, Eq. (7) can be rewrit-
ten as

o(ete™ — ¢) =20(eTe” — ITI7)ReRhad,

where the quantities

o (eTe™ — hadrons) )
Rhaa = o(ete — [t]) - Z Z Yq'a

= 3.5239

u,d,s,c colours

and

2
_ Zcolours Ucle
U(e+e_ - hadrons) Zu,d,s,c Zcolours U(g”q
=0.4012

o(ete™ — ¢0)

c =

can be compared with the existing measurements and pre-
dictions. It was found that Ryp,q is in agreement with the
direct measurement from CLEO below /s = 10.56 GeV
Rpad,cLEo = 3.591 £0.003 £0.067 £0.049 [68] and R, is
in agreement with the CLEO Monte-Carlo based estimation
RccLepo = 0.37 £ 0.05 [1]. For all the theoretically calcu-
lated values, the uncertainties of calculations are negligible.

Appendix B: Extraction of the charm-quark fragmenta-
tion fractions from the measurements in the restricted
phase space

Often the production cross-sections of charm hadrons are
measured in some restricted (e.g. in transverse momentum
and pseudorapidity) kinematical region v and cannot be used
directly (i.e. without extrapolation to the full kinematical
space) in the Eq. (2). To avoid the extrapolation and obtain
unbiased charm-quark fragmentation fractions, the following
approach is used.

The full cross-section of a charm hadron, o (H)¢, can be
split into cross-section of direct production o (H )gir,cy and
the contribution from the decays of heavier charm states H*,

U(H)decays,ev3

0(H)ey = 0 (H)dir,ev + U(H)decays,ev

=0(H)direv + Y o(H)BH* - H)kp—u,
all H*

where kg« g < 1 1is a fraction of H* — H decays with
H in v. The lack of experimental data in this analysis allows
to consider only the heavier charm states that are giving the
largest contribution to the total cross-sections. For this reason
all D? and D produced not in D** and D* decays are con-
sidered as produced directly. Because of similar kinematics
of D* — D decays it is also assumed that kp«_, p = k. The
measurements on heavier charm baryons and charm strange
mesons are absent, but all of those decay dominantly to A"
and D; so we treat all A} and D; as produced directly.
Within a common phase space, the impact of the differ-
ent masses of the hadrons on the fragmentation process is
neglected.
With the assumptions above, we have the equations:

o(DMey = o(DV)direv + ko (D*N)girB(D** — DT)
o(D%ey =0 (D pocy + ko (D) B(D* — D)

ko (D*H)qiB(D*+ — DY)
U(D;_)ev = U(D;_)dir,eu
U(A:_)ev U(Az_)dir,ev
U(D*+)ev = U(D*+)dir,ev
U(D*O)ev = U(D*O)dir,ew

Assuming o (H)dir,ev = 0(¢)ev f(c — H)gir and introduc-
ing k = ko (c)/o(c)ey We have:

o(DHey =0 (e (flc = DH)gir
+xf(c = DN B(D*™ — D))
o(D%ey = 0()ev(flc = Dgyr

+kf(c » D*)gi:B(D*® — DY)
+kf(c > D*T)giB(D*T — DY)
o(D}ey =0 ()evflc — D )air
oc(AD)ev =0 (evflc > AD)dir
o(D*N)ey = 0 (ev flc > D*Ngir
(D) ey =0 ()evflc > D)gyr.

In the full kinematical space:

fc— DY) = f(c - DV)gir
+f(c = D) gB(D** — DF)
fc— D% = f(c— D%

+f(c > D*g;:B(D* — DY)
+f(c > D*N)giB(D*" — DY)
f(c— D) = f(c— D})dir
fle > AD) = flc = AD)air
f(c— D*") = f(c > D*"gir
f(c = D*) = f(c - D).

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

fle— DNair  flc— D)y

fle— D% f(c — D*0)gi

The last two systems are the working equations for the calcu-
lation of the charm fragmentation fractions from the cross-
section measurements in the restricted phase space.
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