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Abstract We propose a novel, data-driven method for
determining total charm cross sections in proton—proton
collisions by extrapolating measured fiducial cross sec-
tions without assuming any particular fragmentation model.
The recently observed charm fragmentation non-universality
at the LHC experimentally establishes strongly increased
baryon production fractions and correspondingly decreased
meson production fractions compared to electron—positron
collisions, with a very significant pr dependence. The
novel method accounts for this non-universality and its pr-
dependence through a data-driven extrapolation function
called ddFONLL. Applied to D production at 5 and 13
TeV, this approach yields total charm cross sections that fully
incorporate the fragmentation non-universality and increase
significantly compared to the previous measurements still
based on fragmentation universality. The results are consis-
tent with NNLO QCD predictions and enable direct compar-
isons free from fragmentation assumptions. We use this to
evaluate the sensitivity of total cross-section measurements
to parton distribution functions and the charm-quark mass.
An outlook is given on the potential of further expanding the
use of the ddFONLL method.

1 Introduction

The theory of Quantum-Chromo-Dynamics (QCD) is a well
established part of the Standard Model which describes many
of the processes occurring in particular in proton—proton col-
lisions at LHC. Predictions for charm production are partic-
ularly challenging since, due to the closeness of the charm
mass m, ~ 1.5 GeV to the fundamental QCD parameter
Agcp ~ 250 MeV, cross sections can still be calculated
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perturbatively, but the convergence of the perturbative series
is slow since the value of the strong coupling constant o
is large, resulting in large theoretical uncertainties. Charm
measurements thus test QCD in the transition region of the
perturbative and nonperturbative regimes.

Measuring the total charm cross section without any cuts
on phase space is particularly important since for charm the
corresponding theoretical predictions are the only ones avail-
able at next-to-next-to-leading order (NNLO, terms up to aj),
and do furthermore not depend on charm fragmentation. Cur-
rently differential cross-section calculations are known for
top [1,2] and beauty [3,4] up to NNLO, while for charm
they are known only up to next-to-leading order (NLO, up
to ozf) without [5] or with [6,7] next-to-leading logarithmic
(NLL) contributions. In the case of the total cross section,
calculations are known up to NNLO [8] for all three heavy
quarks and have been implemented in public codes [9, 10].

For the total charm cross-section measurement, differen-
tial cross sections measured in limited kinematic ranges and
for a restricted set of hadronic final states need to be extrap-
olated to the total cross section, under certain theoretical or
phenomenological assumptions. Several differential cross-
section measurements have been performed and published
on different inclusive charm-hadron final states in pp col-
lisions by the LHC experiments so far: ALICE at /s =
2.76, 5,7, 13 TeV [11-20], LHCb at \/s = 5, 7, 13 TeV
[21-23], ATLAS at \/s = 7, 13 TeV [24,25] and CMS at
/s = 5,13 TeV [26-29]. Some of these measurements were
extrapolated to the full kinematic phase space in order to
extract the total charm cross section [11,17,18,30], with the
assumption of charm-fragmentation universality, i.e., that the
fragmentation is independent of either collision systems and
kinematics. The corresponding total cross-section values are
strongly theory and model dependent.

@ Springer



225 Page?2of23

Eur. Phys. J. C (2026) 86:225

- 17 T T \
T 0.9 : : e ALICE ({s=5TeV) E
T 1 4 ALICE ({s = 13 TeV)
2 087 s LEP 3
07—3 v B-factory F
0.6 é éh : l: LEP & BTfactory avera:ge E
0.5 | | i i i 3
0494 | | | 1 ; :
0.31 E E 5 : 1 2
S N e
%21 E T
015 | b e I
0- I i I I i 7
0 + + —
D D Ds D* Ac EAQ.

Fig. 1 Fragmentation fractions measured from the ALICE [20,31] and
eTe™ experiments [39]. The label 5, + $2. indicates 0 4+ &+ + 20

Recent results from the LHC experiments [22,27,28,31—
33] have reported violations of the charm fragmentation uni-
versality assumption in pp collisions by up to an order of
magnitude. This shatters the typical inputs to the extrapo-
lation, of which a specific example is the direct usage of
charm fragmentation fractions, i.e. the frequency with which
a charm quark fragments into specific charm-hadron final
states, averaged over the full phase space.

A pre-release version [34,35] of the almost entirely data-
driven approach advocated in this work to mitigate this frag-
mentation non-universality issue, conceptually applicable for
any LHC pp center-of-mass energy, has so far been applied
to pp data at 5 and 13 TeV. It has also already been used
for a preliminary CMS measurement [36] at 7 TeV. This
approach is explained in detail in the following. An alterna-
tive approach aiming at mitigating the same issue through the
assumption of a particular fragmentation model, specifically
tuned to 5 TeV pp collisions used as a reference for heavy
ion collisions, has also recently been advocated [37].

The charm fragmentation fractions have been measured
mostly from eTe™ or ep collisions. No significant discrep-
ancy has been reported between the measurements in e*e™
and ep collisions (see e.g. [38]). Thus, although not theo-
retically required, in practice it has been assumed that the
fragmentation is independent of the collision system, includ-
ing pp collisions. Recent reports from LHC experiments,
specifically from ALICE [20,31], however, show large dif-
ferences in the fragmentation fractions between e e~ /ep and
pp collisions. A summary of these measurements has been
compiled in Fig. 1, with more details given in the next section.

Especially the overall A fragmentation fraction shows
a big discrepancy of ~ 50 between pp and ete™ /ep col-
lisions, while the overall meson fractions in pp collisions
are smaller compared to the other collisions. This is strongly
related to a clear dependence on transverse momentum (p7)
of the cross-section ratio A;“ [20,28] (and Eg [20,40]) to
DY observed in pp collisions in the lower pr region, while
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it is asymptotically approaching the e*e™/ep data at high
pr- The averaged effect of this over the full kinematic range
leads to an increase of the total baryon fraction from about
10% to about 30—40%, and a corresponding decrease of the
meson fraction from about 90% to about 60—70%. On the
other hand, none of the currently available theoretical frag-
mentation models are able to describe all the relevant data
[41].

Similar phenomena were observed also from beauty-
hadron production. The production fractions have been mea-
sured for beauty, e.g. by some of the LEP, B-factory, and
LHC experiments [42]. Especially, it is observed that the
Ag / BY measurements from the LHC, which show a clear
pr dependence, are asymptotically consistent with the LEP
measurement at high pr (the left panel of Fig. 2). In this fig-
ure a fit is provided by the HFLAV group [42] for the LHCb
[43,44] data using an exponential function, and the fit results
agree well with the LEP average value [42] positioned at an
approximate pr as it occurs in Z decays.

In the right panel of Fig. 2, we collected Aj’-to-DO ratio
measurements from ALICE[15,20], CMS [27] and LEP [39].

The LEP point is again added at the approximate pr
in Z decays. A fit (the red curve) was performed to the
ALICE data at /s = 13 TeV including the LEP point,
using an exponential function like the one used in the left
figure. The fit result is given here only for illustration pur-
poses without uncertainties, and is not used further any-
where else in this report; rather, the measurements will be
used directly. The resulting parametrization is A./D? ~
0.083+exp [ — 0.748—0.095 x p7 /GeV |, to be compared to
[42] Ap/B® ~ 0.151+exp [ — 0.57—0.095 x pr/GeV] for
the beauty case. Note that the coefficient for the pr depen-
dence turns out to be similar in both cases. In the charm case,
the A./ DO ratio in Fig. 2 changes from about 0.1 at high pr
(consistent with eTe™) to about 0.5 at low pr, i.e. a change
by a factor 5.

Although not included in the fit, this parametrization also
shows good agreement with the ALICE and CMS data at
/s =5 TeV shown in Fig. 2. Thus the heavy-flavour baryon-
to-meson production ratios in pp collisions agree well with
an asymptotically flat p7 dependence and with the LEP value
at high pr, both for charm and beauty production.

In order to properly treat this non-universal charm frag-
mentation, in Sect. 2 we introduce pr-dependent binned
functions f (pr), the so-called pr-dependent production
fractions, instead of using the fragmentation fractions f*"
(defined to be independent of kinematics). These binned
functions are derived based on the measured A7 -to- DY ratio
as a function of pr, such that we do not need to assume any
particular non-universal fragmentation model.

These pr-dependent production fractions are then applied
to extrapolate the fiducial hadronic cross sections from LHC
experiments. For this, in Sect. 3 we modify the FONLL [6,7]
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Fig. 2 Measurements of the ratio of Ag to BY (left figure) and the

ratio of Aj' to D° (right figure). The left figure is from [42], where
the exponential fit to LHCb data gives consistent results to LEP at high
pr. In the right figure, the ALICE and CMS points are collected from
[15,20] and [27], respectively, and the LEP point is derived based on
the numbers given in [39]. Apart from the LEP value, these points are

theory calculations and introduce what we call the data-
driven FONLL (ddFONLL) approach, for which the only
change in the theory parametrization is the empirical replace-
ment of f*" by the measured f(pr). Furthermore, we phe-
nomenologically fit all other parameters occurring in the cal-
culation to available fiducial data, with a fully data-based
uncertainty treatment. This is then obviously no longer a the-
ory prediction, but a purely phenomenological parametriza-
tion starting from theory with all parameters adjusted to data.

Section 4 is devoted to some validation checks of this
scheme, and to the addition of some information needed for
its application to non—groundstates like D* mesons. All the
code and procedures are available in a public repository [45],
such that they can be used by third parties for other similar
applications.

Eventually, total charm-pair cross-section measurements
are presented at various center-of-mass energies (1/s) at the
LHC in Sect. 5. Providing these measurements allows for a
comparison to NNLO theory. Furthermore, the total charm
cross section can be predicted in perturbative QCD totally
free from fragmentation inputs. Therefore, the measurements
can be used to constrain QCD parameters like the charm-
quark mass and the low-x part of parton density functions
(PDFs). The first qualitative examples of applying the results
to constrain these QCD parameters from total charm cross
sections are presented in Sect. 6.

The results are then summarized in Sect. 7, together with
an outlook on future applications.

o 0.8
JrQo - « ALICE, {s=5TeV, |y|<0.5 | stat. sys.
< 0.7 o ALICE, Vs=13 TeV, |y|<0.5 | stat. [sys.
E = CMS, {s=5TeV, |y|<1 I stat. sys.
0.6F A LEP | stat. ® sys.

5 10 15 20 25 30 35 40 45 50
P, [GeV]

2

placed at the center of each bin, i.e. not displaced to bin barycenters, for
which additional information would be required. For details of the fit in
the right figure see text. This fit is given only for illustration purposes
to show qualitative consistency with what is observed from beauty pro-
duction, using the same exponential functional form (with somewhat
different parameters, see text)

2 Charm hadron production fractions in pp collisions

In Fig. 1, the fragmentation fractions f from e*e™ data were
already compared to the ALICE measurements at /s = 5
TeV [31] and 13 TeV [20]. For the latter, f conceptually
corresponds to the average of the function f (pr) over the
full total cross-section phase space, weighted by the mea-
sured hadron- p7 spectrum of the respective hadron differen-
tial cross section. This is possible since some of the ALICE
measurements extend down to zero in pr. For the ete™ mea-
surements, consistent with each other (Fig. 1) and with ep
measurements' [39], f for the LEP and B-factory average
corresponds to what we will refer to as f*"'. We now give
some more details.

The f(c — E.+$2.) (here E,+ £, indicates 0+ ZF +
£29) of the 5 TeV ALICE data is twice the measured f(c —
g B ) to account for the additional = C+ contribution, where the
.Q? contribution is already accounted for in the uncertainties
as described in [31]. Recently the 5 TeV ALICE results were
updated in [20], but the differences are not significant in the
present context. Thus, here the numbers are still based on
[31] (i.e., the numbers are the same as the ones used for
the results presented in [34]). The f(c — Z. + £2.) of the

! For ep measurements, a pr dependence could also be expected for
the hadron-like resolved photon contribution to the charm cross section.
However, this contribution is negligible for electroproduction (DIS),
and only about 10% for photoproduction [46]. Although presumably
within measurement uncertainties, here we avoid further discussion by
not including the ep and y p measurements.
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Fig. 3 Comparison of meson-to-D°, D} -to-D* and baryon-to- A}
ratios of fragmentation fractions between e*e™ and pp collisions. The

label &, + 2. indicates 504 Z+ + £20. The uncertainties were derived

under the simplifying assumption that the measurement uncertainties
are fully uncorrelated

13 TeV ALICE data” is given by the sum of the measured
fc— E?) and f(c — Ec'“ ), where the Q? contribution is
accounted for in the uncertainties as described in [20]. For
simplicity, the f(c — &, + $2.) uncertainties of the 5 and
13 TeV ALICE data were calculated by assuming that the
measurement uncertainties are fully uncorrelated.

Based on the fragmentation fractions shown in Fig. 1, the
ratios of meson to DY and baryon to A} are derived and
shown in Fig. 3.

The uncertainties were calculated again assuming that all
the initial measurement uncertainties are fully uncorrelated.

Interestingly and very importantly, these ratios show con-
sistency with the assumption that the charm meson-to-meson
and baryon-to-baryon ratios remain essentially universal for
all collision systems. Direct LHC measurements [20] indeed
confirm that there is no significant pr dependence of these
ratios within uncertainties. An uncertainty for a possible
non-negligible pr-dependence of Dy /D will be derived and
applied later.

The direct evidence for the rapidity (in)dependence of
these ratios is less clear. There are however LHCb measure-
ments for both the meson-to-meson and baryon-to-meson
ratios for beauty production that indicate independence of
rapidity [47]. The assumption that this is also true for charm
will be validated later by the very good fit to fiducial charm
data based on this assumption, over a wide rapidity range.

Since the LHC measurements show consistency with LEP
data athigh pr, which in turn show consistency with all other
ete™ data even at low pr, the LEP and B-factory average is
taken to be the asymptotic value f** at high pr, with a pr

2 The fragmentation fractions of the 13 TeV ALICE data [20] were
measured by also including the J /v contribution. However, this con-
tribution is less than 1%, which is neglected in this work.
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dependent correction introduced for the lower pr region in
pp collisions.

As a starting point, motivated by the considerations above,
our approach follows the most simple assumption, that the
meson-to-meson and baryon-to-baryon ratios are still univer-
sal, i.e., independent of either the collision system or kine-
matics. Then, under this data-motivated assumption, the pr-
dependence of the baryon-to-meson ratio in pp collisions at
LHC can be defined by a general form. In other words, we
follow the assumptions:

Assumption 1 meson-to-meson and baryon-to-baryon ratios
are universal, i.e., independent of kinematics and the colli-
sion system,

and

Assumption 2 baryon-to-meson ratios are dependent on
transverse momentum, while independent of (pseudo-)
rapidity.

Both of these assumptions will get uncertainty treatments
that will allow deviations from them within measured uncer-
tainties.

In this report, pr-dependent production fractions ( f(pr))
are defined for pp collisions as cross-section fractions of each
hadron state relative to the sum of all the weakly-decaying
ground states (w.d.) as a function of pr:

k- 1
Zw‘d.dO'HC M

where do is the pr-differential cross-section and pr is the
transverse momentum of each hadron. The weakly-decaying
ground states® are taken to be the mesons (MS) D% D,
D, and the baryons (BY) A}, 59, £+ and 2°.

To derive f (pr), so-called pr-dependent factors (F (pr))
are applied to the fragmentation fractions of e*e™ collisions

(fe:

fu.(pr) =

Foo(pr) = fi Fus(pr), )
fo+(pr) = fY Fus(pr), 3)
for(pr) = fp Fus(pr), )
Far(pr) = f44 Fpy (pr), (5)
feo(pr) = fggi Fpy(pr), (0)
fs(pr) = fE4 Fry (pr), (7)
and

faopr) = £34 Foy (pr), ®)

where the same factors Fyss(pr) and Fpy(pr) are applied
to each meson and baryon state, respectively, making use

3 Here multi-charm states are neglected.
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of the assumptions stated above. By definition, the sum of
the production fractions for all the weakly-decaying ground
states is unity:

Fits Fys(pr) + faY Fey(pr) = 1 9)
where fy/' “ni is the sum of all meson fractions:
f/ﬁ[ng — le}’lt + fum + funt (10)

and fgy “ni js the sum of all baryon fractions:
fét;l/l — fum + fum + fum + funl (11)

Then the relation between meson and baryon modifiers can
be given by
1= firs FMS(PT)

uni
BY

Fpy(pr) = (12)

To determine Fyss(pr) and Fpy(pr), the most precise
measurements of the ratio of baryon to meson are to be taken.
Currently, those are the measurements of the ratio of A} to
DO. Denoting the pr-dependent cross-section ratio of A to
DY inFig. 2 by R(pr), arelation between R(pr) and f(pr)
can be given as

f (pr) f“'“FBY(PT)
R(pr) = 20 = ZAC (13)
Foo(pr) o Fus(pr)

)
s Fus(pr)

where the constant term C is defined by:

lel um
C= “runi guni’ (14)
pY JBY

As a result, Fyss(pr) and Fpy(pr) can be determined by
the fragmentation fractions measured in e*e™ collisions and

R(pr):

Fustpr) = —— < (15)
Ft R(pr) + C

and

Fpy(pr) = 1.<1— < ) (16)
wi\' " Rm + C

Therefore, the pr-dependent production fractions can be
described e.g., for DY and Aj as

5 fl”’ll C
17
Fortrm) = o X o (17)
and
e c
4 1- 18
I (P1) = X( R(pT>+c> (e

by inserting Eq. (15) into Eq. (2) and Eq. (16) into Eq. (5),
respectively.

For this report, the f unig were extracted from ete~ data.
Then the fragmentation fraction sum of all the other states
not yet measured (57, 5+ and £2°) in e*e™ collisions is
assumed to be

fle=EN+flc— EN+flc—- 2N =1 (19)
—[f(c—= D%+ f(c > DT)
+ flc = D)+ flc — AD)]

so that the sum of all the known weakly-decaying ground
states is unity. The fragmentation fractions measured ine*e™
collisions were taken* from [39]. The collected ete™ frag-
mentation fractions for D, D¥, D and A (including D**)
can be found in Table 1.

In deriving the fractions of the others (& ?, EZ} and .{20)
using Eq. (19), the uncertainty was calculated under the
assumption that all the measured fraction uncertainties are
fully uncorrelated.

The ratios of AZF to DY to be used for R(pr) were
collected from the measurements as a function of pr at
/s =5 TeV from ALICE [15] and CMS [27], and at /s =
13 TeV from ALICE [20], as shown in Fig. 2. As an asymp-
totic value at high pr, the eTe™ averaged numbers shown in
Table 1 were used.

In the case of 5 TeV, since the ALICE measurements are
more precise at lower pr, by default the ALICE points were
used if applicable, otherwise the CMS points were taken. The
R(pr) values are explicitly written in Table 2. The values in
therange 0 < pr < 8 GeV were taken from the ALICE mea-
surements as they are and the value of § < pr < 10GeV was
taken from the ALICE measurement of 8 < pr < 12 GeV.
For pr > 10 GeV, the CMS measurement in the range
10 < pr < 20 GeV was taken for 10 < pr < 20 GeV
and the averaged e*e™ value was used as the pr > 20 GeV
point. For the extrapolation which will be introduced in the
next section, the two values were combined to give an over-
flow bin pr > 10 GeV by applying weights determined
based on the FONLL predictions. Tentative uncertainties for
these weights are negligible compared to the measurement
uncertainties in the end. The statistical and systematic uncer-
tainties of the ALICE and CMS measurements were summed
in quadrature. Similarly, R(p7) at /s = 13 TeV is shown in
Table 3.

All the points except the overflow bin were collected
directly from the ALICE measurements. The overflow bin
is given by a combined point of the ALICE measurements in
the range 10 < pr < 24 GeV and the eTe™ point defined

4 As motivated and described in [48], the fragmentation fractions based
on the precisely known e™e™ charm cross sections were used to nor-
malize the baryon fractions.
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Table 1 Fragmentation

fractions from e+e— data f(c— H.) LEP B-factory eTe™ averaged
extracted from [39] DO 0.547 + 0.022 0.577 £ 0.024 0.562 £ 0.016
D+ 0.227 £0.010 0.264 £ 0.014 0.245 + 0.009
Dy 0.093 & 0.008 0.069 + 0.005 0.081 % 0.005
D*t 0.237 £ 0.006 0.247 £0.014 0.242 + 0.008
AF 0.056 + 0.007 0.053 £ 0.003 0.054 =+ 0.004
204+ 8r+ 20 0.078 £ 0.026 0.037 +0.028 0.058 +0.019
Table'2 R(pr) at \/s =5 TeV. [GeV] R(pr) |
The third column of p7 > 10
g 097 <] o o o
e amplyine welghts 1 <pr<2 0.533 + 0.098 — 0.098
determined based on the 2<pr<3 0.504 +0.078 — 0.077
FONLL predictions 3<pr<4 0.459 4+ 0.061 — 0.061
4<pr<5 0.387 +0.057 — 0.057
5<pr<6 0.293 + 0.048 — 0.047
6 < pr <8 0.283 +0.044 — 0.043
8 < pr < 10 0.219 +0.041 — 0.041
10 < pr <20 0.232 4 0.078 — 0.067 0.223 4 0.074 — 0.063
pr > 20 0.096 + 0.007 — 0.007
Table 3 R(.pr) at /s =13 [GeV] R(pr)
TeV. The third column of
ILT > 10 ?ZV lwas C}‘lerivedlby 0<pr<l 0.472 +0.106 — 0.106
peamo decoalf:;mrz‘;’)gfy i‘:; | <pr<2 0.438 4 0.068 — 0.069
weights determined based on the 2<pr<3 0.459 + 0.056 — 0.056
FONLL predictions 3<pr<4 0.434 +0.050 — 0.050
4<pr<5 0.385 +0.041 — 0.041
5<pr<6 0.413 + 0.044 — 0.044
6<pr<7 0.321 +0.038 — 0.038
7<pr<8 0.314 + 0.040 — 0.040
8 < pr < 10 0.266 + 0.033 — 0.033
10 < pr < 12 0.249 + 0.042 — 0.042 0.189 + 0.033 — 0.034
12 < pr <24 0.141 +0.028 — 0.029
pr > 24 0.096 + 0.007 — 0.007

for pr > 24 GeV, applying again weights determined based
on the FONLL prediction.

Using the numbers in Table 2 or Table 3 as R(pr) and
the averaged numbers in Table 1 as f“*s, Fys(pr) and
Fpy (pr) were derived with Egs. (15) and (16) and are shown
in Fig. 4. Since the ratios of A} to DO are asymptotically
identical to the ratio in eTe™ collisions at high p7 by con-
struction, the quantities Fy;s(pr) and Fpy (pr) are asymp-
totically unity at high pr by their definition, Eq. (9).

Lastly, fDo (pr) and fAi (pr) were derived by Eqgs.(2)
and (5), for which results are shown in Fig. 5.

For the f uncertainties, an additional systematic uncer-
tainty was assigned to account for deviations from the

@ Springer

assumption that meson-to-meson and baryon-to-baryon
ratios are consistent between eTe~ and pp collisions and
independent of kinematics. Precise measurements in beauty
production from LHC experiments [49] show that B? /BT
has a moderate but clear pr dependence at low pr, and is
asymptotically flat at high pr. No precise measurement is
available to show such a clear pr dependence yet for D
mesons (see [20]). Therefore, an additional uncertainty was
assigned to account for a possible pr dependence of the
DF/D® and D /D™ ratios, by covering the ALICE uncer-
tainties of 0.14 < D}/D® < 0.24 and 0.33 < D} /D* <
0.56, as shown in Fig. 6a. This uncertainty covers well also
the ratios measured as a function of pr (see Fig. 6b).
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Fig. 5 fDn (p1), fA:_r (pr) and fND*+ (pr). The red, blue and green
band are the D°, A7 and D** fragmentation fractions with the uncer-
tainties, respectively, measured from e e~ collisions

Since no statistically significant deviations from the
assumption of rapidity independence were observed in the
later fits to charm data in this work, intermittently covering
rapidities from O to 4.5, nor in the more continuous rapidity
coverage of the preliminary results in [36], no further sys-
tematic uncertainties are assigned for this.

In addition to f functions for the ground states, f for
D** was also derived in order to allow the extrapolation of
CMS D** measurements [36]. As will be explained in the
next section, the same Fy;s(p7) can be applied for D**, and

fp++ 1s defined as

foe(pr) = fEL Fus(pr), (20)

which is shown by the green points in Fig. 5.

3 Data-driven FONLL

For the total charm-quark production cross section, charm-
hadron measurements in a constrained kinematic range
should be extrapolated (and interpolated, depending on the
available measurements) to the full kinematic range, and con-
verted from hadron level to quark level. For the approach
advocated in this report, the FONLL perturbative theory is
taken as the starting point for the parametrization of the
extrapolation function to be used for this purpose, in par-
ticular for its functional shape in unmeasured regions. This
theory was chosen since it provides the highest order double
differential charm cross-section predictions for pp as a func-
tion of transverse momentum ( pr) and rapidity (y) available
to date, to order NLO+NLL.

In the original FONLL approach [6,7] the double-
differential (in pr and y) single-inclusive (the other charm
hadron from a cc pair is integrated over) cross section for the
production of a particular charm hadron H, is parametrized
as

dofyONM = fi - (doe ® DY ),
do. = fi fj ®d5’,’j,
(2]

where f [’;”i
c

is the ‘universal’ fragmentation fraction previ-
ously extracted mainly from eTe™ data as explained in the
previous section. do. is the differential cross section for
charm-quark production dé;; folded with the parton den-
sity functions (PDFs) f; at perturbative order NLO+NLL
according to the QCD factorization theorem. DCNE u, 1s the
non-perturbative fragmentation function (distribution of the
fraction of the charm-quark momentum transferred to the
charm hadron) which is factorized out from do,, again using
the QCD factorization theorem. The calculation is done in the
so-called general-mass heavy-flavour scheme, i.e. the charm-
quark mass is appropriately accounted for in the NLO matrix
elements. The convolution symbol & indicates that distribu-
tions will be convoluted during the cross-section integration,
while the - symbol indicates scalar multiplication. The cross
section Ao integrated over a bin (Apr, Ay) in hadron pr

and y is thus given by
Acf OV (Apr, Ay)

= fi / do. ® DY dprdy. (22)
Apr,Ay

The QCD theory parameters entering this calculation are the
strong coupling constant o, the charm-quark pole mass m.,
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Fig. 6 Additional uncertainty (red bands) assigned to account for a possible pr dependence of D‘j' /D° and D;r /D+

as well as the related QCD renormalization and factoriza-
tion scales ji, and u r. The central reference scale is defined

to be po = /m2 + p% .- Further parameters arise from the
measurement-based parametrizations of the PDFs and of the

fragmentation function DV?. The value of o (m7) is chosen
and fixed to be consistent with the one of the PDF used (see
below), and evolved to the renormalization scale within the
FONLL code.

To phenomenologically account for the non-universal
charm fragmentation, the only formal change to the theory
parametrization, central to our new approach, is the replace-
ment of the universal fragmentation fraction f** by the
binned pr-dependent hadron production fraction f derived
in the previous section. L.e. Eq. (22) is modified to:

AcfFONIL(Apr, Ay) (23)

do, ® Dév_erdedy.
Apr,Ay

= fu.(pr) -

For reasons explained below, we call this the data driven
FONLL (ddFONLL) approach. This relies on an empirical

@ Springer

parametrization of experimentally measured cross sections
without assuming any particular factorization or fragmenta-
tion breaking model in theory.

Note that this parametrization asymptotically converges to
the original FONLL one at high charm transverse momenta,
through the definition of f detailed in the previous section.
The theory treatment therefore remains consistent e.g. with
the one for high-pr charm jets, without our modification,
i.e. many of the previous high-p7r charm-jet results obtained
from LHC data (not treated here) may remain unmodified
based on the result of this work. Also, the theory remains
fully consistent with previous studies of e*e™ data, for which
fote- = f“" by definition. However, all previous charm
cross section extrapolations may be modified through the
procedure presented in this work.

A priori there is no theoretical reason why the non-
universal pr dependence of £ in pp collisions should factor-
ize from a potential non-universal p7 dependence of DV’
in Eq. (23). Nevertheless, this ansatz has been chosen here
for three reasons. One is practical on the experimental side:
the available data do not have enough precision to allow a
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potential unfolding of the two effects. The second is practi-
cal from the theory side: The FONLL core calculation does
not foresee a nonperturbative variation of the fragmentation
function beyond the choice of the quark and hadron types for
the respective parametrization. The third and most impor-
tant one is phenomenological: We eventually find very good
agreement with all data in the /s range 5-13 TeV within
uncertainties (also see next section). However, in order to
allow more parametric freedom at this point, while we choose
the Kartvelishvili parametrization of the fragmentation func-
tion DV?, we do not apply any external constraint on the
corresponding Kartvelishvili parameter a g, e.g. from e*e™
collisions, as it is usually done. Rather, in our approach, this
parameter will only be constrained from the pp data them-
selves. We then only verify that the resulting parameter comes
out in a ‘reasonable’ range when compared to e*e™ values.

For the reasons outlined in the introduction, the a pri-
ori uncertainties of the FONLL core theory for charm pro-
duction are very large compared to the measurement uncer-
tainties of the available data. They are dominated by QCD
scale and low-x PDF uncertainties. Since our approach is
phenomenological, for the purpose of the total charm cross-
section extrapolations, we will thus use data to empirically
constrain all the parameters mentioned above, either from
external data constraints (PDFs, ay, f ) or from a direct fit to
the data which we would like to extrapolate. The procedure
also includes a full data-driven treatment of all correspond-
ing uncertainties. This will greatly reduce the extrapolation
uncertainties relative to an a-priori theory-driven treatment,
which is anyway no longer possible once the assumption
of charm-fragmentation universality is abandoned. From the
description of this approach it is obvious that dd FON L L is
no longer to be treated as a theory prediction, but as a phe-
nomenological parametrization relevant for the purpose for
which it was designed.

The approach is thus to get the best possible description
of the data in the regions in which they are measured, and
to determine uncertainties such that a reliable extrapolation
into unmeasured regions becomes possible.

In order to implement this approach, a x 2 scan was intro-
duced for four of the QCD parameters; the two theory scales
(4 y and ), the charm mass (m.) and the a g . In other words,
the parameters describing data best are determined by a x>
calculation defined by

Z (ddFONLL — data)?

— . (24)
statistical unc.? + systematic unc.

5
data bins

The four-dimensional minimum of this scan then defines the
ddFONLL central values, while appropriately chosen multi-
dimensional x? contours define their uncertainties. Because
this procedure is equivalent to a fit, we also sometimes refer

Table 4 The kinematic ranges covered by the ALICE [14], CMS [26]
and LHCb [21] experiments for D° measurements at Js =5TeV

ALICE |ly] <0.5 0 < pr <36 GeV

CMS ly] < 1.0 2 < pr < 100 GeV
20<y <25 0 < pr < 10GeV
25 <y <30 0 < pr <10GeV

LHCb 30<y <35 0 < pr <10 GeV
35<y<4.0 0 < pr <9GeV
40<y <45 0 < pr <6GeV

to it as the ddFONLL fit. Other uncertainties are added exter-
nally as described below.

Since the FONLL calculation [6,7] uses the FONLL gen-
eral mass variable flavour number scheme (FONLL GM-
VENS), the ideal PDF for this work would be the VENS
version of the PROSA PDF [50]. This set was co-fitted to
ALICE and LHCb charm data and derived with a low-x
gluon parametrization of the rapidity dependence (only) of
LHC charm data in different regions of pr. Thus this PDF
is not affected by the non-universality of charm fragmenta-
tion. Unfortunately, however, only the central value for this
PDF is available, while uncertainties are available only for
the 3-flavour fixed-flavour (FFNS) version [50]. Fortunately,
it turns out that the older VFNS CTEQ6.6 PDF [51] happens
to be consistent with the PROSA PDF for both VFNS central
value and FFNS uncertainty. We thus pragmatically use this
PDF as a proxy for the PROSA_VFNS PDF with uncertain-
ties. In the application of PDF sets to this extrapolation via
LHAPDEF [52], the starting scale Q,,i, is defined to be 1.3
GeV [53] for the CTEQ6.6 PDF set. Therefore, we excluded
values of s < 1.3 GeV in the x?2 scan for the phase space
downto pr = 0 GeV withm, = 1.3 GeV (the minimum m,.
considered in the extrapolation). The associated value of the
strong coupling constant is oz (Mz) = 0.118.

The ddFONLL fit was applied to D° measurements at
A/s = 5 and 13 TeV in pp collisions, in the same way as
in an earlier preliminary evaluation [34,35]. The D° mea-
surements at /s = 5 TeV were obtained from the ALICE
[14], CMS [26] and LHCb [21] experiments, of which the
kinematic ranges covered are listed in Table 4.

However the ALICE and CMS measurements have over-
lapping cross-sections within |y| < 1. For the integrated
cross section over |y| < 1, the CMS measurement covers
~ 40% while the ALICE measurement covers ~ 50% with
much better precision. Furthermore, the contribution of the
CMS measurement in the range 36 < pr < 100 GeV is
negligible for the total charm cross section. In other words,
the ALICE measurement alone already covers the maximum
of the cross section in the range |y| < 1. Therefore, only
the ALICE and LHCb measurements were considered in this
fit. The D° measurements at \/s = 13 TeV were taken from
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Table 5 The kinematic ranges

covered by ALICE [20] and ALICE Iyl <05 pr > 0GeV
0

LHCb [23] for D 20<y <25 0 < pr <15GeV

measurements at /s = 13 TeV
25<y<3.0 0 < pr <15GeV

LHCb 30<y <35 0 < pr <15GeV

35<y<4.0 0 < pr <11 GeV
40 <y <45 0 < pr <7GeV

iy m=13Gev K/, m=15GeV MK/M, m,=17GeV M/, m =19 GeV

2L global least 32
“ “ y ) local least 32
1 @)W 1 o 1 1 O uncertainty scales
wmu
Lhan B conventional scales
v
T2 Hug T2 n, T2 n, T2 nfu,
py m,=13Gev My m=15Gev K/, m=17Gev K/, m,=19Gev M/, m =2.1GeV
@L‘)
o
T2 HfI”o T2 ”J”o T2 ”J“o 2 ”tjuo s “/”o

Fig. 7 The scales giving the best description of the D? measurements
at /s = 5 TeV (the first row) and 13 TeV (the second row), respec-
tively. The local least x? are shown by the circle point symbols while
the global least x 2 for each /s is marked by the additional star symbol.

ALICE [20] and LHCb [23]. For the 13 TeV data, the kine-
matic ranges covered by each experiment are listed in Table 5.

A detailed set of multi-dimensional x 2 tables can be found
elsewhere [48].

The fitted best parameters and uncertainty parameters
obtained from these tables are shown in Fig. 7, where the
least x2 results of 3-dimensional fits with u f» wr and ag
(i.e., the local least x2 results) were projected onto the 2-
dimensional coordinates (i 7, () with fixed m..

The best parameters, which were determined by the least
x? of the 4-dimensional fits (i.e., the global least x?2), are
marked by a star. The parameters within the four-dimensional
uncertainty contour, which were determined by’ Ax? <
4.7 ~ lo, are marked by an additional outer circle. The cross
marks indicate the conventional 7-point [55] scale variation
sets which are generally used for calculation of QCD the-
ory uncertainties and are shown in the figure as a reference
for the fitted parameters. The best parameters including their
uncertainty ranges (edges of the 4D uncertainty ellipsoids)
are summarized in Table 6.

5 In order to ensure a X2/nd0f of 1, an S-factor [54] of 1.46 (1.16) was
applied at /s = 5 (13) TeV.

@ Springer

The scales entering the uncertainty evaluation are marked by additional
outer circle symbols. The cross mark symbols indicate the conventional
7-point scale sets for theory

Table 6 The best parameters used for the ddFONLL parametrization.
The parentheses indicate the ranges of the uncertainty parameters, which
were used to calculate the so-called x 2 uncertainties of ddFONLL

Vs =5TeV Js=13TeV
o 1.68 (1.00-2.00) 1.41 (1.19-1.52)
rlino 0.48 (0.34-0.93) 0.37 (0.29-0.48)
m¢ [GeV] 1.7 (1.3-1.9) 1.9 (1.7-2.1)
ag 9 (6-28) 6 (5-9)

The uncertainties turn out to be reasonably consistent with
the conventional scales and m, values for perturbative QCD
theory and the reference ax values based on eTe™ data [56],
although the renormalization scale comes out on the low side.
Furthermore, it was observed from this study that there are
significant correlations between the two optimized theory
scales especially at lower m (see Fig. 7).

The ddFONLL parametrization is then defined by
dog‘iFONLL(;Ll}, uf, mf., ozll’(), where ul}, y,f, m’c’ and ozll’( are
the best parameters and the scan uncertainty band includes all
the parameter sets within the Ax? ellipsoid. The ddFONLL
parametrization and the measurements used as input for them
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Fig. 8 D° + D cross sections at /s =5 TeV as a function of |y|. The red bands of ddFONLL show the total uncertainty (CTEQ6.6 PDF & f &

x%)

are shown as a function of pr in Figs. §, and 9 for 5 and 13
TeV, respectively. The ddFONLL uncertainties include the
uncertainties of f, the x2 scan (i.e., i, iy, M¢, and ag
uncertainties), and the PDFs, added in quadrature. Note that
the ddFONLL parametrization describes the data well in the
full phase space, which is consistent with the assumption of
rapidity independence of the fragmentation (Assumption 2).

4 Validation and application to different final states

As a cross check, the ddFONLL parametrizations for the A}
spectrum were compared with the ALICE measurements at

/s =5 and 13 TeV. The A} ddFONLL parametrization
was derived with the best parameters of the fit of the D°
measurements at /s = 5 or 13 TeV, but applying f AF (the

blue points in Fig. 5) instead of f po, which is shown by the
pink band in Figs. 10 and 11.

The original FONLL theory (the blue band), which
is based on the universality assumption, totally disagrees
with the measurements in the Aj comparison, while the
ddFONLL parametrization describes both the D° and A}
measurements well, as it should do by construction. This
means that if the A, measurements would be used in the
extrapolation to the total cross section in Sect. 5 instead of
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the D° data, the result would remain consistent, although
with larger uncertainties.

As an alternative to the pr dependent f correction in
Fig. 5, it has been suggested to try a simple rescaling of the
FONLL prediction by the average fragmentation fractions as
measured by ALICE (Fig. 1). As can be seen from Fig. 12, this
would improve the average normalization of the predicted
A, cross section compared to data but would still somewhat
disagree in shape, i.e. undershoot at low pr and overshoot
at high pr (see Fig. 12). The prediction for D° would still
agree at low pr within uncertainties, but no longer at high
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pr (see Fig. 12). In addition to disagreeing with the high
pr charm data, this would also make the predicted high pr
charm behaviour inconsistent with LEP and with the standard
heavy flavour treatment in high pr charm jet tagging at LHC.
This simpler option is therefore not a fully viable alternative.

A further cross check for Assumptions 1 and 2 can be
obtained by comparing the ddFONLL parametrization also
with ECO measurements, e.g. at /s = 5 TeV from ALICE
[40]. This successful cross check is documented in Ref. [57].

To extend the usage of the ddFONLL approach to D* final
states in measurements such as those in [11,12,16-18,21—
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Fig. 10 D+ D’ (left) and A*
(right) cross sections at /s = 5
TeV as a function of pr at
central rapidity. The ddFONLL
parametrization with f
uncertainty but still w/o PDF
uncertainties (the pink band)
describes both the D? and A7
data well

Fig. 11 D° + D" (left) and AF
(right) cross sections at /s =
13 TeV as a function of pr at
central rapidity. The ddFONLL
parametrization with f
uncertainty but still w/o PDF
uncertainties (the pink band)
describes both the D® and A7
data well

Fig. 12 D+ D" (left) and A*
(right) cross sections at /s =
13 TeV as a function of pr at
central rapidity, compared to
FONLL with a simple
pr-independent rescaling
according to the average
fragmentation fractions fPP as
measured by ALICE. Despite
much larger uncertainties, the
FONLL prediction with average
fragmentation fraction rescaling
describes both the D? and A7
data less well than the
pr-dependent ddFONLL
parametrization (same pink
band as in previous figure)
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24,29,36], a set of f functions is needed also for D* final
states.

To obtain these, D*/DO ratio measurements from ALICE
at 4/s = 5 and 7 TeV [12] were compared with a prediction
extracted based on eTe™ data, as shown in Fig. 13.

The dashed curve is the prediction which was obtained
by FONLL using the BCFY functions for D** and D° [7,
56]. The comparison between the ALICE measurements and
the prediction shows consistency within the measurement
uncertainties. This means that the same Fy;s(pr) as for the
ground states in (2) ff can be applied for D**,

fo(pr) = fE5 Fus(pr). (25)

InFig. 13, the FONLL prediction derived with the Kartvel-
ishvili function [58], which is defined as

DNP(x) = (ak + D(ag +2)x*c (1 — x), (26)

is also shown by the red curve. The ax values were deter-
mined for D** and DO, respectively, by comparing the
FONLL predictions derived using the Kartvelishvili function
to the ones derived with the BCFY functions, tuned to LEP
data. As a result, ax = 9.5 (D*) and 6.1 (DO) were used
in Fig. 13, which again gives consistent results compared to
the ALICE measurements. These are then the values for ag
valid for LEP. The values from the ddFONLL fits in Table 6
turn out to be consistent with these.

The extrapolation of D* data can thus also use the Kartvel-
ishvili function instead of the BCFY one. Introducing o g as
a free parameter in the x2 scan can deal with a possible pr
dependent ratio of D** to D°, which is expected and allowed
to vary even in the universality case, as shown in Fig. 13.

5 Total charm cross sections

The total H,. cross section a}%f was determined by taking all
measurements where available, and ddFONLL was taken for
the non-measured kinematic ranges:

a;?: = Aagita(measured phase space), 27)

+ Aag,fFONLL(unmeasured phase space).

The total charm cross section is then obtained by dividing the
total H, cross section by the fragmentation fraction of H, as
measured from pp collisions (denoted by f II;f ):

tot

o

tot _ _ He

O.e = —p;,. (28)
H.

At the moment of writing this report, f£” was measured
only at 4/s = 5 and 13 TeV from ALICE, of which the latest
numbers can all be found in [20].
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Fig. 13 D*/D° comparison between ALICE measurements [12] at
/s =5 TeV (the green triangle points) and 7 TeV (the blue square
points) and FONLL predictions (the black dashed and red solid line)

Eventually, the values for 02" were determined at /s =
5 and 13 TeV with Eqgs. (27) and (28), of which the results
can be found in Tables 7 and 8.

In each table, the integrated fiducial cross-sections of H,.+
'H . for data and ddFONLL also are shown, of which the sum
gives a}_}’f after dividing by 2 to average particle and anti-
particle state, accounting for the fact that an ‘open’ cc pair
always produces one of each.

For the 5 TeV results, and for ‘closeby’ 7 TeV results
treated elsewhere [36], the fragmentation fractions are pro-
posed to be taken from the ALICE measurements at /s =
5 TeV, which are 0.39170 030 and 0.15570033 for D and
D**, respectively [31].° However, while the D fragmen-
tation fraction is suitable for direct use, the fragmentation
fraction for D*T has very large uncertainties especially for
the upper value (~ 28%). Thus, since it is shown in Fig. 13
that D** /DO is consistent between pp and ete™ collisions,
fiani ggf was taken to translate f)¢ = 0.39170:03 into
f £f+ instead of taking the direct measurement. Assuming
the uncertainties to be fully uncorrelated, the result turns out
to be f7, = 0.168F0013, which is then proposed to also
be used as the D* fragmentation fraction for the total charm
cross section extraction from D* at /s = 7 TeV. The frag-
mentation fraction of D at /s = 13 TeV was taken from the
ALICE measurements at /s = 13 TeV: fgg = O.382f8:8ﬁg
[20].

In total 5 different uncertainties were determined for the
total charm cross section: data uncertainty (for the parts
covered by fiducial cross section measurements), and f s
PDFs, x* and f£” uncertainty (for the parts covered by the
ddFONLL extrapolation). The data uncertainties were cal-

culated by treating statistical uncertainties as fully uncor-

6 Here, for historical reasons, the fragmentation fractions at /s = 5
TeV are still based on the earlier measurements [31] rather than the
latest ones in [20]. The difference is very small.
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related and systematic uncertainties conservatively as fully
correlated for each experiment, while both were treated as
fully uncorrelated to the other experiment. Eventually the
uncertainties are quoted as the sum of statistical and system-
atic uncertainties in quadrature. The f, PDF and x2 uncer-
tainties were propagated from the ddFONLL fits. Then the
total uncertainty was calculated by treating all the individual
uncertainties as fully uncorrelated. The result is

ol2(5 TeV) = 8.43% 35 (total) mb, (29)

cc

ol (13 TeV) = 17.43%7]%(total) mb.
The total charm cross section is thus rising substantially with
pp center of mass energy, and constitutes a sizeable part of
the total inelastic pp cross section. The breakdown of the
uncertainties can be found in Tables 7 and 8. The extrap-
olation factors, i.e. the ratios of o' to the measured part
of the cross sections for ALICE+LHCD in Tables 7 and 8,
turn out to be 1.8 and 1.9 at \/s = 5 and 13 TeV, respec-
tively. This overall factor is composed of a factor 1.6 (1.6)
from interpolation in 0.5 < |y| < 2, a factor 1.2 (1.3) from
extrapolation in |y| > 4.5, and a minor contribution from the
high pr regionin 2 < |y| < 4.5 at /s = 5 (13) TeV. The
preliminary CMS+LHCD result at 7 TeV, with larger rapidity
coverage, has an extrapolation factor of only 1.4 [36].
These total charm-pair cross sections, obtained by extrap-
olating the D cross sections at /s = 5 and 13 TeV, are

T T T T T T T

Vs=5TeV
NNPDF31 | 1~ ALICE+LHCb
MMHT2014 b +nonuniv. extrap.
HERAPDF ) - | I ALICE+LHCb
JR14 A | +univ. extrap. [1]
cT18 ey
ABMP16 [1] JHEP 2104 (2021) 043

T T T = T T T

Vs =13 TeV
NNPDF31
MMHT2014

NNLO [1]
HERAPDF
-e- PDF unc.
JR14 . — Scale unc.
cT18
ABMP16 '. 1ol
1 1 1 1 . 1 1 1
-10 -5 0 5 10 15 20 25 30
6(cC) [mb]

Fig. 14 The total charm cross sections at /s = 5 (top) and 13 TeV
(bottom), with figures adapted from [30]. The vertical red bands are the
total charm cross sections provided in this work

compared to NNLO QCD predictions with various PDF sets
in Fig. 14.

The predictions in this figure, provided in [30], are based
directly on NNLO theory at parton level. The extrapolated
measurements show good agreement with the upper bands
of the theoretical uncertainties. Compared to the earlier mea-
surement extrapolations, also provided in [30] still with the
assumption of fragmentation universality, which are shown
by the blue bands in Fig. 14, the total charm cross sections at

Table 7 The integrated D° + D" cross section (A5, 7o) and the total charm cross section (ocz) at /s =5 TeV with f gf; = O.391f8:8ﬁ?
[GeV] Ao D0 [mb]
ALICE 0.0 < |yl <0.5 0<pr<36 0.8870.08
LHCb 20 <|y| <25 0<pr<10 0.70*005
25 < |yl <3.0 0<pr<10 0.6870.04
3.0 < |y| <3.5 0<pr<10 0597003
3.5 < |y| < 4.0 0<pr<9 0.48%003
40 < [y] <45 0<pr<6 0.3270:03
+0.17
> b 2755017
ALICE+LHCb 3.647010
ddFONLL complement 0.5 <|y] <2.0 pr >0 2.291035(/) 1053 (PDF)
ly| > 4.5 pr >0 0.667 505 (/)06 (PDF)
20 <]yl <35 pr > 10
3.5 < |y| <4.0 pr>9 [8.45095 (/) 547 (PDF)] x 1073
4.0 < |y| <45 pr >6
s > 2,955 035 (N PDR G0 ()
o1 [mb] 8.4370% (data) t045 (H T PDB TS B (x )T 0%8 (rrr)

8.437 )2} (total)
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Table 8 The integrated
[GeV] Ao, o [mb]
DO+ ﬁ) cross section DO+D0

(Ao 0, 70) and the toj;l charm — ApicE 00<lyl<05  0<pr<50  150%01
cross section (o.z) at /s = 13 1012
: +0.026 LHCb 2.0 < <25 0< <15 1.207
TeV with 20 = 0.382+ 9928 &l pr -oll
25 < |yl <3.0 0<pr <15 1.257 509
3.0 <yl <35 0<pr<15 1187007
+0.07
35 <yl <4.0 0<pr<l1l 1.047506
4.0 < |yl <45 0<pr<17 0.78+9:06
0.40
> b 544705
ALICE+LHCb 6.947043
ddFONLL complement 0.5 <[yl <2.0 pr >0 4.247038 (/)05 (PDF)
Iyl > 4.5 pr >0 2.107939( /) 1023 (PDF)
20< |yl <35 pr > 15
35 < |yl <4.0 pr > 11 [3.637039( /) 1030 (PDF)] x 1072
4.0 < |yl <45 pr > 17
= = 6.38 1055 (N 553 PR TG ()
o:g' [mb] 1743505 (data) 08 (H T3 PDR G A T (F77)

17.4372 1% total)

both center-of-mass-energies are increased significantly after
the treatment of non-universal fragmentation. The increased
uncertainties reflect the current uncertainties of the LHC
measurements entering the non-universality treatment, and
can be reduced again by future more precise measurements.
The results in this work thus supersede these previous extrac-
tions.

In the examples explicitly treated here the fiducial mea-
surements (Tables 7, 8) extend all the way down to pr =
0 GeV, and thus the bulk of the pr dependence of the
cross section is covered by measurement. Furthermore the
extrapolation into nonmeasured rapidity regions can alter-
natively be treated in a pr-averaged way. Thus the differ-
ences between the central values of the “universal” and “non-
universal” extrapolations in Fig. 14 are effectively mainly
driven by the difference between the ete™ gﬁi value of
0.6141 4 0.0073 used in [30] and the measured average

10 value of 0.39170:039 (0.38270-2%) used here, giving an
enhancement by a factor 1.57 (1.61) at /s = 5 (13) TeV.
As can be seen from Tables 7 and 8, the final effect of the
“high pr” extrapolation (pr > 6 GeV or higher), strongly
influenced by the treatment of the pr dependence, is numer-
ically small since its relative contribution is small. Overall,
the central value for the total cross section increases by a
factor 1.60 (1.54) at /s = 5 (13) TeV. In addition, in par-
ticular for the data driven uncertainty evaluation, needed for
a reliable uncertainty estimate, there are effects from all the
other treated ingredients.

This situation changes significantly when meson data are
included that fill the gaps in the rapidity dependence, but
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partially lack measurements in the low pr region e.g. below
1 or even 2 GeV, as it is e.g. the case for the application
of the method in [36]. Then the corrections for the non-
measured low- pr regions, which dominate the extrapolation,
change from the average f”7? ratios to the somewhat higher
low-pr only f ratios illustrated in Figs. 4 and 5, which cre-
ates a noticeable effect also for the central value. As illus-
trated in Figs. 10 and 11, the change would be more drastic
if the extrapolation would be applied to baryon measure-
ments instead of meson measurements. The advantage of the
ddFONLL method is that (within uncertainties) the central
result of the extrapolation does neither depend on the details
of the choice or availability of the measured fiducial range,
nor on the choice of the charm hadron final state being extrap-
olated. Of course, when fewer or less precise data are used,
the absolute uncertainty of the extrapolation increases.

For the purpose of QCD sensitivity studies, we also com-
pute a pseudodata point for the total pp charm cross section at
/s = 0.9 TeV by simply applying all the central ddFONLL
parameters obtained at 5 TeV (Table 6) to FONLL calcula-
tions at 0.9 TeV and integrating the resulting cross sections,
assuming a similar fraction of the cross section to be mea-
sured. Again for simplicity, the total relative uncertainty is
assumed to be the same as the one for the 5 TeV result, i.e.
includes also a pseudouncertainty from potential future mea-
surements. The result is

o' (0.9 TeV) = 1.67 £ 0.24 mb. (30)

cc,pseudo

Given some indications of potential /s dependence of heavy
quark production fractions [59], which might still have to be
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corrected for differences in the pr spectra, it is of course not
clear so far whether such a simple extrapolation of ddFONLL
parameters should work over a wide +/s range. The hope is
that this pseudopoint might at some point be replaced by an
actual measurement at /s = 0.9 TeV [60]. For the moment
this pseudopoint only serves for the purpose of QCD sensi-
tivity studies.

6 Sensitivity to QCD parameters at NNLO

The total charm cross section measurements obtained in this
work at 4/s = 5 and 13 TeV can now be used to con-
strain input parameters for genuine NNLO QCD calcula-
tions, specifically, the MS charm mass m.(m.), as well as
the proton PDFs. For sensitivity studies, the preliminary data
point at 7 TeV [36], as well as the pseudodata point at 0.9
TeV explained in the previous section, can also be included.
The MS scheme is chosen because it was shown that using
this mass definition improves convergence of the perturba-
tive expansion of heavy-quark production total cross sections
[61].

In Fig. 15 the data and the NNLO QCD predictions for
the total charm production cross section as a function of /s
are shown. The predictions are computed using the Hathor
program [9] interfaced in xFitter [62]. For total top quark pro-
duction calculations, itis known since a long time [63,64] that
a central scale choice of m;(m;) gives a good description of
the data with the MS running mass scheme. Also, in general,
theoretical arguments exist [46,65] why choosing half the
‘natural’ renormalization scale may often give appropriate
estimates of central values and uncalculated higher order cor-
rections, in particular for heavy flavour production. Here, par-
tially motivated by technical (PDF) and convergence (close-
ness to Agcp) issues, the factorization and renormalization
scales are setto g = up = 2me(m.) = o for the central
calculation, i.e. on the high side of the relevant range. This
may lead to an underestimate of the corresponding central
values (also see e.g. the comparisons in [29] for the NLO
single differential case), but should still cover the eventual
true values within uncertainties.

To estimate the corresponding uncertainties, the scales are
varied by a factor of two up or down according to the 7-point
scale variation procedure. The proton PDFs are described by
the ABMPtt_3_nnlo [66] or MSHT20nnlo_nf3 [67] sets,’
together with the corresponding uncertainties presented as
eigenvectors. The number of light flavours is set to 3 con-

7 The two other modern PDF sets by the CT [68] and NNPDF [69]
groups cannot be used to compute the predictions, because the former
does not have eigenvectors for its variant with 3 light flavours and does
not allow computing its PDF uncertainties, and the latter is available
starting from Qmpin = 1.65 GeV only, which does not allow computing
lower scale variation uncertainties.

sistently in the PDFs and in the matrix elements. For each
PDF set, the associated o (my) value and «y evolution is
taken from LHAPDF [52]. The total theoretical uncertainty
band is calculated by summing in quadrature the scale vari-
ation and PDF uncertainties. The MS charm mass is set to
me(me) = 1.27 GeV [54]. To illustrate the sensitivity to the
charm quark mass, the latter is varied by 0.2 GeV and the
corresponding predictions are shown; however, this variation
is not included into the total theoretical uncertainty band.
In general, the theoretical uncertainty is dominated by the
scale variations. However, for the MSHT20nnlo_nf3 predic-
tion the PDF uncertainty grows rapidly with increasing /s
and exceeds the scale variation uncertainties at /s ~ 13
TeV. For ABMPtt_3_nnlo the PDF uncertainty is small and
does not exceed 5% in the entire kinematic range. The
Wy = [oc, br = 0.5uoc curve (dashed blue curve in the
lower panels of Fig. 15), with all other parameters fixed to be
central, gives an excellent description of the data (and pseu-
dodata) for the ABMPtt_3_nnlo case, and also a reasonable
description of the data (within about two standard deviations)
for the MSHT20nnlo_nf3 case.

Overall, the measurements show good agreement with the
QCD predictions up to the highest order known today. In
order to investigate the behavior of the predictions further,
in Fig. 16 they are shown as a function of m(m.) for fixed
/s = 0.9 and 13 TeV. At /s = 0.9 TeV both predictions
exhibit monotonic m.(m.) dependence, as expected. On the
contrary, at /s = 13 TeV the central MSHT20nnlo_nf3 pre-
dictions reaches its maximum at m.(m.) ~ 1 GeV, while
at lower m.(m.) it decreases and becomes even negative at
me(me) ~ 0.65 GeV, accompanied by a large PDF uncer-
tainty. Thus the present data on charm production can be
used to constrain the proton PDFs, in particular the gluon
distribution at small values of the partonic momentum frac-
tion x, where it is not constrained by other data.

As a demonstration that the present charm data can pin
down the uncertainty of some of the modern PDF sets, a pro-
filing technique is employed [70,71]. It is based on minimiz-
ing the x? function constructed from theoretical predictions
and data together with their uncertainties. In particular, for
the present demonstration only the theoretical uncertainties
arising from the PDFs are included in the x? function. They
are included through nuisance parameters, and the values of
these parameters at the minimum of x2 are interpreted as
optimized (profiled) PDFs, while their uncertainties deter-
mined using the tolerance criterion Ax? = 1 are interpreted
as new PDF uncertainties. Only the data point at /s = 13
TeV is considered, since it corresponds to the lowest x values
probed in the process. Also, since the scales are not varied, the
(g =2mc(mc), pr = me(mc)) choice is used in the profil-
ing, which already gives a good starting x 2 for the variation.
This profiling is of course not intended to replace a full PDF
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Fig. 15 The total charm cross sections at NNLO QCD computed using ABMPtt_3_nnlo (left) and MSHT20nnlo_nf3 (right) as a function 4/s.
The lower panel displays the theoretical predictions and the data or pseudodata normalized to the central theoretical prediction
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Fig. 16 The total charm cross sections at NNLO QCD at /s = 0.9 (left) and 13 TeV (right) computed using the ABMPtt_3_nnlo and
MSHT20nnlo_nf3 PDF sets. The corresponding data values with their uncertainties are shown as horizontal bands

fit, but should be suited to give an indication of the expected
sensitivity.

The original and profiled gluon PDF is shown in Fig. 17.
For the ABMPtt_3 nnlo PDF set, the charm data do
not provide any noticeable constraints. However, for the
MSHT20nnlo_nf3 set the profiled distribution is shifted
towards larger values and has greatly reduced uncertain-
ties at low x. This is due to the fact that the central
MSHT20nnlo_nf3 gluon distribution is negative at x < 107>
and does not describe the charm data well, as shown on
Figs. 15 and 16.
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Furthermore, since the m.(m.) variation of 0.2 GeV
shown on Fig. 15 is comparable to the other theoretical
uncertainties, it is possible to use the charm data to deter-
mine m.(m.). This is done in the same way as the profiling
procedure described above, by minimizing the x> between
the data and theoretical predictions, but this time treating
also m.(m.) as a free parameter. Furthermore, to estimate
the impact of scale variation uncertainties, the procedure is
repeated by varying the scales according to the 7-point scale
variation prescription. The resulting m . (m.) values for each
of the considered data or pseudodata points are shown in
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Fig. 17 The gluon distribution of the original and profiled ABMPtt_3_nnlo (left) and MSHT20nnlo_nf3 (right) PDF sets at the scale ,uzf =3 GeV?

Fig. 18. The uncertainties are dominated by those from the
scale variations which are about 0.3 GeV. The experimental
uncertainty and PDF uncertainties are almost one order of
magnitude smaller (except the extracted value using the data
point at /s = 13 TeV and MSHT20nnlo_nf3 set, which
is accompanied by the large PDF uncertainty as discussed
above). The values of m.(m.) extracted using both the 5
and 13 TeV data points can be found in Table 9 as well.
The result does not critically depend on which data point or
combination of data points is being used. The fact that the
results are consistent across input cross sections with differ-
ent respective ddFONLL extrapolation factors confirms that
any potential extrapolation bias is covered by the uncertain-
ties. Lower center-of-mass energy seems to slightly increase
the sensitivity to m.(m.).

The numerical results for the m.(m.) extraction from the
combination of the 5 and 13 TeV data points obtained in this
work are shown in Table 9. The result for the ABMP case,
which is less affected by the correlation with low-x gluon
PDF uncertainties, is

me(me) = 0.986103% GeV.

The uncertainties are dominated by the scale dependence.
The specific scale choice uy = 2mc(me), pur = me(me),
which describes the data well in Fig. 15, gives the value
1.249 GeV.

The uncertainties on m.(m.) are almost two orders of
magnitude larger than the one of the current PDG value [54],

me(me) = 1.2730 + 0.0028 GeV,

but the results are consistent and constitute, to the knowledge
of the authors, the first such extraction from purely hadronic
collisions at LHC. This can be interpreted as a nontrivial

consistency check of the validity of the perturbative QCD
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Fig. 18 The m.(m.) values extracted using various charm data points,
together with their experimental, PDF and scale variation uncertainties.
The world average value from Ref. [54] is shown as well
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Table 9 The m.(m.) values
extracted using the data points at

ABMPtt_3_nnlo MSHT20nnlo_nf3

/s =5 and 13 TeV obtained in
this work, together with their
uncertainties. Also the impact of
each of the scale variations is
given. The last row presents the
central value extracted using the

(g /1moe, r/1oc) = (1,0.5)
choice

me(me), GeV 0.986 0.896
data uncertainties +0.055 +0.023
PDF uncertainties +0.016 +0.074
scale uncertainties 0263 0.699
(g /1hoces tr/toe) = (0.5,0.5) +0.188 +0.232
(1 g/ 1oces tr /o) = (1,0.5) +0.263 +0.140
(1 £/ 1ocs tr/oc) = (0.5, 1) +0.154 +0.699
(g /1oes mr/moe) = (2, 1) +0.007 +0.039
(g /moes mr/moe) = (1,2) —0.308 +0.288
(wr/1oes r/oe) = (2,2) —0.068 +0.060
me(me) (i f/1oe, /o) = (1, 0.5), GeV 1.249 1.036

approach, within its large uncertainties, down to the scale of
the charm quark mass, even at LHC energies.

7 Conclusions and outlook

Total charm-pair cross sections in pp collisions are interest-
ing because they can be calculated to NNLO in QCD without
any reference to fragmentation effects. On the other hand,
the fiducial differential charm cross sections from which the
total cross sections must be extrapolated are currently known
to NLO+NLL at most (e.g. FONLL), and must be treated
for known effects of non-universal charm fragmentation. A
new procedure using the FONLL framework as input for
an empirical parametrization of the data in both shape and
normalization, with all its parameters actually fitted to data,
is used to derive so-called data-driven FONLL (ddFONLL)
parametrizations which can be used to extrapolate the dif-
ferential cross sections to total cross sections with minimal
bias. This includes an empirical treatment of all known non-
universal charm fragmentation effects, in particular for the
baryon-to-meson ratio as a function of transverse momen-
tum. These parameterizations are then no longer theory pre-
dictions, but theory-inspired parametrizations of all relevant
existing data.

Such ddFONLL parametrizations have been obtained by
fitting ALICE and LHCb D° production data, with parame-
ters constrained to be consistent with all other existing charm
final state measurements at LHC and in eTe™ and ep data,
also adding uncertainty estimates on those parameters that
have not yet been measured. The parametrizations at 5 and
13 TeV pp center of mass are found to be consistent with
each other, suggesting that the method will also work for
other intermediate or closeby center-of-mass energies, which
should however still be fitted independently whenever pos-
sible since a slight /s dependence can not be excluded.

@ Springer

Using the measurements for all bins in which measure-
ments are available, and the ddFONLL data parametrization
in all others, the resulting 5 TeV and 13 TeV total charm pair
production cross sections are obtained to be

ol2(5 TeV) = 8.431023(data) "5:42(f) 31)
S PDR) B (s, phr, me, ak)

065 (F0) mb

—0.65
= 8.437 (35 (total) mb, (32)
o9 (13 TeV) = 17.4370:3 (data) 578 ( f) (33)

T PDE) O (1 p, wy, me, k)
2.05
T h0) mb

= 17.437372(total) mb. (34)

in which f l’;g refers to the integrated D fragmentation frac-
tion measured at 5 TeV or 13 TeV, respectively. The respec-
tive extrapolation factors for unmeasured phase space are
about 1.8 and 1.9. These results were obtained from D? final
states in the specified fiducial range, as an example.

One of the advantages of the ddFONLL method is that
(within uncertainties) the total charm cross section result
neither depends on the kinematic fiducial range nor on the
type of charm hadron chosen as the starting point for the
extrapolation. The full treatment of charm fragmentation
non-universality, which comes with increased baryon pro-
duction and decreased meson production both on average and
as a function of pr in pp collisions compared to ete™/ep
collisions, can substantially change the total charm cross sec-
tions compared to previous determinations assuming charm
universality in both shape and normalization.

Specifically, with the D° example in this work, the central
values for the total cross sections increase by factors of 1.5—
1.6 with respect to [30]. As detailed in Sect. 5, this increase
is dominated by the change of the average D° fragmentation
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fraction in pp measurements with respect to previous e*e™
measurements, while the increase of the final uncertainty has
significant contributions from all the other considered param-
eters. This result thus supersedes the previous determination.
The measurements are still consistent with the NNLO predic-
tions, but now situated towards the upper edge of the NNLO
theory uncertainty band.

Since the total charm-pair cross sections obtained in this
way are consistent with NNLO predictions, they allow first
studies of their sensitivity e.g. to the charm-quark mass
and/or the NNLO gluon PDF at very low proton momentum
fraction x.

A significant potential to constrain the gluon PDF at low x
(0(10~*—107%))is found e.g. for the MSHT20 parametriza-
tion, which might not yet be significantly constrained in this
region from other data. The 13 TeV total cross section, which
accesses the lowest x values, is found to be particularly con-
straining in this respect. Using either the ABPMtt or the
MSHT20 PDF, the running charm mass m.(m.) obtained
from allowing its variation is found to be consistent with the
PDG value of 1.2370 £ 0.0028 GeV, within its large scale
variation uncertainty of about 0.3 GeV. This is the first such
extraction from LHC charm production data at NNLO, and,
although its uncertainty is two orders of magnitude larger
than the PDG uncertainty, the consistency is nontrivial and
indicates that perturbative QCD continues to work down to
the charm mass scale even at LHC energies, within the uncer-
tainties evaluated from purely perturbative scale variations.

So far the novel ddFONLL procedure outlined in this
paper has only been applied to charm production at a few
center-of-mass energies in pp collisions at LHC. It however
has significant potential for extensions.

The identical procedure could be applied to beauty pro-
duction provided that the corresponding relevant f (pr) and
fPP functions and values are available from data. In the
beauty case, also differential calculations are available at
NNLO(+NNLL) [4], so the empirical f (pr) modifier could
just as well directly be applied to such calculations. The
resulting total cross sections could then be used for an extrac-
tion of myp (myp).

If nuclear modification effects can be controlled the pro-
cedure could also be expanded at least to heavy ion p A colli-
sions (A A collisions are less obvious since the nuclear mod-
ification effects are large also in the nonperturbative final
state).

The procedure can also be expanded to lower center-of-
mass energies at RHIC or in the fixed target regime, whenever
enough data exist to constrain the non-universal fragmenta-
tion effects. The /s dependence of these effects can then be
studied with a larger lever arm, or, if under control, the larger
lever arm can be used to better constrain the QCD parameters.

A method similar to ddFONLL might also be applied to
MC predictions, replacing the ‘FONLL with non-universal

e*e™ fragmentation’ reference by the respective MC model,
and deriving effective f functions as corrections relative to
the MC model in question.

The results of all these studies could, and presumably
should, be investigated concerning their impact on heavy
flavour tagging in high pr jets at LHC and elsewhere, which
so far mostly still rely on charm and beauty hadron composi-
tions consistent with fragmentation universality. Due to the
consistency with asymptotic convergence to universality at
high pr found in this work, this impact should be very small
whenever the charm or beauty hadron transverse momentum
inside these jets exceeds 20 GeV or so. Given that the hadron
pr may only be a fraction of the jet pr, some noticeable
effects at the lower end of the usual LHC jet pr spectrum
may however not be excluded.

Ground state charm hadrons have semileptonic decay frac-
tions varying from about 4% (A.) to about 16% (D ™). Since
the f modifiers change the hadronic composition in a pr-
dependent way, they will also change the average semilep-
tonic charm decay rate as a function of pr. Apart from the
effect on leptonic flavour tagging, this will also have an
effect on the shape and normalization of neutrino spectra
from charm semileptonic decays, be it for forward neutrino
detectors at LHC (e.g. FASER [72]), for current and future
fixed target neutrino studies (e.g. SHIP [73]), or for neutrino
spectra from cosmic ray showers (e.g. for IceCube [50]).

So it is the author’s hope and expectation that the results
and procedures described in this paper can serve as the start-
ing point for a whole series of further physics investigations
also by third parties, through the code and descriptions pro-
vided in this work and in the public repository [45].
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