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Recent data give unexpectedly large cross-sections for charmed particle production at high x F in hadron collisions. This 
may imply that the proton has a non-negligible uudc~ Fock component. The interesting consequences of such a hypothesis 
are explored. 

Although many experiments have searched for 
charm in hadronic interactions it was not until recently 
that direct signals were reported [ 1 - 4 ] .  The cross sec- 

+ 
tions for D + and A c product ion at X/s -= 53 and 63 
GeV 2 are of the order 100 - 5 0 0  ~b. A prominent  fea- 

+ D + ture of the produced A c and is that they seem to 
be produced abundant ly  in the forward region of  phase 
space, contrary to what would be expected naively. In 
particular the D +, which shares no valence quarks with 
the proton,  would have been expected to be suppressed 
in the proton fragmentation region. Rather its 
Feynman x-distr ibution seems to be flat in the mea- 
sured region (0 ~<x F <~ 0.4) [5,6].  Moreover, at least 
one experiment [2],  which triggers on single protons 
in the opposite hemisphere, strongly suggests a diffrac- 
tive mechanism for the Ac-production.  The production 
spectrum of ~(3100)  is on the other hand peaked at 
small x F [7],  as expected from a central product ion 
mechanism [8]. It is also strongly suppressed in ab- 
solute magnitude o ( ~ ) / o ( D  +) ~ 10 . 4  at x F = 0 [7]. 

Perturbative QCD has been used to predict the 
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sity, Sendal, 980 Japan. 

hadronic production of  high mass flavours by many 
authors [9].  They all give charm cross sections of  the 
order 10-50/~b ,  wkich is below the observed values. 
Although there are suggestions of how to enhance the 
cross section by considering bound state effects [10],  
the hard mechanisms always predict steeply falling xi= 

spectra (central production).  
Concerning soft mechanisms we note [11 ] that in 

the Regge language the charm production cross section 
is strongly suppressed i~y the low intercept of  D* me- 
son trajectory. Also in nonperturbative fragmentation 
models [12],  we expect a strong suppression of  charm 
production,  since the quark-antiquark creation proba- 
bility in a constant color electric field is given by the 
tunneling f a c t o r P ( Q 0 )  = , 2 e x p ( n a m Q )  [13]. In fact 
it turns out with a '  = 1 GeV 2 and consti tuent quark 
masses that P(c~)/P(ut~) = 10-10.  Hence we conclude 
that neither fragmentation mechanisms nor the per- 
turbative approach can explain the large cross section 
for forward charm production.  It is also difficult to ex- 
plain the forwardly produced D + in the recombina- 
tion scheme [ 14],  since none of  the proton valence 
quarks are contained in D +. 

In this letter we shall take the data on charm distri- 
butions at face value. Since the experiments indicate 
that a short time-scale perturbative picture of charm 
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Introduction: the treatment of the charm PDF
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PDFs
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are universal: can be extracted from a set of data for some processes

and used to make predictions for others
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Heavy quarks PDFs

Nf = 4 scheme (massless scheme)

Q >> mc

computation of F̂ does not retain mass effects

collinear log Q2

m2
c

are factored in charm PDF → f
nf+1
c (x, µ)

4 active flavors in β function and DGLAP

Nf = 3 scheme (massive scheme)

Q ∼ mc

computation of F̂ retains mass effects, and explicit not resummed log Q2

m2
c

charm decouples: renormalization-group independent charm PDF → f
nf
c (x)

[Collins, Wilczek and Zee, Phys.Rev. D18,242, 1978]

3 active flavors in β function and DGLAP
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4FS : f
nf+1
q

(
x,Q2

)
, q = {u, d, s, c, ū, d̄, s̄, c̄}

3FS : f
nf
q

(
x,Q2

)
, f

nf
h (x) q = {u, d, s, ū, d̄, s̄} h = {c, c̄}

Relation between the PDFs and αs in the two schemes is given by

(
fq
fc

)nf+1 (
µ2h
)

=

(
Aqq Aqc
Acq Acc

)(
fq
fc

)nf (
µ2h
)

Operator Matrix Elements (OME) Aij known up to N3LO

OME depend on αs (µh) and log µh
mc
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Perturbative charm

Charm in Nf = 4 generated purely by perturbative matching

f
nf
c (x) = 0 → f

nf+1
c

(
x,m2

c

)
=
∑
i=q,g

Aci f
nf
i

(
x,m2

c

)
= O

(
α2
s

)

f
nf+1
c

(
x,Q2

)
∝ αs log

Q2

m2
c

(
Pqg ⊗ f

(nf+1)
g

)
+O

(
α2
s

)

once the light flavors are determined, charm is fixed by matching and evolution
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Fitted charm

Non vanishing Nf = 3 charm PDF is allowed

f
nf
c (x) 6= 0 → f

nf+1
c

(
x,m2

c

)
=
∑
i=q,g

Aci f
nf
i

(
x,m2

c

)
+ Acc f

nf
c (x)

4FS charm is not fixed by the light flavors PDF

we can fit charm PDF from data as any other quark

Can we provide a determination of f
nf
c (x) ?

intrinsic charm ⇐⇒ f
nf
c (x) 6= 0
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The NNPDF4.0 determination of PDFs
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Methodology

→ PDFs are parameterized in Nf = 4, at Q0 = 1.65 GeV

→ PDFs parameterized using a neural network and a preprocessing polynomial factor
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Figure 3.2. Diagrammatic representation of the calculation of the χ2 in the NNPDF fitting framework as a function

of the values of {x(k)
n } for the different datasets. Each block indicates an independent component.

3.2.3 Optimization strategy

Previous NNPDF determinations used stochastic algorithms for the training of neural networks, and in
particular in NNPDF3.1 nodal genetic algorithms were used. Stochastic minimization algorithms are less
prone to end up trapped in local minima, but are generally less efficient than deterministic minimization
techniques, such as backpropagation combined with stochastic gradient descent (SGD). In the approach
adopted here [11], the optimizer is just another modular component of the code, to be chosen through a
hyperoptimization as we discuss shortly. The algorithms that we consider are SGD algorithms implemented
in the Tensorflow [193] package. Restricting to gradient descent algorithms ensures greater efficiency,
while the use of hyperoptimization guarantees against the risk of missing the true minimum or overfitting.
The TensorFlow library provides automated differentiation capabilities, which enables the use of arbitrarily
complex network architectures without having to provide analytical expressions for their gradients. However,
the whole convolution between input PDFs and FK-tables, indicated in Fig. 3.2 between brackets, needs to be
provided to the optimization library in order to use gradient based algorithms. The specific SGD optimizer
and its settings are determined via the hyperoptimization procedure described in Sect. 3.3. In comparison to
the genetic algorithms used in previous NNPDF releases, the hyperoptimized SGD-based optimizers improve
both replica stability and computational efficiency, as we demonstrate in Sect. 3.4 below.

3.2.4 Stopping criterion and post-fit selection

As in previous NNPDF releases, a cross-validation method is used in order to avoid overfitting, which
could lead the neural networks to learn noise (such as statistical fluctuations) in the data, rather than the
underlying law. This is done through the patience algorithm shown diagrammatically in Fig. 3.3. This
algorithm is based on the look-back cross-validation stopping method [14], whereby the optimal length of
the fit is determined by the absolute minimum of χ2

val evaluated over a sufficiently large number of iterations
of the minimizer. Specifically, the stopping algorithm keeps track of the training step with the lowest χ2

val,
and as soon as this value does not improve for a given number of steps (set equal to a percentage of the
maximum number of training epochs), the fit is finalized.

There are three main differences between the stopping criterion used in NNPDF4.0 and that of its
predecessor used for NNPDF3.1. First, the patience parameter is hyperoptimized, while previously it was
set to be infinity, i.e., the values of χ2

val were monitored until the maximum number of iterations was
reached. Second, the percentage of data that enters the training set has been increased to 75% for all
datasets. This is motivated by the observation that the current dataset is so wide that even with just 25%
validation overlearning does not occur in practice. In fact, even with the previous NNPDF3.0 dataset it
was observed in the framework of closure testing in Ref. [14] that larger training fractions lead to essentially
equivalent results. The faithfulness of results found with this training fraction will be confirmed by closure
test studies in Sect. 6 below. Third, the stopping algorithm now also tracks the positivity requirement
so that a fit cannot stop if the positivity condition is not satisfied. Instead in NNPDF3.1 replicas which
were not fulfilling positivity could be generated and had to be discarded a posteriori. This is now done by
verifying that the penalty term of Eq. (3.10) remains below the threshold value 10−6 (numerically zero).

Once the optimal stopping point for a given fit has been identified, the same post-fit quality checks that
were imposed in NNPDF3.1 are still enforced. Specifically, we remove replicas with too large χ2 values or
with too large arc-lengths: in both cases, defined as replicas outside the 4σ interval of their distribution. The
post-fit selection algorithm also removes replicas that do not satisfy either the positivity or the integrability

23

→ split of data in training validation sets → χ2
tr , χ

2
val

→ minimization performed on χ2
tr, stopping controlled by χ2

val
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Data
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→ new processes included for the first time: single top, W+jet, isolated photon,
di-jets

→ extensive use of 13 TeV dataset

→ total of O (4000) datapoints
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EXPERIMENTAL DATA

• Inclusion of di-jets preferred over jets based on results on 
[Khalek et al, Eur.Phys.J.C 80 (2020) 8, 797] 

• + HERA combined reduced c and b cross sections 
• + DIS jets (HERA) included via reweighting 
• + NOMAD neutrino data included via reweighting 

EXPERIMENTAL DATA

• Inclusion of di-jets preferred over jets based on results on 
[Khalek et al, Eur.Phys.J.C 80 (2020) 8, 797] 

• + HERA combined reduced c and b cross sections 
• + DIS jets (HERA) included via reweighting 
• + NOMAD neutrino data included via reweighting 
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→ Python object oriented codebase

→ Freedom to use external libraries (default: TensorFlow)

→ Documentation and tutorials provided

→ Results for a replica available in less than an hour (∼ 40mins on 1 CPU)

→ Code fully public
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Extraction of intrinsic c
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NNPDF4.0 charm PDF: parameterized and determined from experimental data in
Nf = 4.
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[Candido, Hekhorn and Magni, Eur.Phys.J.C 82 (2022)]

→ implementation of DGLAP solutions at LO, NLO, NNLO

→ various solution methods implemented

→ implementation of matching in Mellin space

→ inverse Matching implemented both exactly and expanding and αs
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Intrinsic charm

f
nf+1

i (x, µ = 1.65 GeV) → f
nf+1

i (x, µ = 1.51 GeV) → f
nf
c (x)
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→ valence like peak in the region 0.3 < x < 0.6

→ in the region 0.3 < x < 0.6 PDF uncertainty is the dominant one

→ large perturbative uncertainties for x < 0.2
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Momentum fraction

[c] =

∫ 1

0
dx xc+ (x,Q)

Scheme Q Charm PDF mc [c] (%)

3FNS – default 1.51 GeV 0.62± 0.28pdf ± 0.54mhou

4FNS 1.65 GeV default 1.51 GeV 0.87± 0.23pdf

4FNS 1.65 GeV perturbative 1.51 GeV 0.346± 0.005pdf ± 0.44mhou
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or intrinsic origin
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Dataset dependence
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Comparison with models

BHPS model: [Phy. Letter B (1980) 451-455]
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Meson Baryon model: [arxiv:1311.1578]
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Phenomenology: Z+c @ LHCb
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Z+c measurements from LHCb

Measurement of Z bosons produced in association with charm in the forward region
[Phys.Rev.Lett. 128 (2022)]

Rc
j =

σ (pp → Z + charm jet)

σ (pp → Z+jet)

The possibility that the proton wave function may contain a |uudcc̄〉 component,
referred to as intrinsic charm (IC), in addition to the charm content that arises due to
perturbative gluon radiation, i.e. g→ cc̄ splitting, has been debated for decades (for a
recent review, see Ref. [1]). The light front QCD calculations of Refs. [2, 3], referred to as
the BHPS model, predict that non-perturbative IC manifests as valence-like charm content
in the parton distribution functions (PDFs) of the proton; whereas, if the c-quark content
is entirely perturbative in nature, the charm PDF resembles that of the gluon and sharply
decreases at large momentum fractions, x. (Charge conjugation is implied throughout
this Letter, e.g., charm refers to both the c and c̄ quarks.) Understanding the role
that non-perturbative dynamics play inside the nucleon is a fundamental goal of nuclear
physics [4–15]. Furthermore, the existence of IC would have many phenomenological
consequences. For example, IC would alter both the rate and kinematics of c hadrons
produced by cosmic-ray proton interactions in the atmosphere, which are an important
source of background in studies of astrophysical neutrinos [16–21]. The cross sections of
many processes at the LHC and other accelerators would also be affected [22–32].

Measurements of c-hadron production in deep inelastic scattering [33] and in fixed-
target experiments [34], where the typical momentum transfers were Q . 10 GeV (natural
units are used throughout this Letter), have been interpreted both as evidence for [35, 36]
and against [37] the percent-level IC content predicted by BHPS. Even though such
experiments are in principle sensitive to valence-like c-quark content, interpreting these
low-Q data is challenging since it requires careful theoretical treatment of nonperturbative
hadronic and nuclear effects. Recent global PDF analyses, which also include measurements
from the LHC, are inconclusive and can only exclude IC carrying more than a few percent
of the momentum of the proton [38,39].

Reference [29] proposed probing IC by studying events containing a Z boson and a
charm jet, Zc, in the forward region of proton-proton (pp) collisions at the LHC. The
ratio of production cross sections Rc

j ≡ σ(Zc)/σ(Zj), where Zj refers to events containing
a Z boson and any type of jet, was chosen because it is less sensitive than σ(Zc) to
experimental and theoretical uncertainties. Since Zc production is inherently at large Q,
above the electroweak scale, hadronic effects are small. A leading-order Zc production
mechanism is gc→ Zc scattering (see Fig. 1), where in the forward region one of the initial
partons must have large x, hence Zc production probes the valence-like region (Fig. S4
of the Supplemental Material shows the x regions probed). Using next-to-leading-order
(NLO) Standard Model (SM) calculations, Fig. 2 illustrates that a percent-level valence-like
IC contribution would produce a clear enhancement in Rc

j for large (more forward) values
of Z rapidity, y(Z); whereas only small effects are expected in the central region where all
previous measurements of Rc

j were made [40,41].

g

c

c

Z

g

c

c

Z

Figure 1: Leading-order Feynman diagrams for gc→ Zc production.
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Figure 5: Measured Rcj distribution (gray bands) for three intervals of forward Z rapidity,
compared to NLO SM predictions [29] without IC [42], with the charm PDF shape allowed to
vary (hence, permitting IC) [39,76], and with IC as predicted by BHPS with a mean momentum
fraction of 1% [38]. The predictions are offset in each interval to improve visibility.

Table 3: Numerical results for the Rcj measurements, where the first uncertainty is statistical
and the second is systematic.

y(Z) Rc
j (%)

2.00–2.75 6.84± 0.54± 0.51
2.75–3.50 4.05± 0.32± 0.31
3.50–4.50 4.80± 0.50± 0.39

2.00–4.50 4.98± 0.25± 0.35

enhancement. Indeed, Fig. 5 shows that, after including the IC PDF shape predicted
by BHPS with a mean momentum fraction of 1%, the theory predictions are consistent
with the data. Incorporating these novel forward Rc

j results into a global analysis should
strongly constrain the large-x charm PDF, both in size and in shape. While the large
enhancement in the forward-most y(Z) interval is suggestive of valence-like IC, no definitive
statements can be made until the Rc

j results are included in a global PDF analysis.
In conclusion, events containing a Z boson and a charm jet are studied for the first

time in the forward region of pp collisions. The data sample used corresponds to an
integrated luminosity of 6 fb−1 collected at a center-of-mass energy of 13 TeV with the
LHCb detector. The ratio Rc

j is measured in intervals of y(Z) and compared to NLO
SM calculations. The observed spectrum exhibits a sizable enhancement at forward Z
rapidities, consistent with the effect expected if the proton wave function contains the
|uudcc̄〉 component predicted by BHPS. However, conclusions about whether the proton
contains valence-like intrinsic charm can only be drawn after incorporating these results
into global PDF analyses.
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→ The most forward rapidity bin is sensitive to charm PDF in the region of the valence peak
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Theory prediction for Rcj computed using POWHEG @ NLO + PS, using both perturbative and

default (fitted) charm
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Figure 2: NLO SM predictions [29] for Rcj without IC [42], allowing for potential IC [39], and
with the valence-like IC predicted by BHPS with a mean momentum fraction of 1% [38]. The
fiducial region from Ref. [41] is used for y(Z) < 2; otherwise the fiducial region of this analysis is
employed. The broadening of the error band that arises in the forward region, when allowing for
IC, is due to the lack of sensitivity to valence-like IC from previous experiments. More details
on these calculations are provided in the Supplemental Material [43]. The error bands shown
for the first two predictions display the 68% confidence-level regions. Only the central value is
shown for BHPS due to the charm PDF being fixed.

Table 1: Definition of the fiducial region.

Z bosons pT(µ) > 20 GeV, 2.0 < η(µ) < 4.5, 60 < m(µ+µ−) < 120 GeV
Jets 20 < pT(j) < 100 GeV, 2.2 < η(j) < 4.2

Charm jets pT(c hadron) > 5 GeV, ∆R(j, c hadron) < 0.5
Events ∆R(µ, j) > 0.5

This Letter presents the first measurement of Rc
j in the forward region of pp collisions.

The data sample used corresponds to an integrated luminosity of 6 fb−1 collected at
a center-of-mass energy of

√
s = 13 TeV with the LHCb detector. The Z bosons are

reconstructed using the Z→µ+µ− decay, where henceforth all Z/γ∗ → µ+µ− production in
the mass range 60 < m(µ+µ−) < 120 GeV is labeled Z→µ+µ−. The analysis is performed
using jets clustered with the anti-kT algorithm [44] using a distance parameter R = 0.5.
The fiducial region is defined in terms of the transverse momentum, pT, pseudorapidity, η,
and azimuthal angle, φ, of the muon and jet momenta, and includes a requirement on
∆R(µ, j) ≡

√
∆η(µ, j)2 + ∆φ(µ, j)2 to ensure that the muons and jets are well separated,

which suppresses backgrounds from QCD multijet events and electroweak processes like
W+jet production. Charm jets are the subset for which there is a promptly produced
and weakly decaying c hadron within the jet. The fiducial region is defined in Table 1. If
multiple jets satisfy these criteria, the one with the highest pT is selected. No requirement
is placed on the maximum number of jets in the event.
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perturbative charm

→ theory prediction based on perturbative charm in disagreement with LHCb data

→ better agreement found using NNPDF4.0 baseline (fitted charm)
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+ EMC Fc2
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+ EMC Fc2 + LHCb Z+c

→ inclusion of LHCb (by bayesian RW)
and EMC data gives compatible
results with moderate reduction of
PDF error

→ local significance for IC at 2.5σ in
0.3 < x < 0.6, getting to 3σ when
including LHCb and EMC data
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Summary

starting point: NNPDF4.0 charm PDF, fitted in the 4FS

determination of charm PDF in the 3FNS

→ local evidence for non-vanishing valence peak
→ large uncertainties at small x

future data

→ HL-LHC data
→ EIC data for F 2

c

to do:

→ c− c̄ asymmetry
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Hyperoptimization

Parameter NNPDF4.0

Architecture 2-25-20-8
Activation function hyperbolic tangent
Initializer glorot normal

Optimizer Nadam

Clipnorm 6.0×10−6

Learning rate 2.6×10−3

Maximum # epochs 17×103

Stopping patience 10% of max epochs

Initial positivity Λ(pos) 185

Initial integrability Λ(int) 10

x ln x

xg(x, Q0) xΣ(x, Q0) xV(x, Q0) xV3(x, Q0) xT3(x, Q0) xT15(x, Q0)xT8(x, Q0)xV8(x, Q0)

xg(x, Q0) xu(x, Q0) xū(x, Q0) xd(x, Q0) xs(x, Q0) xc+(x, Q0)xs̄(x, Q0)xd̄(x, Q0)

n(4) = 8

n(3) = 20

n(2) = 25

n(1) = 2

7 Selecting manually the best set of parameters is a slow process and systematic
success is not guaranteed

X Hyperparameter scan: let the computer decide automatically

Define a methodology (a specific hyperparameter combination)
Define a reward function to grade the methodology
Scan over thousands of hyperparameter combinations and select the best one
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DGLAP

Evolution equations

µ2F
df

dµ2F

(
x, µ2F

)
= P

(
αs
(
µ2R
)
, µ2F

)
⊗ f

(
µ2F
)
,

can be written in Mellin space as

df̃

dαs
(N,αs) = −

γ (N,αs)

β (αs)
f̃ (N,αs) ,

and solved as

f̃ (N,αs) = Ẽ
(
αs ← α0

s

)
f̃
(
N,α0

s

)
, Ẽ

(
αs ← α0

s

)
= P exp

[
−
∫ αs

α0
s

γ (α′s)

β (α′s)
dα′s

]
.

In x-space

f (x, µ) = E (µ← µ0)⊗ f (x, µ0) .
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Matching

When we cross the threshold for heavy quark production we have to apply the
matching

f̃nf+1
(
Q2

1

)
= Ẽ(nf+1) (Q2

1 ← µh
)
Ãnf

(
µ2h
)
Ẽ(nf ) (µh ← Q2

0

)
f̃nf

(
Q2

0

)

(
Ṽ

h̃−

)nf+1 (
µ2h
)

= Ã
nf
NS,h−

(
µ2h
)( Ṽ

h̃−

)nf (
µ2h
)

 g̃

Σ̃

h̃+

nf+1 (
µ2h
)

= Ã
nf
S,h+

(
µ2h
) g̃

Σ̃

h̃+

nf (µ2h)

OME depend on α
nf+1
s

(
µ2h
)

and log
(
µ2h/m

2
h

)
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Matching: more in details

OME are available up to N3LO with only NLO for heavy quark entries

Ã
nf

(
µ

2
h

)
= I + αs

(
µ

2
h

)
Ã
nf ,(1)

+ α
2
s

(
µ

2
h

)
Ã
nf ,(2)

+ α
3
s

(
µ

2
h

)
Ã
nf ,(3)

+ ...

Ã
nf ,(1)

S,h+
=


AS,(1)

gg 0 A
S,(1)

gH
0 0 0

A
S,(1)

Hg 0 A
S,(1)

HH

 , Ã
nf ,(2)

S,h+
=


AS,(2)

gg AS,(2)

gq 0

0 A(2)

qq 0

A
S,(2)

Hg A
S,(2)

Hq 0

 , Ã
nf ,(3)

S,h+
=


AS,(2)

gg AS,(2)

gq 0

0 A(2)

qq 0

A
S,(2)

Hg A
S,(2)

Hq 0



Ã
nf ,(1)

NS,h−
=

0 0

0 A
NS,(1)

H H

 , Ã
nf ,(2)

NS,h−
=

ANS,(2)

qq 0

0 0

 , Ã
nf ,(3)

NS,h−
=

ANS,(3)

qq 0

0 0



NNLO [Eur.Phys.J.C 1 (1998) 301-320],
NLO massive [Phys.Lett.B 754 (2016) 49-58],
N3LO [Ablinger, Blumlein et al, 2009-2017]

The inversion can be done either perturbatively or exactly
(
Ã
nf

)−1 (
µ

2

h

)
= I − αs

(
µ

2

h

)
Ã
nf ,(1)

+ α
2

s

(
µ

2

h

) (
Ã
nf ,(2) −

(
Ã
nf ,(1)

)
2
)

+ O
(
α

3

s

)
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Fitted vs perturbative charm

Fitted charm

→ agnostic about f
nf
c

→ independent of matching conditions: no
dependence on perturbative order, µh, mc

→ more realistic PDF error given by the data

Perturbative charm

7 fix f
nf
c = 0

7 c PDF built using matching + evolution:
perturbative unstable, strong dependence
on µh, mc

7 big MHO uncertainty, unrealistic PDF error
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x
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0.00
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xc
(x

)

c at 1.65 GeV
perturbative charm NNLO (68% c.l.+1 )
perturbative charm NLO (68% c.l.+1 )
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Mass dependence
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