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Intrinsic charm quark valence distribution of the proton
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We provide a first quantitative indication that the wave function of the proton contains unequal
distributions of charm quarks and antiquarks, i.e., a nonvanishing intrinsic valence charm distribution.
A significant nonvanishing valence component cannot be perturbatively generated; hence, our results
reinforce previous evidence that the proton contains an intrinsic (i.e., not radiatively generated) charm
quark component. We establish our result through a determination of the parton distribution functions of
charm quarks and antiquarks in the proton. We propose two novel experimental probes of this intrinsic
charm valence component: D-meson asymmetries in Z + c-jet production at the LHCb experiment and
flavor-tagged structure functions at the Electron-Ion Collider.

DOI: 10.1103/PhysRevD.109.L091501

Introduction. The possible existence of charm quarks as
intrinsic constituents of the proton, on the same footing as
the much lighter up, down, and strange quarks, has
fascinated physicists for more than four decades [1,2].
Charm quarks and antiquarks are heavier (m. ~ 1.5 GeV)
than the proton itself (m, ~1 GeV). They are copiously
pair-produced through the perturbative QCD radiation of
gluons and light quarks that generates their scale depend-
ence. An intrinsic charm (IC) component is the scale-
independent result that is left after subtracting this radiative
contribution.

A plethora of experimental and theoretical studies have
tried to either identify or reject the presence of IC in the
proton [3—6]. We have recently presented a determination
of intrinsic charm in the proton from a global analysis of
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parton distribution functions (PDFs) [7-9]. This study
found evidence for IC at the 3¢ level and was supported
by independent constraints from forward Z production with
charm jets at the LHCb experiment [10].

In Ref. [9] we determined the distributions of charm
quarks and antiquarks assuming equality of the intrinsic
(scale-independent) charm and anticharm PDFs, i.e., the
vanishing of the charm valence PDF

™ (x,0%) = c(x, Q%) - ¢(x. Q). (1)

The valence charm PDF ¢~ (x, Q) must have vanishing
integral over x at all scales Q?, because the proton does not
carry the charm quantum number, but the PDF itself may well
be nonzero, as it happens for the strange valence PDF
s~ = s — 5. Indeed, a nonvanishing charm valence compo-
nent is always generated, like for any other quark flavor, by
perturbative QCD evolution [11]. However, any perturba-
tively generated valence charm component is tiny in com-
parison to all other PDFs, including those of heavy quarks.
Hence, any evidence of a sizable valence charm PDF is a
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definite sign of its intrinsic nature. Model calculations [2,12],
while in broad agreement on the shape of total IC PDF,
widely differ in predictions for the shape and magnitude of
the intrinsic valence charm component. Model calculations
of IC complemented with input from lattice QCD [13] also
predict a nonvanishing valence component.

Here we investigate this issue by performing a data-
driven determination of the intrinsic valence charm PDF of
the proton, based on the same methodology as in [9]. We
generalize the NNPDF4.0 PDF determination by introduc-
ing an independent parametrization of the charm and
anticharm PDFs, determine them from a global QCD
analysis, and subtract the perturbatively generated contri-
butions by transforming all PDFs to the three-flavor-
number scheme (3FNS) in which perturbative charm
vanishes so any residual charm PDF is intrinsic.

We find a nonzero charm valence PDF, with a positive
valence peak for x ~ 0.3, whose local significance is close to
two sigma. We demonstrate the stability of this result with
respect to theoretical, dataset, and methodological variations.
We then propose two novel experimental probes to further
scrutinize this asymmetry between charm and anticharm
PDFs: D-meson asymmetries in Z + c-jet production at
LHCDb [10,14] and flavor-tagged structure functions at the
upcoming Electron-Ion Collider (EIC) [15,16].

Methodology. As in Ref. [9], we follow the NNPDF4.0
methodology, theory settings and dataset [8], the only
modifications being related to the independent parametriza-
tion of the charm valence PDF. Firstly, the neural network
architecture is extended with an additional neuron in the
output layer in order to independently parametrize ¢~ (x, Qy),
Eq. (1), at the PDF parametrization scale O = 1.65 GeV.In
the default PDF basis (“‘evolution basis”; see Supplemental
Material Appendix B [17]) this extra neuron is taken to
parametrize the valence nonsinglet combination V5 =
(u=+d + s —3c), with ¢~ = ¢ — g. In an alternative
basis (“flavor basis™) it instead parametrizes ¢: so in both
cases the valence component is obtained by taking linear
combinations of the neural network outputs. In our previous
analysis [8], the assumption of vanishing intrinsic valence
was enforced by setting Vs = V = ), ¢; in the evolution
basis or ¢ = c in the flavor basis at the scale Q.

In addition to experimental constraints, a nonzero charm
valence must, as mentioned, satisfy the sum rule

|
Ois EA dxVys(x, Qg) = 3, (2)

0. = / dx(e - 2)(x. Qp) = 0. (3)

in the evolution or flavor basis, respectively. This sum rule
is enforced in the same manner as that of the strange
valence sum rule [8]. Finally, to ensure cross-section
positivity (at Q> =5 GeV?) separately for charm- and

anticharm-initiated processes, we replace the neutral cur-
rent F§ positivity observable (sensitive only to ¢*) with its

charged current counterparts F5"  and F S'W+. The charm
PDFs xc and xc themselves are not required to be positive
definite [18-20]. Integrability and preprocessing are
imposed as in NNPDF4.0. We have verified that results
are stable upon repeating the hyperoptimization of all
parameters defining the fitting algorithm, and thus we
keep the same settings as in [8].

The valence charm pdf. As explained in Ref. [9], intrinsic
charm is the charm PDF in the 3FNS, where charm is
treated as a massive particle that does not contribute to the
running of the strong coupling or the evolution of PDFs. In
the absence of intrinsic charm (“perturbative charm”
henceforth), the charm and anticharm PDFs in the 3FNS
vanish identically. In the four-flavor-number scheme
(4FNS), in which charm is treated as a massless parton,
these PDFs are determined by perturbative matching
conditions between the 3FNS and the 4FNS [21]. In our
data-driven approach, the charm and anticharm PDFs,
instead of being fixed by perturbative matching conditions,
are determined from data on the same footing as the light
quark PDFs. The deviation of data-driven charm from
perturbative charm, i.e., in the 3FNS the deviation of the
charm and anticharm PDFs from zero, is identified with the
intrinsic component. In practice, we parametrize PDFs at
Qo = 1.65 GeV in the 4FNS and then invert the matching
conditions to determine the intrinsic component in the 3FNS.

In Fig. 1 we show xc' and xc~ in the 4FNS at
0 = 1.65 GeV, i.e., just above the charm mass that we
take to be m, = 1.51 GeV, determined using next-to-next-
to-leading-order (NNLO) QCD theory. The bands are
68% confidence level (C.L.) PDF uncertainties. We show
both the purely perturbative and data-driven results, in the
latter case both for ¢ = ¢ (same as in [9]) and ¢ # c.
Note that the purely perturbative valence PDF vanishes at
Q = m, at NNLO, and only develops a tiny component at
one extra perturbative order (N°LO) or at higher scales.
Hence, a nonvanishing valence component in the 4FNS
provides already evidence for intrinsic charm.

Upon allowing for a vanishing valence xc~ component,
the total charm xc™ is quite stable, especially around the peak
atx ~ 0.4. This total charm PDF is also somewhat suppressed
for smaller x < 0.2 as compared to the baseline result. In
terms of fit quality, the y? per data point for the global dataset
decreases from 1.162 to 1.151, corresponding to an improve-
ment by about 50 units in absolute y2. The main contributions
to this decrease come from neutral current deep-inelastic
scattering and LHC gauge boson production data (see
Supplemental Material Appendix A [17]).

The valence component is nonzero and positive at more
than one-sigma level in the x€&[0.2,0.4] region and
consistent with zero within the large PDF uncertainties
elsewhere. The size and shape of the valence charm
PDF seen in Fig. 1 are stable upon variations of PDF
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FIG. 1. The charm total xc* (top) and valence xc~ (bottom)

PDFs in the 4FNS at Q = 1.65 GeV. The perturbative and data-
driven results are compared, in the latter case either assuming
¢~ =0 (as in [9]) or ¢~ determined from data.

parametrization basis (see Supplemental Material
Appendix B [17]), the value of m,. (see Supplemental
Material Appendix C [17]), the input dataset (see
Supplemental Material Appendix D [17]), and the kin-
ematic cuts in W? and Q? (see Supplemental Material
Appendix E [17]). All other PDFs are mostly left unaf-
fected by having allowed for a nonvanishing valence
charm.

Whereas in our default determination we have imposed
the charm valence sum rule Eq. (2), we have also repeated
our determination without imposing this theoretical con-
straint. We then obtain Q. = 0.07 4= 0.14 and the resulting
charm PDFs are shown in Fig. 2. This result demonstrates
that the valence sum rule is actually enforced by the data,
and our result is data driven.

Intrinsic valence charm. The intrinsic valence charm PDF
is now determined by transforming back to the 3FNS
scheme and is displayed in Fig. 3 (upper panel), together
with its 4FNS counterpart already shown in Fig. 1.
An estimate of the missing higher order uncertainties

0.03 - _
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0.02| — s
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0.00

—0.01F
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0.2 0.4 0.6 0.8 1.0

FIG. 2. The same as Fig. 2, now without imposing the charm
valence sum rule Eq. (2) when ¢ # c.

(MHOU) related to the truncation of the perturbative
expansion is also included. This, as in [9], is estimated
as the change in the 3FNS PDF when the transformation
from the 4FNS to the 3FNS is performed to one higher
perturbative order, i.e., N3LO [22-30], as this is estimated
to be the dominant missing higher order correction.

The 3FNS and 4FNS valence PDFs turn out to be quite
close, implying that for the valence PDF, unlike for the total
charm PDF, the theory uncertainty is smaller than the PDF
uncertainty. We thus find that the intrinsic (3FNS) charm
valence is nonzero and positive roughly in the same x
region as its 4FNS counterpart.

The statistical significance of the nonvanishing valence is
quantified by the pull, defined as the median PDF in units of
the total uncertainty, shown in Fig. 3 (bottom). The local
significance of the intrinsic valence is slightly below two
sigma, peaking at x ~0.3. The significance of the total
intrinsic component is similar to that found in Ref. [9],
namely about three sigma for x ~ 0.5. As in Ref. [9], we also
show the results found in fit variants including the F§ data
measured by the European Muon Collaboration (EMC) [31]
and the Z + ¢ datameasured by the LHCb collaboration [10],
both of which increase the local significance.

The results of Figs. 1-3 suggest that the intrinsic valence
component may be nonzero, but their significance falls

L091501-3



RICHARD D. BALL et al.

PHYS. REV. D 109, L091501 (2024)

~== 4FNS, Q = 1.65 GeV (PDFU)
—— 3FNS (PDFU + MHOU)

Fitted charm (c # ¢)

3 —— DBaseline
~ — = with EMC F

=== with LHCb Z+D
2 77 \ 1

~/(5¢7) (3FNS)
~.
N,
2. ‘
/

FIG. 3. Top: the 3FNS (intrinsic) valence charm PDF xc~,
compared to the 4FNS result (the same as Fig. 1 bottom). The
3ENS also includes MHOU due to the inversion from the 4FNS to
the 3FNS. Bottom: the pull for valence xc~ charm PDF in the
3FNS. Results are shown both for the default fit and also when
including the EMC F§ and LHCb Z + ¢ data.

below the three-sigma evidence level. We thus propose two
novel experimental observables engineered to probe this
valence charm component.

Charm asymmetries in Z + ¢ at LHC: The LHC run 2 data,
which, as shown in Ref. [9], reinforce the evidence for an
intrinsic total charm component, correspond to measure-
ments of forward Z production in association with charm-
tagged jets [10]. They are presented as a measurement of
R¢(yz), the ratio between c-tagged and untagged jets in
bins of the Z-boson rapidity y,, and they are obtained from
tagging D mesons from displaced vertices. The higher
statistics available first at runs 3 and 4 and later at the
HL-LHC will enable the reconstruction of the exclusive
decays of D mesons, and thus the separation of charm
and anticharm-tagged final states. We thus define the
asymmetry

60
X
o 401 T
| S S . S =
=
~ l————————— M _
‘Eﬁ mg5 + Py8 (c=1¢)
I —20F —— mg5 (c#¢)

Eﬁ === mgb+Py8(c#¢)
T —40F & LHCbRund (50 ") -
< § LHCb HLLHC (300 fb™')

60 = 1 1 | | -

2.5 3.0 3.5 4.0
Yz

FIG. 4. The charm asymmetry A.(y;), Eq. (4), in Z + c-jet
production at LHCb (/s = 13 TeV) evaluated at LO matched to
parton showers with the nonvanishing valence PDF determined
here. The pure LO result and the result with vanishing charm
valence are also shown for comparison. The bands correspond to
one-sigma PDF uncertainties. Projected statistical uncertainties
for LHCb measurements at run 4 (£ = 50 fb~!) and the HL-LHC
(£ =300 tb~") are also shown.

where N (NJE-) is defined in the same manner as R [10],
but now restricted to events with D mesons containing a
charm quark (antiquark). This asymmetry is directly
sensitive to a possible difference between the charm and
anticharm PDFs in the initial state.

In Fig. 4 we display the asymmetry A.(yz), Eq. (4),
computed for /s = 13 TeV using the PDFs determined
here, that allow for a nonvanishing valence component, as
well as the default NNPDF4.0 with ¢ = ¢. Results are
computed using MG5_aMC@NLO [32] at leading order (LO)
matched to PYTHIAS [33,34], with the same D-meson
tagging and jet-reconstruction algorithm as in [10,14].
The leading-order parton-level result is also shown.

It is apparent from Fig. 4 that, even though the forward-
backward asymmetry of the Z decay generates a small
asymmetry A, # 0 even when ¢ = ¢ [35,36], the LO effect
due to an asymmetry between ¢ an ¢ PDFs is much larger
and stable upon showering and hadronization corrections.
Indeed, higher-order QCD corrections largely cancel in the
ratio A.(yy).

In Fig. 4 we also display projected uncertainties for the
LHCb measurement of this asymmetry at run 3 and at the
HL-LHC (see Supplemental Material Appendix F [17] for
details), showing that a valence component of the same size
as our central prediction could be detected, respectively, at
about a two-sigma or four-sigma level.

Charm-tagged Deep-Inelastic Scattering (DIS) at the EIC:
A standard probe of the charm component of the proton is
the deep-inelastic charm structure function F§ [31,37-39]
and the associate deep-inelastic reduced charm production
cross section 6<5;. Correspondingly, the charm valence can
be determined from the reduced cross-section asymmetry
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FIG. 5. The reduced charm-tagged cross-section asymmetry

Ay, Eq. (5), at 0> = 20 GeV? computed at NNLO QCD using
the nonvanishing valence PDF determined here. The result with
vanishing charm valence is also shown for comparison. The
bands correspond to one-sigma PDF uncertainties. The projected
statistical uncertainties at the EIC [15] (running at /s = 63 GeV
for £ = 10 tb~!) are also shown.

Orea (% 0°) - O-réed(x? 0?)

rCeEd (x, QZ)

Apee(x, Q%) = (5)

c
A measurement of this observable requires reconstructing
final-state D mesons by identifying their decay products.
At the future EIC this will be possible with good precision
using the proposed ePIC detector [15,40,41].

The predicted asymmetry A, at Q> = 20 GeV? is shown
in Fig. 5; results are shown at the reduced charm (parton)
cross-section level, evaluated with YaDisM [42] at NNLO
accuracy. As in Fig. 4, we show results obtained both using
the PDFs determined here, that allow for a nonvanishing
valence component, as well as the default NNPDF4.0 with
¢ = ¢. We also display the projected statistical uncertainties
[15] at the EIC running at /s = 63 GeV for £ = 10 fb™!
(see Supplemental Material Appendix E [17]). It is clear that
a nonvanishing charm valence component can be measured
at the EIC to very high significance even for a moderate
amount of integrated luminosity.

In addition to the charm-tagged structure function F§°, at
the EIC complementary sensitivity to the charm valence
content of the proton would be provided by the charm-
tagged parity-violating structure function xF§¢(x, Q?). This
observable has the advantage that at LO is already propor-
tional to xc~ and, hence, provides a direct constraint on
valence charm. Predictions for this observable are pre-
sented in Fig. 6. Even in the absence of detailed predictions
for prospective EIC measurements of this observable, it is
clear that its measurement would significantly constrain the
charm valence PDF.

Outlook. Our main conclusion is that current experimental
data provide support for the hypothesis that the valence charm
PDF may be nonzero, even though with the NNPDF4.0

3 x10~°
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N |
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FIG. 6. The same as Fig. 5 for the charm-tagged parity-
violating structure function xF5° (x, 0?) at the EIC (no projection
for the statistical accuracy of the EIC measurement is available).

dataset it is not possible to reach three-sigma evidence.
Whereas the situation may improve somewhat with future
PDF determinations based on the full LHC run-3 dataset,
dedicated observables such as the LHCb charm asymmetry
Eq. (4) as well as charm production at the EIC Eq. (5) will be
needed in order to achieve firm evidence or discovery. Other
experimental probes that could be explored in this context
include open charm production and asymmetries at the LHC,
in particular for forward (LHCb [43,44]) and far-forward
(FASERv [45], SND@LHC [46], and the Forward Physics
Facility [47,48]) detectors. Progress in lattice computations
might well also provide further constraints.

From the theory point of view, ongoing efforts toward a
NNPDF determination based on N3LO calculations should
reduce some of the theory uncertainties affecting the
current determination. On a more speculative vein, it might
also be interesting to investigate an intrinsic bottom quark
component and its eventual asymmetry.
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