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Abstract. We discuss heavy-flavor production at hadron colliders in recent
global QCD analyses to determine parton distribution functions (PDFs) in the
proton. We discuss heavy-flavor treatments in precision theory predictions at
the LHC. In particular, we discuss factorization schemes in presence of heavy
flavors in proton-proton collisions, as well as the impact of heavy-flavor pro-
duction at the LHC on PDFs. We show results of recent updates beyond CT18,
the latest global QCD analysis from the CTEQ-TEA group.

1 Introduction

Precise determination of parton distribution functions (PDFs) in the proton is critical for all
current and future precision programs at the LHC. Proton PDFs are an essential ingredient of
QCD factorization theorems and are therefore ubiquitous in theory predictions for standard
candle observables in hadronic collisions at high perturbative order in QCD. Precise and ac-
curate theory predictions for such observables are necessary to investigate properties of the
Higgs boson and to explore the Electroweak (EW) sector of the Standard Model (SM). In ad-
dition, they are important to scrutinize and validate SM extensions and search for signals of
new physics interactions. PDFs are obtained through global QCD analyses of experimental
hadronic cross section measurements by using a variety of analytical and statistical meth-
ods [1-4]. They are “data-driven” quantities and they currently challenge precision in theory
predictions at the LHC. In particular, precision measurements of heavy-quark (HQ) produc-
tion observables in hadronic reactions play a significant role in PDF determinations because
they can constrain PDFs in kinematic regions at intermediate and large parton momentum
fraction x which are currently poorly constrained by data. In addition, they provide us with
complementary information besides that obtained from jet production in global QCD anal-
yses. HQ production at the LHC at small transverse momentum pr and large rapidity y of

the HQ is sensitive to PDFs at both small and large x, where x ~ ( A/ p% + m2Q /NS ) e*. This

allows us to probe QCD dynamics simultaneously in these two regimes. This is especially
true for charm and bottom (c/b) quark production. In fact, in the 4 < |y| < 4.5 rapidity range
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at the LHC with a proton-proton collision energy of 13 TeV, it can probe x < 1075. When
pr =40 GeV, it can probe x > 0.2. On the other hand, top-quark pair production at the LHC,
at the same collision energy, can probe the gluon PDF already at x > 0.01, while ¢/b produc-
tion at HERA is sensitive to intermediate and small x < 107. Probing these regimes (and
beyond, at future facilities like the Electron Ion Collider (EIC) [5-7], the Future Circular Col-
lider (FCC) [8—10], the Forward Physics Facility at the High-Luminosity (HL) LHC [11, 12],
and the Super proton-proton Collider (SppC) [13]) will allow us to explore QCD factoriza-
tion with an unprecedented level of accuracy. This will shed light on open questions like
the intrinsic heavy-flavor content in the proton, and small-x dynamics. In this conference
proceeding contribution, we shall report preliminary results of global PDF analyses which
use recent high-precision HQ measurements from the LHC and HERA which are added on
top of the CT18 [1] baseline. Moreover, treatments of QCD factorization in presence of HQ
multiscale processes are also discussed.

2 HQ treatments in QCD factorization and the S-ACOT-MPS scheme

HQ production dynamics is nontrivial due to the interplay of massless and massive schemes,
which essentially are different ways of organizing the perturbation series. In general, one can
calculate cross sections by using massive schemes, that include HQs only in the final-state
and apply at masses such that py < mg. In this case, the HQ pr-spectrum can be obtained
by keeping the number of flavors as fixed, i.e., using a fixed-flavor number (FFN) scheme.
That is, there is no HQ PDF in the proton; HQs are generated as massive final states, and
mgp acts as an infrared cutoff. Moreover, all power terms of the type (p% /mZQ)P, where p
is a positive integer, are correctly accounted for in the perturbative series. Cross sections
can also be computed by using massless schemes when pr > mg > mp, where mp is the
mass of the proton. In this case, large logarithmic terms of the type log" (pzT /ng) spoil the
convergence of the fixed-order expansion. Massless schemes are also known as zero-mass
(ZM) schemes; the HQ is considered essentially massless everywhere and also enters the
running of the strong coupling @,. These large logarithms need to be resummed by using
DGLAP evolution, that is, initial-state logs are resummed into a HQ PDF, while final-state
logarithms are resummed into a fragmentation function (FF). Modern global QCD analyses
determine proton PDFs using a variety of experimental data which span wide areas of the
QO-x kinematic plane. Therefore, amendments to the factorization formula are necessary to
calculate key cross sections across wide ranges of energy and momentum transfer. Interpolat-
ing schemes, such as General Mass Variable Flavor Number (GMVFN) schemes, introduce
modifications in QCD collinear factorization so that they appear as composite schemes which
retain key mass dependence and efficiently resum collinear logarithms in order to combine
the FFN and ZM schemes together. They are crucial for a correct treatment of HQ in deep
inelastic scattering (DIS) processes [14-22] and proton-proton (pp) collisions, and for ac-
curate predictions of key scattering rates at the LHC in global QCD analyses to determine
proton PDFs. Moreover, they provide us with the possibility of directly accessing HQ PDFs
parametrized at the initial scale. This motivated the development of a general-mass (GM)
factorization scheme for pp collisions [23, 24], the Simplified ACOT scheme with Massive
Phase Space (S-ACOT-MPS), which is based on an amended version of the S-ACOT scheme,
developed for DIS [14, 15, 18, 19, 22]. Similar GMVFEN schemes are studied in [25-27] and
differences are related to the treatment of the phase space. The main idea behind a GMVEN
scheme such as S-ACOT-MPS is the introduction of subtraction terms order-by-order in per-
turbation theory which avoid double counting and cancel enhanced collinear contributions
from flavor-creation (FC) terms when § > mZQ, or pr > Myp. In S-ACOT-MPS, the subtrac-
tion and flavor excitation (FE) contributions are evaluated in one single step. This improves
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stability in calculating differential cross sections and facilitates the extension of this scheme
to higher orders. We applied S-ACOT-MPS to prompt ¢ and b production at NLO in QCD
at the LHC, at VS = 13 TeV. In Figure 1 (left), we illustrate the c-rapidity distribution de-
termined with the CT18 and CT18X PDFs at NLO. We explore the sensitivity of prompt ¢
production to nonperturbative charm contributions in the proton by considering theory pre-
dictions in very forward regions with y. > 8. This is relevant for future applications at the
Forward Physics Facility at CERN [11] which will be able to clarify multiple aspects of QCD
in such an extended forward region, in coordination with the HL-LHC and EIC. In Figure 1
(right), we compare theory predictions for the rapidity distribution of B* meson production
at NLO in QCD with measurements [28] from the LHCb collaboration at VS = 13 TeV.
Theory uncertainties at NLO are large (O(50%)) and mainly ascribed to scale variation. This
can be improved by including higher-order corrections which require an extension of the
S-ACOT-MPS scheme to NNLO.
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Figure 1. Left: Rapidity distributions of prompt charm at the LHC 13 TeV in the very forward region
(yc > 8) [11]. The error band represents the CT18NLO induced PDF uncertainty at 68% CL.

Right: NLO theory predictions for the rapidity distributions obtained with CT18NLO and CT18XNLO
PDFs compared to B* production data [28] from LHCb 13 TeV.

3 Impact on PDFs from high-precision ¢z production measurements

Top-quark pair production plays a significant role in setting constraints on PDFs, in particu-
lar the gluon, at intermediate to large x. In global PDF analyses, the impact on PDFs from
differential cross section measurements of 77 production at the LHC complements that from
jet production measurements: f and jet production overlap in the Q-x plane, but matrix ele-
ments and phase-space suppression are different. Therefore, constraints on the gluon may be
placed at different values of x. On the other hand, challenges in the estimate of full impact
from #f production on PDFs arise in presence of incompatibility of the f measurements with
other data sets in the baseline (see related discussion in [1]). More realistic estimates account
for multiple PDF functional forms and some disagreements between the measurements. In
this section, we explore the impact of high-precision 7f measurements on proton PDFs, and
illustrate preliminary results of a global QCD analysis in which ¢7 single differential cross sec-
tion measurements at VS = 13 TeV from the ATLAS [29] and CMS [30] collaborations are
added on top of the CT18 data baseline. The measurements from ATLAS are obtained using
events in the all-hadronic channel with 36.1 fb~! of integrated luminosity (IL), while those
from CMS are obtained with events containing two leptons with 35.9 fb~! of IL. We consider
the full phase space absolute measurements reported in Table 3, in which we specify the type
of correlated systematic uncertainties published in the experimental papers. We added these
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Table 1. Details of the single differential distributions for ¢ production considered in our analysis.

datatype N, Exp Corr Sys.
do/dmgz 9 ATLAS nuisance par.
do/dy; 12 ATLAS nuisance par.
do/dHr; 11 ATLAS nuisance par.
do/dpryy 10 ATLAS  nuisance par.
do/dprn, 8 ATLAS nuisance par.
do/dmy; 7 CMS Covariance matr.
do/dpr, 6 CMS Covariance matr.
do/dy; 10 CMS Covariance matr.
do/dy, 10 CMS Covariance matr.

measurements one by one to the baseline because statistical correlations were not published
for all data sets. The measurements from ATLAS and CMS are delivered by using a different
binning for the same distribution. The theory predictions for the CMS distributions are ob-
tained by using the FastNNLO grids [31], that are based on the calculation published in [32].
The theory predictions for the ATLAS distributions have been obtained in two steps. We have
first generated QCD theory predictions at NLO by using in-house APPLGrid fast tables [33]
from the public MCFM computer code [34, 35]. Then, we calculated bin-by-bin NNLO/NLO
K-factors using the computer code MATRIX [36] that is based on the theory predictions cal-
culated in [37]. The mass of the top quark, in the pole mass approximation, has been set as
mﬁp ?l) = 172.5 GeV. The factorization and renormalization scales up and pg respectively,
have been chosen according to [38] where for the my;, pr 7, yi7, and y, distributions one uses

ur = pg = Hy/4 and Hy = \/th +pho+ \/m,2 + py..., for the pr, distribution one uses

Mr = /m,z + p2TJ, and for the pr 4, One uses up = ugr = My /2. EW corrections [39] are
also included in this analysis, but their impact on the global fit is negligible. In Figure 2, we
illustrate the pulls on the gluon PDF resulting from a global fit in which the y,, distributions
from ATLAS and CMS are added on top of the CT18 baseline. The pulls from these distri-
butions from both experiments are in the same direction, that is, each of them prefers a softer
gluon at large x (x 2 0.2). The individual impact of these measurements on the CT18 gluon
is approximately the same as y?/N ' for both distributions is of order 1. A more extensive
analysis with complete results will be presented elsewhere [40].
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Figure 2. Left: PDF ratio to CT18NNLO at Q = 2 GeV for the gluon PDF. Right: same as left, but at
Q = 100 GeV. The blue band represents the CT18NNLO PDF uncertainty at 90% CL.
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4 CT18 and the new charm and bottom combination at HERA

To finalize our discussion, in this section we discuss the impact of the most recent c- and
b-quark production combined measurements of semi-inclusive DIS at HERA from the H1
and ZEUS collaborations [41], on the CT18 gluon PDF. In particular, we illustrate the results
of various fits in which these measurements replace their previous version [42, 43]. The
new measurements exhibit an extended kinematic range of photon virtuality 2.5 GeV? <
Q? <2000 GeV? and Bjorken scaling variable 3 - 107 < xgj £ 5 1072, and have reduced
uncertainties due to a simultaneous combination of ¢ and b cross-section measurements with
reduced correlations between them. We find that the new ¢ and b combination at HERA [41]
cannot be well described in the CT18 global analysis, and > /N, is never below 1.7. For the
CT18NNLO fit, we obtained y?/N,, = 1.98 for ¢ production (N,, = 47), and x*/N,, = 1.25
for bottom production (N,; = 26). For the CTISXNNLO fit, instead we obtained Y*/N ot =
1.71 for ¢ and 1.26 for b production. We observed tensions between these new combined
data and several CT18 datasets such as the LHCb 7 and 8 TeV W/Z production data [44, 45],
Z-rapidity data [46] at CDF run-II, CMS 8 TeV single inclusive jet production [47], and tf
double differential pr and y cross sections [48]. For this reason, these data were not included
in the CT18 global analysis [1]. However, these measurements are very important in PDF
determinations because they impose direct constraints on the gluon PDF at intermediate and
small x. Therefore, we have re-analyzed these data by performing a series of attempts in
which we tried to vary several parameters and settings in the fits. For example, we performed
fits in which we varied the weight assigned to these data. We explored the impact of consistent
initial-scale Qy variations, and tried different parametrizations for the gluon. We tried to
vary the value of the c-quark mass m, in both the pole and MS definitions, and we also
analyzed the impact of scale variations in which the factorization scale is defined as upis(x) =

A /m%2 + B%/x€ according to saturation models [49, 50]. This is expected to have similar

impact to low-x resummation [51]. In addition, we explored phase-space suppression in fits
in which we varied the S-ACOT-y rescaling parameter y = {(1 +¢"m7,/ Q). A more detailed
description of this study can be found in [52]. Here we only provide the results relative to
two of the exercises that are described above. In Figure 3, we illustrate the impact on the
CT18XNNLO gluon when a scan over the MS m.(m,) is performed (left panel), and the
impact from scale variation where parameter B is varied in the ups(x) scale definition, while
A =0.5and C = 0.33(right panel). The CT18X fitis a variant of CT18 where pr ps = ppis(x).
Our preliminary findings indicate that the new ¢/b production measurements at HERA seem
to prefer a harder gluon at intermediate and small x.

5 Conclusions

In this work we have studied HQ production at hadron colliders in recent global QCD anal-
yses and analyzed their impact in collinear proton PDF determinations. We discussed S-
ACOT-MPS, a new GMVEFN scheme which we applied to pp collisions to describe ¢/b pro-
duction at central and forward rapidities. In the near future, it will be technically possible
to generate predictions within the S-ACOT-MPS scheme at NNLO with suitable K-factors
(NNLO/NLO) at hand. Moreover, it is easy to extend S-ACOT-MPS to other HQ production
processes. We explored the impact of #f single differential cross section measurements at the
LHC at VS =13 TeV on the CT18 PDFs. The impact of #7 production at the LHC at VS =13
TeV complements that of jet data on the gluon PDF, in particular in the large-x region. tf
and jets overlap in the Q-x plane, but being matrix elements and phase-space suppression
different, constraints on the gluon PDF may be placed at different values of x. Overall, the
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Figure 3. Ratio to the CT18XNNLO gluon PDF as a function of x at O = 2 GeV. Left: scan over the
c-quark mass m.(m,.) while m,(m;,) = 4.18 GeV, and with Oy = 1 GeV. Right: scan over the B parameter
in upss (x) with A = 0.5, C = 0.33, and Qy = 1 GeV. Error bands are shown at 90% confidence level for
CT18NNLO (red) and CT18XNNLO (blue).

impact is found to be mild with a preference of softer gluon at large x. However, this may
change when ¢7 production in the lepton + jet channel at 13 TeV is included. We analyzed
the most recent ¢/b combination at HERA. We find that these measurements are challenging
and deserve more attention as they are very important for small-x dynamics. HQ production
remains a critical process to constrain correlations between m, @y, and gluon-PDF.
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