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ABSTRACT

Precision measurements of heavy-flavor hadroproduction at the Large Hadron
Collider (LHC) have the ability to probe heavy-flavor parton distribution func-
tions (PDFs) in the proton. Sensitivity of inclusive B* meson production cross
section measurements at LHCb 13 TeV to the bottom-quark PDF is illustrated
by using theory predictions obtained with a the S-ACOT-MPS general mass
variable flavor number (GMVFEN) scheme within the QCD factorization formula.
This approach can easily be extended to other heavy-flavor production processes,
such as Z boson production in association with a bottom- or a charm-jet. The
inclusion of such measurements will represent an important improvement for
future global QCD analyses that aim at reducing uncertainties of heavy-flavor
PDFs, provided that a consistent general mass treatment in pp collisions is used.
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1 Introduction and Motivations

Collinear factorization in QCD has been very successful in describing the phenomenol-
ogy of a large variety of hadronic reactions, including those involving final-state hadrons
whose dynamics is complicated by the presence of additional multiple scales and non-
perturbative effects due to heavy-quark (HQ) fragmentation. Assuming factorization for
hadroproduction reactions, the hadronic cross section is obtained as a convolution of the
partonic cross section with universal parton distribution functions (PDFs) in the proton,
and fragmentation functions (FFs). Partonic cross section contributions are calculated per-
turbatively and account for hard interactions at short distance, while PDFs and FFs which
account for long-distance dynamics, must be determined by global analyses of experimental
data [1, 2, 3, 4, 5, 6, 7, 8, 9], or through lattice QCD calculations [10, 11]. Modern global
QCD analyses [1, 2, 3, 4, 5] extract collinear PDFs and their combinations using deep-
inelastic scattering (DIS) and fixed-target cross section measurements together with a large
variety of high-precision data from the LHC, e.g., single-inclusive jet production, produc-
tion of Drell-Yan pairs, top-quark pairs, and high-pr Z bosons. Despite all efforts, PDFs
and FFs still represent one of the major sources of uncertainty in precision calculations of
standard candle observables at the LHC. In addition, heavy-flavor (HF) PDF's deserve par-
ticular attention as they are currently poorly constrained as compared to the other PDFs.
Constraining HF PDFs is a twofold task. First, it corresponds to the ability of a specific
QCD framework (i.e., a general mass variable flavor number (GMVFEN) scheme), to give
correct theory predictions for observables involving heavy quarks (HQ) when the number
of quark flavors changes with energy. Second, it corresponds to the possibility of directly
accessing HQ PDFs parametrized at the initial scale. This motivates our work and the
use of a suitable general-mass (GM) factorization scheme, named S-ACOT-MPS [12, 13],
to probe and constrain HF PDF's using high-precision data from the LHC in future global
QCD analyses. The main feature of a GMVFN scheme is that it interpolates between
massless (or zero mass (ZM)) and massive (fixed-flavor number (FFN)) schemes assuming
that the number of quark flavors varies with energy, and at the same time including de-
pendence on HQ masses in relevant kinematical regions. This interpolation is achieved by
introducing a subtraction mechanism to avoid double-counting in the collinear region. The
S-ACOT-MPS scheme is based on an amended version of the S-ACOT scheme developed
for DIS [14, 15, 16, 17, 18], and is applied to proton-proton collisions. It differs with respect
to other available GMVFN schemes [19, 20, 21] in the treatment of the phase space. More
details about the S-ACOT-MPS scheme can be found in [12, 13] and will also be presented
in a forthcoming study [22].

In this work, we apply S-ACOT-MPS to the case of b-quark hadroproduction at next-
to-leading order (NLO) in QCD in pp collisions. We calculate theory predictions for the
b-quark hadroproduction cross section by including b-quark fragmentation contributions
and compare predictions for the pr and rapidity y spectra at particle level to precision
measurements of B¥ meson production at LHCb at a center of mass energy of 13 TeV.
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Figure 1: Upper inset: Contours for the CT18NLO [1] gluon(left) and b-quark(right) PDFs
in the kinematic region sensitive to pp — bX at LHCb 13 TeV [23]. Lower insets: Cor-
responding PDF uncertainties obtained with the asymmetric Hessian approach [24] at the
90% Confidence Level (C.L.), with positive (negative) direction denoted as black solid (blue
dashed) lines.

2 Kinamtic considerations for PDFs and FFs

In Fig. 1 we illustrate the kinematic behavior of the CTI8NLO [1] gluon and b-quark
densities in the ) — x plane relative to inclusive b (or B meson) production at LHCb [23]
at /S = 13 TeV. LHCD detectors are able to measure properties of particles at forward
rapidity 2 < y < 4.5 and with transverse momentum pr < 40 GeV. In this kinematic
regime, PDF momentum fractions are probed down to = ~ (Q/y/s)e™ > 41075, where

the typical scale @) for the process is Q) ~ 4 /mg + p%. In the upper insets of Fig. 1 we observe

a rapid growth for zg(x, Q?) and xb(x, Q?) for smaller values of = and larger values of @ that
are represented by dark green regions. In addition, the resulting color pattern reflects strong
correlation between these two PDFs becasue the b-quark density is radiatively generated
by gluon splitting g — bb. In the lower insets of Fig. 1 we show the gluon and b-quark
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Figure 2: CT18XNLO/CT18NLO PDF ratio for the gluon(left) and the b quark(right).

PDF uncertainties normalized to the respective CT18NLO best-fit. We observe that in
the intermediate x region at & ~ 1072, the PDF fractional uncertainties are approximately
3% and grow rapidly as x moves away from this point. In the kinematic region =z <
(Q/+/s)e¥ < 0.3 that is probed by the LHCb data, PDF uncertainties are O(10%) or more.
For small # below 10~*, higher-order QCD terms with In(1/z) dependence grow quickly
at low energy scales of order of few GeVs. This allows us to investigate a novel kinematic
regime where both large- and small-x QCD effects contribute to the b-hadroproduction rate.
LHCb data can therefore be used to probe small-z dynamics [25, 26, 27, 28, 29] and parton
saturation [30].

Recent global QCD analyses of PDFs have used different procedures to account for
small-z dynamics. For example, an improved DGLAP formalism has been used by the
NNPDF Collaboration [31, 3], while the CT group introduced a variant of CT18 global
PDF fit, named CT18X, that is generated by including an z-dependent scale choice for
low-z DIS data. This scale choice mimics the main impact of low-z resummation and is
motivated by partonic saturation models [32]. The two insets of Fig. 2, show the differences
between CT18 and CT18X PDF's expressed in terms of CT18X/CT18 ratios. In most of
the (z,Q) plane, the CT18X fit is very close to that of CT18, except for the small-z (and
small-Q)) region where the gluon and b-quark PDFs are enhanced as a result of saturation.
As seen Fig. 1, the b-quark density is highly correlated with the gluon. The main differences
between CT18X and CT18 PDFs are in their corresponding uncertainties.

The LHCD cross section measurements for b-production [23] are presented at particle
level and can therefore be used to probe b fragmentation. In Fig. 3, we illustrate various
parametrizations for the b-quark FF Dy, f,. Labels “Power 1, 2”7 refer to the power ansatz
described in ref. [33], while the Kartvelishvili and Peterson models are described in ref. [34]
and [35] respectively. The branching fraction is normalized to

B(b— BY/B+) = / dzDy o 5+ () = 0.408 (1)
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Figure 3: Fragmentation functions for b — Hj, modelled according to the power ansatz
described in [33], and to the Kartvelishvili [34] and Peterson [35] parameterizations. The
branch fraction is normalized to B(b — B°/B*) = 0.408 [36].

which is obtained from measurements of Z — bb decays [37]. The fraction measured at
the Run II of Tevatron is slightly smaller (B(b — B°/B™) = 0.340 [37], but it has little
if no impact on our results. A conservative estimate of the uncertainty associated to the
FFs in this work is obtained by considering relative differences between the parametriza-
tions mentioned above, where we have also included the Peterson model for the b — B
fragmentation (see Fig. 3), whose the corresponding branching fraction is normalized to
B(b — BY) = 0.100 [36]. A more rigorous estimate of FF uncertainties deserves a dedicated
study which will be addressed in a future work.

3 Results for B* production at LHCb 13 TeV

In this section we illustrate the phenomenological results of our analysis at NLO in QCD
for B* meson production at the LHC 13 TeV. Cross sections are calculated by using the
S-ACOT-MPS GMVFN scheme [12] and are compared to experimental measurements from
the LHCb Collaboration published in ref. [23]. In Fig. 4 we illustrate a comparison between
the theory predictions for the transverse momentum pp and rapidity y distributions ob-
tained at parton level and particle level. CT18NLO PDFs are used as input. Particle-level
results are plotted in green while the parton-level ones are in red. The CT18 induced PDF
uncertainties at the 90% C.L. are represented by darker bands, while lighter bands represent
scale uncertainty. The central values for the renormalization (ug) and factorization (up)

scales are kept equal pup = pur = 4/ m% + p%, and the scale uncertainty is obtained from the
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Figure 4: Data vs Theory comparison for the pr and y distributions at parton and particle
level for b-flavor hadroproduction at LHCb 13 TeV.

envelope of a 7-point variation by a factor of 2 of the scale ratio ug/ur. The induced PDF
uncertainty on the cross section is approximately 10%, as reflected by the gluon and b-quark
PDF uncertainties in Fig. 1. Scale uncertainties are large and result from large variations
in the running of the strong coupling a4(Q), and from large variations of the gluon and
b-quark PDFs in the corresponding @ range. In Fig. 4, the particle-level B* meson produc-
tion pp spectrum is peaked at lower pr as compared to the parton-level distribution. This
results from collinear fragmentation as the B-meson momentum is a fraction of the b-quark
momentum (fp = zp,). The rapidity distribution for the BT meson production appears
to be approximately re-scaled by an overall factor B(b — B¥) as compared to the b-quark
production one.

In Fig. 5, we illustrate a comparison between our theory predictions for the pr and
rapidity distributions for B¥ meson production with CT18 and CT18X PDFs, and the
corresponding data from the LHCb experiment [23]. The agreement between theory and
data is overall good within the quoted uncertainties. In particular, the predictions for the pr
spectrum are in good agreement with data at low pp. However, at pp > 10 GeV data lie on
the upper edge of the theoretical error bands. This suggests that higher-order corrections at
next-to-next-to-leading order (NNLO) are necessary to improve the agreement between data
and theory. The predictions for the rapidity distribution agree well with the data, although
theory uncertainties are large. The rapidity central value obtained with the CT18X PDF's
is in slightly better agreement with respect to that obtained with CT18. This is due to the
enhanced CT18X gluon and b-quark PDFs as compared to CT18 (see Fig. 2), which reflect
small-z dynamics effects captured by the CT18X PDFs.

4 Conclusions and prospects

In this study, we applied the S-ACOT-MPS GMVFN scheme to the production of B*
mesons in proton-proton collisions. We compared theory predictions at NLO in QCD for
the pr and rapidity spectra to precision measurements from the LHCDb experiment [23] at
a center of mass energy of 13 TeV. Overall, we find good agreement between data and
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Figure 5: NLO theory predictions for the pr and y distributions obtained with CT18NLO
and CT18XNLO PDFs compared to the LHCb data for B production at 13 TeV [23].

theory. The LHCDb experiment has the ability of measuring properties of B mesons at large
rapidity, and cross section measurements of BT meson production can be used to probe
the b-quark and gluon PDFs at both small- and large-z if consistently included in global
QCD analyses of PDFs. Theoretical uncertainties at NLO are large (O(50%)) and mainly
ascribed to scale variation. This can be improved by including higher-order corrections
which imply an extension of the S-ACOT-MPS scheme to NNLO. Observables with re-
duced theory uncertainties can in principle be obtained by considering cross section ratios.
In this case, uncertainties cancel to a large extent between numerator and denominator due
to as and PDF's correlations [12, 38]. The S-ACOT-MPS scheme can easily be extended to
other processes in proton-proton collisions that can probe heavy-flavor PDFs, e.g., Z boson
production in association with a ¢- or b-quark jet [39]. The inclusion of these processes in
global QCD analyses will represent an important improvement for future PDF determina-
tions that aim at reducing uncertainties of heavy-flavor PDFs, provided that a consistent
general mass treatment for the case of proton-proton reactions is utilized. In addition, a
recent study based on cross section measurements at forward rapidity for Z + ¢ production
at LHCD [40] has suggested a valence-like intrinsic-charm component in the proton wave
function. This needs to be further explored in new global PDF analyses using precision
measurements at the LHC that are sensitive to heavy-flavor PDF's, and a consistent general
mass treatment to correctly account for mass effects.
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