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1 Introduction

The production of mesons containing a bottom quark — collectively called B mesons — in
hadronic collisions provides a useful way to study various aspects of Quantum Chromody-
namics (QCD). On one hand, thanks to the large bottom quark mass my, &~ 4...5GeV, the
perturbative expansion in powers of the strong QCD coupling s can be expected to converge
relatively well and thereby provide an accurate description of the production mechanism [1-
5]. In comparison to charm-quark production where the possible non-perturbative intrinsic
charm-quark content of the nucleons [6-8] can stir the interpretation, the bottom-quark
production can be seen to be a cleaner process to test the perturbative QCD, though an
intrinsic bottom-quark component is not excluded [9, 10]. The B-meson production is
sensitive especially to the gluon content of the colliding hadrons and can thus be used to
provide information on their non-perturbative structure, the parton distribution functions
(PDFs) [11-14]. While the B-meson production is not used as a constraint in the current
global fits of proton PDFs [15-17], it should be mentioned that e.g. in comparison to
the jet production [18, 19] — a commonly used strong gluon constraint — no external
corrections due to multi-parton interactions or hadronization need to be supplied but
the entire process can be calculated within the collinear factorization. As a result, the
B-meson production could provide a rather clean probe for gluon distributions relying
solely on inclusive single-particle production. On the other hand, for observables like the
Drell-Yan dilepton or direct W+ production the weak decays of heavy-flavoured mesons
also produce a significant background of charged leptons whose subtraction requires an
accurate theoretical understanding of the heavy-quark production [20]. Analyzing B-meson
production in proton-nucleus collisions could provide further constraints for nuclear PDFs
and, in the context of heavy-ion collisions, the B-mesons can also be used as a probe of the
produced strongly interacting matter [21] and the expected mass hierarchies.

The cross sections for identified B-meson hadroproduction have been measured in several
collision systems: proton-antiproton (p-p) [22, 23] collisions at Fermilab Tevatron, as well



as in proton-proton (p-p) [24-32], proton-lead (p-Pb) [33, 34], and lead-lead (Pb-Pb) [21]
collisions at the Large Hadron Collider (LHC). In many occasions the B-meson cannot be
fully reconstructed but only the spectrum of specific decay particles like charged leptons or
J /1 mesons, are measured. In work presented here, we will concentrate exclusively on the
reconstructed B mesons, but plan to return to the decay spectra in future publications.

We will discuss the B-meson production mainly in the so-called general-mass variable-
flavour-number scheme (GM-VFENS) [35]. The GM-VFENS provides a framework to comple-
ment fixed-order QCD calculations with a resummation of heavy-quark mass-dependent
logarithms that arise from collinear splitting of partons to heavy quarks. The fixed-order
calculations — known to leading order (LO) [1], next-to-LO (NLO) [2, 3], and next-to-NLO
(NNLO) [4, 5] in strong coupling oy — are based purely on diagrams in which the heavy
quarks are explicitly excited from massless partons. The resummed parts account for the
possibility that the heavy quarks are produced through higher-order diagrams within the
initial- and final-state radiation. Although formally suppressed by extra powers of a; these
contributions arise from collinear configurations which are logarithmically enhanced at large
values of transverse momenta (pr). The division between the explicit and shower-originating
heavy-quark production channels is not unique which induces a scheme and scale dependence
on the description.

Historically, the first variant of GM-VFNS for heavy-flavour hadroproduction was the
so-called FONLL (Fixed-Order Next-to-Leading Logarithm) scheme introduced in ref. [36].
Later on the SACOT (Simplified Aivazis-Collins-Olness-Tung) scheme was presented in
refs. [37, 38] and has been later on applied e.g. in refs. [39, 40]. In the SACOT scheme,
part of the resummed contributions are described by massless partonic coefficient functions
which induces an unphysical divergence towards pr — 0, and one cannot therefore generally
extend the calculation down to zero pr. In refs. [41-43] the authors pointed out that this
behaviour can be tamed by suitably tuning the factorization and fragmentation scales.
In the FONLL scheme these divergent features are cured by multiplying the zero-mass
contributions by a factor p4/(p3 + ¢>m?), where ¢ = 5 by default and m is the heavy-quark
mass, which serves to evade the unphysical behaviour while still respecting the principles of
GM-VFENS. However, neither of the two is a particularly natural way to cure the divergent
behaviour and the former also causes unphysical kinks to the pt spectrum of heavy-flavoured
mesons. Indeed, the reason why the invariant heavy-quark cross section remains finite
even at zero pr is in the mass of the heavy quark which, when properly accounted for,
keeps the intermediate particles off-shell — there is always a finite momentum transfer
between the colliding, massless initial-state partons. This is the underlying physics idea
of the SACOT-mr scheme which was introduced in ref. [44]. It is the counterpart of the
SACOT-x scheme [45] often used in the context of deeply inelastic scattering. Very recently,
preliminary documents of the so-called SACOT-MPS (Massive Phase Space) scheme have
also appeared [46, 47], which seems to share partly same ideas as the SACOT-my scheme
applied in this work.

A somewhat different but closely related approach to heavy-flavour hadroproduction is
the one in which fixed-order calculations are matched with a parton shower (FO-PS) [48-51].
This procedure also performs a similar resummation as done in GM-VFNS though it still,



in general, misses part of the resummed contributions that are included in GM-VFNS [44],
though it can be used to simulate exclusive final states as well. Also, while it is more
natural to use 4-flavour PDFs in the context of FO-PS framework to describe bb production
(part of the logarithms resummed by the parton shower are included in the evolution of the
b-quark PDFs) a consistent use of 5-flavour PDFs is a built-in feature of GM-VFNS making
it well-suited for general-purpose PDF studies.

In the present paper our aim is to apply the SACOT-mr scheme [44], originally devised
in the context of D-meson (mesons containing a charm quark) production, to the case of B
mesons. The differential cross section do/dpr of both D- and B-mesons show a maximum
at low pp but they occur at different values of pr. How this is linked with the heavy-quark
masses is an intrinsic feature of a given scheme and provides thus a well-defined way to
study the reliability of different schemes. We also introduce an improved description of the
fragmentation variable which evades some difficulties in the original setup. In what follows
we will first introduce the formalism in section 2, and then discuss the numerical results
in sections 3 and 4 for p-p and p-Pb collisions at the LHC, respectively. In section 5 we
summarize the paper discussing our future plans.

2 The SACOT-my framework

We will now recapitulate our SACOT-mr framework [44] for single-inclusive heavy-flavoured
meson production in hadronic collisions. The process we study is,

hi(P1) + ho(P2) — h3(P3) + X,

where h; and ho denote the colliding hadrons and hs is the heavy-flavoured meson. The
momenta of the hadrons are indicated by P;. We can write the invariant cross section as
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Here, d6~*+X /d3ps are the inclusive partonic cross section for producing a parton k
carrying a momentum ps in collisions of partons ¢ and j with momenta p; = z1 P, and
p2 = x2 P, in our scheme. The fragmentation of the produced parton k into a heavy-flavoured
meson is described by the fragmention functions (FFs) Dy_,p, (2, ,u?rag) which depend on the
fragmentation scale u?rag. The fluxes of partons from the initial-state hadrons are described
by the PDFs f;(x, u%act) and they depend on the factorization scale u?act. The subtraction
terms are required in order avoid the double counting between the same logarithmic terms
that appear in partonic cross sections and PDFs/FFs, as will be discussed later on.
The invariants 71, 7, and p are defined by
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where mp = /p% + m? and y denote the transverse mass and rapidity of the parton k. Here,
pr is the partonic transverse momentum and m is the heavy-quark mass. The integration
limits a:rlng‘ are
i mr e¥ . pin _ ximre Y .
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The transverse momentum Pr and rapidity Y of the heavy-flavoured meson are related

(2.3)

to the corresponding partonic quantities through the definition of the fragmentation variable
z, for which we now use
P3'(P1_P2> c.m.framo& ’ﬁ’

p3- (P — P2) pr 1A 24

z

where we have assumed that the fragmentation is collinear in the center-of-mass (c.m.)
frame of the collision. This definition of z is associated with the Jacobian factor in eq. (2.1),

= P2 + M2 p2
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where M is the meson mass, and the integration limit z™" is
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We note that the definition of the fragmentation variable z in eq. (2.4) is a little different
than the definition our earlier work [44] where we defined the fragmentation variable as
2 =P3- (P4 P)/ps - (P1 + P3). In the c.m. frame this corresponds to the fraction of the
heavy-quark energy carried by the meson, 2’ = Ereson/Eq. The problem of this definition
is best visible when Y =y =0, i.e. 2/ = My /m7. The fragmentation functions are zero for
2 > 1, which means that the partonic pr has a lower limit p3. > P2 + M? — m? > M? — m?.
In other words, heavy quarks at sufficiently low transverse momenta will not form heavy-
flavoured mesons at all. The definition of eq. (2.4) evades this problem but also other choices
are possible [41, 52]. An issue like this admittedly falls outside the predictive power of
collinear factorization and can be categorized as modeling the higher-twist effects associated
with the hadronization. We have checked that for the results presented in the present paper,
the differences between the two above versions of the fragmentation variable, z and 2/,
remains at most ~ 10% at small values of pp — well below the uncertainties originating e.g.
from the scale choices — and vanish completely at larger values of pr.

The partonic cross sections dé*? 7%+ in GM-VFNS are subject to a scheme depen-
dence [35] to accomplish a description valid at any pr. In the SACOT-my scheme [44] the
processes in which the heavy quarks are explicitly produced from massless flavours,

99 = Q+ X, q9 — Q+ X, qq — Q+X,

are evaluated with partonic cross sections carrying the full heavy-quark mass dependence [3],
renormalized in the MS scheme (see Section 3 of ref. [36]). We will refer to these channels



as being the “direct” ones. These fixed-order NLO cross sections contain logarithmic terms
log p which originate from (i) collinear radiation of gluons off a final-state heavy quark, (ii)
collinear splitting of final-state gluons into a heavy quark-antiquark pair, and (iii) collinear
splitting of initial-state gluons into a pair of heavy quark and antiquark. These logarithms
can be resummed into the scale dependence of the heavy-quark PDFs fo(z, u2, ) and
parton-to-meson FFs, Dy, (2, ,u%mg). The resummation then gives rise to the contributions
(i) with heavy quarks in the initial state and (ii) in which the fragmentation is initiated by a
light parton. We will refer to these channels as being the “non-direct” ones. In our scheme,
these processes are evaluated with the zero-mass (ZM) MS expressions for the partonic
cross sections do¥7F+X (79 79) |70 [53], where
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in eq. (2.2). In summary,
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To motivate the latter choice we note that to (i) retain the Lorentz invariance, and (ii)
recover the zero-mass MS result in the pr — oo limit, eq. (2.9) is a rather natural choice. It
implicitly accounts for the fact that even in an apparently massless production channels like
g9 — g(— QQ)+ X, the final-state parton will eventually split into a heavy quark-antiquark
pair such that the relevant variables to describe the underlying process are the massive
invariants 71 2, not the massless ones 7‘1072 to account for finite virtualities of the intermediate
partons. This choice also ensures that the cross sections remain finite in the pp — 0 limit.

The subtractions in eq. (2.1) associated with the initial-state radiation are obtained by
replacing the heavy-quark PDFs fo(x, ) by

fotee) — () ion () [ 0 (£) o) (220
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in the

Qg—Q+X, Q—Q+X,
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channels, and keeping terms up to «j. Similarly, the subtractions associated with the

final-state radiation are obtained by replacing the FFs by

Ol Ldz x
DQ%h?,(x?:UJ%rag) — (27r> /z ?dQQ (z> DQA)hS(ZMU/?rag)? (2'12)
2 1
Qg Hfra, dz x
Dg—>h3 (xnu?rag) — <27_‘_> log <7n2g> / ?qu (Z) DQ—>h3 (Zvugrag)v (213)
1+ 22 lu%rag
dog(z) = Cy T log ol 2log(l—2)—1 , (2.14)
+

in the
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channels, and keeping terms up to a2. The non-logarithmic terms in dqq are associated
with the definition of the MS FFs in the presence of a finite quark mass [54, 55]. In addition,
the fully massive calculation used to evaluate the direct contributions [3] are renormalized
in the so-called decoupling scheme [56] in which the scale dependence of «; excludes the
contributions from heavy-quark loops. To translate the results in the decoupling scheme to
the usual MS scheme, additional terms are supplied, see Section 3 of ref. [36].

There are three independent scales involved in our calculation — the renormalization,
factorization and fragmentation scales. These are taken to be

i = ciy/ P2 +m?, (2.15)

where m is the heavy-quark mass and our default choice is ¢; = 1, as in ref. [44]. To
chart the dependence of our results on this choice we repeat the calculations by taking
c¢; = 0.5,1, 2, with a restriction,

< Hren . (2.16)
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Hfrag

T Mfact
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In total there are then 17 different scale combinations whose envelope we take as the scale
uncertainty. We note that the FFs become scale independent for jifae < m and only Dg_p,
is non-zero in this regime. The heavy-quark PDFs are zero for .. < m. Consistently, no
initial-state subtraction terms are included when pg.c¢ < m, and no final-state subtraction
terms are included when pif,e < m.

We take the B-meson FFs from the Kniehl-Kramer-Schienbein-Spiesberger analysis
(KKSS08) [39] which fits the SLD [57], OPAL [58], and ALEPH [59] data on B-meson
production in ete” annihilation near the Z-boson pole, /s = My. Recently, also FFs
at NNLO accuracy have become available [60]. It should be noted that in the KKSS08
analysis the bottom mass was taken to be my, pr = 4.5 GeV, which differs from the values
employed in the PDFs we will use in our calculations, my, = 4.92 GeV for NNPDF4 [16], and
mp = 4.75 GeV for MSHT20 [15]. Since the data in KKSS08 analysis are taken at /s = My,



the exact value of the bottom-quark mass used there cannot be very critical. On the other
hand, the PDF fits utilize much more data at lower interaction scales and are thus arguably
much more sensitive to the quark masses (i.e. changing the input masses changes the PDFs).
We thus find it better justified to use the mass values from PDFs in our calculations. To
ensure the correct behaviour at the threshold, the final-state subtraction terms as well as
e.g. the gluon FFs should vanish at the scale pfag = my,. To enforce this, we always use
the scale p? = ¢; /P% + m%,FF when calling the FFs. In the future, to avoid making such
compromises, it would be useful to have the B-meson FFs available with the exact mass
values utilized in the global PDF fits. In most of our calculations we will use the NNPDF4
partons [16] which constitute the most recent set. To investigate the mass dependence, we
will use a special version of MSHT20, MSHT20NLO__ MBRANGE__NF5 [61] which provides
PDF fits with different bottom-quark masses including also the one which matches with
mprr. In the case of p-Pb collisions, we will use the EPPS21 nuclear PDFs [62] (with
CT18A baseline proton PDFs [17]) for which my, = 4.75 GeV, and the nNNPDF3.0 nuclear
PDFs [63] for which my, = 4.92 GeV.

3 Results for proton-proton collisions

To highlight the key features of the SACOT-mr setup we present, in figure 1, the B
cross sections at /s = 13TeV in the rapidity window 2.5 < Y < 3.0 together with the
experimental data from the LHCb collaboration [32]. The full SACOT-mr calculation
follows the data very well and, in particular, reproduces the turnover at Py ~ 3 GeV. The
scale uncertainty is shown as the green band which is large at small values of Pr but reduces
to 10% at highest considered values of Pr. To illustrate how the B-meson cross section in
our scheme builds from various components, figure 1 also shows separately the contributions
of direct terms, subtraction terms, and the non-direct parts in which there are either bottom
quark(s) in the initial state or in which the fragmentation proceeds from a light parton.
At low Pr the direct part clearly dominates and, by construction, is the only contribution
at Pr = 0 GeV. As Pr increases the subtraction terms approximate rather well the full
direct contribution and eventually the net contribution of these two becomes rather small.
When this happens, the contributions from initial-state heavy quarks and light-parton
fragmentation are the dominant ones. With our default choice of scales, this begins to
happen already around Pr ~ my,. Arguably, the collinear logarithms ~ log (p4/m?) are not
yet particularly large at such values of Pr so their resummation should not be a too big
of an effect either. However, even if the resummation would not yet be a large effect, the
non-direct contributions can be significant as e.g. the gg — gg matrix element that enters
the contribution from gluon fragmentation carries a large colour factor which increases
its importance even if the associated logarithm would not yet be particularly large. For
Pr = my and higher, the full calculation is significantly above the direct part. On one
hand this is due to the a2 terms in the contributions with initial-state heavy quarks or
light-parton fragmentation, which also partly catch the NNLO contributions to the fixed-
order calculation which are now known to be important [5]. On the other hand, towards
higher values of Pr the resummation of the collinear logarithms becomes also gradually
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Figure 1. The 13 TeV B*-meson data of the LHCb collaboration [32] in the rapidity window
2.5 <Y < 3.0 compared with the SACOT-m calculation. The plot shows separately the full
calculation (black solid), the direct i.e. light-parton to heavy quark production channels (green
dashed), subtraction terms (yellow dotted-dashed), non-direct production channels (blue dashed),
and the zero-mass calculation (purple dotted-dashed). The filled bands correspond to the uncertainty
from the scale variation.

more important of an effect. The scale variations result in a significant uncertainty band.
Part of this largeness is related to the fact that the scale choice also controls the relative
importance of the direct, subtraction, and non-direct contributions. For example, with
k; = 1/2 only the direct part contributes up to Pr = v/3my, ~ 8.5 GeV, whereas with our
default choice of scales it is the non-direct part that clearly dominates at Pr = 8.5 GeV.
The result of a fully zero-mass calculation, but still adopting our default choice of scales, is
shown in figure 1 as well. We see that the zero-mass calculation agrees rather well with the
full SACOT-m result already at Pp 2 2my, though the residual mass effects die out rather
slowly in Pr. Towards lower values of Pr the NLO zero-mass cross section not only diverges
but goes also negative due the spurious behaviour of the zero-mass coefficient functions.
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Figure 2. Comparison of D- (upper curves) and B¥-meson (lower curves) production in the
SACOT-mr scheme at /s = 13TeV, 2.5 < Y < 3.0. Black solid curves correspond to the full
calculation and the green dashed curves to the contributions from the direct (i.e. light parton to
heavy quark) production channels. The orange dashed-dotted curves are the subtraction terms
and the filled bands show the uncertainty from the scale variation. The data are from the LHCb
collaboration [32, 64]. For clarity, the data and curves corresponding to the D? mesons have been
multiplied by a factor of 10.

The observations made above are reminiscent of those we found earlier for D mesons [44]
but the effects of heavy-quark mass simply persist up to higher values of Pp. This is
illustrated in figure 2 where we plot the D results in the same figure. For the D-meson
data, the turnover happens at lower Pr in comparison to the B-meson case. This behaviour
is also well reproduced by our default scale choice — a larger quark mass more strongly
“screens” the partonic propagators due to larger virtuality and shifts the turnover to larger
Pr. One can also clearly see that — in our scheme and the default choice of scales — the
subtraction terms approximate well the contributions from the direct production channels
for D mesons immediately above zero Pr, whereas for B mesons the cancellation between the
subtraction terms and the direct production channels is shifted to larger Pp. In comparison
to the D-meson results, and perhaps a little surprisingly, the scale uncertainty remains
larger for B mesons up to higher Pr although the associated QCD scales are larger. The
reason is that for the B-meson production the interplay between various components (direct,
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myp. The calculation uses the MSHT20NLO MBRANGE_NF5 partons [61] which are available for
myp = 4.0...5.50 GeV. The scale uncertainty band was evaluated with my, = 4.75 GeV.

non-direct, subtraction) remains non-trivial up to higher values of Pr and the dependence
of this interplay on the scale choices results in a larger scale uncertainty. In the case of D
mesons, the non-direct components quickly dominate the cross section with all considered
scale choices. Notice that here we have limited the scales from below by the charm mass to
make sure that they stay above the initial scales of the PDF analyses.

The dependence of our calculations on the adopted set of PDFs with different bottom-
quark masses is illustrated in figure 3. Instead of NNPDF4.0, we have used here the
MSHT20NLO_MBRANGE_NF5 partons [61]. In this latter analysis, the authors repeated
the MSHT20 [15] global PDF fit seven times varying the bottom-quark mass in the range
mp = 4.0...5.50GeV. By using these PDF sets, we can thus study the bottom-quark
dependence of our calculation with the proper behaviour of PDFs (i.e. vanishing bottom-
quark) at the threshold pifact = mp. The largest differences appear at low Pp where the
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bottom-quark thus plays the most significant role. We see that adopting a smaller bottom-
quark mass leads to an increased cross section as the “mass screening” in the propagators
decreases. Decreasing the bottom-quark mass can be also seen to slightly shift the maximum
of the Pp spectrum towards lower values of Pp. The mass dependence is still clearly inferior
to the scale dependence of our results i.e. within the scale uncertainties all the shown
PDFs agree with the LHCb data (note, however, that variations in the mass also affect the
scale choices).

Figures 4 and 5 show the comparisons with the LHCb 7 TeV and 13 TeV [32] data using
NNPDF4.0 PDFs. In both cases the predictions agree very well with the data throughout the
wide rapidity range. The uncertainties from NNPDF4.0 are small (not much larger than the
line width) in contrast to the scale uncertainties and are therefore not shown. We consider
also the cross section ratios between the collision energies of 13 TeV and 7TeV. The LHCb
paper [32] does not contain these ratios separately for different rapidity bins, and we have
therefore formed the ratios ourselves from the tabulated cross sections. The statistical and
systematical uncertainties have been added in quadrature apart from the 3.9% systematic
uncertainty on the B* — J/¢K* branching fraction (the decay mode measured by the
LHCDb), which has been canceled out. The results are shown in figure 6. The uncertainties
due to the scale choices are vastly smaller in these ratios in comparison to the absolute
cross sections. The systematics of the data are well reproduced by the calculation. Despite
the smaller scale uncertainties, they are still larger than the PDF-originating uncertainties,
at least for NNPDF4.0 which we use here. Finally, figure 7 presents the ATLAS 7TeV
data [29] and the CMS midrapidity data at 5TeV [21], 7TeV [25], and 13 TeV [30]. These
data do not reach to the low-Pr region where most of the bottom-quark mass effects reside
but instead extend to higher values of Pr and provide therefore a complementary validation
of our computational setup. The dependence of experimental cross sections on the c.m.
energy, Pr and rapidity are again well reproduced by the calculation.

Finally, we wish to illustrate the differences between our SACOT-mT scheme and other
approaches. To this end, figure 8 presents a comparison in which we have divided the
FONLL [11, 36, 65] and fixed-order NLO calculations with the SACOT-m predictions. The
FONLL and fixed-order NLO predictions have been taken from the web interface in ref. [66]
selecting the NNPDF3.0 proton PDFs [67]. The coloured bands show the uncertainties due
to the scale variations which, in the case of FONLL and fixer-order calculation, include
only variations of the factorization and renormalization scales with 5 different combinations.
The FONLL cross section for heavy-quark production is, schematically, of the form,

2
do_g‘ONLL _ O_ﬁxed order + 5 pT2 5 (do_resummed _ subtractions) 7 (31)
pr +ctmyg
where the default choice ¢ = 5 has been applied, and which is still folded with a scale-
independent fragmentation function to obtain the spectrum of heavy-flavoured mesons.
While the fixed-order part includes only those contributions in which the heavy quarks
are explicitly produced, the resummed part performs the same resummation of collinear
logarithms as the SACOT-m7 scheme. The subtraction terms ensure that no double
counting takes place. The principal difference with respect to the SACOT-mr scheme is
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The FONLL and fixed-order results use the NNPDF3.0 proton PDFs. The widths of the bands
correspond to the scale uncertainties of each calculation.

that the resummed part uses pure zero-mass coefficient functions which diverge towards
zero pr. The factor p3./(p% + Cng) is there to tame the divergence. The constant ¢ controls
how quickly the resummation is allowed to kick in as a function of pp. The default FONLL
predictions, however, do not involve an uncertainty due to the variations of the constant
c. At low Pr the FONLL predictions match with the fixed-order calculations and show a
clearly smaller scale uncertainty in comparison to the SACOT-mt scheme. This is due to
the fact that FONLL suppresses the contributions from the resummed part (which comes
with a large scale uncertainty at low Pr) by choosing a large enough c¢. This is of course
well justified in the sense that at low Pr the collinear logarithms are not yet large and thus
their resummation cannot be a big effect either. However, we recall that by including the
O(a?) terms in the resummed cross sections, they also effectively contain contributions
from the fixed-order NNLO calculations which can be significant even if the resummation
of the associated logarithms is not yet crucial. Moving towards somewhat higher values
of Pr the scale uncertainty of the SACOT-mt scheme quickly diminishes and becomes
eventually smaller than that of FONLL — starting from Pr = 3my, or so. This indicates
that the resummation begins to have an effect at such values of Pr but the chosen value
of ¢ in FONLL still retains the fixed-order contribution (with a larger scale uncertainty)
significant. At the high- Pr end both FONLL and SACOT-mr display a scale uncertainty
which is approximately the same for both and clearly smaller than the scale uncertainty of
the fixed-order predictions.
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4 Results for proton-nucleus collisions

The D-meson production in p-Pb collisions [68] has been used as a constraint in the
EPPS21 [62] and nNNPDF3.0 [63] fits of nuclear PDFs. The theoretical framework in
the EPPS21 analysis was the one discussed here, SACOT-mr, while the nNNPDF3.0
analysis used a fixed-order POWHEG calculation [48-50] matched to the PYTHIA [69]
parton shower. The differences between the two approaches were discussed in ref. [44].
Heavy-flavour observables have also been studied in a recent variant of the nCTEQ15
analysis [70] but using considerable simplifications on the partonic matrix elements and
kinematics. Specifically, it is the nuclear modification

d?oP P /dY dPr
d2oPP/dY dPy ’

Rypy, = (4.1)
for D-meson production that enters the EPPS21 and nNNPDF3.0 analyses. In such ratio
most of the scale uncertainties in the SACOT-mt scheme were observed to cancel between
the numerator and denominator though some dependence persist, particularly at low Pr [13].
To be on the safe side, EPPS21 imposed a cut Ppr > 3 GeV. In the POWHEG+PYTHIA
approach the scale uncertainties in Rppy, at high Pr were observed to be much larger
than in the SACOT-mr scheme [63]. The nNNPDF3.0 analysis nevertheless included the
D-meson data without any restrictions in Pr excluding, however, the p-Pb data at backward
rapidities (Y < 0). In both cases, the inclusion of the LHCb data [68] led to a significant
reduction of the nuclear-PDF uncertainties at small z. In this section we will now use these
D-meson-constrained nuclear PDFs to predict the nuclear modification ratios for B-mesons
and see whether the predictions agree with the recent LHCb data [34].

Before comparing with the data we study the relative size of the PDF and scale uncer-
tainties in B-meson Rppp. This is done in figure 9 in which the relative scale and 90% PDF
uncertainties for R,py, are shown. For EPPS21, the PDF uncertainty is calculated according
to the Hessian prescription, see Section 4.3 of ref. [62], whereas the 90% nNNPDF3.0
uncertainty is calculated by rejecting the predictions of those replicas that constitute 10%
of the most extreme predictions, see Section 7.2 of ref. [63]. In both cases, the correlations
between the nuclear and proton PDFs are accounted for. The full uncertainty band combines
the PDF and scale uncertainties in quadrature. The scale uncertainties are the largest at
low values of Pr and they are very similar between EPPS21 and nNNPDF3.0. In the case
of EPPS21 the PDF uncertainties are always clearly larger than the those induced by the
scale variations. The nNNPDF3.0 PDF uncertainties are, however, systematically smaller
than those of EPPS21 and in places the scale uncertainty competes and even exceeds the
PDF uncertainty. The fact that the nNNPDF3.0 uncertainties are generally smaller than
those of EPPS21 is presumably mostly due to the methodological differences between these
two PDF analyses [71].

Figure 10 shows how our calculations using the EPPS21 and nNNPDF3.0 nuclear PDFs
compare against the LHCb B*-meson data at 8.16 TeV [34]. In the backward direction
—3.5 <Y < —2.5 (Y referring to the rapidity of the meson in nucleon-nucleon center-of-mass
frame) one probes predominantly the large-x part of the nuclear PDFs where there is an
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Figure 9. The scale (dotted) and 90% PDF (dashed) uncertainties of the B-meson nuclear
modification factors in p-Pb collisions. The upper panels correspond to the EPPS21 PDFs [62] and
the lower panels to the nNNPDF3.0 [63] PDFs.

enhancement (antishadowing) in comparison to the proton PDFs. In the forward direction
2.5 <Y < 3.5 it is the small-z regime of nuclear PDFs that matters the most where the
nuclear PDFs are suppressed (shadowing) in comparison to the proton PDFs. The LHCb
data are broadly consistent with these expectations and quantitatively agree with both
EPPS21 and nNNPDF3.0. In particular, the data at forward direction are more precise
than the EPPS21 predictions and could possibly give some additional constraints in a global
analysis of nuclear PDFs, though the statistical weight of these B-meson data will be small
in a global x? analysis. The lower panel still shows the forward-to-backward ratio

_ d*oPPP(Y > 0)/dYdPr
~ d20PPP(Y < 0)/dYdPr’

Rpp (4.2)

which requires no p-p baseline measurement. We also show the B measurement — our
calculation is identical for B¥ and BY (the KKSS08 FFs are the same for these two species).
Note that the data in the forward and backward directions come from separate LHC runs
with different beam configurations so the luminosity uncertainties do not cancel. Our
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Figure 10. The nuclear modification factors (upper panels) and the forward-to-backward ratio (lower
panel) for B mesons. The coloured bands correspond to the EPPS21 [62] (blue) and nNNPDF3.0 [63]
(purple) nuclear-PDF uncertainties. The data are from ref. [34].

predictions are found to agree with the data also here. The data perhaps hints towards a
stronger Pr dependence but a more precise measurement is still required to confirm this in
a statistically significant way as notable fluctuations are seen in LHCb data for R,py, at
this Pr region.

5 Conclusion and outlook

In summary, we have extended the NLO SACOT-mrt scheme, originally introduced in
the context of D-meson production, to the case of B-meson production at the LHC. In
the original version we had defined a fragmentation variable that could lead to a patho-
logical behaviour in certain corners of the phase space — a better version introduced
in the present paper evades this problem. We contrasted our calculations against the
proton-proton data from the LHCb, ATLAS and CMS collaborations finding a very good
agreement within theoretical uncertainties originating from the variations of the renormal-
ization/factorization/fragmentation scales and the bottom-quark mass. Notably, the shift
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in the position of the peak value in Pr spectra when increasing the heavy-quark mass is
naturally reproduced with our default setup. We found a good agreement also with the
data at high- Py region where the scale variations play a smaller role. To get some more
insight on different GM-VFNS schemes, we compared our results to the FONLL approach
and concluded that the somewhat different evolution of scale uncertainties as a function of
Pr can be attributed to a different regulation of massless coefficient functions which also
controls the relative contribution of direct and non-direct production channels. While the
scale uncertainties can be large in the case of absolute cross sections, they are strongly
suppressed e.g. in ratios of cross sections between different c.m. energies or ratios between
different collision systems, which are then much more sensitive to the underlying proton
and/or nuclear structure. In particular, we considered the nuclear modification Rppy, and
the forward-to-backward ratio Rgg by using the EPPS21 and nNNPDF3.0 nuclear PDFs.
The predictions agree very well with the data from the LHCb collaboration, lending further
support for the universality of nuclear PDFs.

Having now tested the SACOT-mt scheme in the case of inclusive D- and B-meson
production, we plan to extend our framework also to include the decays of these open heavy
flavours. In many cases the decay particles — e.g. the J/1¢ spectrum from B mesons —
can be measured with a significantly greater accuracy than the fully reconstructed D or
B mesons. This would then open e.g. the possibility to include the corresponding R,py,
data to the global fits of nuclear PDFs without resorting to simplifying approximations
made in other works and provide more constraints for small-x gluon shadowing in heavy
nuclei. In addition, now that the fixed-order NNLO calculations for bb production are/will
soon be publicly available, it begins to be possible to increase the accuracy of GM-VFNS in
hadroproduction to include higher-order perturbative contributions.
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