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ABSTRACT: We scrutinize the recent LHCb data for D%-meson production in p+Pb colli-
sions within a next-to-leading order QCD framework. Our calculations are performed in
the SACOT-mr variant of the general-mass variable-flavour-number scheme (GM-VFNS),
which has previously been shown to provide a realistic description of the LHC p+p data.
Using the EPPS16 and nCTEQ15 nuclear parton distribution functions (PDFs) we show
that a very good agreement is obtained also in the p+Pb case both for cross sections and
nuclear modification ratios in the wide rapidity range covered by the LHCb data. Encour-
aged by the good correspondence, we quantify the impact of these data on the nuclear
PDFs by the Hessian reweighting technique. We find compelling direct evidence of gluon
shadowing at small momentum fractions x, with no signs of parton dynamics beyond the
collinear factorization. We also compare our theoretical framework to a fixed-order calcu-
lation supplemented with a parton shower. While the two frameworks differ in the absolute
cross sections, these differences largely cancel in the nuclear modification ratios. Thus, the
constraints for nuclear PDFs appear solid.
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1 Introduction

In the collinear-factorization approach to describe scattering of protons and heavier nuclei
in Quantum Chromodynamics (QCD), the non-perturbative structure of the hadrons —
parton distribution functions (PDFs) — is factorized from the perturbatively calculable
coefficient functions [1, 2]. The PDFs are typically extracted from experimental data
via global analysis and their accurate determination has been a long-standing effort in
the community [2, 3]. For the free proton PDF fits there are plenty of accurate data
available and the most recent global analyses [4-8] result with PDFs that are reasonably
well constrained within the typical kinematics probed at the Large Hadron Collider (LHC).

For PDFs in heavier nuclei, nuclear PDFs (nPDFs), the available data have been
rather sparse until very lately [9]. Indeed, even some recent analyses still rely only on
older fixed-target deep inelastic scattering (DIS) and Drell-Yan (DY) data [10, 11]. Due
to the relatively low center-of-mass (c.m.) energy +/s, these data provide constraints only
for momentum fractions z 2 0.01, and the gluons are constrained only indirectly via
scale-evolution effects and momentum sum rule [12]. To obtain better gluon constraints,
the potential of inclusive pion production in d+Au collisions at RHIC [13-16] was first
discussed in ref. [17] and eventually the data were incorporated into the global fits [18-21].
The x reach was still, however, rather similar to the available DIS data. The currently most
comprehensive nPDF analysis, EPPS16 [22], includes also LHC Run-I data for electroweak-
boson (W and Z°) [23-25] and dijet production [26] in p+Pb collisions. Because of the



large masses of the W* and Z° bosons, the interaction scale is high and a significant
sensitivity to gluons via evolution effects will eventually set constraints on gluons, as has
been shown in ref. [27] (section 10.4.2). However, the Run-I W* and Z° data have still a
rather limited impact due to the low statistics. The dijet production, on the other hand,
probes the gluon density much more directly and already the Run-I data clearly helps to
narrow down the gluons in the x 2 0.002 region [28]. All this still leaves the small-x region
only weakly constrained. To probe gluons at small x, almost any conceivable observable at
lowish interaction scales and forward rapidity y > 0 would do. Good candidates at hadron
colliders include e.g. low-mass Drell-Yan dilepton and isolated-photon production at low
transverse momentum pr [29-35]. Isolated photons in p+Pb collisions have already been
measured at central rapidities [36], and the large-y measurements appear to be within the
capabilities of the LHCb collaboration [37]. In further future, measurements of isolated-
photon production would be a central goal of the ALICE FoCal upgrade [38].

Another promising observable for gluon constraints is the inclusive D- and B-meson
production where the heavy-quark mass provides the hard scale even at zero pr. In fact,
the LHCb collaboration has published low-p1 data on D-meson production at forward
kinematics in p+p collisions at different /s [39-41], and recently also in the p+Pb case
at /s =5 TeV [42]. The use of these D-meson data as a free proton and nuclear PDF
constraint has been advocated e.g. in refs. [43-48] and studied otherwise [49], but for the
moment the default sets of globally fitted general-purpose PDF's [4-8, 21, 22] do not include
any D-meson data. Here, our purpose is to provide a first estimate of the impact the recent
LHCb p+Pb data have on globally fitted nPDFs within a rigorous next-to-leading order
(NLO) perturbative-QCD framework. We will focus only on the LHCb measurements [42],
as the central-rapidity ALICE [50] data are not as precise and as the ATLAS central-
rapidity data [51] are only preliminary.

As the nPDF sets we consider in this work, EPPS16 [22] and nCTEQ15 [21], are of a
variable-flavour type, where the charm and bottom quarks are “active” partons above their
mass thresholds, our default setup for the heavy-meson cross section calculations is based
on the general-mass variable-flavour-number scheme (GM-VFENS) approach. The concept
of this formalism is to match the fixed-flavour-number scheme (FFNS) valid at very low
pr with a massless variable-flavour calculation valid at high pp. Such an approach was
first developed for leptoproduction of heavy-quarks [52-57] and has also been applied to
heavy-quark hadroproduction [58-61]. In this framework the mass-dependent logarithms
arising from collinear emissions are resummed into scale-dependent PDFs and fragmen-
tation functions (FFs). Similar parton-level resummation of collinear emissions is also
achieved within the FONLL formalism [62, 63], which essentially constitutes a particular
GM-VFNS scheme. Also parton showers in general-purpose Monte Carlo event generators,
such as PyYTHIA [64], provide an effective (leading-logarithm) resummation. In this work,
we will use the SACOT-mr variant of the GM-VFNS formalism, introduced in ref. [65].
This framework takes fully into account the D mesons produced by gluon fragmentation
— something that is neglected in the FFNS approach. However, when the partonic pr
scale is less or close to the heavy-quark mass, pr < m, the inherent uncertainties of the
GM-VFNS approach grow and somewhere close to this region the pure FFNS approach



becomes arguably more reliable. For this and other reasons discussed later on, in our main
results we restrict to region with minimum pr = 3 GeV for the produced D mesons, though
also the lower pr regime is explored. To decide with confidence which pr scale sets the
borderline between the two approaches is a question that would probably require calcula-
tions at next-to-NLO level which are not yet available. Thus, in parallel to the GM-VFNS
calculations, we perform the cross-section calculations also in the FFNS-based approach
to further chart the uncertainties. To quantify the impact on the nPDF's, we will use the
Hessian reweighting technique [28, 66-68] that facilitates an estimate of the data impact
without re-doing the complete global analysis.

The paper will now continue as follows: In section 2, we introduce our theoretical
setup, including the GM-VFNS framework and the applied reweighting machinery. Then,
in section 3, we compare the resulting cross sections and nuclear modification ratios with
the LHCb data, demonstrate the impact these data have on nPDFs, and discuss their
sensitivity to small-z gluons. We summarize our findings in section 4.

2 Theoretical framework

2.1 SACOT-mt scheme for heavy-quark production

The general idea of D-meson hadroproduction in the GM-VEFNS approach [59, 65] is to
reproduce the results of (3-flavour) fixed flavour-number scheme (FFNS) at the small pr
limit and match to the massless calculation at high values of pr. Let us first discuss the
FFNS limit, in which the cross section for inclusive production of a heavy-flavoured hadron
hs at a given transverse momentum Pr and rapidity Y in a collision of two hadrons, h;
and hs, can be written as

do.h1+h2—>h3+X 1 dZ 1 1
—_— = — dzq dzo
dPTdY ’FFNS Z er)in z /xrlnin xénin

)

h1 2\ pho , dgmOrX 2 2
X DQ-hs (2) fz (21, :ufact)fj (22, Mfact)W(Tlv T2, 1M Hyens :U'fact) :

(2.1)

In this expression, f;}; 2 are the PDFs (in 3-flavour scheme) for partons i and j in hadrons
hi and ho with momentum fractions x; and z», and d67 7@+ /dprdy denote the pertur-
batively calculable coefficient functions for inclusive heavy-quark @ (here charm) produc-
tion [69] with fixed rapidity y and transverse momentum pr of ). The renormalization and
factorization scales are denoted by p2,,, u%act and m is the heavy-quark (here charm) mass.
The fragmentation of a heavy-quark to hadron hg is described by a scale-independent frag-
mentation function (FF) Dg_,p, (such as in ref. [70]). The invariants 7; can be calculated

from the partonic transverse mass mrt = @/p% + m? and rapidity y as

_p1-p3  mye Y _ p2-p3  mye?
= = and T = =

C p1-Dp2 332\/5 P1 - P2 B 331\/5’

(2.2)

1

where p; and py are the momenta of the incoming massless partons, and ps3 is the final-
state heavy-quark momentum. When masses are neglected, the relation between partonic



and hadronic variables is simply ¥y = Y and Pr = zpp. However, when the masses of the
heavy quark and the final-state hadron are taken into account, the definition of z becomes
ambiguous [71]. Adopting the choice made in [65],
P3- (P + P)
p3-(PL+ P)’

where P; is the momentum of hadron h;, the z variable can be interpreted as the fraction of

(2.3)

z

partonic energy carried by the outgoing hadron in the c.m. frame of the initial-state hadrons
h1 and ho. The relations between partonic and hadronic variables become somewhat more
involved, but eq. (2.1) stays intact.

When the transverse momentum of the produced hadron hg is large, Pr > m, the
heavy-quark mass can be neglected and thus the zero-mass description becomes the most
relevant. In this limit, the cross section can be written as [72],

do.h1+h2~>h3+X
dxl d.%'g
dPTdY Z /mln z /mm mm
ijk

h1 ho 2 da-”_ﬂﬁ_x 0,0 ,2 2 2
X Dk—>h3 (Z :ufrag) f (‘Tla Mfact)fj ($27 :U’fact) W (Tl » 725 Hrens Hfact> Hfrag) :

(2.4)

The formal difference with respect to eq. (2.1) is that now the FFs are fragmentation-scale
u?rag dependent, and a summation over all partonic channels is included. For massless
partons the invariants 70 are obtained as

) = lim 7 = pre ? and 79 = lim 7 = pre? .
m—0 T9\/5 m—0 T1\/s
The GM-VFENS technique [59, 65] provides a general framework to match the two ex-
tremes of eq. (2.1) and eq. (2.4) in a way that is consistent with collinear factorization.

(2.5)

If we start from the FFNS description and increase Pr, the cross sections will quickly
be dominated by log(pr/m) terms whose origin is in the initial- and final-state partons’
collinear splittings into QQ pairs. In GM-VFNS these logarithms are resummed to the
scale-dependent heavy-quark PDFs and scale-dependent FFs. Because the FFNS expres-
sions already contain the first of the resummed logarithmic terms, subtraction terms are
needed to avoid double counting and ensure the correct zero-mass limit of eq. (2.4). For
example, the inclusion of the gluon production channel gg — gg,

do.h1+h2—)h3+X
dl’l d.Z‘Q
dPTdY gg%gg /mm z /mm mm

D 2 h 2 ) fha o (do#TEE s s
X Lg—hsg (Z’ :U’frag) fg (xlv Hfact)fg (1327 :ufact) dprdy (7—17 T2y Krens Hfact» Hfrag)

(2.6)

on top of eq. (2.1), must be accompanied by a subtraction term which has otherwise the
same expression as eq. (2.6) but where the gluon-to-hg FF is replaced by

2
Hira, dz
-Dg—>h3($?:u’f2rag) = 27[_1 ( ng)/ > qg(x/Z)DQ—ﬂzs( )
(2.7)

2
Hra, dz
= 27[_1 ( m2g> / > qg(x/Z)DQ—ﬂls(z :ufrag) +O( )



which is the first term in the definition of scale-dependent FFs with massive quarks. In
an NLO-accurate O(a?) calculation, only the leading-order part of dG999+¥ is included
in the subtraction term. However, the exact form of dg9979+tX in the equation above
is not fixed by this construction. The only condition is that we recover the standard
zero-mass MS expression at pr — oo to meet eq. (2.4). This means that we can include

979+X a5 we like, and a specific choice defines a scheme. The

mass-dependent terms in dg¥
difference between the added and subtracted contributions discussed above is formally of
order O(a?), so that different schemes are formally equivalent up to O(a3). Here we adopt
the so-called SACOT-m7 scheme [65]. It is rooted in a simple observation that in order
to make a heavy-flavoured hadron in QCD, a QQ pair must be first produced. That is,
the relevant invariants to describe the process are the massive ones, 712 = 712, even for
seemingly massless partonic contribution (like the gg — gg channel). Importantly, the
mass then prevents the partonic cross sections from diverging towards small pr exactly
in the same way as the FFNS cross section are finite at pyr = 0. In the previous GM-
VENS approach [59] such a physical behaviour is obtained only by a particular choice of
QCD scales [61, 73]. However, we still stress that when the partonic pr scale is less or
similar to the heavy-quark mass m, the arbitrariness related to the GM-VFNS scheme
choice reduces the reliability of the predictions. The arbitrariness related to the choice
of the fragmentation variable z is also most prominent at low pt. For these two reasons
in our main results we will concentrate on the region Pp > 3 GeV where the associated
uncertainties are smaller.

The final differential cross sections are then calculated by using the FFNS expressions
for the explicit QQ production, and for all other channels zero-mass expressions with the
mentioned massive kinematics. The subtraction terms discussed above are included to avoid
double counting and to ensure proper matching between a; and PDFs in 3- and 4-flavour
schemes. The switch from 3- to 4-flavour scheme is done at the charm-mass threshold.
The bottom decays to D? are an order of magnitude smaller [74] than the “direct” charm
fragmentation to D°. Thus, the treatment of the bottom mass is not as critical, and in our
present setup we switch from 4- to 5-flavour scheme at the bottom-mass threshold with no
matching conditions and ignoring the bottom mass. For the numerical implementation of
the described SACOT-mT scheme the massless NLO matrix elements are obtained from the
INCNLO [72] code and the FFNS part with explicit heavy-quark production is obtained from
the MNR code [75]. As presented in refs. [65, 74], this framework is in a very good agreement
with the ALICE [50, 74] and LHCb [39-41] data for inclusive D-meson production in p+p
collisions in a broad rapidity range. The GM-VFNS approach also broadly reproduces the
LHCb data on double D-meson production [76].

2.2 Powheg+Pythia approach

We will also contrast our results in the SACOT-mr framework with a Monte-Carlo based
NLO computation that is often applied to heavy-meson phenomenology at the LHC in
the context of PDFs [44, 45, 77]. This approach is based on the POWHEG method [78] to
combine NLO matrix elements with a parton shower and hadronization from a general-
purpose Monte-Carlo event generator. The underlying idea is to generate the partonic



2 — 2 and 2 — 3 events with the NLO-correct matrix elements. These events are then
passed to any parton shower generator that provides the rest of the partonic branchings,
accounting for the fact that the first one may already have occurred. The parton shower can
be considered as being analogous to the scale evolution of FFs and PDFs as the splitting
probabilities are based on the DGLAP evolution equations in both cases.

We generate the partonic events with the heavy-quark pair production (HVQ) sce-
nario [79] of the POWHEG BoX framework [80] which we pass on to PyTHiA 8 [64] for
showering and hadronization. As POWHEG generates only events where the heavy-quark
pair is produced in the Born-level process or in the first (hardest) splitting, it ignores
the component where the QQ would be created only later on in the shower e.g. starting
from a hard gg — gg process. Such contributions are, however, effectively included in
any GM-VFNS framework via the scale-dependent PDFs and FFs. Since charm quarks
are abundantly produced in parton showers at the LHC energies [81], truncating the re-
summation of the splittings to the first one may miss a significant source of heavy quarks,
as was pointed out in ref. [65]. This interpretation is supported by noting that within
the GM-VFENS framework, the fixed-order production channels (the ones included in the
HVQ scenario of POWHEG) were observed to constitute less than 10% of the full cross
section at Pr 2 3 GeV [65] once the subtraction terms were included. In addition, as
demonstrated in refs. [40, 41, 65], the uncertainties arising from scale variations within the
POWHEG+PYTHIA setup become considerably larger at Pr 2 3 GeV than what they are in
GM-VFNS implementations. It is thus conceivable that the logarithmic terms resummed
in GM-VFENS are significant already at Pr ~ 3 GeV. However, as mentioned before, the
uncertainties related to the choice of the GM-VFNS scheme are large at low P and it is
thus impossible to draw a decisive conclusion.

At high enough Pr, the truncation of the chain of partonic splittings the
POWHEG+PYTHIA method potentially overestimates the sensitivity to low-z PDFs as the
neglected contributions with several emissions would always require a higher value of z
to produce a heavy meson at a fixed Pr and Y. Within its large scale uncertainties the
POWHEG+PYTHIA method nevertheless agrees with the D-meson data measured by LHCb
even at Pr >> Meharm, though the central predictions are generally below the data [44].

2.3 Reweighting machinery

We will quantify the impact of the single inclusive D%-meson production data in p+Pb
collisions on nuclear PDF's by the Hessian reweighting method [28, 66-68]. The method
has recently been discussed at length e.g. in ref. [28] so here we only outline the basic
underlying idea. Let us consider a global PDF analysis whose fit parameters a; are tuned
to minimize a global x? function, X% = min x? = x*{a; = a?}. The x? function is expanded
around the best fit as

x*{a} = x3 + Z(ai —a)H;j(a; — ag) = X2+ sz , (2.8)
ij i

where H;; is the Hessian matrix, H;; = %82)(2 /(0a;0aj). Denoting by O the orthogonal
matrix that diagonalizes the Hessian matrix, OHO™ = I, the z; variables are linear com-



binations z; = O;j(a; — a?). We refer to the best-fit as Sy, and it corresponds to the point
z = 0. The Hessian error sets S,;t can then be defined by zi(Ski) = +/Ax25;;,, where Ax?
is the estimated tolerance. It follows [82] that for any PDF-dependent quantity X there
are unique points in the z space that extremize its positive and negative deviations from
the central value X (Sp). These deviations, AX®, are given by

\/Z X(S5) = X(S0)]° (2.9)

This, or its asymmetric version (see later), is normally quoted as the uncertainty in Hessian

PDF fits. In a global analysis, the x? CODtrlbuthIlb of individual data sets are simply
summed in the overall x2. Thus, if we wish to include a new set of data into our global fit,
we just add its contribution to eq. (2.8),

LA EDY (wfz} —w) o5t (wd=d —gi™) . (210)

where y?ata denote the new data points with a covariance matrix Cj;. The PDF-dependent
values y;{z} can now be approximated linearly as

dyi[S yilSy] —wilS;] =
yi{z} = yi [So] + Z Dr ’S:S(Jzk ~ i [So] + Z k . k AkXQ , (2.11)
k

and by substituting this into eq. (2.10), we see that x2.,, is still quadratic in variables zj
and has therefore a unique minimum which we denote by z; = z,‘cni“. Note that we do not
need to know the value of x3. The PDFs f*V(z,Q?) that correspond to this new minimum
are obtained by replacing y; in eq. (2.11) by PDFs,

Sl-: 2\ _ Sk_ 2 min
neW(x Q ) fzso($7Q2) _|_Z fz (1'7@ ) 5 fz <w7Q ) ZkAXZ. (212)
k

Since we now know x?2., analytically, we can repeat the original treatment by computing
the new Hessian matrix and diagonalizing it exactly the same way as outlined above. As
a result, we have an approximation of how a new set of data has affected a set of PDF's
and its errors. In comparison to a full global analysis, the advantage of the reweighting
technique is that it avoids the time-consuming fitting procedure which, in practice, is
only available to the people that performed the PDF analysis itself. In addition, and
also importantly, there is no need to implement a potentially CPU-expensive cross-section
computation as a part of the fitting framework or to compute partial cross sections to form
three dimensional (a:l,acg,,u?act) grids to facilitate a rapid cross-section evaluation. The
downside is that since the reweighting method relies completely on the assumptions made
in the prior PDF analysis, including e.g. a specific parametrization which may artificially
overestimate the impact in a kinematic region beyond the reach of a given observable.
The Hessian reweighting method sketched above relied on a linear approximation for
the PDFs and observables in the z space, and on a quadratic expansion of the original



x? function. These are not always good approximations and, as described in ref. [28],
the results can be refined by taking into account higher order terms in z. The results
presented in this paper (section 3.3) have been obtained using a quadratic extension of the
approximation made in eq. (2.11). In the case of EPPS16 we also take into account cubic
terms in the original x? profile, eq. (2.8). See ref. [28] for further technical details.

3 Results

Throughout this section, we will use two recent globally-fitted nPDF sets, EPPS16 [22] and
nCTEQ15 [21], in our calculations. In the case of EPPS16 we use CT14NLO [5] as the free
proton PDF set and with nCTEQ15 we use its own proton PDF (with no uncertainties on
it). As a default setup for the GM-VFNS calculation we adopt the KKKS08 [83] parton-
to-hadron FFs and set the renormalization and factorization scales as fiyen = pUfact =

\/P% + m2 with m. = 1.3 GeV for the charm quark mass. For the fragmentation scale

we set [lfrag = \/ P2Z + (1.5 GeV)? as the KKKS08 analysis assumed this slightly higher
value for the charm-quark mass. In the matrix elements we always use m., = 1.3 GeV. For
the DY mass, relevant for transforming the partonic kinematics to hadronic ones, we adopt
the value Mpo = 1.87 GeV [84]. With the POWHEG approach, we use the same nuclear
and proton PDFs and the same value for the charm mass but the renormalization and
factorization scales are fixed to transverse mass of the produced charm quark, 4/ p?r + m2.
At the time of generating the partonic events with POWHEG it is not yet known which Prp
the D meson will have (if formed at all), so relating the scales to the partonic variables is the
only reasonable option. The parton shower and hadronization for the POWHEG events are
generated with the PYTHIA version 8.235 [64] using parameters from the default MONASH
tune [85].

3.1 Double-differential cross section for DY production in p4Pb collisions

To benchmark our GM-VFENS framework in p+PDb collisions we first compare our calcula-
tions with the double-differential single-inclusive D production cross section measured by
LHCb [42]. This comparison is important since a good agreement with the measured cross
sections would indicate that the framework includes e.g. all the relevant partonic processes.
In this way we ensure that the framework is realistic.

In figure 1 we compare the calculated cross sections with the LHCDb data at backward
rapidities (Pb-going direction) in five different rapidity bins spanning —5.0 < Y < —2.5
in the nucleon-nucleon (NN) c.m. frame. The resulting cross sections with the default
setup are shown for both the EPPS16 and nCTEQ15 nPDFs, whereas the theoretical
uncertainties are quantified with EPPS16 only. These include now scale variations and PDF
uncertainties. The former are calculated by varying the three QCD scales independently
by a factor of two around the default choice. In addition, ratios figact/piren and figrag/ firen
are required to stay within [0.5, 2] and the mass of the charm quark is used as a lower limit
for all scales. For the PDF uncertainties the error bands from proton and nuclear PDFs are
added in quadrature as they are approximately independent in the EPPS16 global analysis.



Here, we use the asymmetric error prescription

AXt = \/Z max [X (S7) — X(5°), X (S;) — X(59),0], (3.1)
k

AX™ = \/Z min [X(S7) — X (S9), X(S;) — X(59),0]°, (3.2)
k

where the sum now runs over both the EPPS16 and CT14NLO error sets. Uncertainties
due to the mentioned ambiguity in defining the fragmentation variable z, FFs, or e.g.
variation in charm-quark mass are not considered. In addition to the GM-VFNS results,
comparison with the POWHEG+PYTHIA setup is shown. The correspondence between the
data and the GM-VFNS calculation with both EPPS16 and nCTEQ15 is found to be very
good, though the theoretical uncertainties become large at Py < 3 GeV. Interestingly the
PDF uncertainty at small Pr is large above the central result but small below it. This can
be traced back to the parametrization applied in the CT14 analysis where the requirement
for positive-definite PDFs limits the small-z behaviour as already the central set for gluons
near the initial scale Q3 at small z is close to zero. Since similar positivity restriction was
not applied in NNPDF3.1 [7], the PDF uncertainties shown in ref. [65] behave in a different
manner at small values of Pr. As in the p+p case [65], the cross sections obtained with
the POWHEG+PYTHIA approach fall below the GM-VFNS results, albeit the spread is of
the same order as the theoretical uncertainties in the applied GM-VFNS formalism.

The corresponding cross sections at forward rapidities (p-going direction) are shown in
figure 2. Here the five rapidity bins cover the range 1.5 < Y < 4.0. The conclusions are very
similar as at backwards rapidities, the agreement between the GM-VFNS calculation and
the data being very good, particularly at Pp 2 3 GeV where the theoretical uncertainties
are in control. The comparisons with the absolute cross sections lead us to conclude that the
SACOT-mr framework [65] works very well also for p+Pb collisions and can be faithfully
applied to study the nPDF constraints — at least for Py 2 3 GeV.

3.2 Nuclear modification ratio for D? production in p+Pb collisions

To constrain nPDFs with D mesons, it is useful to consider an observable in which theo-
retical uncertainties related to scale variations, free proton PDFs, and FFs cancel out to
a large extent. In the case of single-inclusive hadron production a suitable observable is
the nuclear modification factor RZ‘?’B, defined for inclusive D? meson production in p+Pb
collisions at the LHC as

1 doPtPb—D0+X /dapﬂHD%X

DO _
P Y = -
By (Pr, Y) 208  dPpdY dPpdY

(3.3)
We compare our calculations with the measured Rl?gb in figures 3 and 4 at backward
and forward rapidities, respectively. The LHCb data span over four Y bins in a range
—4.5 <Y < —2.5 at backward rapidities and 2.0 < Y < 4.0 at forward rapidities. Com-
parisons with the EPPS16 and nCTEQ15 nPDFs using the GM-VFNS framework and
POWHEG+PYTHIA setup are separately shown in each panel, and the uncertainty bands
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Figure 1. Double-differential cross section for D? production in p+Pb collisions at V5NN = 5.0 TeV
in five different Y bins at backward rapidities. Data from LHCb [42] are compared to the GM-
VFENS calculations with EPPS16 (solid black) and nCTEQ15 (dashed purple) nPDFs, and to a
PowHEGH+PYTHIA setup with EPPS16 nPDFs (dot-dashed green). The theoretical uncertainties
related to the PDFs are shown with dark grey and the combination of the scale variations and PDF

uncertainties with light blue.
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Figure 2. Same as figure

1 but at forward rapidities.
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correspond to the nPDF errors calculated in the GM-VFNS approach. Furthermore, also
the GM-VFNS result using the zero-mass definition for the fragmentation variable, and
the scale variation band, are shown in each kinematic bin.

First observation is that the data uncertainties are in most of the cases smaller than the
nPDF-originating ones with both nPDF sets considered. Especially at forward rapidities
the EPPS16 nPDF uncertainty bands are much larger than the experimental uncertainties
due to the poorly-constrained small-x nuclear gluon distributions. This demonstrates the
potential of these data to significantly constrain the current nPDFs at small-z where no
other data currently exist. Also, the good overall agreement with the calculated and
measured RpD;b over the wide rapidity range provides a strong indication of the applicability
of factorization-based approach in this previously unconstrained kinematic region. The
large uncertainties from scale variations observed for the differential cross sections largely
cancel out in the nuclear modification ratio. However, at Pr < 3 GeV they start to grow
and the downward uncertainty is limited by the minimum scale @ = 1.3 GeV of EPPS16
and nCTEQ15. If the PDF parametrizations would extend to lower values, the downward
uncertainty would probably be much larger. Similarly, the use of massless definition for
the fragmentation variable z — taken here as an indicator of the associated uncertainty —
can lead to a significant variation in the calculated Rll))lgb at small values of Pr at backward
rapidities. The reason is that the definition of z provides the link between hadronic and
partonic kinematics and therefore the probed z regions are slightly different from one
definition to another. In backward direction we are sensitive to the mid-x region where the
slope in both EPPS16 and nCTEQ15 nuclear gluon modifications is somewhat steepish (see
figures 9 and 11 ahead), and changes in the probed z regions matter. To make sure that
we stay in a region where these theoretical uncertainties are in control, it seems sufficient
to discard the data points below Pr = 3 GeV.

Since many theoretical uncertainties get suppressed in Rgsb, we might expect that
the POWHEG+PYTHIA results would be very close to GM-VENS ones. While the two are
indeed very similar, we find that the POWHEG+PYTHIA results tend to lie systematically
below the GM-VFENS calculations. In part, the differences can be explained by the different
scale choices (pr instead of Pr) but since the differences persist even at the largest Pr bins,
this cannot be the full explanation. Indeed, the main factor seems to be, as argued also in
ref. [65], that POWHEG+PYTHIA framework misses the contributions in which the c¢ pair
would be produced only at later stages of the shower and therefore biases the kinematics
to lower values of x5 compared to the GM-VFNS calculation. Thus, the nuclear effects
in the POWHEG+PYTHIA predictions at a given Pr come from smaller o than in GM-
VFENS. This explains why, when compared to the GM-VFNS results, the nuclear effects
in POWHEG+PYTHIA predictions are seemingly shifted towards higher values of Pr in all
rapidity bins, apart from the very lowest Pr bins where the impact of the scale choice
becomes important.

3.3 Impact of the LHCb data on nPDF's

The observed consistency between the measured and calculated REPOb indicates that these
data could be used in a global nPDF analysis. As a preparation for this, we now esti-
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Figure 3. Nuclear modification ratio for D° production in p+Pb collisions in different backward-
rapidity bins from the LHCb measurement [42] (black points with error bars) and the SACOT-m
calculation with the EPPS16 (left) and nCTEQ15 (right) nPDFs. In addition to the central result
(solid) and the nPDF-originating uncertainties (coloured bands), the scale variations (dotted band)
and the result with massless definition of the fragmentation variable (dashed) are shown, as well as
the POWHEG+PYTHIA predictions (dot-dashed).
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Figure 4. Same as figure 3 but at forward rapidities.
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X% /Ngata EPPS16 nCTEQ15
before reweighting 1.56 2.09
after reweighting 1.02 1.12

Table 1. Values of x2/Ngata for the EPPS16 and nCTEQ15 nPDFs before and after reweighting.

mate the impact of the LHCb data for Rglgb on the EPPS16 and nCTEQ15 nPDFs by
applying the reweighting method outlined in section 2.3. By excluding the data points at
Pr < 3 GeV we are left with Ng.ta = 48 data points. The level of agreement is quantified
by calculating the standard figure-of-merit y? before and after reweighting. The numbers
are presented in table 1. Before the reweighting, the central nCTEQ15 value is somewhat
high, but upon performing the reweighting both the EPPS16 and nCTEQ15 values are
close to unity, indicating a good agreement with the data. To further study the statistical
properties of our results, histograms of the data residuals are shown in figure 5. The resid-
uals are calcu