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Abstract

The production of prompt D° mesons in proton-lead collisions in both the forward
and backward rapidity regions at a center-of-mass energy per nucleon pair of
VSnn = 8.16 TeV is measured by the LHCDb experiment. The nuclear modification
factor of prompt D mesons is determined as a function of the transverse momentum
pr, and the rapidity in the nucleon-nucleon center-of-mass frame y*. In the forward
rapidity region, significantly suppressed production with respect to pp collisions
is measured, which provides significant constraints on models of nuclear parton
distributions and hadron production down to the very low Bjorken-x region of
~ 107, In the backward rapidity region, a suppression with a significance of 2.0—3.8
standard deviations compared to nPDF expectations is found in the kinematic region
of pr > 6 GeV/c and —3.25 < y* < —2.5, corresponding to = ~ 0.01.
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Charm and beauty quarks are produced in the early stage of ultra-relativistic heavy-ion
collisions and are strongly affected by the presence of deconfined hot nuclear matter,
known as quark-gluon plasma (QGP) [1], as well as by cold nuclear matter (CNM) effects.
The latter can be studied in proton-nucleus collisions where QGP effects are not expected
to be dominant. Heavy-flavor hadrons, i.e. hadrons containing one or more heavy quark,
are affected by CNM effects at all stages of their production. At LHC energies, the
most relevant effect is from the initial state, where the parton distribution functions in
a nuclear environment (nPDF) [2-4] differ from those in isolated nucleons at all values
of Bjorken momentum fraction x. Parton density decreases at = < 0.1 due to nuclear
shadowing, and increases at 0.1 < x < 0.3 as a result of antishadowing [5]. Therefore
different effects are expected to be relevant at different intervals of rapidity, which is
strongly correlated with x. The parton distributions at small x can also be described
by the color-glass condensate effective theory (CGC) as a saturated gluonic system [6].
Moreover, multiple scattering and energy loss may occur when the incoming partons and
the heavy quarks traverse the nuclear medium [7-9]. Other initial-state or even final-state
effects [10,|11] may also modify the kinematic distributions of produced heavy-flavor
hadrons, as suggested by their surprisingly large spatial anisotropy in momentum in
high-multiplicity pPb collisions [12,/13].

The LHCD collaboration has recently measured the production cross-section of var-
ious heavy-flavor hadrons in pPb collisions at forward rapidity, including the produc-
tion of prompt D° and A hadrons at a center-of-mass energy per nucleon pair of
VSw = 5.02TeV [14}15], and the production of Jfip, B°, BT, A} and T(nS) states at
V5w = 8.16 TeV [161{18]. The ALICE collaboration has measured open charm produc-
tion at midrapidity at \/sxy = 5.02TeV [19-24]. Other measurements of heavy-flavor
production in pPb collisions at the LHC are also reported [25-36]. CNM effects have also
been investigated with heavy-quark production at the RHIC collider in dAu collisions at
VS~ = 200 GeV [37,38]. These measurements have led to significantly reduced uncer-
tainties of nPDFs in the small-z region [39.,/40], especially with the constraints from the
LHCb D° measurements at /syy = 5.02 TeV [14].

This Letter reports the measurement of the production cross-section and the nuclear
modification factor R,pi, of prompt D° mesons in pPb collisions at \/s\x = 8.16 TeV
performed with the LHCb detector [41]. The quantity R,py, is defined as the ratio of the
cross-section in pPb collisions to the corresponding cross-section in pp collisions scaled
by the mass number of Pb. Prompt mesons are those directly produced in proton-lead
collisions or from strong decays of excited charm hadrons, rather than from decays
of beauty hadrons. This measurement uses a data sample 20 times larger than that
used for the LHCb D measurements at \/syx = 5.02TeV [14]. The results can be
incorporated into global fits together with all other relevant measurements to improve
nPDF parameterizations and to test other possible CNM effects.

The LHCD detector is a single-arm forward spectrometer designed for studying heavy-
flavor particles, described in detail in Refs. |[41,42]. The data sample for this analysis
consists of pPb collisions collected with the LHCb detector at the end of 2016, including
two different configurations: forward collisions (p beam coming from upstream of the
vertex detector) and backward collisions (p beam coming from downstream of the vertex
detector), corresponding to an integrated luminosity of 12.2+0.3 nb ! (18.6+£0.5 nb’l) for
forward (backward) collisions [17,/43]. The forward (backward) configuration data cover a
positive (negative) rapidity range of 1.5 < y* < 4.0 (=5.0 < y* < —2.5), corresponding



to an x coverage of approximately 107> — 1073 (1072 — 107!) for the partons of the Pb
nucleus, with the positive z-axis defined as the direction of the proton beam.

Simulation samples are required to model the effects of the detector acceptance and
the selection requirements. The D° mesons are generated using PYTHIA 8 [44] with a
specific LHCb configuration [46] and embedded into minimum-bias pPb events from the
EPOS-LHC generator [45]. Decays of unstable particles are described by EVTGEN [47],
in which final-state radiation is generated using PHOTOS [48]|. The interaction of the
generated particles with the detector, and its response, are implemented using the GEANT4
toolkit [49] as described in Ref. [50].

The double differential cross-section for prompt D° production is measured as a
function of y*, the rapidity in the nucleon-nucleon center-of-mass frame, and pr, the
transverse momentum with respect to the beam direction. The quantity y* is related
to the rapidity in the laboratory frame y.;, by ¥* = y1ap — 0.465 for pPb collisions. The
differential cross-section in a given (pr, y*) interval is defined as

>’ N(D"= K¥7%) + N(D°— K*77F) 0
dprdy* L X gyp X B(DY— KF7%) X Apr x Ay*’

where N(D° — K¥7%) and N(D° — K*7T) are the D and D signal yields, £ is
the integrated luminosity, g is the total efficiency, B(D°— KTn*) = (3.96 4 0.03)%
is the sum of branching fractions for the decays D — K—n* and D° — K*n~ [51],
and Apr and Ay* are the pr and y* interval widths. The D° mesons are reconstructed
through the D°— K~ 7" and the doubly Cabibbo-suppressed D° — K7~ decay channels
and their charge conjugates [] The measurement is performed within a pr range of
0 < pr < 30GeV/¢, and the rapidity range defined above. Throughout the analysis, the
measurements are for the combined sample of D° and D® mesons. The signal yields and
the total efficiency are determined in each kinematic interval.

The DY candidates are built from K¥ and 7% candidate tracks. The selection cri-
teria are similar to those used in D° production measurements in pPb collisions at
VSnw = 5.02TeV [14]. The reconstructed KT and 7* tracks are required to have trans-
verse momentum greater than 0.4 GeV/c. Both tracks are also required to be of good
quality, come from a common vertex, and pass particle identification (PID) requirements.

The inclusive D° signal yield is the sum of the prompt D° mesons and those produced
in the decays of b hadrons, denoted “from-b". This inclusive yield is determined using an
extended unbinned maximum-likelihood fit to the distribution of the K invariant mass,
M (Km). The M(Kr) distribution of the signal is described by a sum of a Crystal Ball
function [52] and a Gaussian function sharing a common mean value, while the background
shape is described by a linear function, following the measurement of Ref. [14]. The prompt
signal yield is determined by fitting the distribution of log;, (x#) of the D° candidates,
where % is defined as the difference in the vertex-fit x* of a given primary vertex
reconstructed with and without the D° candidate under consideration. The background
component in the log;, (x%) distribution is subtracted using the sPlot technique [53]
with M(Kr) as the discriminating variable. The shapes of the log;, (%) distribution
corresponding to the prompt and from-b components are described independently by
Bukin functions |54, which are asymmetric functions with tails described by Gaussian

!The branching fraction of D° — K*7~ channel is two orders of magnitude smaller than that of
D= K—rnt.



functions. The parameters of the functions describing the prompt and from-b components
are fixed to those from simulation. The invariant-mass and log,, (xfp) distributions of the
forward and backward samples are given in the Supplemental Material [55].

The total efficiency e is the product of the geometrical acceptance of the detector, the
selection and reconstruction efficiency, the PID efficiency and the trigger efficiency, with
each component determined separately. The geometrical acceptance, and the selection,
reconstruction and trigger efficiencies are evaluated with the pPb simulation samples. The
simulation sample is weighted in order to match the occupancy of the tracking system
observed in the data. The track reconstruction efficiency is calibrated with minimum-bias
Jp— T~ and K2 — 777~ samples, using the tag-and-probe approach employed in
Ref. [56]. The trigger efficiency obtained from the simulation is validated by measuring
it from control data samples recorded with minimum trigger requirements. The PID
efficiency is estimated with a tag-and-probe method [57.58|, using the D*-tagged decay
chain D*t — D%t with DY — K~7t decays.

Several sources of systematic uncertainty are considered and described in detail in the
Supplemental Material [55], where results and numerical values for the double-differential
cross-section are also given. The total prompt D° production cross-section, obtained
by integrating the double-differential measurements, is 297.6 + 0.6 + 14.0mb in the kine-
matic range of 0 < pr < 30 GeV/c and 1.5 < y* < 4.0 for the forward rapidity region, and
315.2 £ 0.2 £ 17.8 mb in the kinematic range of 0 < py < 30 GeV/c and —5.0 < y* < —2.5
in the backward rapidity region. The first uncertainties are statistical and the second
systematic.

The nuclear modification factor R,py is defined as

1 d*app (pr, y*)/ (dprdy*)
A 20y, (pr,y*)/(dprdy*)

where A = 208 is the mass number of the lead nucleus and o,, is the prompt D°
production cross-section in pp collisions at /s = 8.16 TeV. An interpolation between
LHCD measurements at /s = 5.02TeV and /s = 13TeV [59,660] is performed to obtain
d%0,,(pr, y*)/(dprdy*), using a power-law function o (+/s) = po (v/s)"”'. A linear function
is also considered. The interpolation uncertainty comprises the difference between the two
interpolation models, and the propagated total uncertainties from the pp measurements,
and typically amounts to 3% (5%) at forward (backward) rapidity. The interpolation is
performed within the common measured kinematic range of pr < 10 GeV/c and 2.0 < y <
4.5 for 5.02 and 13 TeV pp results, hence R,py, is measured in that range.

The nuclear modification factor of the D° meson as a function of pr is displayed in
Fig. [1, where 8 panels report the results in different y* subintervals of Ay* = 0.5 and
the two left panels are in the common range between the forward and backward rapidity
coverage, 2.5 < |y*| < 4. Figures showing R,p, and the forward-backward production
ratio Rpp as functions of y* and pr in Ay* = 0.25 intervals, as well as the numerical values
are given in the Supplemental Material [55]. A significant suppression of the cross-section
in pPb collisions, with respect to that in pp collisions scaled by the lead mass number, is
observed at forward rapidity as well as at backward rapidity up to y* ~ —3.5.

The R,p, results are compared with several theoretical calculations. The HELAC-
Onia approach [62,63] is based on a data-driven modeling of the scattering at partonic
level folded with the free proton PDFs [66]. The calculations are first tuned by fitting
the cross-sections measured in pp collisions at the LHC. Then, the modified PDFs of

(2)
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nucleons in the Pb nucleus are introduced in the model to calculate the cross-sections
in pPb collisions and to estimate the effect of nPDF's, neglecting other cold and hot
nuclear matter effects. Reweighted EPPS16 [64] and nCTEQ15 [65] nPDF sets, where
LHC heavy flavor data [14,]19-21] are incorporated by performing a Bayesian-reweighting
analysis [61], are used in the calculations, resulting in considerably reduced uncertainties
than calculations using the default nPDFs. The uncertainties are dominated by nPDF
parameterizations and correspond to a 68% confidence interval. At forward rapidity,
the calculations are in general agreement with the data, except for pr < 1 GeV/c where
the predictions are about 2 standard deviations larger than the data. This discrepancy
suggests stronger shadowing or additional energy loss at low x. At backward rapidity, for
pr > 6 GeV/c and —3.5 < y* < —2.5 the data are lower than the calculations by 2.0 — 3.8
standard deviations, indicating a weaker antishadowing effect or possible final-state effects.

The nuclear modification factor is also compared with two calculations based on the
CGC effective field theory, CGC1 and CGC2. Since gluon saturation is expected to
occur at small z and Q?, the calculations are applicable for pr < 5GeV/c at forward
rapidity where saturation effects are relevant. For CGC1 [67,/68] the D-meson production
is calculated with the color dipole formalism, and the optical Glauber model is used to
relate the initial condition of a nucleus to that of the proton. For CGC2 [69] the color
dipole approach is combined with a heavy-quark fragmentation function to calculate the
cross-sections. The CGC1 predictions have much smaller uncertainties than the CGC2
ones, because the CGC1 uncertainties include only variations of the ¢ quark mass and
of the factorization scale, which largely cancel out in the R,p}, ratio versus pr. CGCI is
consistent with the upper bound of CGC2 and is slightly higher than the data. CGC2
shows a stronger suppression than HELAC-Onia calculations and gives a better description
of the data, especially for pr < 3 GeV/ec.

A fourth calculation estimates D suppression caused by medium-induced fully coherent
energy loss (FCEL) [9], a CNM effect where the interference between initial- and final-state
gluon radiation results in an energy loss proportional to the incoming parton energy. The
FCEL prediction shown in Fig. [1| does not consider the modification of nPDFs. The effect
is significant for low pr, suggesting the suppression observed for pr < 1GeV/c may be
caused by combined effects from nPDFs and FCEL. For pr > 6 GeV/c the suppression
due to FCEL is negligible, thus the discrepancy between the data and HELAC-Onia
calculations with nPDFs at backward rapidity cannot be attributed to FCEL effects.

The results are also compared with the LHCb D° measurement at /sy = 5.02 TeV [14].
At forward rapidity the R,p,, values at the two energies are compatible, while at backward
rapidity the 8.16 TeV data are significantly lower. The difference could be related to the
different Bjorken-x coverage at the two collision energies, while effects related to the
Pb-going hemisphere other than nPDFs and FCEL, such as final-state energy loss in a
high-particle-density environment, may also show a /syy dependence as more charged
hadrons are produced in 8.16 TeV collisions. On the other hand, the model calculations
offer limited insights into collision energy dependence. HELAC-Onia predictions based on
nPDF's are compatible between the two /syy values due to the large uncertainty of the
nPDF's used in the 5.02 TeV calculation. The CGC models show similar values at 5.02
and 8.16 TeV at forward rapidity while they are not applicable at backward. Effects due
to FCEL are generally small at backward rapidity.

It is essential to study the impact of Bjorken-z coverage in order to interpret the
energy dependence observed in the data. However, x and the momemtum transfer Q? [5]
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Figure 1: Nuclear modification factor as a function of pr in different y* intervals for prompt
D° mesons in the (top) forward and (bottom) backward regions. The error bars show the
statistical uncertainties and the boxes show the systematic uncertainties. The LHCb results at
VSnw = 5.02TeV [14] and theoretical calculations at /sy = 8.16 TeV from Refs. [9,/64,65,(68,/69)]
are also shown. For LHCb results at /sxy = 5.02TeV, the error bars show the quadric sum of
statistical and systematic uncertainties.

are partonic quantities that cannot be directly measured in hadronic collisions. Instead,

experimental proxies Zeyx, and Qexp, defined as

\/pT 0) + M?(D°)

SNN

xexp =2 _y and Qexp p2T(DO) + M2(D0)7 (3)

are introduced to approximate the variation of R,p,, with z and Q?, where M (D°) and
pr(D°) denote the mass and pr of D° mesons, respectively.

Figureshows R,py, as a function of zey, in five ngp intervals, for D° mesons measured
in this work at 8.16 TeV, and at 5.02 TeV from Ref. [14]. The zey, coverage of the 8.16 TeV
data extends lower than that of the 5.02 TeV measurements due to the higher /syy value,
reaching down to ey, ~ 107° in the interval 3.48 < Qexp < 7.48 GeV?, which corresponds
to pr < 2GeV/c. The 8.16 TeV data are also more precise. Data from the two energies
are in good agreement with each other at common e, values. The measurements form a
consistent trend from the small z., region corresponding to forward rapidity to the large
Texp Tegion corresponding to backward rapidity, for all ngp intervals. The D° R,py, ratio
at 5.02 TeV at midrapidity [22] measured by the ALICE collaboration is also added to
Fig. 2l and is compatible with the trend within uncertainties. The trend suggests that the
V/sxn dependence observed at backward rapidity in Fig. [1] arises from different x coverage
in a kinematic region where R,p1, depends strongly on x.

The HELAC-Onia predictions are also transformed according to Eq. [3]and shown in
Fig. 21 I In the small z.y, region, the calculations are in general agreement with the data,
except for the interval 3.48 < Q2 < 7.48 GeV? (pr < 2GeV/c) and 107° < ey, < 1074,
where the nPDF expectations are slightly larger than the data and show greater uncertamty.
The data hint at a stronger shadowing effect, or other possible effects such as FCEL, that
suppresses low-pp D° production at forward rapidity. Moreover, estimations from Ref. [70]
suggest gluon saturation may occur in this region. At backward rapidity, the R,p1, values
from the model are larger than those in the data for Q2,, > 19.48 GeV? (pr > 4GeV/c)
and 1072 < Texp < 107!, indicating smaller antishadowing effects in the data if nuclear
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Figure 2: Nuclear modification factor as a function of xeyp, in different ngp intervals for prompt
DO mesons for LHCb results at \/sxx = 8.16 TeV and /sxn = 5.02 [14] and the ALICE result at
Vv = 5.02TeV [22]. Theoretical calculations at |/sxy = 8.16 TeV from Refs. [64,65] are also
shown. The horizontal error bars account for the maximum and minimum =z, values for a given
(pr,y*) interval and the vertical error bars show the quadric sum of statistical and systematic
uncertainties.

effects other than nPDFs are negligible. Alternatively it suggests additional suppression
mechanisms, such as final-state energy loss, may occur at backward rapidity.

In summary, the prompt D° production cross-section is measured at the LHCb ex-
periment in proton-lead collisions at |/sxy = 8.16 TeV, at both forward and backward
rapidities. The nuclear modification factors are measured with high accuracy and show
strong cold nuclear matter effects. A stronger suppression than the predictions of nPDF
calculations is observed for the lowest transverse momentum region of pr < 1 GeV/c at
forward rapidity, hinting at a stronger shadowing than predicted at Bjorken-z ~ 1072,
or additional effects at play. For the backward rapidity range of —3.5 < y* < —2.5, the
R,py, values are lower than nPDF calculations at pr > 6 GeV/c with a significance of
2.0 — 3.8 standard deviations, indicating a weaker antishadowing effect than the model or
additional final-state effects at backward rapidity. This Letter presents the most precise
measurement of the prompt DY production in pPb collisions to date, providing unique
constraints to improve nPDF parameterization down to z ~ 1075.



Supplemental Material

Fit to M(Kn) and logy, (xip) distributions

The fit results for the M (K1) and log,, (x% ) distributions in the kinematic ranges of 2.5 <
pr < 3.0GeV/c and 3.25 < y* < 3.50 (—4.50 < y* < —4.25) are shown in Fig. |3 (Fig. ).
The M (K ) distribution of the signal is described by a sum of a Crystal Ball function [52]
and a Gaussian function sharing a common mean value. The background shape is described
by a linear function. The shapes of the log;, (x%) distribution corresponding to the prompt
and from-b components are described independently by Bukin functions [54].
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Figure 3: Distributions and fit results of (left) M(K7) and (right) logio (x{p) for inclusive
D° mesons in the forward data sample in the kinematic range of 2.5 < pr < 3.0 GeV/c and
3.25 < y* < 3.50. For the log;, (X%P) fit, the data are weighted using the sPlot method to
subtract the background component.
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Figure 4: Distributions and fit results of (left) M(Km) and (right) logo (x3p) for inclusive
D° mesons in the backward data sample in the kinematic range of 2.5 < pr < 3.0 GeV/c and
—4.50 < y* < —4.25. For the log;, (X%P) fit, the data are weighted using the sPlot method to
subtract the background component.



Systematic uncertainties

Several sources of systematic uncertainty are considered and are evaluated separately for
the forward and backward samples, unless stated otherwise. The systematic uncertainty
due to the invariant mass M (K7) modelling is studied using alternative models. The
sum of two Crystal Ball functions [52] is used to describe the signals, and an exponential
function used to describe the background. For the fit to the log;, (x% ) distribution, the
parameters describing the tail of the Bukin functions [54] and the parameter describing the
asymmetry of the from-b component, which are fixed to values derived from the simulation
in the default result, are varied by one standard deviation. The effect due to the from-
b component modelling is studied by substituting the nominal Bukin function with a
Gaussian function. Finally, the background subtraction with the sPlot technique [53] is
checked by performing the fit with the method described in Ref. [14], where the background
is constructed with candidates in the side band. In these tests, the largest difference from
the default value is considered as the systematic uncertainty. The uncertainties of the
tracking and PID calibration are dominated by those arising from the statistically limited
calibration sample size. The uncertainty arising from matching the simulated detector
occupancy distribution to the data is estimated by weighting with different variables. For
the trigger efficiency, the difference between the efficiencies derived from the simulation
and from collision data [?] is considered as the uncertainty. The uncertainties arising
from the luminosity, the B(DY — KTn*) branching fractions, the statistically limited
simulation sample size and the uncertainty from the pp interpolation are also included.
The ranges of systematic uncertainties for the forward and backward rapidity regions are
listed in Table [1

Table 1: Systematic uncertainties considered in this measurement, in %. The range indicates
the minimum and the maximum value among the two-dimensional pr and y* intervals. The
systematic uncertainties due to simulation sample size, mass fit and log, (X%P) fit are uncorrelated
across the intervals. The other sources of systematic uncertainties are fully correlated between
different intervals.

Uncertainty source Forward [%] Backward [%]
Tracking calibration 3.0 -4.7 3.1 -10.7
PID 0.2-6.9 0.2 -26.5
Trigger efficiency 0.0 - 16.5 0.0 -4.7
Multiplicity correction 0-9 0-16
Luminosity 2.6 2.5
Branching fraction 0.8 0.8
Mass fit 0.0 -19.3 0.1 -6.1
log,, (x%p) fit 0.3-19.5 04-7.0
Simulation sample size 1-40 1-26
pp interpolation 3.4-17.5 3.4 - 28.8

Double differential cross-section

The double differential cross-sections for prompt D° mesons in both forward and backward
rapidity regions are shown in Fig. [5
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Figure 5: Double-differential cross-sections of prompt D? mesons in pPb collisions in the (top)
forward and (bottom) backward rapidity regions. To display the differential cross-section values
in different rapidity intervals, multiplicative factors of 107" are used with n increasing with
rapidity value. The uncertainties are smaller than the symbol size.

Nuclear modification factor in different y* with Ay* = 0.25 intervals

The nuclear modification factor for the forward rapidity regions of 2.0 < y* < 4.0 are
shown in Fig. [l while the backward regions of —4.5 < y* < —2.5 are shown in Fig.[7] The
HELAC-Onia calculation incorporating reweighted EPPS16 and nCTEQ15
nPDF sets, as well as the fully coherent energy loss model ﬂg[] without considering the
modification of nPDFs, are included. Two color glass condensate predictions , are
also shown at forward rapidity.
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Figure 6: Nuclear modification factor as a function of pr in different y* intervals for prompt
DY mesons in the forward regions for 2.0 < y* < 4.0. The error bars show the statistical
uncertainties and the boxes show the systematic uncertainties. The theoretical calculations from

Refs. @ are also shown.
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Figure 7: Nuclear modification factor as a function of pr in different y* intervals for prompt
DY mesons in the backward regions for —4.5 < y* < —2.5. The error bars show the statistical
uncertainties and the boxes show the systematic uncertainties. The theoretical calculations from

Refs. @ are also shown.

Nuclear modification factor as a function of y* intervals in full-pt
and high-pt regions

The nuclear modification factor as a function of y* in full-pr (0 < pr < 10GeV/c) and
high-pr regions (6 < pr < 10 GeV/¢) are shown in Fig.
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Figure 8: Nuclear modification factor for prompt D° mesons as a function of y* in (left) the
full-pr range and (right) the high-pt range. The error bars show the statistical uncertainties
and the boxes show the systematic uncertainties. The LHCb results at \/syy = 5.02TeV [14]
and theoretical calculations at \/syy = 8.16 TeV from Refs. [64,/65,68,69] are also shown. For
the LHCD results at \/syy = 5.02TeV, the error bars show the quadratic sum of statistical and
systematic uncertainties. On the left, the pr range is 0 < pr < 15 GeV/c for the calculations
with nPDF's of EPPS16 and nCTEQ15.

Forward-backward production ratio Rpp

The forward-backward production ratio is defined as

o (pr, ly*];y* > 0)/(dprdy*)
d%o(pr, ly*]; y* < 0)/(dprdy*)

which is calculated in the common |y*| interval of the forward-backward acceptance,
2.5 < |y*| < 4. The measurements of Rpp are shown as a function of pr in Fig. [9] along
with the LHCD /syy = 5.02TeV results [14] and the nPDF calculations. The numerical
values for Rpp are given in Table |§] Measurements of Rpp vs. pr |y*| intervals with
Aly*| = 0.25 are shown in Fig. . Good agreement with nPDF calculations is found at
low pr. However, the data show a clear rising trend with increasing pr, reaching unity
at the highest pr values, in contrast to the nPDF calculations, which predict Rpg ~ 0.7
almost independent of pr. This difference originates from the suppression of high-py D°
mesons at backward rapidity.

Res(pr,y") = (4)

Tables of numerical values for the double-differential cross-section,
nuclear modification factor and forward-backward ratio

The numerical values for the double-differential cross-section d*c/(dprdy*) are listed in
Tables [2| and [3] for the forward and backward rapidity regions. The numerical values for
the nuclear modification factor R,py are listed in Tables [4] and |5| for the forward and
backward rapidity regions. The numerical values for the forward-backward ratio Rgp as a
function of pr integrated in the rapidity region of 2.5 < |y*| < 4.0 are listed in Table @
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Figure 9: Forward-backward production ratio for prompt D° mesons as a function of pr,

integrated over the common rapidity range 2.5 < |y*| < 4.0.

The error bars show the

statistical uncertainties and the boxes show the systematic uncertainties. The LHCb results at
VSnw = 5.02TeV [14] and theoretical calculations at |/syy = 8.16 TeV from Refs. [9,(64,65] are
also shown. For the LHCb results at /sy = 5.02TeV, the error bars show the quadratic sum
of statistical and systematic uncertainties.

Table 4: Nuclear modification factor Rppy, for prompt DY mesons in intervals of pr and y* for
pr < 10GeV/c. The first uncertainty is statistical and the second is the systematic.

(2.5, 4.0)

(2.0, 2.5)

R,py,
(2.5, 3.0)

(3.0, 3.5)

(3.5, 4.0)

0.546 4 0.002 £ 0.033
0.596 £ 0.002 £ 0.034
0.637 £ 0.001 £ 0.034
0.671 £ 0.001 £ 0.036
0.706 £ 0.002 £ 0.040
0.719 £ 0.005 £ 0.048
0.710 £0.014 £ 0.067
0.752 £ 0.005 £ 0.061
0.768 & 0.011 £ 0.073
0.784 +£0.018 £0.111

0.485 4 0.001 £ 0.041
0.557 £ 0.001 £ 0.037
0.648 £ 0.001 £ 0.036
0.679 £ 0.001 £ 0.038
0.697 £ 0.002 £ 0.042
0.718 £ 0.003 £ 0.056
0.721 £ 0.004 £ 0.056
0.777 4+ 0.006 £ 0.067
0.717 4+ 0.006 £ 0.084
0.687 £ 0.007 £ 0.070

0.525 4 0.001 £ 0.032
0.591 £ 0.003 £ 0.034
0.637 £ 0.001 £ 0.034
0.676 £ 0.002 £ 0.035
0.719 £ 0.002 £ 0.039
0.722 £ 0.002 £ 0.047
0.769 £ 0.004 & 0.058
0.783 £ 0.005 £ 0.061
0.832 4+ 0.008 £ 0.074
0.764 + 0.011 £ 0.086

0.556 £ 0.002 % 0.036
0.611 £ 0.002 % 0.036
0.648 £ 0.001 = 0.035
0.673 £ 0.002 £ 0.036
0.710 £ 0.003 £ 0.041
0.737 £ 0.004 £ 0.047
0.725 4+ 0.006 £ 0.057
0.709 & 0.010 = 0.067
0.683 £ 0.023 £ 0.078
0.814 £ 0.043 + 0.160

0.561 £ 0.005 = 0.039
0.585 £ 0.003 £ 0.038
0.624 £ 0.003 £ 0.037
0.659 £ 0.004 £ 0.044
0.681 £ 0.007 £ 0.048
0.688 £ 0.019 £ 0.064
0.568 £ 0.061 £ 0.169
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Figure 10: Forward and backward production ratio Rpp for prompt D° mesons as a function of
pr in different |y*| intervals. The error bars show the statistical uncertainties and the boxes
show the systematic uncertainties. The theoretical calculations from Refs. [64,65] are also shown.

Table 5: Nuclear modification factor R,py, for prompt D° mesons in intervals of pr and y* for
pr < 10GeV/e. The first uncertainty is statistical and the second is systematic.

Rppy,
pr [GeV/d\y* (-4.0, -2.5) (-3.0, -2.5) (-3.5, -3.0) (-4.0, -3.5) (-4.5, -4.0)
(0.0,1.0) 0.691 £ 0.001 £ 0.049 0.607 £ 0.002 £ 0.047 0.706 £ 0.001 £ 0.049 0.781 £ 0.001 £ 0.054 0.959 £ 0.002 £ 0.080
(1.0,2.0) 0.803 £ 0.001 £ 0.053 0.718 £ 0.001 £ 0.052 0.824 £ 0.001 +0.054 0.891 + 0.001 £ 0.057 0.994 £ 0.002 £ 0.068
(2.0,3.0) 0.891 +£0.001 + 0.056  0.804 £ 0.002 £ 0.056  0.940 £ 0.002 £ 0.056 0.960 + 0.001 £ 0.058 1.087 £ 0.002 £+ 0.075
(3.0,4.0) 0.917 £ 0.001 £ 0.053 0.841 £ 0.003 £ 0.051 0.982 £ 0.002 £ 0.056 0.952 + 0.002 £ 0.057 1.134 £ 0.003 £ 0.099
(4.0,5.0) 0.916 £ 0.003 £ 0.056  0.860 = 0.008 £ 0.054 0.962 £ 0.002 £ 0.058 0.948 4+ 0.003 + 0.062 1.031 £ 0.004 £ 0.139
(5.0,6.0) 0.894 £ 0.002 £ 0.062  0.832 +0.005 £ 0.061  0.929 £ 0.003 £ 0.060 0.956 4+ 0.004 = 0.072 1.493 £ 0.010 £ 0.403
(6.0,7.0) 0.884 +0.003 +0.074 0.819 £ 0.005 £ 0.064 0.911 £ 0.005 £ 0.073  0.974 £ 0.005 £ 0.111 -
(7.0,8.0) 0.898 4 0.004 + 0.086  0.827 £ 0.006 £ 0.067 0.881 £ 0.006 &+ 0.084 1.101 = 0.009 £ 0.158 -
(8.0,9.0) 0.918 £ 0.006 £ 0.118  0.861 £ 0.010 £ 0.079  0.857 £ 0.008 £ 0.091 1.197 + 0.014 £ 0.352 -
(9.0,10.0) 0.867 £ 0.007 £ 0.123  0.805 £ 0.010 £ 0.091 0.964 £ 0.011 4 0.181 - -
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Table 6: Forward-backward production ratio Rpg for prompt D° mesons as a function of pr,
integrated over 2.5 < |y*| < 4.0. The first uncertainty is statistical, the second is the component
of the systematic uncertainty that is uncorrelated across intervals and the third is the correlated
component.

pr [GeV/d] Ryg
(0.0,1.0)  0.808 % 0.009 & 0.019 £ 0.051
(1.0,1.5)  0.766 4 0.002 & 0.014 + 0.044
(1.5,2.0)  0.725 4 0.002 & 0.011 + 0.041
(2.0,2.5)  0.708 4 0.002 & 0.011 + 0.039
(2.5,3.0)  0.732 4 0.002 £ 0.011 % 0.040
(3.0,3.5)  0.732 4 0.002 & 0.011 + 0.039
(3.5,4.0)  0.745 4 0.003 & 0.013 + 0.040
(4.0,4.5)  0.760 % 0.004 & 0.012 + 0.042
(4.5,5.0)  0.760 % 0.006 & 0.015 + 0.040
(5.0,5.5)  0.811 4 0.006 == 0.016 = 0.044
(5.5,6.0)  0.829 & 0.009 == 0.020 = 0.045
(6.0,7.0)  0.815 4 0.010 & 0.029 + 0.045
(7.0,8.0)  0.868 % 0.008 & 0.024 + 0.051

(8.0,9.0)  0.835 = 0.017 % 0.027 % 0.050
(9.0,10.0)  0.926 % 0.019 + 0.028 + 0.055
(10.0,11.0)  0.896 = 0.032 4 0.050 & 0.060
(11.0,12.0)  0.925 4 0.048 + 0.051 = 0.063
(12.0,13.0)  1.096 + 0.056 4 0.088 + 0.106
(13.0,15.0) 1.078 4 0.099 4 0.178 4 0.181
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