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Abstract

The transverse momentum spectra of D0 mesons from b hadron decays are measured
at midrapidity (|y| < 1) in pp and PbPb collisions at a nucleon–nucleon center of
mass energy of 5.02 TeV with the CMS detector at the LHC. The D0 mesons from b
hadron decays are distinguished from prompt D0 mesons by their decay topologies.
In PbPb collisions, the B → D0 yield is found to be suppressed in the measured pT

range from 2 to 100 GeV/c as compared to pp collisions. The suppression is weaker
than that of prompt D0 mesons and charged hadrons for pT around 10 GeV/c. While
theoretical calculations incorporating partonic energy loss in the quark-gluon plasma
can successfully describe the measured B → D0 suppression at higher pT, the data
show an indication of larger suppression than the model predictions in the range of
2 < pT < 5 GeV/c.
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Quantum chromodynamics (QCD) predicts the existence of a quark-gluon plasma (QGP) phase,
consisting of deconfined quarks and gluons, at extremely high temperatures and/or densi-
ties [1–3]. Experiments at the BNL RHIC and the CERN LHC indicate that a strongly coupled
QGP is created in relativistic heavy ion collisions at energies from 200 GeV to several TeV in the
nucleon–nucleon center-of-mass frame [4–8]. Heavy quarks (charm and beauty) produced in
heavy ion collisions are valuable probes for studying the properties of this deconfined medium.
They are mostly produced in primary hard QCD scatterings at an early stage of the collision.
During their propagation through the QGP, heavy quarks lose energy via radiative and col-
lisional interactions with the medium constituents, with the 2 processes dominating at high
and low transverse momentum (pT), respectively. Parton energy loss can be studied using the
nuclear modification factor (RAA), which is defined as the ratio of the particle yield in nucleus–
nucleus (AA) to that in proton–proton (pp) collisions, normalized by the number of binary
nucleon–nucleon collisions (Ncoll) [9]. Precise measurements of RAA for particles containing
light, charm, and beauty quarks over a wide pT range can test the predicted flavor (parton
mass) and energy dependence of the parton energy loss in the QGP [10]. This can provide both
important tests of QCD at extreme densities and temperatures, and constraints on theoretical
models describing the system evolution in heavy ion collisions.

Charm suppression in heavy ion collisions was reported by RHIC and LHC experiments [11–
16]. For beauty production, the CMS Collaboration measured RAA for nonprompt J/ψ mesons
(coming from decays of b hadrons) and for fully reconstructed B± mesons [17–19]. A suppres-
sion by a factor of about two was observed in both channels for pT > 6 GeV/c at mid-rapidity.
At the same time, the RAA of nonprompt J/ψ mesons in the pT range of 6.5–30 GeV/c was found
to be larger than the RAA of prompt D mesons in the 8–16 GeV/c pT region for central events,
which is in line with a mass ordering of quark energy loss [10]. An indication of less suppres-
sion of nonprompt J/ψ mesons is seen at forward rapidity (1.8 < |y| < 2.4), at low pT, down to
3 GeV/c. Extending measurements of charm and beauty suppression to a broader pT coverage
should provide improved discrimination between the radiative and collisional parton energy
loss mechanisms, leading to better constraints on theoretical predictions.

In this letter, we report a study of beauty production and in-medium energy loss performed by
measuring nonprompt D0 pT spectra in pp and PbPb collisions at a nucleon–nucleon center-of-
mass energy

√
s

NN
= 5.02 TeV with the CMS detector. The measurement is done in the rapidity

region |y| < 1, in a wide pT range from 2 to 100 GeV/c. The D0 and D
0

mesons, whose yields are
merged in this analysis, are reconstructed via the hadronic decay channel D0 → K−π+ that has

a branching fraction of 3.93% [20]. The combined branching fractions of B mesons → D0X/D
0
X

and the following D0 → K−π+ are significantly higher than those for previous measurements
via nonprompt J/ψ mesons and fully reconstructed B± mesons.

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator
hadron calorimeter, each composed of a barrel and two endcap sections. The silicon tracker
measures charged particles within the pseudorapidity range |η| < 2.5. For nonisolated parti-
cles of 1 < pT < 10 GeV/c and |η| < 1.4, the track resolutions are typically 1.5% in pT and 25–90
(45–150) µm in the transverse (longitudinal) impact parameter [21]. A detailed description of
the CMS experiment can be found in Ref. [22].

This analysis is performed using pp and PbPb data collected in 2015 at
√

s
NN

= 5.02 TeV. For
D0 pT less than 20 GeV/c, minimum-bias samples corresponding to about 2.67 billion pp (294
million PbPb) collisions are used. For D0 pT above 20 GeV/c, we use samples from dedi-
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cated D0 high-level trigger (HLT) algorithms [16], corresponding to integrated luminosities of

27.4 pb−1 [23] and 530 µb−1 for pp and PbPb collisions, respectively. The same event selection
as in Refs. [16, 24, 25] is used to reject instrumental background processes (beam–gas collisions,
beam scraping events and ultra-peripheral non-hadronic collisions).

Monte Carlo (MC) simulated events are used to evaluate detector acceptance, reconstruction
and selection efficiency for D0, and to obtain geometrical distributions for prompt and non-
prompt D0 meson decay vertices relative to the primary vertex (PV, the reconstructed collision
point). The MC samples are generated with the PYTHIA 8.212 [26] tune CUETP8M1 [27], HYD-
JET 1.8 [28], EVTGEN 1.3.0 [29], and GEANT4 [30] packages, with the same set-up as in Ref. [16].

The D0 candidates are reconstructed by combining pairs of oppositely charged tracks. Each
track is required to pass a high purity selection based on a multi-variate analysis of track qual-
ity variables [31]. Tracks are required to have |η| < 1.5 and pT larger than 1 GeV/c for the
pp and PbPb minimum-bias data, and 2 and 8.5 GeV/c for pp and PbPb D0-triggered samples,
respectively. For each pair of selected tracks, two D0 candidates are created by assuming that
one of the particles has the pion mass and the other has the kaon mass, and vice-versa. The
D0 candidates are required to have |y| < 1, where the track resolution is better. In order to re-
duce the combinatorial background and prompt D0 contribution, the D0 candidates are selected
based on several geometrical criteria: a minimum probability that the two tracks come from a
common decay vertex, a minimum distance between the decay vertex and the PV divided by
its uncertainty, and minimum distances of closest approach (DCA) to the PV for the pion and
kaon tracks divided by their uncertainties. The selection is optimized using simulated signal
samples complemented by background events from mass sidebands in the data. Dedicated
optimizations are performed for different pT ranges and for pp and PbPb collisions, in order
to maximize the statistical significance of the B → D0 (i.e., D0 mesons from b hadron decays)
yield.

The B → D0 decays are distinguished from prompt D0 mesons by fitting the distribution of
DCA between the D0 path and the PV. The signal D0 DCA distribution, including both the
prompt and nonprompt components, is extracted by two methods. For pT bins in which there
is abundant background (D0 pT < 20 GeV/c for PbPb), the D0 meson yield in each D0 DCA
bin is obtained from an invariant mass fit with three components: a double-Gaussian function
describing the signal, a broad Gaussian function describing K–π swapped pairs, and a third-
order polynomial component for the combinatorial background. Figure 1a shows an example
of a three-component invariant mass fit for a selected D0 DCA and pT bin. For the pp data and
for D0 candidates with pT > 20 GeV/c from PbPb events, for which the background is low, a
sideband subtraction method is used to obtain the signal D0 DCA distribution. Figure 1b shows
the DCA distributions for D0 candidates in the signal invariant mass region (|mrec − mD0 | <
0.025 GeV/c2) and for candidates in the sidebands (0.05 < |mrec − mD0 | < 0.1 GeV/c2). The
latter is scaled by the mass range ratio of 0.5, in order to estimate the background yield in
the narrower signal region. Here mrec is the reconstructed K–π invariant mass and mD0 is the
nominal mass of the D0 meson, 1.8648 GeV/c2 [20]. The signal D0 DCA distribution is calculated
as the difference of the D0 DCA distributions in the signal region and the sidebands.

In order to obtain the B → D0 yield, a two-component fit to the signal D0 DCA distribution is
carried out using prompt and nonprompt D0 DCA templates obtained from MC simulations, as
shown in Fig. 1c and 1d, for PbPb and pp, respectively. The prompt D0 mesons have a narrow
DCA distribution near zero, with the width purely resulting from the detector resolution, while
the nonprompt D0 DCA distribution is much wider because of the kink between the b hadron
and D0 meson directions. This two-component fit is sensitive to the modeling of the D0 DCA
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Figure 1: a) Example of a three-component invariant mass fit of a D0 DCA bin for pT of 6–
7 GeV/c in PbPb collisions; b) DCA distributions for D0 candidates in the signal invariant mass
region and in the sidebands (scaled by the mass range ratio of 0.5) for D0 pT of 6–7 GeV/c in pp
collisions; c) Signal DCA distribution obtained with the invariant mass fit for each DCA bin,
and a prompt+nonprompt two-component fit to it, for D0 pT of 6–7 GeV/c in PbPb collisions;
d) Signal DCA distribution obtained with the sideband subtraction, and a prompt+nonprompt
two-component fit to it, for D0 pT of 6–7 GeV/c in pp collisions.

distributions in the simulation. To assess systematic effects on the two-component fit arising
from potential differences between the resolution in data and simulation, the widths of the
simulated DCA distributions are varied by a floating scale factor. The best simulated DCA
width scale factor to match the data is determined by minimizing the χ2 of the two-component
fit. It is found to be in the range of 1.0± 0.1 for all pT bins, indicating a good data-to-simulation
consistency.

The B → D0 differential cross section with |y| < 1 in pp collisions is calculated with the follow-
ing equation:

dσB→D0

pp

dpT

∣

∣

∣

∣

∣

|y|<1

=
1

2L∆pTB
NB→D0

+D
0

pp

αǫ

∣

∣

∣

∣

∣

∣

|y|<1

. (1)

Here NB→D0
+D

0

pp are the nonprompt D0 and D
0

meson yields extracted in each pT interval; L
is the integrated luminosity for the corresponding trigger; ∆pT is the width of the pT interval;
B is the decay branching fraction; and αǫ represents the product of acceptance and efficiency.

The factor 1/2 accounts for the fact that the yields were measured for D0 plus D
0
, but the cross

section is for either D0 or D
0

production.

The B → D0 yield with |y| < 1 in PbPb collisions is calculated similarly, and normalized by the

nuclear overlap function TAA = Ncoll/σinelastic
NN = 5.61 mb−1 [24] calculated with the Glauber
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model [9], to facilitate the comparison with the pp spectrum, as:

1

TAA

dNB→D0

PbPb

dpT

∣

∣

∣

∣

∣
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=
1

TAA

1

2Nevents∆pTB
NB→D0

+D
0

PbPb

αǫ

∣

∣

∣

∣

∣

∣

|y|<1

, (2)

where the number of sampled inelastic collision events Nevents replaces the integrated luminos-
ity L.

The nuclear modification factor is defined as

RAA =
1

TAA

dNB→D0

PbPb

dpT
/

dσB→D0

pp

dpT
. (3)

The global systematic uncertainty (common to all points) of the B → D0 pT spectrum in pp
collisions (2.5%) is the sum in quadrature of the uncertainties in the integrated luminosity
(2.3% [23]) and in the D0 → K−π+ branching fraction (1% [20]). The global uncertainty in the
PbPb measurement (+4.1%, −3.6%) includes the uncertainties in the number of sampled PbPb
inelastic collision events (2%), in the branching fraction (1%), and in TAA (+2.8%, −3.4% [24]).
In the calculation of RAA, the uncertainty in the branching fraction cancels out. The other un-
certainties are summed in quadrature, amounting to a total global systematic uncertainty in
the RAA of +4.6%, −4.1%.

The following systematic uncertainties are evaluated separately in different pT ranges. The
systematic uncertainty due to the signal extraction from the invariant mass fit (3.2–5.3%) is
evaluated by varying the function used to fit the background, and by comparing the default
double-Gaussian signal yield with that obtained with a different method, in which the integral
of the background function in the signal invariant mass region is subtracted from the number
of candidate counts. The uncertainty due to the signal extraction with the sideband subtraction
method (1.4–8.6%) is obtained by comparing the D0 meson yield from the sideband method
with the yield from the invariant mass fit, both obtained within the D0 DCA range where the
nonprompt D0 component dominates. The systematic uncertainty associated with the separa-
tion of prompt D0 mesons and D0 mesons from b hadron decays (4.2–30.4%) comes from two
sources. The first part, which is due to the data–simulation difference in the D0 DCA shapes, is
estimated by comparing the default B → D0 yields (from the two-component fit using MC DCA
templates with varied widths to match the data) with that obtained using the original MC DCA
templates without the width variation. The second part, which is due to statistical uncertainty
in the simulated samples, is obtained by smearing simulated D0 DCA distributions according
to the statistical uncertainties in each individual bin, and repeating the two-component fit 1000
times. The systematic uncertainty in the tracking efficiency is 4% for a single track [32], and 8%
for a pair of tracks. For RAA, the systematic uncertainty in the tracking efficiency ratio between
PbPb and pp data is 6% for a track [24], and 12% for a pair of tracks. The systematic uncertainty
in the selection efficiency due to the geometrical criteria (6.9–11.6%) is evaluated by varying
the selection variables. The systematic uncertainty in the D0 HLT trigger efficiency (2.0–7.9%)
is from the statistical precision of the number of D0 meson candidates in the events common to
the D0 triggered and minimum-bias triggered samples. The systematic uncertainty in the ac-
ceptance, reconstruction and selection efficiency due to the simulated B meson pT distribution
(0.0–3.6%) and centrality (i.e., the degree of overlap of the two colliding nuclei) distribution
(0.4–2.3%) are estimated by varying these simulated distributions within the uncertainties. The
total systematic uncertainty in each pT interval is computed as the sum in quadrature of the
individual uncertainties listed above.
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to quark coalescence in PbPb collisions.
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M. Spanring, D. Spitzbart, A. Taurok, W. Waltenberger, J. Wittmann, C.-E. Wulz1, M. Zarucki

Institute for Nuclear Problems, Minsk, Belarus
V. Chekhovsky, V. Mossolov, J. Suarez Gonzalez

Universiteit Antwerpen, Antwerpen, Belgium
E.A. De Wolf, D. Di Croce, X. Janssen, J. Lauwers, M. Pieters, H. Van Haevermaet,
P. Van Mechelen, N. Van Remortel

Vrije Universiteit Brussel, Brussel, Belgium
S. Abu Zeid, F. Blekman, J. D’Hondt, I. De Bruyn, J. De Clercq, K. Deroover, G. Flouris,
D. Lontkovskyi, S. Lowette, I. Marchesini, S. Moortgat, L. Moreels, Q. Python, K. Skovpen,
S. Tavernier, W. Van Doninck, P. Van Mulders, I. Van Parijs
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INFN Sezione di Bari a, Università di Bari b, Politecnico di Bari c, Bari, Italy
M. Abbresciaa ,b, C. Calabriaa,b, A. Colaleoa, D. Creanzaa ,c, L. Cristellaa ,b, N. De Filippisa,c,
M. De Palmaa,b, A. Di Florioa ,b, F. Erricoa,b, L. Fiorea, A. Gelmia ,b, G. Iasellia,c, M. Incea ,b,
S. Lezkia ,b, G. Maggia,c, M. Maggia, G. Minielloa,b, S. Mya,b, S. Nuzzoa ,b, A. Pompilia ,b,



16

G. Pugliesea ,c, R. Radognaa, A. Ranieria, G. Selvaggia ,b, A. Sharmaa, L. Silvestrisa, R. Vendittia,
P. Verwilligena, G. Zitoa

INFN Sezione di Bologna a, Università di Bologna b, Bologna, Italy
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