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Abstract

Relativistic heavy ion collisions allow the study of Quantum Chromodynamics at high energy density
and temperature. Under such conditions, a medium of deconfined quarks and gluons is predicted to be
formed, the Quark-Gluon Plasma (QGP). Heavy quarks are produced in the early stages of heavy ion
collisions, experiencing the full evolution of the QGP medium, losing energy in their interactions with the
medium before hadronising. Exclusive beauty production measurements add precision to the study of
parton energy loss and allow to probe its flavour dependence. An enhancement in strangeness content
is expected in the probed medium. If beauty hadronisation happens through quark-recombination in the
QGP, Bs production is expected to be larger than B+ production. B mesons are novel probes of the QGP,
and only recently have they been reconstructed in nuclear collisions. This work employs data collected by
the Compact Muon Solenoid, in PbPb collisions with a center-of-mass energy of 5.02 TeV, at the Large
Hadron Collider. The first observation of Bs in PbPb is presented, with a significance over 5σ. Bs and
B+ cross sections are measured as a function of transverse momentum (pT ) and centrality. The ratios
between the two are computed and compared to the fragmentation fraction ratio fs/fu, measured in pp
collisions. Evidences of bottom hadronisation through recombination in the medium are shown for low B
pT and more central collisions. Using the published Bs cross sections in pp collisions, in the pT range
of 15-50 GeV/c, the Bs nuclear modification factor is computed. The measurements indicate an overall
suppression of Bs production in the QGP medium, in the probed kinematic region.
Keywords: Quark Gluon Plasma, Compact Muon Solenoid, B Physics, Heavy Ion Collisions, Cross
Section

1. Introduction
For high energy densities and temperatures, a
medium of deconfined quarks and gluons is pre-
dicted, the quark-gluon plasma (QGP) [1]. This
medium is created in relativistic heavy ion colli-
sions. However, it is short-lived and consequently
it cannot be accessed directly. Experimenters
use different probes, allowing the measurement of
medium effects.

1.1. Heavy Flavour Probes of the QGP
Heavy flavour quarks (namely charm and beauty
quarks) are abundantly produced at the LHC and
are particularly interesting as probes of the QGP
medium giving us insight into its underlying mech-
anisms. These quarks are produced in the early
stages of the heavy ion collisions, in hard scatter-
ing processes between partons of the incoming nu-
clei [3]. Because of their large masses, higher than
QGP’s critical temperature1 (Mc,b > Tc), their pro-

1Temperature of transition to the quark gluon plasma state.

duction time is shorter than the formation time of
QGP. Given that their thermal production and anni-
hilation rates are negligible, heavy quarks experi-
ence the full evolution of the QGP medium.

A dependence on quark flavour is predicted for
radiative energy loss in the QGP medium: the so-
called ”dead cone effect” [2]. This effect arises
from increasing suppression of medium induced
gluon radiation, for higher mass quarks. Notwith-
standing, for high enough quark energies, this ef-
fect should cease. The study of hadrons of differ-
ent flavours and masses should facilitate an under-
standing of such dependences of the underlying
energy loss mechanisms in the medium.

It was theoretically proposed that strangeness
production in the QGP medium would be enhanced
in comparison to a hadron gas. That should
be consequence of the high rate of the process
gg → ss, if the medium’s temperature is above the
strange quark mass [9]. Furthermore, it was also
suggested that low-momentum heavy quarks could

1



hadronise via recombination with other quarks in
the QGP [3]. If recombination in the medium is
significant, one should expect to observe less sup-
pressed strange D and B mesons with respect to
lighter mesons of the same kind, in face of the
medium with an increased strangeness content.

1.2. B mesons
B mesons are comprised of two quarks - a bottom
antiquark and a quark of a different flavour. De-
pending on that second quark we can have a B+

(bu), B0(bd), Bs (bs) or a Bc (bc). In this work the
main focus was on B+ and Bs. Charge conjugated
states are implied unless otherwise specified.

After being produced, single bottom quarks
hadronise with a quark of different flavour with dif-
ferent probabilities, called b fragmentation fractions
fX , where X denotes the flavour of the second
quark of the formed B meson. LHCb has measured
the ratios fs/(fu + fd) in pp collisions [13], and in-
vestigated its dependence on transverse momen-
tum. If one assumes that because of isospin sym-
metry, the probability of hadronization of a b quark
into a Bs or a B+ meson will be the same, fu = fd
and fs/(fu + fd) = fs/2fu. The independent inclu-
sive (i.e. for the entire range of pT ) measurements
of fs/fd and fs/(fu + fd) are compatible with this
assumption, within uncertainty values.

B mesons decay via the weak interaction. The
more massive b is usually the one that decays, the
dominant decay being b → cW+. The virtual W
boson will then materialise into a pair of leptons or
quarks which hadronise thereafter. The probability
of a particle decaying into a specific final state out
of all possible final states is referred to as a branch-
ing fraction (B). B mesons have a long lifetime,
travelling a measurable distance in the detector.
They are then said to produce a ”displaced vertex”.
The B+ production was studied in this analysis
through the decay channel B+ → J/ψ(µ+µ−)K+,
while the Bs production was studied through Bs →
J/ψ(µ+µ−)φ(K+K−).

1.3. Production Measurements
B meson production measurements can be a win-
dow to gaining information about the QGP, allow-
ing to probe it for the effects already mentioned.
In practise, production is quantified by a cross-
section. One can perform an inclusive measure-
ment, or if there is the intent of exploring a possi-
ble dependence to a specific kinematic variable, a
differential measurement can be done. The differ-
ential cross section in transverse momentum (pT ),
for a given B meson, explored through a specific
decay channel, can be computed by [5]:

dσ(B)

dpT
=

1

2

N

AεBL∆pT
, (1)

where N represents the raw yield extracted in an
analysis, A is the detector’s acceptance, ε the effi-
ciency associated with the performed analysis, B is
the branching fraction of the decay channel used,
L the integrated luminosity, that is a measurement
of the collected data size (in units of inverse area).
The factor of 2 accounts for the fact that the mea-
sure is done for both particle and antiparticle.

When studying the QGP effects on B meson pro-
duction, one further computes the nuclear modifi-
cation factor (RAA), a ratio between the production
in nucleus-nucleus (σAA) and pp (σpp) collisions,
scaled by the expected number of binary collisions
[1],

RAA =
1

〈Ncoll〉
σAA

σpp
. (2)

If RAA < 1 it is said that the medium caused sup-
pression, and for RAA > 1 the opposite effect of
enhancement.

1.4. State of the Art

Figure 1: Nuclear modification factors of different hadrons,
measured in PbPb collisions at

√
s =5.02 TeV, as a function

of transverse momentum. Results obtained by the CMS Collab-
oration [3].

The flavour dependence of energy loss in QGP
has been tested by comparing the nuclear modi-
fication factors of different hadrons [3]. Figure 1
shows the results obtained by CMS in function of
pT of the hadron. This comparison is performed
between: light charged hadrons (h±), i.e. kaons
and pions; prompt D0, i.e., D0 not coming from
the decays of heavier particles; non-prompt D0,
i.e., D0 coming from the decays of b hadrons; non-
prompt J/ψ, i.e. J/ψ coming from b hadron de-
cays; and B± mesons. For low pT light charged
hadrons are more suppressed than open heavy
flavour hadrons. In addition, at intermediate pT ,
the nuclear modification factor of non-prompt J/ψ
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is significantly higher than for D0, supporting a
bottom-charm hierarchy. That difference is re-
inforced when one is reminded that non-prompt
J/ψ does not carry the full pT of the B meson
that generated it, so a shift for slightly higher pT
should be accounted for when doing the compari-
son. At high pT there is a degeneracy of the RAA’s.
This is expected, since the energy-to-mass ratio
becomes large, and so the mass effects should
cease. It is also seen that the degenerecy of light-
charm hadrons RAA happens at around 10 GeV/c,
and bottom RAA further degenerates at around 25
GeV/c.

Figure 2: Bs andB+ nuclear modification factor ratios, in PbPb
collsions at CMS [3].

Also, the enhancement of strange heavy flavour
mesons relative to their non-strange counterparts
has been probed in heavy ion collisions. Using
2015 data from PbPb collisions at 5.02 TeV, Bs

production results have been recently published by
CMS. Its ratio relative to B+ has also been pre-
sented (Figure 2) [11]. The data seems to suggest
an enhancement relative to the B+ case. How-
ever, the Bs signal is not sufficiently significant in
the analysed dataset, and there are large statisti-
cal uncertainties affecting the comparison. A more
precise measurement must be performed, offering
more insight on hadronisation in the bottom sector.

In November 2018, a larger dataset was col-
lected by CMS with the LHC running for PbPb col-
lisions. The data sample is larger by a factor of
3, comparatively to the one used for the analysis
that yielded Figure 2. The larger dataset will be
employed for this analysis. B mesons are novel
probes of the QGP, since only in the last few years
has their exclusive measurement been possible in
this medium. This means that one can fully recon-
struct a specific B decay channel, reconstructing

its identity and kinematics. The first observation
of the Bs signal in PbPb collisions will result in a
robust quantification of the competing medium ef-
fects of suppression and enhancement, relative to
the B+.

2. Experimental Framework
The Large Hadron Collider (LHC) can be found in
a 27 km circular tunnel and it has been perform-
ing pp and PbPb collisions at the highest energies
over the past years. Protons/nuclei go through a
series of accelerators before being injected into the
LHC ring in the form of two counter-rotating beams,
where they are further accelerated to their nominal
energies. The counter-rotating beams are brought
into collision in 4 interaction points where 4 main
detectors are located. One of those detectors is
the Compact Muon Solenoid (CMS). Its central fea-
ture is a 13 m long, 6 diameter superconducting
solenoid, that creates a magnetic field of around
3.8 T. It is composed of subdetectors that are ar-
ranged cylindrically around the beam pipe. In Fig-
ure 3 a transverse slice through CMS is displayed,
showing its layers. From the beam to outside
one finds: the silicon tracker, electromagnetic and
hadron calorimeters, the solenoid, and the muon
chambers. Different particles will deposit their en-
ergy at different parts of the detector. Photons and
electrons will stop at the electromagnetic calorime-
ter, and hadrons will stop in the hadron calorimeter.
Except for neutrinos, that are not detected, only
muons get to the last layer, because they do not
interact strongly and are too massive to emit a sub-
stantial fraction of energy through electromagnetic
radiation, being able to penetrate dense materials,
like steel. The most relevant sub-detectors, for this
work, are the silicon tracker (measures the trajec-
tories of charged particles, ”tracks”), and the muon
stations (measures the trajectory of the muons that
manage to reach it). The hadron calorimeter also
plays a key role for this analysis, since centrality is
estimated from energy deposits in the hadron for-
ward calorimeters (HF). This is an important quan-
tity for nucleus-nucleus collisions, since it quan-
tifies the extent of the overlap between the two
colliding nuclei (0% being the most overlap). Ex-
perimentally, one uses the distribution of the total
transverse energy deposited in the HF, to divide an
event sample into centrality classes. For instance,
the top 10% most energy deposited corresponds
to a centrality class of 0–10%.

Only a small fraction of the collisions that oc-
cur at the interaction point will contain physics pro-
cesses of interest to each analysis. Furthermore,
the storage space and rate of data transfer required
make it impossible to keep a record of all the colli-
sion events. As a result, a trigger system is crucial
to select only the interesting fraction of the events.
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Figure 3: Transverse view of the CMS detector, showing its
different layers.

The CMS trigger system is divided into two deci-
sion levels: level one (L1) trigger, and high-level
trigger (HLT) [6].

3. Data, Monte Carlo Samples and Selection
This analysis was performed using data from the
2018 PbPb run, with a center-of-mass energy of√
sNN = 5.02 TeV, and corresponding to a total

integrated luminosity of 1.5 nb−1. The trigger em-
ployed required the presence of two muon candi-
dates, since for both decays of interest there are
two muons in the final state. Monte Carlo (MC)
simulations are key for particle physics analysis,
since they allow access to the correspondence be-
tween a physics process and detector signatures.
They are used in this work in several steps of the
analysis, but most importantly for acceptance and
efficiency calculations.

The B meson reconstruction procedure takes
advantage of the long decay length of these par-
ticles, that produce what is called a displaced ver-
tex in the CMS detector. This displacement exists
between the point where the nucleon collision oc-
curred (Primary Vertex) and the point where the
B mesons decayed (Secondary Vertex). For each
event, combinations of tracks (the kaons in these
case) and muons are fitted together, reconstruct-
ing one, or more2 secondary vertices, displaced
from the corresponding primary vertices. Basic
kinematic and quality selections are applied to both
muons and tracks. Two muons with an invariant
mass within 0.15 GeV/c2 of the J/ψ mass are fitted
together with a common vertex constraint to recon-
struct J/ψ candidates. For the Bs, tracks are also
fitted together (with an invariant mass within 0.015
GeV/c2 of the φ mass), forming φ candidates. The
J/ψ candidates are then fitted with the φ candi-
dates, forming a Bs candidate. In the case of B+,
J/ψ candidates are fitted together with the K+.

Both Bs and B+ candidates are further selected
based on the χ2 probability of their decay ver-
tex (the probability for the muon tracks from the
J/ψ meson decay and the other charged particle

2There can be more than one B meson candidate for each
event!

tracks to originate from a common vertex), the de-
cay length (normalized by their uncertainties), the
pointing angle (the angle between the line seg-
ment connecting the primary and decay vertices
and the momentum vector of the B meson), the
cosine value of the angle between B mesons dis-
placements and momenta in the transverse direc-
tion, the 2D distance between the primary and de-
cay vertices of their daughter tracks (normalized
by their uncertainties) and the pT of the daughter
charged tracks.

For Bs, the z direction distance between the pri-
mary and decay vertices of their daughter tracks
(normalized by their uncertainties) and the dis-
tance of the two hadronic tracks’ invariant mass
to the φ meson resonance are also used as se-
lection variables. These variables are combined
via multivariate discriminators, based on a boosted
decision tree (BDT) implementation [10]. The BDT
training is performed by employing simulated B
signal samples and background samples taken
from data sidebands (candidates with invariant
mass 0.20–0.30GeVc2 away from the B mesons’
mass [12]). The selection is optimized separately
for each meson, as well as each individual bin of
pT . The chosen requirement of the BDT score is
the one that maximises S/

√
S +B, where S is the

number of signal candidates in signal region after
applying a given cut to the BDT, whileB is the num-
ber of background candidates in the signal region
after applying that same cut.

The analysis was performed in the fiducial re-
gion given by: |y| < 1.5, pT > 10 GeV/c; 1.5 <
|y| < 2.4, 5 < pT < 60 GeV/c, for the B+;
|y| < 1.5, pT > 10 GeV/c; 1.5 < |y| < 2.4, 7 <
pT < 50 GeV/c, for the Bs.

4. Signal Extraction

The raw B meson signal yields are extracted us-
ing an extended unbinned maximum likelihood fit to
the invariant mass spectra. The signal shapes are
modelled by two Gaussian functions, with parame-
ters determined from MC simulation. The combina-
torial background, from uncorrelated combinations
of tracks and muons, gives rise to a falling con-
tribution in the invariant mass spectrum which is
modelled by an exponential function. An additional
background source can arise from possible con-
taminations of other B hadron decays. For the B+

spectrum, partially reconstructed B decays, for in-
stance Bs → J/ψ K+K−, where one kaon (K−) is
missed, lead to a heightened background in the in-
variant mass region below 5.2 GeV/c2. The decay
B → J/Ψπ+, where the pion is misidentified as a
kaon, results in a small peaking structure under the
signal peak. Such partially and mis-reconstructed
B hadron components are modelled from simula-
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Figure 4: Bs meson invariant mass fit in data. nsig1 and nbkg1
are the number of signal and background candidates, lambda1
is the exponential decay slope and mean1 is the mean of the
gaussian. Below the fit, the pull histogram is displayed.

tion, via an error function and a Gaussian function,
respectively; both shapes and the Gaussian nor-
malisation (relative to the signal) are fixed in the
fit to the data. For the Bs case, such background
contributions are found to be negligible, as a con-
sequence of the tight selection on the mass of the
φ candidate. The fit to the Bs invariant mass spec-
tra is shown in Fig. 4. The statistical significance of
the B meson signals is estimated from the ratio of
likelihoods obtained by fitting the data with the full
model and the background-only model. Estimates
in excess of 51 and 17 standard deviations are thus
obtained for the B+ and Bs mesons, respectively.

5. Acceptance and Efficiency

Not all B mesons can be measured by the anal-
ysis. First, because of the detector design and
positioning, not all particles generated by the col-
lisions can be detected. For instance, the muon
chambers were positioned in CMS in the |η| <2.4
region, so muons with |η| >2.4 (possibly com-
ing from B meson decays here studied) will not
be detected. The acceptance is here defined as
the fraction of generated B mesons (in the fidu-
cial region) that produced tracks and muons that
lie within the detector’s geometrical constrains. In
order to observe a peak in the B meson invari-
ant mass, optimised selection was applied to the
data. There might have been signal candidates
that did not pass all the requirements. Also the B
meson reconstruction process must result in some
fraction of the signal candidates lost. The effi-
ciency is here defined as the fraction of generated
B mesons within the acceptance region of the de-

tector, with daughters that survived their individual
selection requirements, and that were correctly re-
constructed and survived all the selection require-
ments. The acceptance and efficiencies calcula-
tions are done using the Monte Carlo samples, pro-
ducing 2-dimensional fine-grained maps of accep-
tance and efficiency as functions of B pT and y.

To account for discrepancies between data and
MC regarding muon selection and identification,
the tag and probe method was employed to provide
scaling factors that are applied to the 2D maps.
The fundamental idea of TnP is to reconstruct a
well-known resonance built on two objects. In this
case, the interest is on muon efficiency so the res-
onance may be, for instance, the Z or J/ψ particle.
This resonance is built on two muons, of which one
will be called the ”tag” and the other the ”probe”.
Tag muons are required to meet tight selection cri-
teria, so they will almost certainly be muons. On
the other hand, probe muons are selected with a
very loose set of criteria, that introduces very little
bias. The probe objects are the ones that will be
used to examine the efficiency of some specific se-
lection criteria. A probe muon is matched with a tag
muon such that the invariant mass of the formed
dimuon is consistent with the mass of the chosen
resonant peak. Through this matching with tag
muons, one assures that probe muons are almost
likely true muons. Two invariant mass distributions
are formed: ”passing probes” and ”failed probes”,
according to whether or not the probe meets the
selection criteria for which the efficiency is being
estimated. The resulting mass peaks are fitted and
the yields (N) can be used to calculate the mea-
sured efficiency for a specific selection. The effi-
ciencies of muon trigger (εtrg), track reconstruction
(εtrk), and identification (εmuid) were calculated by
the CMS dilepton group in this way. Comparing
the results obtained from the TnP method in data
and MC, the discrepancy can be estimated, and
the scaling factors to be applied to the 2D efficiency
maps.

From the fine-grained 2D maps one can read a
α× ε value for each candidate in data, with specific
pT and y values. Then, for each pT range used in
the analysis (∆pT ), one averages over the candi-
dates in the signal region, obtaining a pT and ra-
pidity dependent 〈1/(α × ε)〉 for each pT bin. The
results are shown in Figure 5, for Bs.

6. Data-MC Comparison

The signal MC simulation is validated against data
by inspecting the distributions of the variables em-
ployed in the selection. The signal distributions
are extracted from the data employing the SPlot
method [8], and are also cross-checked with the al-
ternative sideband-subtraction method. The SPlot
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Figure 5: Product of Bs meson acceptance and efficiency as
a function of pT within 0-90% centrality. The TnP scaling has
already been applied.

0.05 0.1 0.15 0.2 0.25
BDT_pt_20_30

0.02

0.04

0.06

0.08

0.1

0.12

no
rm

al
iz

ed
 e

nt
rie

s

0

0.02

0.04

0.06

0.08

0.1

0.12

no
rm

al
iz

ed
 e

nt
rie

s

0.05 0.1 0.15 0.2 0.25
BDT_pt_20_30

0.5−
0

0.5
1

1.5

D
at

a(
sp

)/
M

C

Monte Carlo

SPlot

Figure 6: Comparison of B+ BDT score (trained in the pT bin
of 20-30 GeV/c) distribution in data (obtained through SPlot)
and MC.

method uses the B invariant mass as a discrim-
inating variable, and employs an extended max-
imum likelihood fit for its modelling. From that
fit candidate-by-candidate weights are computed,
representing the probability of a candidate belong-
ing to either the signal or background component.
the wights can be applied to data distributions, pro-
viding individual signal and background distribu-
tions.

The sPlot-derived distributions for the BDT score
are retrieved from the data, along with correspond-
ing data/MC ratios, that are used in the estimation
of the uncertainties on the efficiency calculations.
Figure 6 shows one of the obtained comparisons.
The bottom panel shows the ratios to be used in
systematic uncertainties calculations.

7. Systematic Uncertainties
The cross section measurements are affected by
several sources of systematic uncertainties aris-
ing from the signal extraction, acceptance and ef-
ficiency. Uncertainties on the normalisation factors
to be used in the final cross section calculation are
also propagated as systematic uncertainties on the
final result.

Figure 7: Pull distribution obtained from toy MC study, in the
case of Bs.

The uncertainty from signal and background
modeling is evaluated by considering four fit vari-
ations: (i) using low-order polynomials for describ-
ing the combinatorial background, (ii) using a sum
of three Gaussian functions with a common mean
for describing the signal, (iii) fixing the mean of
the Gaussian function to the value determined from
simulation; (iv) releasing the MC-based constraint
on the width of the signal double Gaussian, by al-
lowing a resolution scale factor to float in the fit.
The maximum of the signal variations and the max-
imum of the background variations are propagated
as systematic uncertainties.

Another systematic uncertainty associated with
the signal extraction procedure arises if there is a
bias in the modelling. By definition, the fit proce-
dure is unbiased if it yields, on average, the correct
value for the parameter of interest, in this case, the
number of signal events. This was tested through
a pseudo-experiments study. 5000 pseudo-data
samples were generated, according to the result-
ing PDF from the fits done during the signal extrac-
tion procedure. Each sample of pseudo-data was
then fitted with the same model used in the data
fittin, and the pull distributionwais evaluated. The
pull distribution is expected to be a Gaussian with
mean equal to 0 and standard deviation equal to
1. Deviations from null mean will be propagated as
the systematic uncertainty associated with fit bias.
The produced pull distribution for Bs can be found
in Figure 7. The deviations to null mean are multi-
plied by the statistical uncertainty of the signal yield
of the corresponding fit to data. The obtained value
is further divided by the signal yield, to obtain a rel-
ative systematic uncertainty. This estimation was
only done for the full datasets of either B+ or Bs.

The data-MC ratios obtained from the SPlot
method are used to re-weight the MC simulation,
and the resulting deviation in the 〈1/α×ε〉 factors
are assigned as the systematic uncertainties. This
procedure is employed using the higher-yield chan-
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nel, namely the B+. For the Bs meson, the lim-
ited size of the data sample yields results that are
generally compatible between data and simulation,
within the statistical uncertainties. As such, the
B+ channel is used as calibration mode for the Bs

channel, given the similar decay topologies. A pro-
cedure identical to that described above, applied to
the B+ sample, is employed but using only track-
ing related variables. The systematic uncertainty
for the Bs corresponds to that evaluated for the B+

and further adding in quadrature the deviation de-
termined from tracking related variables.

The systematic uncertainties associated with the
TnP method are propagated as systematic uncer-
tainty on the 〈1/α× ε〉 factors. The difference in
the track reconstruction efficiency in data and sim-
ulation was estimated studying the D∗ → ππ(ππ)
decays [4], and results in 5% (10%) uncertainty in
the efficiency determination for the B+ (Bs) decay
for involving one (two) kaons.

8. Results & Discussion
The cross section was finally computed for the
analysis fiducial region through:

dσB

dpT
=

1

2BNMB TAA

Nobs(pT )

∆pT

〈
1

α(pT , y) · ε(pT , y)

〉
.

(3)
The normalisation was here performed with the

nuclear overlap function (TAA) multiplied by the
number of minimum bias events (NMB). The TAA

is equal to the number of nucleon-nucleon (NN)
binary collisions divided by the NN total inelastic
cross section, and it can be interpreted as the NN-
equivalent integrated luminosity per heavy ion col-
lision. It is estimated by Glauber Model simulation
[7]. The normalisation was not done with luminos-
ity, like it is standard in pp collision measurements
due to higher uncertainties associated with the lu-
minosity in PbPb collisions.
pT and centrality differential cross section mea-

surements were performed within the fiducial re-
gion for both B+ and BS . Figure-8 shows the
pT differential results obtained for Bs, as an ex-
ample. The dominant systematic uncertainty is the
one arising from data-MC disagreement.

The Bs/B
+ production rations were computed

through

R =
NBs

obs

NB+

obs

〈1/αBsεBs〉
〈1/αB+εB+〉

BB+

BBs
. (4)

The normalisation factors are no longer a source
of systematic uncertainty, since they cancelled in
the division. Given the similar topology of the
decay channels, systematics related to the effi-
ciency determination cancel in first order. The sys-
tematics associated with muon efficiency (coming
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Figure 8: Bs cross section in PbPb collisions, as a function
of pT . The measurement was performed within the analysis
fiducial region. The data points (represented at the weighted-
average of the pT distributions of each bin), and their respective
statistical uncertainties can be seen in light red. The rectangular
boxes represent the systematic uncertainties. The horizontal
bars do not represent uncertainties, but the range of the pT bin.
The pT bins range from 7 to 50 GeV/c.

from the application of the tag and probe tech-
nique) are then neglected for the ratio. Since the
only difference in the final state of the two decay
channels is the presence of an extra track for Bs,
only uncertainties arising from data-MC disagree-
ment between track-related variables are consid-
ered. There is also still a 5% contribution from
tracking efficiency (a global uncertainty for the pT
differential measurement). The ratio computed
through (4) is shown as a function of B pT in Fig-
ure 10. The measurement was, once again, per-
formed within the fiducial region. The results are
compared with the fs/fu in pp collisions, estimated
from the measured fs/(fu+fd), using the assump-
tion fs/(fu+fd) ∼ 0.5(fs/fu). The ratio results pro-
vide evidence of an enhancement in the low to mid
pT region, indicating a possibly sizeable contribu-
tion to b-quark hadronization from recombination
effects in a medium with an enhanced strangeness
population.

The production ratios were also computed for
different centrality ranges (Table 1). The domi-
nant source of uncertainty is statistic. Figure 9
shows the Bs/B+ production ratio, as a function of
〈Npart〉, corresponding to the 0-30% and 30-90%
centrality classes, and estimated from Glauber
Model calculations. One can see that R is higher
for the centrality range of 0-30% than for central-
ity 30-90%. This means that for higher centrality,
the production of Bs over B+ is higher. This is ex-
pected, since for higher number of nucleon partici-
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pants the strangeness content of the medium must
be enhanced. The results are compared with the
average fragmentation fraction ratio fs/fu, mea-
sured by LHCb in pp collisions [13], showing evi-
dences of enhanced production ratio for more cen-
tral collisions.

50 100 150 200 250
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 N〈
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0.7

0.8R
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 (PbPb) 5.02 TeV-11.5 nb
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8.1−8.1, +Global uncert. 

Data Points
Systematic Uncertainties
Average fs/fu in pp collisions 

Figure 9: Bs/B+ production ratio, as a function of 〈Npart〉 (cor-
responding to the centrality class being studied). The measure-
ment was performed within the analysis fiducial region. The
data points, and their respective statistical uncertainties can be
seen in light red. The rectangular boxes represent the sys-
tematic uncertainties. The average fragmentation fraction ratio
fs/fu, measured by LHCb in pp collisions [13] within its uncer-
tainty is represented in blue.

The Bs cross section results were further nor-
malised by published results of the Bs cross sec-
tion measurement in pp collisions at the same
center-of-mass energy. This study was done for
the pT range of 15-50 GeV/c. Figure 11 shows the
resulting nuclear modification factors.

A comparison can be made with the nu-
clear modification results obtained from the 2015
dataset (Figure 12). The published Bs RAA for the
pT of 15-50 GeV/c was RAA = 0.80 ± 0.30 (stat)
± 0.17 (syst) [11]. That result was compatible with
values higher than unity (within systematic and sta-
tistical uncertainties), and so there was still a case
to be done for enhancement in that pT range. The
result presented by this work points to an overall
suppression of Bs production, in PbPb compared
to pp collisions, in the mentioned, higher pT range.

Further comparing the Bs RAA here obtained
with the B+ RAA previously reported [11], one can
see that there is a hint of an enhancement by the
QGP of Bs production relative to B+. The outcome
of this RAA comparison study is accordingly com-
patible with the production ratio comparison with
fs/fu also reported above. These results would
be explained, as mentioned previously, by sizeable
contribution of bottom quark recombination with
lighter quarks in the presence of a medium with
increased strangeness content.

Employing the larger dataset available, the first
significant observation of the Bs signal in PbPb
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Figure 10: Bs/B+ production ratio, as a function of pT . The
measurement was performed within the analysis fiducial region.
The data points (represented at the weighted-average of the
Bs pT distributions of each bin), and their respective statis-
tical uncertainties can be seen in light red. The rectangular
boxes represent the systematic uncertainties. The horizontal
bars do not represent uncertainties, but the range of the pT bin.
The pT bins range from 7 to 50 GeV/c. The fs/fu in pp col-
lisions (LHCb measurement) is also displayed, for comparison
[13]. The smaller (black) error bars represent the bin-by-bin sys-
tematics of that analysis, and the blue error bars represent the
global uncertainties. The resulting function from the linear fit to
those data points (performed in the LHCb analysis) is superim-
posed, in blue. The dashed lines give the total uncertainties on
the fit results.
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Figure 11: Bs nuclear modification factor measured in two pT
intervals, in the range 15-50 GeV/c. The cross sections mea-
sured in this work were normalised by the cross sections mea-
sured in pp collisions at the same center-of-mass energy, pub-
lished by CMS [11]. The data points, and their respective sta-
tistical uncertainties can be seen in light red. The rectangular
boxes represent the systematic uncertainties.
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Table 1: Production ratio in different centrality ranges.

Centrality range Production ratio Stat. Uncertainty (%) Syst. Uncertainty (%)
0 - 30% 0.568 32.6 9.22
30 - 90% 0.223 20.0 19.18
0 - 90% 0.415 19.2 14.83

Figure 12: Bs nuclear modification factor measured in two pT
intervals, in the range 7-50 GeV/c (pink data points). This mea-
surement was performed with the smaller 2015 dataset, with an
integrated luminosity of 351 µb−1. [11] Overlaid is also the B+

nuclear modification obtained with the same dataset (blue data
points). The rectangular boxes, in both cases, represent the
systematic uncertainties.

collisions was achieved by this work. It was also
possible to more precisely study the production
of Bs relative to the B+ in PbPb collisions, fur-
ther comparing it to the fragmentation fraction ra-
tio fs/fu measured in pp collisions. The produc-
tion ratio is seen to increase for low to mid pT ,
indicating hadronisation from recombination in the
strangeness enhanced medium.

The measurement of the Bs nuclear modifica-
tion factor from 15-50 GeV/c indicates overall sup-
pression of the meson’s production in the QGP
medium. Further comparing that newly calculated
Bs RAA with the published B+ RAA there is once
again the hint of medium induced enhancement.

The precision of the results here reported will
benefit from increased PbPb data sets that will be
collected in future LHC runs. The combined PbPb
data collected during 2015 and 2018 can be used
at once to obtain improved results. In particular,
this will yield more precise results for the low-pT
region, where recombination effects are expected
to be more pronounced. The larger overall sam-
ple could also allow for a finer kinematic and cen-

trality binning. The B0 meson has not been stud-
ied as part of this thesis, due to lack of simulated
samples. The production ratios between B+ and
B0 could be further used to probe bottom-quark
hadronization in the QGP medium, and the effect
of recombination. The nuclear modification fac-
tor measurements shall benefit from the combined
PbPb samples, as well as from the larger pp ref-
erence dataset collected by CMS in 2017, at the
same center-of-mass collision energy as studied in
this work. Furthermore, the nuclear modification
factors of all 3 mesons B+, Bs and B0, could be
measured with greater precision by using all the
PbPb and pp data collected at 5.02 TeV. More data
will allow to start exploring rarer processes, and
new hadrons, such as the Bc meson, allowing to
probe potential effects of charm enhancement, and
the X(3872), opening the window into the study
of exotic spectroscopy in ion collisions. All these
measurements and novel probes shall add preci-
sion to the study of energy loss, its flavour depen-
dence, quark recombination effects, and beyond -
towards an improved understanding of the primor-
dial QGP medium.

9. Conclusions

• N - raw signal yield

• A - detector acceptance

• ε - reconstruction efficiency

• B - decay branching fraction

• L - luminosity
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