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Abstract. The differential production cross sections of both B+ and B0
S mesons in pp collisions have been

measured as part of the study of the quark gluon plasma. The measurements are performed as function of the
meson’s rapidity and event multiplicity. The analysis is based on

√
s = 5 TeV pp data collected by CMS, with

an integrated luminosity of 302.3 pb−1. The raw signal yields are extracted by fitting the invariant mass spectra
of the particles produced at the end of the selected decay chain for each meson. The quality of the fits has been
verified by χ2 and pull tests as well as stability across bins. The results here presented are preliminary.

Keywords: LHC, CMS, quark gluon plasma, differential cross section, B mesons

1 Introduction

1.1 The Quark Gluon Plasma

Quark gluon plasma (QGP) is a very exotic state of mat-
ter, in which quark and gluons become ’free’ instead of
being bound within hadrons. This state of matter only ex-
ists under extreme conditions: for normal baryon density,
the phase transition temperature from normal hadronic
matter to QGP is around T = 150 MeV (equivalent to
T = 1.7 × 1012 K) [1]. The study of such matter not
only completes the big picture of quantum chromodynam-
ics (QCD), but also links directly to the understanding of
the very early universe, since it is believed that the uni-
verse was entirely filled by QGP within a few µs after the
Big Bang [1]. At the LHC, droplets of QGP can be pro-
duced by ultrarelativistic heavy ion collisions (URHICs)
and detected by the Compact Muon Solenoid (CMS) de-
tector at the LHC.

Figure 1. The QCD phase diagram.

This work aims to study how the presence of QGP af-
fects the b-quark hadronisation process. This is done by
measuring the production cross section, σpp, of both B+

and B0
S mesons in pp collisions, which serve as a refer-

ence for lead-lead (PbPb) collisions [2, 3], thus allowing
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to identify the QGP effects. The differential cross section
is given by

dσ
dϕ
=

1
ϵLB

dNS

dϕ
, (1)

where ϕ is the differential variable used for the analysis
(rapidity, multiplicity), ϵ is the efficiency times acceptance
of the detector, L is the integrated luminosity of the data
set, B is the branching fraction of the decay chain and NS

is the number of signal events. The values of ϵ are deter-
mined from Monte Carlo simulations of the decay process
and detector, whereas NS is extracted by fitting the data.
These cross sections from pp collisions (which do not pro-
duce QGP) are then compared to the ones obtained from
the PbPb collisions (which produce QGP), by computing
the nuclear modification factor, RAA, from which the prop-
erties of QGP can be learnt [3]:

RAA =
1

⟨ Ncol ⟩

( dσ
dϕ )PbPb

( dσ
dϕ )pp

(2)

where 1
⟨ Ncol ⟩

accounts for the higher number of colliding
nuclei in PbPb, ( dσ

dϕ )PbPb and ( dσ
dϕ )pp are the differential

production cross section in PbPb and pp collisions, respec-
tively.

The analysis is based on the
√

s = 5 TeV pp dataset
collected by CMS in 2017 and performed as function of
two variables: rapidity of the B mesons, y, and the event
multiplicity, Nch (see Fig. 2): y is related to the angular
position at which the meson is reconstructed, whereas Nch

is the number of charged particles detected in the collision,
which hence gives information about the environment in
which the b quark hadronizes.

1.2 B mesons as probes of the QGP

B mesons are formed by a anti-bottom quark and another
flavour of quark (apart from top quark). They can be used
as probes of the QGP for two main reasons: B mesons have
a relatively larger lifetime so that they can displace further
from the point of collisions, and hence the B mesons can
be easily distinguished from the other particles; they are
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Figure 2. (left)The data of rapidity, the binning is (-2.4, -1.5,
-1.0, -0.5, 0.0, 0.5, 1.0, 1.5, 2.0, 2.4). (right)The data of multi-
plicity, the binning is (0, 20, 30, 40, 50, 60, 70, 100).

very massive mesons hence the thermal production can be
ignored [4].

For each of the B mesons used for analysis, B+ and B0
S ,

a specific decay channel is selected, as depicted on Fig. (3)
and Fig. (4) respectively. The J/ψ and ϕ candidates are re-
constructed as J/ψ → µ+µ− and ϕ → K+K−. The com-
plete decays of the B mesons are thus given by B+ →
J/ψ K+ → µ+µ−K+ and B0

s → J/ψ ϕ→ µ+µ−K+K−.
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Figure 3. The leading-order Feynman diagram of the studied B+

meson decay, B+ → J/ψ K+.
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Figure 4. The leading-order Feynman diagram of the studied B0
s

meson decay,B0
s → J/ψ ϕ.

2 Mass Fit

2.1 The Extended Unbinned Maximum Likelihood
method and the nominal model

The Extended Unbinned Maximum Likelihood method [5]
is used to fit the invariant mass spectra of the reconstructed
final states. The parameters that best describe the data, λ⃗,
can be obtained by maximizing the likelihood, L(λ⃗):

L(λ⃗) =
NNobs e−N

Nobs!

Nobs∏
i=1

l(mi, λ⃗) (3)

where N is the actual total number of events, Nobs is the
estimated total number, mi is the invariant mass of the i-
th event and l is the model i.e. a probability distribution
function (PDF) describing the shape of the data.

The nominal model used for fitting the data is given by
the sum of a double-Gaussian (signal) and an exponential
function (combinatorial background):

l(mi, λ⃗) = Ns

(
α

√
2πσ1

e
−(mi−µ)2

2σ2
1 +

(1 − α)
√

2πσ2
e
−(mi−µ)2

2σ2
2

)
+Ncbλcbe−λcbmi + NpeakΦpeak + NpartΦpart

(4)

where α is the weight of each Gaussian function, σi and µi

are respectively the width and the mean of the i-th Gaus-
sian, λcb is the decay factor of the exponential background,
NS is the number of signal events which are the parameter
of interest that will be used for the further analysis, Ncb is
the number of combinatorial background candidates.

For the B+ case, additional background components
arise. Sometimes, a K+ from the B0

s decay may be missed,
and the event may be thus misreconstructed as a B+ me-
son. This results in a partially reconstructed background
in the B+ candidate mass spectrum (which because a par-
ticle is missed lies to the left of the signal peak). Addi-
tionally, the decay B+ −→ J/ψπ+ may mimic the signal [4],
when a π meson is misidentified as a K meson. 1 This
decay is similar to the decay in Fig.(3), but instead of the
W+ boson decaying into a charm and anti-strange quark it
decays into a charm and anti-down quark. This decay is
suppressed because the CKM matrix (which governs the
relative strength of these interactions), being very close to
the identity, suppresses transitions between different gen-
erations of quarks, such as the one occurring in the lat-
ter process. The last two terms in Eq.(4) model these ad-
ditional background components (which only appear for
the B+ case), being Npeak the number of peaking back-
ground events, Npart the number of partially reconstructed
background events and Φpeak and Φpart the corresponding
normalized models. For the peaking background we have
chosen a Gaussian function to model the data and an error
function to model the partially reconstructed background.

Figure 5. (left) The B0
S nominal fit to the MC simulation, shown

for the bin 0.0 < y < 0.5. The model used for the signal is a
double Gaussian, with the fitted function being displayed by the
red curve. (right) The nominal fit to the actual data, where the
background model is now added, and the signal model obtained
from the MC fit (left) is fixed. The box underneath shows the
results of the pull test; the value of the χ2 test is also shown.

1We refer to this decay as the peaking background.
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2.2 The fitting procedure

For each variable, the data is split into bins (see Fig. 2
for the binning adopted), and the data inside each bin is
then fitted. Before fitting the actual invariant mass spectra
of data, the fit is first performed to a signal-only spectra
generated by Monte Carlo (MC) simulations (see Figure 5,
left), from which we can obtain the parameters describing
the shape of the function. These parameters are then kept
fixed in the fit to the data, where the background model is
included. The raw signal yield, NS , is extracted from the
fit to data.

The results obtained from the fits are validated using
two statistical methods: χ2 test and pull test. From the nor-
malised χ2 value, the information about the overall quality
of the fits can be readily obtained. The pull test gives in-
formation about whether each data point in the fit is statis-
tically well described by the curve across the fitting range
(see bottom of Fig. 5, right).

2.3 Systematic uncertainties

Apart from the chosen nominal model, there are other pos-
sible models that can be used to describe the signal and
the background; these alternative models are referred to as
systematic variations. The raw signal yields obtained from
these variations are potentially different to those from the
nominal model, and these differences (in % relative to the
nominal model) correspond to systematic uncertainties for
the raw signal yield.

In this analysis, four signal variations (triple Gaussian,
Gaussian + crystal ball, double crystal ball and fixed mean
2) and three background variations (1st- order polynomial,
2nd-order polynomial and mass range) are used. The pro-
cedure is done for each meson and for each analysis bin.

2.4 Mass resolution

The mass resolution given by the width of the peak is com-
puted as the weighted average of σ2’s for the nominal
model. The detector resolution is optimal in the central
region (small |y|) and degrades towards the forward region
(large |y|) in a symmetric way, as shown in Fig. 6. This
happens due to the fact that the higher the rapidity |y| is
the more matter the particles will have to traverse, under-
going more multiple scattering and thus loosing precision
in the process.

3 Differential Signal Yield

To calculate the differential signal yields, the yields of
each bin were obtained and then normalized by the width
of the respective bin. This scaling is applied to both the
central value and uncertainties. The systematic uncertainty
is computed as the maximum of the signal and background

2When doing the fitting to the data we use the results of the fitting to
the MC data as initial values for the parameters of our model, fixing some
of these parameters depending on the model used. The fixed mean model
is therefore a normal two-Gaussian model but where the mean parameter
is fixed from the MC fit.

Figure 6. Mass resolution as function of rapidity for B0
S (top)

and B+ (bottom).

variations relative to the nominal yields. The results can be
seen in Figs. 8 and 9.

It is worth noticing that, as the other plots also suggest,
the error bars for B+ are smaller than those of B0

S , i.e. B+

measurements have a higher precision.

4 Detector efficiency
The total efficiency, ϵ, accounts for signal candidates that
were not reconstructed or were rejected by the selection
cuts used in the analysis. We can obtain this value from
MC simulations by dividing the total number of events
where selection cuts were performed [4], Ncuts, by that
without any cuts, N total,

ϵ =
Ncuts

N total . (5)

The inverse of the total efficiency can be seen for the
B0

S meson on Fig. 7, as function of rapidity and multiplic-
ity.

Figure 7. The inverse of the total efficiency, 1
ϵ
, for the B0

s meson
as function of rapidity (left) and multiplicity (right).

5 Cross Section
Based on the previous results of raw signal yields and ef-
ficiencies, the production cross sections can be calculated,
following Eq. 1. The results are shown in Fig. 10.
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Figure 8. Fit results for the B+ meson. Differential signal yields versus meson rapidity (top left) and event multiplicity (top right).
Systematic error plots for rapidity (bottom left) and multiplicity (right). The signal and background systematic errors are each taken as
the highest value of all of the respective variations, and the total error is the square root of the square sum of both of these errors.

Figure 9. Fit results for the B0
S meson. Differential signal yields versus meson rapidity (top left) and event multiplicity (top right).

Systematic error plots for rapidity (bottom left) and multiplicity (right). The signal and background systematic errors are each taken as
the highest value of all of the respective variations, and the total error is the square root of the square sum of both of these errors.

6 Conclusions

Preliminary results are presented for the B0
s and B+ me-

son production cross sections as function of meson rapid-
ity and event multiplicity in pp collisions at

√
s = 5 TeV.

The more detailed documentation of the work is provided
as an internal CMS Analysis Note [6].

The results here attained may be used to test theory
predictions. The cross section ratios for the two mesons
provide insights into the fragmentation mechanisms of b
quarks in vacuum. Together with corresponding results
obtained for PbPb collisions, these results allow to deter-
mine the nuclear modification factors, RAA. The analysis
may be further extended to include additional differential
variables, additional mesons, or to probe the lower pT re-

gion giving us even more insight into the hadronization
processes of quarks and the properties of the QGP.
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Figure 10. Differential cross section calculated based on the previous results for both B+ meson (top row) and B0
S (bottom row), versus

rapidity (left column) and multiplicity (right column).
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