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• Heavy quarks are produced dominantly via initial hard parton scatterings, 
therefore their production cross section constitute a prime benchmark for 
the pQCD calculations in a new energy domain

• In pp collisions at LHC, investigated at √s = 7 TeV in various channels 
• Beauty hadrons at forward rapidity with LHCb and at mid rapidity with 

CMS (high pt only)
• Electrons and muons from semi-leptonic decays of heavy flavour 

hadrons with ATLAS (high pt only) and with ALICE (down to low pt) 
• At low pt, J/ψ from beauty hadron decays at mid rapidity with ALICE
• At low pt, D mesons at mid rapidity with ALICE
➡ Good agreement with higher oder pQCD calculation

✓What is missing... 
➡ Separation of leptons from charm and beauty hadron decays at low pt: 

important for the total beauty production cross section and provide 
baseline for the PbPb measurement

3

Motivation of b→e measurement in pp collisions
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Measurement of electrons from beauty hadron decays in pp1

collisions at
√

s = 7 TeV2

The ALICE collaboration1
3

Abstract4

The production cross section of electrons from semileptonic decays of beauty hadrons was
measured at mid-rapidity (|y| < 0.8) in the transverse momentum range 1 < pT < 8 GeV/c
with the ALICE experiment at the CERN LHC in pp collisions at a center of mass energy√

s = 7 TeV using an integrated luminosity of 2.2 nb−1. Electrons from beauty hadron
decays were selected based on the displacement of the decay vertex from the collision vertex.
A perturbative QCD calculation agrees with the measurement within uncertainties. The
data were extrapolated to the full phase space to determine the total cross section for the
production of beauty quark-antiquark pairs.

Keywords: LHC, ALICE experiment, pp collisions, Single electrons, Heavy flavour5

production, Beauty production6

The measurement of heavy-flavor (charm and beauty) production in proton–proton (pp)7

collisions at the CERN Large Hadron Collider (LHC) provides a crucial testing ground8

for quantum chromodynamics (QCD), the theory of strong interactions, in a new high-9

energy regime. Because of their large masses heavy quarks are mainly produced via initial10

hard parton-parton collisions, even at low transverse momenta pT. Therefore, heavy-flavor11

production cross sections constitute a prime benchmark for perturbative QCD (pQCD)12

calculations. Furthermore, heavy-flavor measurements in pp collisions provide a mandatory13

baseline for corresponding studies in nucleus-nucleus collisions. Heavy quark observables are14

sensitive to the properties of the strongly interacting partonic medium which is produced in15

such collisions.16

Earlier measurements of beauty production in pp̄ collisions at
√

s = 1.96 TeV at the17

Tevatron [1] are in good agreement with pQCD calculations at fixed order with next-to-18

leading log resummation (FONLL) [2, 3]. Measurements of charm production, available at19

high pT only [4], are close to the upper limit but still consistent with such pQCD calculations.20

The same trend was observed in pp collisions at
√

s = 0.2 TeV at RHIC [5, 6].21

In pp collisions at the LHC, heavy-flavor production was investigated extensively at22 √
s = 7 TeV in various decay channels. With LHCb beauty hadron production cross sections23

were measured at forward rapidity [7] and, at high pT only, with CMS at mid-rapidity [8].24

At low pT, mid-rapidity J/ψ meson production from beauty hadron decays was studied with25

1Full author list given at the end of this article
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Beauty production in pp collisions at
√

s = 2.76 TeV, measured using
semi-electronic decays

The ALICE Collaboration

Abstract

The production cross section of electrons from semi-leptonic decays of beauty hadrons has been measured in pp
collisions at

√
s = 2.76 TeV at mid-rapidity (|y| < 0.8) and in the transverse momentum range 1-10 GeV/c with

the ALICE experiment at the CERN LHC. Using an impact parameter analysis based on decay vertices which are
displaced from the primary vertex of the collisions, electrons from the decay of beauty hadrons are selected. The
production cross section of beauty decay electrons was compared to the result obtained utilizing an alternative method
which uses azimuthal correlations of heavy-flavour decay electrons and charged hadrons. We also compare the relative
beauty fraction of the total heavy-flavour electron spectrum measured using the correlation technique to that obtained
with the impact parameter analysis. In addition, we compare to pQCD predictions in the FONLL framework and the
calculation is in agreement within the uncertainties. The result was extrapolated to the full phase space to determine
the total bb̄ production cross section.

Keywords: LHC, ALICE experiment, pp collisions, Single electrons, Heavy-flavour production, Beauty production

1. Introduction

Heavy-flavour quarks are of particular interest in pp
collisions because they are, unlike their lighter counter-
parts, produced through the initial hard parton-parton
scatterings. Therefore, the measurement of their pro-
duction provides essential tests of perturbative Quan-
tum Chromodynamic (pQCD) calculations. Addition-
ally, these measurements in pp collisions provide the
necessary baseline for the equivalent measurements per-
formed in heavy ion collisions.

In pp collisions at
√

s = 2.76 TeV ALICE has mea-
sured heavy-flavours utilizing the following decay chan-
nels: D mesons via hadronic decays (mid-rapidity)
[1], heavy-flavour hadrons via semi-leptonic decays
to electrons (mid-rapidity) and muons (forward rapid-
ity) [2, 3], and J/ψ using muon (forward rapidity) and
electron (mid-rapidity) pair decay channels [4], with
each measurement being in good agreement with pQCD
predictions. As charm and beauty hadrons both de-
cay semi-leptonically the measured heavy-flavour decay
muons and electrons have contributions from both. The
objectives of the analyses presented here are to sepa-
rate or directly measure electrons from beauty hadron
decays.

We report on the production cross section of electrons

from semi-electronic decay of beauty hadrons measured
in the mid-rapidity region (|y| < 0.8) with the AL-
ICE experiment in the range 1 < pT < 10 GeV/c in
pp collisions at

√
s = 2.76 TeV and present the total

bb̄ production cross section based on the extrapolation
to full phase space from the measured pT-differential
cross section. The results are compared to the pre-
dictions from FONLL pQCD corresponding calcula-
tions [5]. The results are measured primarily using
an impact parameter analysis which takes advantage
of the relatively long lifetime of beauty hadrons com-
pared to charm hadrons. Along with the impact param-
eter method, an alternative method is presented which
uses the near side correlation shape of the difference in
azimuth of heavy-flavour decay electrons and charged
hadrons (∆φeh = 0) to extract the relative beauty contri-
bution to the total heavy-flavour electron spectrum. This
fraction can be used along with the measured heavy-
flavour electron spectrum to compute the production
cross section of electrons from beauty hadron decays.

2. Event and track selection

The dataset from pp collisions at
√

s = 2.76 TeV used
for these analyses was recorded during 2011 LHC run

Preprint submitted to Nuclear Physics B January 21, 2013
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Data set 

• LHC10d pass2 (2.2 nb-1) for 7 TeV

• LHC11a pass2 (0.9 nb-1) for 2.76 TeV

Outline of analysis 

1. Charged particle tracks selected 
fulfilling track quality and eID cuts 
(composed with electrons from 
conversion, Dalitz/di-, charm hadron 
decays, beauty hadron decays)

2. Minimum impact parameter cut   
applied to increase S/B

3. Subtract remaining non-HFE and charm 
hadron decay electron backgrounds 
based on ALICE measurement

4. Unfold background subtracted electron 
spectra

5

Data Analysis

2 The ALICE Collaboration
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 Analysis Approach for Electron Spectrum from B,D Hadron Decay
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Fig. 1: Definition of the transverse impact parameter (left) and transverse impact parameter significance distribu-
tion for electrons from different sources (right).

choice is illustrated in the analysis note supporting the inclusive analysis [7].43

The run and event selection criteria are the same as the ones used for the inclusive HFE paper. In addition,44

further checks were done to assess the quality of the impact parameter resolution and distributions (see45

Subsection 3.5). The exclusion of a few runs due to this quality assurance checks reduced by about 15%46

the number of events compared to the inclusive HFE analysis.47

For data, the pass2 reconstruction of the period LHC10d was used. In particular, the analysis included48

the following 49 runs: 122374, 122375, 124751, 125085, 125097, 125100, 125101, 125134, 125296,49

125630, 125632, 125633, 125842, 125843, 125847, 125848, 125849, 125850, 125851, 125855, 126004,50

126007, 126008, 126073, 126078, 126081, 126082, 126088, 126090, 126097, 126158, 126160, 126168,51

126283, 126284, 126285, 126359, 126403, 126404, 126405, 126406, 126407, 126408, 126409, 126422,52

126424, 126425, 126432, 126437.53

The data sample corresponds to a total integrated luminosity of 2.2 nb−1.54

For Monte Carlo (MC), two PYTHIA samples were used: LHC10f6a with minimum bias events and55

LHC10f7a (d period), where events are enriched with heavy flavour hadrons decaying into an electron in56

the ALICE barrel acceptance.57

The analysis was performed with the AliRoot analysis tag v5-03-27-AN.58

3.3 Track reconstruction and selection59

The track selection criteria are the same as those for the TPC-TOF analysis in the inclusive HFE paper60

(see Table 1), except for two components discussed below. The cut on the impact parameter itself will61

be discussed in detail in Section 3.4.62

The η range in the inclusive analysis was limited to |η | < 0.5 because of a variation of the particle, in63

particular the electron, specific energy loss dE/dx in the TPC as a function of the track pseudorapidity.64

In the meanwhile, a correction for the electron dE/dx was introduced and the dependence removed.65

Therefore, we could extend the analysis to the range |η | < 0.8.66

By requiring the maximum distance of closest approach in xy to 1 cm and in z to 2 cm, only < 1 % of67

beauty decay electrons is cut.68

Electrons from beauty hadron decays in pp collisions at
√

s = 7 TeV 3

Table 1: Track selection cuts.

Track property requirement

Number of TPC clusters ≥ 120

Number of TPC clusters used in the dE/dx calculation ≥ 80

Number of ITS hits ≥ 4

SPD layer in which a hit is requested both

χ2
/ndf of the momentum fit in the TPC < 2

Distance of Closest Approach in xy (cm) < 1

Distance of Closest Approach in z (cm) < 2

In the inclusive analysis, tracks were required to have a hit in the first pixel layer: in this way, only69

electrons from photon conversions happening in the beam pipe and part of the material of the first pixel70

layer itself contribute to the total electron spectrum. However, due to the random association of an71

uncorrelated hit, it can happen that tracks from conversions at larger radii pick up a hit in the innermost72

pixel layer by mistake. In the inclusive analysis this effect is so small that it can be neglected. It has,73

however, a different importance in the impact parameter analysis. Such electrons, in fact, have a larger74

impact parameter to the primary vertex and, therefore, can pass our beauty impact parameter cut and75

produce a contamination to the beauty spectrum.76

In order to cure this problem, hits in both SPD pixel layers were required. This criterion reduces the77

amount of fake tracks. This is illustrated in Fig. 2 and Fig. 3. In the left panels of Fig. 2 conversion78

electron production vertices are shown with the first pixel hit requirement (upper panel) and both pixel79

hits requirement (lower panel). The ratio of the lower and upper plots is shown in the right panel of80

Fig. 2. The fake tracks produced outside of the first pixel are reduced by more than a factor of 5 by81

requiring hits on both pixel layers.82

The same effect is also visible in Fig. 3, which shows the transverse impact parameter distributions of83

electrons from data and MC for the two different pixel requirements. Fake tracks contribute with entries84

in the larger impact parameter region by requiring a hit on the first pixel (upper panel) and are removed85

by requiring both pixel hits (lower panel). The fact that fake tracks contribute entries with large impact86

parameter values is also demonstrated in the insert of the top left panel of Fig. 2. The red component is87

given by conversion electrons produced at a radius larger than 4.4 cm (meaning further outside than the88

first pixel layer), having a hit in that first layer (fakes).89

3.4 Impact parameter90

This analysis is based on the selection of electrons with a large impact parameter with respect to the91

primary interaction, to enhance the beauty signal in comparison to all other electron sources.92

The distribution of the track impact parameter in the plane perpendicular to the beam direction depends93

on the electron source (see Fig. 1, right panel). The inclusive spectrum contains contributions both94

from electrons produced directly at the primary vertex (from Dalitz and from di-electron decays) and95

from electrons emerging from secondary vertices (from charm and beauty hadron decays, and from the96

conversion of photons in the detector material). Each source is characterized by a distinctive impact97

parameter distribution.98

In order to safely use the impact parameter as selection criterion in the analysis, we need to guarantee a99

good agreement between its distribution in data and in MC, specifically for electrons. For this goal, we100

have selected a high purity sample of electrons from photon conversions. These were used to check the101

agreement between data and MC.102

The distribution of the impact parameter in the plane perpendicular to the beam direction for electrons103

TPC-TOF(|σ TOF|<3, 0(-1)<σ TPC<3)
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Fig. 8: (Colour online) Invariant differential production cross sections for neutral pions and η mesons in pp

collision at
√

s = 7 TeV as function of pt [52] together with fits using Eq. 2 (left panel). Ratios of the measured π0

and η spectra to the fits (right panel). In both panels the error bars depict the combined statistical and systematic

uncertainties of the neutral meson data.

5. background electrons originating from partonic hard scattering processes. This includes electrons

from the Drell-Yan process and electrons related to the production of prompt photons, i.e. both

virtual prompt photons (electron-positron pairs) as well as real prompt photons which can convert

in the material of the detector.

Of the background contributions listed above, the first one (Dalitz electrons and photon conversions in

material) is the largest in electron yield. Towards high electron pt, contributions from hard scattering

processes (prompt photons, decays of heavy-quarkonia, and Drell-Yan processes) are important and will,

eventually, become dominant.

The signal of electrons from heavy-flavour decays is small compared to the background at low pt but rises

with increasing pt as will be shown in Section 4 (Fig. 9). One technique to extract the heavy-flavour signal

from the inclusive electron spectrum is the so-called “cocktail subtraction” method described in detail

here. In this approach, a cocktail of electrons from different background sources was calculated using a

Monte Carlo hadron-decay generator. The resulting background spectra were then subtracted from the

inclusive electron spectrum. This approach relies on the availability of the momentum distributions of

the relevant background sources.

The most important background source is the neutral pion. The contribution from π0
decays to the

background is twofold. First, the Dalitz decay of neutral pions (π0 → e
+

e
−γ , with a branching ratio BR

of 1.174±0.035% [11]) is a primary source of electrons from the collision vertex. Second, photons from

the decay π0 → γγ (BR = 98.823±0.034% [11]) can convert in material into e
+

e
−

pairs in the ALICE

acceptance. This process gives rise to a secondary source of electrons not originating from the collision

vertex. It is important to point out that, although the total material budget in the ALICE central barrel

acceptance is relatively large (11.4± 0.5% of a radiation length X0 integrated over a radial distance up

to 180 cm from the beam line in the range |η |< 0.9) [32], the material budget relevant for the present

analysis is much less (see below). In fact, electron candidate tracks considered here are required to

be associated with either a hit in the first pixel layer of the ALICE ITS in case of the TPC-TOF/TPC-

TRD-TOF analysis or a hit in any of the two pixel layers in the TPC-EMCal analysis. Therefore, only

conversions in the beam pipe and in a fraction of the ITS material are relevant here. Consequently, the

background contribution from photon conversions is similar to the contribution from Dalitz decays (see

below for a detailed calculation).
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• Considered mesons

• D+,D0, Ds, Λc 

• ALICE measured charmed mesons

• D+: Measured at 1 < pt < 24 GeV/c

• D0: Measured at 1 < pt < 16 GeV/c 

• For 16 < pt < 24 GeV/c, use ALICE measured D*+/D0 ratio provided by D2H 
group (details in later slide).

• Ds: Measured at 2 < pt < 12 GeV/c (details in next slide).

• Unmeasured charmed mesons

• Λc: (details in next slide)

• Consideration of contribution from unmeasured pt range

• D+,D0 at 24 < pt < 50 GeV/c was obtained based on FONLL(like) extrapolation 
(details in later slide)
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Consideration of Input Charmed Mesons
Charm production at central rapidity in proton–proton collisions at

√
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Figure 5: (colour online) pt-differential inclusive cross section for prompt D0, D+, and D∗+ mesons in pp
collisions at

√
s = 7 TeV compared with FONLL [1, 30] and GM-VFNS [9, 31] theoretical predictions. The

symbols are positioned horizontally at the centre of each pt interval. The normalization uncertainty of 4% is not
shown.

uncertainties from charm mass and perturbative scales, varied within the aforementioned ranges1, and
from the CTEQ6.6 PDF sets [32]. The cross sections for the three mesons are:

d!D
0
/dy= 511±41(stat.)+ 69

−173(syst.)±20(lumi.)
+119
− 37(extr.) µb,

d!D
+
/dy= 245±29(stat.)+52−90(syst.)±10(lumi.)

+56
−18(extr.) µb,

d!D∗+
/dy = 244±27(stat.)+36−80(syst.)±10(lumi.)

+57
−16(extr.) µb.

1The +0.29 (i.e. +23%) uncertainty is mainly determined by the case µF = 0.5mt, for which the PDFs are used in the region
Q ≈ 0.5mc that is not constrained by experimental data [32]. If this case is not considered, the uncertainty becomes +13% on
the high side.

(averaged with their anti-particles contributions)

published

pt> 1GeV/c
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Figure 1: (Color online) (a) d0 distributions of electrons from beauty and charm hadron decays as well as

from decays of light hadrons and from photon conversions obtained from PYTHIA simulations in the electron

pT range 1 < pT < 6 GeV/c. The distributions were normalized to the same integrated yield. (b) Ratios

of the measured and the simulated d0 distributions of conversion electrons in the ranges 1 < pT < 2 GeV/c
and 2 < pT < 6 GeV/c (points shifted in d0 by 10 µm for better visibility).

10

with ALICE [6]. The impact parameter analysis is per-
formed solely on a minimum bias (MB) sample while
the electron-hadron correlation analysis is done using
both the MB and Electromagnetic Calorimeter (EMCal)
trigger samples. The EMCal trigger used is a level-0 of
2×2 tower patch with cluster threshold energy of 3 GeV.
MB collisions were triggered using the VZERO detec-
tors, located in the forward region, and the Silicon Pixel
Detector (SPD), which is the innermost part of the In-
ner Tracking System (ITS) consisting of two cylindrical
layers of hybrid silicon pixel assemblies. The MB trig-
ger requires at least one hit in either of the VZERO scin-
tillator hodoscopes or in the SPD, in coincidence with
the presence of LHC bunch crossings, and additional
details can be found in [1]. The MB trigger cross section
was measured to be 55.4±1.0 mb by a van der Meer scan
[7]. A particularity of the data sample collected was
that, in order to collect a larger data sample, MB events
were triggered independently of the read-out state of the
Silicon Drift Detector (SDD), which is the two inter-
mediate layers of the ITS. This resulted in a fraction
of events missing the SDD information. To have a ho-
mogeneously reconstructed sample of tracks, the SDD
points were always excluded from the track reconstruc-
tion used for these analyses. Additionally, events which
satisfied the MB and EMCal trigger conditions have to
provide a collision vertex with at least two contributors
and the vertex position in z to be within 10 cm of the
nominal center of the ALICE detector along the beam-
line. The results presented are based on 51.5 million
minimum-bias (MB) events (integrated luminosity of
0.9 nb−1) and 0.64 million EMCal trigger events (inte-
grated luminosity of 14.8 nb−1).

For both analyses the charged particle tracks are re-
constructed in the Time Projection Chamber (TPC) and
Inner Tracking System (ITS). In the case of the EMCal
analysis these charged tracks are propagated to the EM-
Cal using Kalman filter approach [8], and geometrical
matching of the EMCal cluster and associated track is
applied. The matching requires the cluster to be smaller
than 0.025 in η and 0.05 radian in φ. For both analy-
ses, the requirement of hits in the SPD is employed to
remove electrons from the inclusive sample that origi-
nated from photon conversions in the inner tracking de-
tector material. For the impact parameter analysis the
requirement on the displacement of the electron candi-
date will be discussed in more detail in the following
section.

Electron identification (eID) was done using the TPC,
Time of Flight (TOF), and EMCal and is the same as
that found in the inclusive heavy-flavour electron paper
[2]. For each analysis background hadrons, in particular
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Figure 1: (Color online) (a) d0 distributions of electrons from beauty
and charm hadron decays, decays of light hadrons, and photon con-
version obtained from PYTHIA simulations in the electron pT range 1
< pT < 6 GeV/c. The distributions were normalized to the same inte-
grated yield. (b) Ratios of the measured and simulated d0 distributions
of conversion electrons in the ranges 1 < pT <6 GeV/c.

from charged pions, were rejected using the specific en-
ergy loss, dE/dx, measured for charged particles in the
TPC. In the low momentum region (selected below 2.0
GeV/c for the impact parameter analysis and below 2.5
GeV/c for the correlation analysis) the candidates are re-
quired to be consistent within three standard deviations
with the electron time of flight hypothesis. However,
beyond those momenta its inclusion for eID reduces the
efficiency of electron selection, so above the aforemen-
tioned pT the TOF is excluded. Additionally, the EM-
Cal based correlation analysis uses the energy deposited
in the EMCal and selects around E/p ∼ 1 for electrons.

3. Analysis

3.1. Impact parameter technique
The method based on selecting electrons from beauty

decays using the displacement of the decay vertex from
the primary vertex of the pp collision has been uti-
lized to measure the beauty production cross section in
pp collisions at

√
s = 7 TeV and is described in de-

tail here [9]. An inclusive electron measurement con-
tains contributions from beauty and charm hadron de-
cays along with additional background sources. These

2

Agreement between data and MC of key variable(impact parameter) (1)

Use of conversion electrons identified by V0 finder
- Only identifiable source
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Figure 3: (Color online) (a) Fit (light blue line) of the measured d0 distributions of electrons (black points)
using Monte Carlo d0 distributions of signal (red points) and backgrounds (other points) in the the electron
pT range 1.5 < pT < 2 GeV/c (left) and 2 < pT < 2.5 GeV/c (right) (d0 was multiplied with the charge of
the reconstructed track). The error bars represent the statistical uncertainties. (b) Relative errors between
the data and the fit for the corresponding pT range.

12

Agreement between data and MC of key variable(impact parameter) (2)

• The d0 distribution of the data sample is well described by the cocktail of signal 
and backgrounds (The differences between the data and the cocktail of the signal 
and backgrounds are consistent with statistical variations). 
• The yields of signal and backgrounds obtained by this procedure agree with those 
obtained in this analysis within statistical uncertainties.

2 The ALICE Collaboration
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Fig. 1: Comparison of the pT spectrum of beauty-hadron decay electrons measured in this analysis (black) and the

transverse momentum distribution of beauty electrons from the MC simulation (PYTHIA Perugia-0 tune, in blue).

modified cuts. I can’t judge if the modification of cuts covers all uncertainties due to possible40

differences in the d0 distribution in data and MC. Changing the Pythia tune would be a way to41

address possible systematic errors.42

The systematic uncertainties are 30-40% at 1-1.5 GeV/c. In addition, we have statistical uncertainties of43

similar size. The 68% of the possible variations should take into account both systematic and statistical44

1 σ uncertainties. The variation of the minimum impact parameter (d0) cut was chosen such that it45

corresponds to a ±1 σ variation, where σ represents the resolution on d0 for charged tracks, determined46

from data. This corresponds to a variation of the signal by about ±20% (described in lines 172-176).47

In addition, the analysis was repeated smearing the d0 resolution in the MC simulation by 10%. This48

number is still conservative and was estimated by comparing the d0 resolution in data and in MC, as49

shown in the left panel of Fig. 2
1
. The additional effect of Bremsstrahlung, relevant for electrons50

more than for hadrons, is limited to transverse momenta below 1 GeV/c, as shown in Fig. 3
2
. Above51

1 GeV/c, the particle species dependence of the d0 resolution is negligible. We can confirm that the52

spectra corrected with and without the smearing of the d0 resolution in MC are compatible within the53

systematic uncertainty assigned for the d0 cut (described in lines 131-137 and 176-178).54

The d0 distribution is a major ingredient to the analysis, and its description using MC with the dif-55

ferent identified sources is essential. I would like to see for different pt bins, how well the different56

MC distributions, b→e, c→e, background describe the data.57

The comparison between data and the MC simulation for electrons is only feasible if one can identify the58

electron source. We can identify electrons from gamma conversions with a topological analysis using a59

V0-finder, but it is not possible to disentangle the electrons from other sources in data (described in lines60

124-131).61

A further confirmation of the good agreement between the MC description and the tracks in real data is62

provided in the left and right panels of Fig. 2.63

For details of the analysis, one is very often referred to Ref[12], which has about 20 pages. To find64

1
For reference, see Figure 1 and section 3.1 in [1]

2
Figure 2 in [2]



MinJung, University of Heidelberg January 28th, 2013
8

Electrons from beauty hadron decays in pp collisions at
√

s = 7 TeV 3

J
H
E
P
0
1
(
2
0
1
2
)
1
2
8

 (GeV/c)
t

 p
-110 1 10

m
)

µ
 re

so
lu

tio
n 

(
φ

 r 0d

0

50

100

150

200

250

300

Data
Sim., residual misalignment

 = 7 TeVspp, 

Figure 1. Track impact parameter (d0) resolution in the transverse plane (rφ direction) as a

function of pt comparing data and simulation. This resolution includes the uncertainty in the

primary vertex position, which is reconstructed excluding the track being probed.

Secondary vertices of D
0

and D
+

meson candidates were reconstructed using tracks

having |η| < 0.8, pt > 0.4 GeV/c, at least 70 associated space points (out of a maximum of

159) and χ2/ndf < 2 in the TPC, and at least one hit in either of the two layers of the SPD.

For tracks passing this selection, the average number of hits in the six ITS layers is 4.5–4.7,

depending on the data taking period. This quantity is influenced by the fraction of inactive

channels and its distribution is well reproduced in Monte Carlo simulations. For the D
∗+

soft pion, all TPC+ITS and ITS-only tracks with at least 4 hits in the ITS, including at

least one in the SPD, and pt > 80 MeV/c were considered. Figure 1 shows the transverse

momentum dependence of the transverse (rφ) impact parameter (d0) resolution achieved

with the present ITS alignment precision for tracks that satisfy the TPC and ITS selection

criteria, for data and Monte Carlo simulations. The simulations utilize GEANT3 [27]

and incorporate a detailed description of the detector material, geometry and response.

Proton-proton collisions were simulated using the PYTHIA 6.4.21 event generator [22]

with Perugia-0 tuning [23]. The impact parameter resolution was estimated by fitting the

inclusive distribution of d0 with respect to the event primary vertex, in intervals of pt.

The fit function is the sum of a Gaussian, that accounts for the component due to prompt

particles produced at the primary vertex, and two exponential functions, that account for

secondary particles, mainly from weak decays of strange hadrons. The width σ of the

Gaussian provides an estimate of the d0 resolution, which includes the resolution of the

track parameters and the primary vertex position. In order to obtain an unbiased estimate

of d0, the primary vertex is recalculated excluding the track being probed. The figure shows

that the d0 resolution measured in data, with values of 75 (20) µm at pt = 1 (15) GeV/c,

is reproduced within about 10% by the Monte Carlo simulation incorporating the residual

ITS misalignment described in section 2. The effect of the difference between data and

simulation on the results of the D meson analysis is discussed in section 4.2.
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is reconstructed excluding the track being probed. Right: Transverse impact parameter resolution estimate as a
function of pT for pions, kaons, and protons comparing data and simulation.

Study on Impact Parameter of Charged Particles in ALICE

preparing for studying electrons from semi-leptonic heavy-flavor decay at LHC energies
∗
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Beauty is produced much more abundantly at LHC en-
ergies compared to RHIC energies. The increase in pro-
duction, coupled with the beauty large mass, makes it
an interesting observable for the physic of the ALICE
experiment[1]. Semi-electronic decay of beauty mesons of-
fers a powerful tool to study beauty production in ALICE,
attributed to its high tracking resolution (ITS, TPC, TRD)
and vertexing (ITS)[2]. With the high single track point-
ing resolution of about 50 µm at pT ≈ 1GeV/c, ALICE is
well suited for studying the displaced electrons from beauty
mesons decay because the relatively large difference in typ-
ical decay length of beauty (≈ 500 µm) and charm (up to
≈ 300 µm).

Results

The impact parameter projection of reconstructed tracks
in the transverse plane (xy) and the z direction are defined
as:

dxy = q·[R−
�

(xv − xc)2 + (yv − yc)2], dz = ztrack−zv

(1)
where q is the sign of particle charge, R and (xc, yc) are
the radius and center coordinates of the track projection (a
circle) in the transverse plane, and (xv, yv, zv) the position
of the collision vertex.
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Figure 1: An example of single Gaussian fit on residuals
between measured and expected impact parameter within
0.5 < pT ≤ 0.6 GeV/c.

This analysis is based on Monte Carlo data samples pro-
duced at the GSI[3] computing center, with 5 different par-
ticle species (e±, µ±, π±, K±, p(p̄)) of flat pT distribu-
tion within a pT range (0, 20] GeV/c with GEANT. Tracks

∗This work has been supported by the Helmholtz Association under
contract numbers VH-NG-147, HA-216/EMMI and the Federal Ministry
of Education and Research under promotional reference 06HD9129D.

† hongyan@physi.uni-heidelberg.de

are reconstructed with realistic detector geometries and de-
tector response functions. The impact parameter of recon-
structed tracks in the transverse plane and the z direction
are considered separately.
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Figure 2: Momentum dependence of the impact parameter
resolution for charged particles.

The residuals ∆(dca), namely the difference between
the measured and expected impact parameters, are fitted
with a single Gaussian function within various pT bins,
from which the resolution is obtained as the width of each
Gaussian fit. As an example, figure 1 shows a typical Gaus-
sian fit over the residuals of dxy within optimal-σ range
within 0.5 < pT ≤ 0.6 GeV/c. Residuals of e± are af-
fected by the Bremsstrahlung processes, which appear as a
shoulder-like structure on left or right (for e− or e+) side
of the distribution, but disappear when the Bremsstrahlung
is switched off. On the other hand, for the other charged
particles, Bremsstrahlung effects are negligible. Figure 2
shows the transverse momentum dependence of the impact
parameter resolution.

The resolutions in the transverse plane (xy) and the z di-
rection are about 60 µm and 160 µm at pT ≈ 1GeV/c and
better at higher transverse momentum respectively. The
resolution of electrons and positrons in the transverse plane
at low pT is strongly affected by the Bremsstrahlung effect.
These results are consistent with the earlier study[2]. High
resolution in measuring the impact parameter for electrons,
enables the ALICE detector to disentangle electrons pro-
duced by semi-electronic decay of beauty from charm.
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Fig. 3: Momentum dependence of the d0 resolution for charged particles. The results are based on MC with ideal
geometry and calibration (no misalignments).
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Figure 1. Track impact parameter (d0) resolution in the transverse plane (rφ direction) as a

function of pt comparing data and simulation. This resolution includes the uncertainty in the

primary vertex position, which is reconstructed excluding the track being probed.

Secondary vertices of D
0

and D
+

meson candidates were reconstructed using tracks

having |η| < 0.8, pt > 0.4 GeV/c, at least 70 associated space points (out of a maximum of

159) and χ2/ndf < 2 in the TPC, and at least one hit in either of the two layers of the SPD.

For tracks passing this selection, the average number of hits in the six ITS layers is 4.5–4.7,

depending on the data taking period. This quantity is influenced by the fraction of inactive

channels and its distribution is well reproduced in Monte Carlo simulations. For the D
∗+

soft pion, all TPC+ITS and ITS-only tracks with at least 4 hits in the ITS, including at

least one in the SPD, and pt > 80 MeV/c were considered. Figure 1 shows the transverse

momentum dependence of the transverse (rφ) impact parameter (d0) resolution achieved

with the present ITS alignment precision for tracks that satisfy the TPC and ITS selection

criteria, for data and Monte Carlo simulations. The simulations utilize GEANT3 [27]

and incorporate a detailed description of the detector material, geometry and response.

Proton-proton collisions were simulated using the PYTHIA 6.4.21 event generator [22]

with Perugia-0 tuning [23]. The impact parameter resolution was estimated by fitting the

inclusive distribution of d0 with respect to the event primary vertex, in intervals of pt.

The fit function is the sum of a Gaussian, that accounts for the component due to prompt

particles produced at the primary vertex, and two exponential functions, that account for

secondary particles, mainly from weak decays of strange hadrons. The width σ of the

Gaussian provides an estimate of the d0 resolution, which includes the resolution of the

track parameters and the primary vertex position. In order to obtain an unbiased estimate

of d0, the primary vertex is recalculated excluding the track being probed. The figure shows

that the d0 resolution measured in data, with values of 75 (20) µm at pt = 1 (15) GeV/c,

is reproduced within about 10% by the Monte Carlo simulation incorporating the residual

ITS misalignment described in section 2. The effect of the difference between data and

simulation on the results of the D meson analysis is discussed in section 4.2.
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Beauty is produced much more abundantly at LHC en-
ergies compared to RHIC energies. The increase in pro-
duction, coupled with the beauty large mass, makes it
an interesting observable for the physic of the ALICE
experiment[1]. Semi-electronic decay of beauty mesons of-
fers a powerful tool to study beauty production in ALICE,
attributed to its high tracking resolution (ITS, TPC, TRD)
and vertexing (ITS)[2]. With the high single track point-
ing resolution of about 50 µm at pT ≈ 1GeV/c, ALICE is
well suited for studying the displaced electrons from beauty
mesons decay because the relatively large difference in typ-
ical decay length of beauty (≈ 500 µm) and charm (up to
≈ 300 µm).

Results

The impact parameter projection of reconstructed tracks
in the transverse plane (xy) and the z direction are defined
as:

dxy = q·[R−
�

(xv − xc)2 + (yv − yc)2], dz = ztrack−zv

(1)
where q is the sign of particle charge, R and (xc, yc) are
the radius and center coordinates of the track projection (a
circle) in the transverse plane, and (xv, yv, zv) the position
of the collision vertex.
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Figure 1: An example of single Gaussian fit on residuals
between measured and expected impact parameter within
0.5 < pT ≤ 0.6 GeV/c.

This analysis is based on Monte Carlo data samples pro-
duced at the GSI[3] computing center, with 5 different par-
ticle species (e±, µ±, π±, K±, p(p̄)) of flat pT distribu-
tion within a pT range (0, 20] GeV/c with GEANT. Tracks
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are reconstructed with realistic detector geometries and de-
tector response functions. The impact parameter of recon-
structed tracks in the transverse plane and the z direction
are considered separately.
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Figure 2: Momentum dependence of the impact parameter
resolution for charged particles.

The residuals ∆(dca), namely the difference between
the measured and expected impact parameters, are fitted
with a single Gaussian function within various pT bins,
from which the resolution is obtained as the width of each
Gaussian fit. As an example, figure 1 shows a typical Gaus-
sian fit over the residuals of dxy within optimal-σ range
within 0.5 < pT ≤ 0.6 GeV/c. Residuals of e± are af-
fected by the Bremsstrahlung processes, which appear as a
shoulder-like structure on left or right (for e− or e+) side
of the distribution, but disappear when the Bremsstrahlung
is switched off. On the other hand, for the other charged
particles, Bremsstrahlung effects are negligible. Figure 2
shows the transverse momentum dependence of the impact
parameter resolution.

The resolutions in the transverse plane (xy) and the z di-
rection are about 60 µm and 160 µm at pT ≈ 1GeV/c and
better at higher transverse momentum respectively. The
resolution of electrons and positrons in the transverse plane
at low pT is strongly affected by the Bremsstrahlung effect.
These results are consistent with the earlier study[2]. High
resolution in measuring the impact parameter for electrons,
enables the ALICE detector to disentangle electrons pro-
duced by semi-electronic decay of beauty from charm.
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Fig. 3: Momentum dependence of the d0 resolution for charged particles. The results are based on MC with ideal
geometry and calibration (no misalignments).
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Fig. 7: d0 cut efficiency for the d0 cut variation (left) and the ratio of the efficiency to the reference (right).

On the first question, yes, it includes prompt charm. This pT-dependent d0 cut was determined from140

the simulation to maximize the significance for the beauty decay electron spectrum. Fig. 7 shows the141

d0 efficiency for electron from beauty decays for our standard cut and the variations of the minimum d0142

cuts we used to estimate the systematic errors. The signal efficiencies vary by 20%. The possible bias143

introduced by this optimization is taken into account in the estimation of the systematic uncertainties, by144

varying significantly the cut value. On the second last question, the red points stop at∼±200 µm due to145

lack of conversion electron statistics. On the last question, the text was rephrased in the paper to ”points146

shifted in d0 by 10 µm for better visibility”.147

422: How is the MC normalized to data ?148

In MC, the same event cuts were applied as in data to select minimum bias events. This includes the149

vertex cut relative to the center of the ALICE experiment along the beam direction. Then, the pT dis-150

tributions of the backgrounds were normalized by the number of events passing these event selection151

cuts, corrected for the efficiency to reconstruct a primary vertex. The explanation was added in the lines152

95-97.153

It is well known that the particle multiplicities predicted by Pythia Perugia 0 tune are underesti-154

mated at LHC. How this does affects the result?155

The difference in the particle multiplicities would appear as a difference in the primary vertex resolu-156

tion. The effect of the difference in the particle multiplicities between data and simulation was already157

included in that of the d0 resolution as a convolution of the track position the primary vertex resolution.158

A description was added in lines 132-135 of the manuscript.159

463: ”decay electron spectrum calculcated”: Is this an analytic computation, fast MonteCarlo or160

full MonteCarlo161

A fast MonteCarlo using PYTHIA decay kinematics was employed. This information was added to the162

paper (lines 185-186).163

465-467: Don’t understand how the subtraction method had been done. How is the electron spec-164

Agreement between data and MC of key variable(impact parameter) (3)

• Impact parameter resolution measured for charged tracks in data is reproduced within 
10 % by the MC
• MC simulation shows that the electron Bremsstrahlung effect is limited to pT < 1 GeV/c. 
At higher pT, the particle species dependences is negligible

⇒ Full analysis was repeated after smearing the d0 resolution in the MC by 10%, 
considering the maximum differences in the d0 distribution in data and simulation

✎
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• At 2<pt<6, both gives 
similar good agreement 
between data and MC 
(within statistical 
fluctuation)
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measured raw spectrum

charm elecs

conversion elecs

non-HF elecs

subtracted raw spectrum

Raw spectra using the 
cut based on the impact 
parameter significance

Agreement between data and MC of key variable(impact parameter) (4)
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Effect on fakes on different pixel hit requirements
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• Electron production vertex distribution 
with different hit requirement on pixel
(standard HFE cuts applied)

• “Hits on both pixel” requirement is 
effective to reduce the fake tracks 
produced outside of the first pixel.
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vertex outside of the 1st pixel?
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• The fake tracks are 
also reproduced in MC

• Better to remove them 
as much as possible to 
reduce any possible 
discrepancy of fakes 
between data and MC, 
and to increase S/B 

Impact parameter dist. with different pixel hit requirements
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Hadron contamination: less suffer than inclusive analysis

Hadron contamination < 3 % at 
p = 8 GeV/c.

Hadron contamination level is significantly 
reduced by impact parameter cut

Electrons from beauty hadron decays in pp collisions at
√

s = 2.76 TeV 9
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Fig. 8: TPC-only analysis (> 2 GeV/c): remaining hadron contamination (left) and the upper and lower limit

of the contamination parameterization (sky-blue lines in right panel). Magenta solid lines are fit results obtained

by varying contamination values by their statistical uncertainties, and blue dashed lines are fit results obtained by

changing the upper limit of the momentum to ∼ 30 GeV/c reaching 100% contamination.
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Fig. 9: TPC-only analysis (> 2 GeV/c): systematic uncertainties of hadron contamination estimation.

detector material;210

2. Semileptonic decays of hadrons carrying a charm quark or antiquark;211

3. Dielectron decays of heavy quarkonia (J/ψ , ϒ);212

4. Partonic hard scattering processes: this includes electrons from the Drell-Yan process and electrons213

related to the production of prompt photons, i.e. both virtual prompt photons (electron-positron214

pairs) and real prompt photons, which can convert in the detector material.215

Of the background contributions listed above, the Dalitz electrons and photon conversions in material216

are dominant at low pT. At higher transverse momentum, the contribution from charm hadron decays is217
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Fig. 6: TPC-only analysis (> 2 GeV/c): remaining hadron contamination (left) and the upper and lower limit of
the contamination parameterization (skyblue lines in right). Magenta solid lines are fit results obtained by varing
contamination values by their statistical uncertainties, and blue dashed lines are fit results obtained by changing
the upper limit of the momentum to ∼ 30 GeV/c reaching 100% contamination.
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Fig. 7: TPC-only analysis (> 2 GeV/c): systematic uncertainties of hadron contamination estimation.

3.8 Electron background165

The background electrons originate from different sources:166

1. Dalitz and di-electron decays of light neutral mesons and the conversion of decay photons in the167

detector material;168

2. Semileptonic decays of hadrons carrying a charm quark or antiquark;169

3. Dielectron decays of heavy quarkonia (J/ψ , ϒ);170

4. Partonic hard scattering processes: this includes electrons from the Drell-Yan process and electrons171

related to the production of prompt photons, i.e. both virtual prompt photons (electron-positron172

pairs) and real prompt photons, which can convert in the detector material.173

PID with TPC-TOF(|σ TOF|<3, 0(-1)<σ TPC<3)

-1<σ TPC<3
0<σ TPC<3

7 TeV 2.76 TeV

Uncertainties were estimated by considering lower 
and upper limit of contamination estimation.
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Background estimation
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hadrons and from photon conversions obtained from PYTHIA simulations in the electron pT range 1 < pT <

6 GeV/c. The distributions were normalized to the same integrated yield. (b) Ratios of the measured and the
simulated d0 distributions of conversion electrons in the ranges 1 < pT < 2 GeV/c and 2 < pT < 6 GeV/c (points
shifted in d0 by 10 µm for better visibility).

Fig. 5: Left: Ratio between the pT differential yields measured or estimated via mT scaling and the yields generated
by PYTHIA. Right: Relative errors of the weights.

On the first point, the weights were applied as a function of pT. We re-weighted the pT distributions110

at mid-rapidity to reproduce the measured pT distributions in the same rapidity range. More details111

were added to the paper. On the second point, the individual sources in data are not separated in our112

d0 based analysis. The electron spectra from the different sources are estimated using the measured pT113

spectra of the sources. For example, electrons from π0 Dalitz decays are estimated using the measure π0
114

pT spectrum in ALICE at mid-rapidity. We added more detail in the paper (lines 90-99) about how we115

obtained the background electron pT spectra using a MC simulation based on the re-weighting procedure.116

The weighting factors used in the analysis are shown in Fig. 5 for light mesons and in Fig. 6 for electrons117

6 The ALICE Collaboration22 The ALICE Collaboration

Calculating systematics of charm backgrounds
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Fig. 24: Estimated electron spectrum from measured charm hadrons in ALICE and PYTHIA Hc→ e (upper panel).

The ratio is shown in the lower panel.
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Fig. 25: Signal and background yields of electrons from the different sources after the requirement on the impact

parameter.

Fig. 6: Estimated electron spectrum from measured charm hadrons in ALICE and PYTHIA (upper panel). The
ratio is shown in the lower panel.

from charm hadron decays. Instead of adding figures in the paper, we added precise information in the118

text. We provided numbers in the relevant pT ranges for our analysis and mentioned that the pT spectra of119

background electrons generated by PYTHIA are harder than the measured ones (lines 115-120). On the120

fourth point, different PYTHIA tunes would not give an effect in our analysis since anyhow we re-weight121

the pT spectra of the background sources based on ALICE measurements.122

373-377: The measurements of Ref.18 only cover a limited phasespace, pt>0.3GeV for pi0 and123

pt>0.4GeV for eta. It says the MC simulations are not reliable: ”at 7 TeV, the calculations overes-124

timate the cross sections and exhibit a different slope compared to the data.” How does this affect125

the determination of the electron background which could come from low pt pi0 and eta?126

As written in lines 90-114 concerning the background estimation method with more details, we use basi-127

cally the same meson pT shape as measured. Since our measurement starts from an electron pT > 1GeV/c,128

the unmeasured phase-space regions (pT < 0.3 GeV/c for π0 and pT < 0.4 GeV/c for η) are irrelevant.129

406-407: What does ”topologically” means?130

It was described with more details in lines 128-129 as ”A pure sample of electrons from photon conver-131

sions in the detector material was identified using a V0-finder and topological cuts” and a reference to132

the V0-finder was added to the paper.133

414: Regarding ”d0 cut as function of pt determined from simulation to maximize ratio of electrons134

from beauty to background.” First, does background include prompt charm? Second, how much135

does this bias the pt distribution (Fig.2) towards the MC? Would be useful to have an estimate of136

the efficiency of such a cut. If it is around (90-100)%, it is probably not an issue, but if the efficiency137

is very low, the bias could be large. Fig 1(b): Why do the red points stop at +/- 200micron? Don’t138

understand the meaning of ”points shifted for better visibility”139

The PYTHIA simulation does not reproduce precisely the pT-differential yields of background 
sources measured in data. Therefore, the pT distributions of the relevant electron sources in 
PYTHIA were re-weighted to match the distributions measured with ALICE

The production cross sections of π0 and η mesons, the 
dominant sources of electrons from
 Dalitz decays and 
from photons which convert in material into e+e− pairs, 
were measured with ALICE in pp collisions

• D0, D+, and D+s	meson production cross sections were 
measured with ALICE in 1 < pT < 16 GeV/c, 1 < pT < 24 GeV/c, 
and 2 < pT < 12 GeV/c, respectively. 
• Based on a FONLL pQCD calculation the measured pT-
differential cross sections were extrapolated to pT = 50 GeV/c. 
• Contribution from the unmeasured high-pT region to the 
electron yield from D-meson decays was estimated to
be          
≤ 10% for electrons with pT < 8 GeV/c. 
• A contribution from Λc decays was included using a 
measurement of the ratio σ(Λc)/σ(D0 + D+) from ZEUS.

• For 2.76 TeV, D meson cross sections were obtained by applying 
a √s -scaling to the cross sections measured at √s = 7 TeV. 
• ALICE measurements at 2.76 TeV (limited precision and pT 
coverage) were found to be in agreement with the scaled 7 TeV 
measurements within statistical uncertainties.
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Impact parameter cut and raw spectra of signal and backgrounds

pT dependent impact parameter cut was 
optimized to increase S/B based on MC

Electrons from beauty hadron decays in pp collisions at
√

s = 7 TeV 7
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• At 2<pt<6, both gives 
similar good agreement 
between data and MC 
(within statistical 
fluctuation)

• Consideration of 
difference in the impact 
parameter resolution 
between data and MC 
→ Smearing the 
resolution difference 
into MC and check the 
result

Comparison of impact parameter between Data and MC(II)

Fig. 5: The ratio of data over Monte Carlo is shown for different pt ranges, for the impact parameter significance
(left panels) and for the impact parameter absolute value (right panel).
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applied (black line)
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Figure 2: (Color online) The signal (black solid circle) and the background yields after the application of
the track selection criteria including the one on d0. The background electrons (red solid line), i.e. the
sum of the electrons from charm hadron decays, from Dalitz and dilepton decays of light mesons, and from
photon conversions, were subtracted from the inclusive electron spectrum (black open circle). The error
bars represent the statistical uncertainties. The symbols are plotted at the center of each bin.
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Fig. 7: d0 cut efficiency for the d0 cut variation (left) and the ratio of the efficiency to the reference (right).

On the first question, yes, it includes prompt charm. This pT-dependent d0 cut was determined from140

the simulation to maximize the significance for the beauty decay electron spectrum. Fig. 7 shows the141

d0 efficiency for electron from beauty decays for our standard cut and the variations of the minimum d0142

cuts we used to estimate the systematic errors. The signal efficiencies vary by 20%. The possible bias143

introduced by this optimization is taken into account in the estimation of the systematic uncertainties, by144

varying significantly the cut value. On the second last question, the red points stop at∼±200 µm due to145

lack of conversion electron statistics. On the last question, the text was rephrased in the paper to ”points146

shifted in d0 by 10 µm for better visibility”.147

422: How is the MC normalized to data ?148

In MC, the same event cuts were applied as in data to select minimum bias events. This includes the149

vertex cut relative to the center of the ALICE experiment along the beam direction. Then, the pT dis-150

tributions of the backgrounds were normalized by the number of events passing these event selection151

cuts, corrected for the efficiency to reconstruct a primary vertex. The explanation was added in the lines152

95-97.153

It is well known that the particle multiplicities predicted by Pythia Perugia 0 tune are underesti-154

mated at LHC. How this does affects the result?155

The difference in the particle multiplicities would appear as a difference in the primary vertex resolu-156

tion. The effect of the difference in the particle multiplicities between data and simulation was already157

included in that of the d0 resolution as a convolution of the track position the primary vertex resolution.158

A description was added in lines 132-135 of the manuscript.159

463: ”decay electron spectrum calculcated”: Is this an analytic computation, fast MonteCarlo or160

full MonteCarlo161

A fast MonteCarlo using PYTHIA decay kinematics was employed. This information was added to the162

paper (lines 185-186).163

465-467: Don’t understand how the subtraction method had been done. How is the electron spec-164
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Variation of the selection cuts to estimate systematic uncertainties
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Electrons from beauty hadron decays in pp collisions at
√

s = 7 TeV 19

Table 5: Variation of the selection criteria to estimate the systematic uncertainties due to track reconstruction,

particle identification and impact parameter selection.

Variable Looser cut Reference cut Stronger cut

All analyses:
N. of TPC tracking clusters ≥ 100 ≥ 120 ≥ 140

N. of TPC PID clusters ≥ 80 ≥ 100, ≥ 120

DCA to the primary vertex < 2cm (< 4cm) < 1cm (< 2cm) < 0.5cm (< 1cm)

in xy (z) < 0.3cm (< 0.5cm)

Number of ITS hits ≥ 3 ≥ 4 ≥ 5

TOF compatibility with ≤ 4 σTOF−PID ≤ 3 σTOF−PID ≤ 2 σTOF−PID

e hypothesis

TPC dE/dx cut -0.254 < σT PC−dE/dx < 3 0 < σT PC−dE/dx < 3 0.126 < σT PC−dE/dx < 3

-0.126 < σT PC−dE/dx < 3 0.254 < σT PC−dE/dx < 3

Impact parameter cuts 0.0044+0.078×e
−0.56×pt 0.0064+0.078×e

−0.56×pt 0.013+0.077×e
−0.65×pt

To estimate the contributions from tracking, particle identification and impact parameter selection, the264

analysis is repeated with modified selection criteria as summarised in Table 5.265

In addition, the uncertainties by the electron background description (Dalitz and conversion electrons266

and charm hadron decays) was estimated as they are described in the section 3.8.1 and 3.8.2.267

For each variation of the selection criteria, the background subtracted electron spectrum is fully corrected268

both with the signal enriched Monte Carlo samples. The resulting spectra are compared by inspecting269

their ratio and a relative systematic uncertainty is determined from deviations between the corrected270

spectra. A general systematic uncertainty of 2% [?] due to the ITS-TPC track matching efficiency is271

taken from dedicated tracking investigations.272

The systematic uncertainty related to the pt unfolding procedure is extracted from the comparison of273

the corrected spectra with the unfolding procedure based on Bayesian approach and direct unfolding274

procedure.275

The systematic uncertainties are summarised in Table 6. The total systematic uncertainty is calculated as276

the quadratic sum of all contributions.277

4 Results and discussion278

The final production cross section for electrons from beauty hadron decays is shown in Fig. 24.279

Result by the subtraction method.280

b→ e/c→ e.281

Total cross section.282

Comparison with the results from other experiments.283

5 Summary284

Summary will be here.285
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Fig. 20: D→ e spectra compared with FONLL prediction. Absolute scale in the upper panel and ratio of D→ e
and the FONLL prediction in the lower panel. Caution: Ignore pt < 1 GeV/c for the measured data.
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Table 1: Overview of the contributions to the systematic uncertainties. The total systematic uncertainty is

calculated as the quadratic sum of all contributions.

pT range (GeV/c) 1 – 8

Error source systematic uncertainty [%]

Track matching ±2

ITS number of hits
+1

−4

TPC number of tracking clusters
+15

−7
(
+3

−4
) for pT < 2.5(>2.5) GeV/c

TPC number of PID clusters ±2

DCA to primary vertex in xy (z) ±1

TOF matching and PID ±5

TPC PID +5(
+2

−5
) for pT < 3(>3) GeV/c

Minimum d0 cut ±12

Charge dependence
+1

−7

η dependence −6

Unfolding ±5

Light hadron decay background ≈10(<2) for pT = 1(>2) GeV/c
Charm hadron decay background ≈30(<10) for pT = 1(>3) GeV/c

these two inputs have been added in quadrature as they are uncorrelated. The results from195

the subtraction method, which does not use a d0 cut, and from the analysis based on the d0196

selection agree within the experimental uncertainties, which are much smaller, in particular197

at low pT, for the beauty measurement employing the d0 cut.198

In Fig. 5(a) FONLL pQCD predictions [20] of the electron production cross sections are199

compared with the measured electron spectrum from beauty hadron decays and with the200

calculated electron spectrum from charm hadron decays. The ratios of the measured cross201

sections to the FONLL predictions are shown in Fig. 5(b) and 5(c) for electrons from beauty202

and charm hadron decays, respectively. The FONLL predictions are in good agreement with203

the data. At low pT, electrons from heavy-flavor hadron decays originate predominantly204

from charm hadrons. As demonstrated in Fig. 5(d), beauty hadron decays take over from205

charm as the dominant source of electrons from heavy-flavor hadron decays close to electron206

transverse momenta of 4 GeV/c.207

The integrated cross section of electrons from beauty hadron decays was measured as208

6.61± 0.54(stat)
+1.92

−1.86
(sys) µb for 1 < pT < 8 GeV/c in the range |y| < 0.8. The beauty pro-209

duction cross section σbb̄ was calculated by extrapolating this pT-integrated visible cross210

section down to pT = 0 and to the full y range. The extrapolation factor was deter-211

mined based on FONLL as described in [9], using the beauty to electron branching ratio212

BRHb→e + BRHb→Hc→e = 0.205 ± 0.007 [25]. The related uncertainty was obtained as the213

quadratic sum of the uncertainties from the beauty quark mass, from perturbative scales, and214

from the CTEQ6.6 parton distribution functions [26]. At mid-rapidity the beauty production215

cross section per unit rapidity is dσbb̄/dy = 42.3±3.5(stat)
+12.3
−11.9(sys)

+1.1
−1.7(extr) µb, where the216

additional systematic uncertainty due to the extrapolation procedure is quoted separately.217
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compared by inspecting their ratio, and a relative systematic uncertainty is determined from deviations339

between the corrected spectra. A general systematic uncertainty of 2% [13] due to the ITS-TPC track340

matching efficiency is taken from dedicated tracking investigations.341

The systematic uncertainties are summarized in Table 5 and plotted in Fig. 21. The total systematic342

uncertainty is calculated as the quadratic sum of all contributions.343

7 TeV

2.76 TeV
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Figure 4: (Left) Relative beauty contribution to the heavy-flavour

electron yield in 2.76 TeV pp collisions compared with fraction from

impact parameter method and next-to-leading-order pQCD calcula-

tions FONLL. (Right) b (→ c)→ e spectra obtained using the impact

parameter method (red points) and the e-h correlation (black points)

method. The error bars (boxes) represent the statistical (systematic)

uncertainties.
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Figure 5: (a) pT-differential invariant cross sections of electrons from

beauty hadron decays. The solid (dashed) lines are the correspond-

ing FONLL predictions (uncertainties). (b) Ratios of the data and

the FONLL calculations for electrons from beauty hadron decays.

Dashed lines show FONLL uncertainties.

pT range 1-10 GeV/c is shown in Fig 5 (a). The statis-

tical uncertainties are demonstrated by the line, while

the systematic uncertainties with the solid box. We

compare to FONLL calculations, where the solid line is

the prediction and the dashed line represents the uncer-

tainties coming from the chosen perturbative scale and

quark mass, summed in quadrature. Figure 5 (b) shows

the ratio of the data to the FONLL calculation, demon-

strating the agreement between data and theory within

uncertainties.

The impact parameter analysis measured the pT-

differential cross section of electrons from beauty

hadron decays in the pT range 1-10 GeV/c. We inte-

grate over this to obtain the visible cross section at mid-

rapidity (|y| < 0.8), σb→e = 3.44 ± 0.41(stat)
+1.09

−1.30
(sys) ±

0.066(norm) µb. The visible cross section is then

scaled by the ratio of the total cross section of elec-

trons originating from beauty quarks from FONLL in

the full pT and y range to the corresponding visible

cross section from FONLL. This ratio contains the

full extrapolation and thus it carries the uncertainties,

which are obtained by varying the quark mass and per-

turbative scale in FONLL, and recalculating the ra-

tio. The cross section obtained after such variation

is compared to that calculated using the central val-

ues of FONLL. We obtain the total beauty production

cross sectionσbb̄ = 129±15.2(stat)
+40.9
−48.6(sys)

+3.38

−3.05
(extr)±

2.45(norm) ± 4.36(BR) µb. The corresponding predic-

tion of FONLL is σbb̄ = 95.5+139

−66.5 µb. In an analo-

gous way, the cross section of electrons from beauty

hadron decays at mid-rapidity can be determined and

from this the mid-rapidity beauty cross section can

be calculated. It is found to be
dσbb̄

dy = 23.14 ±
2.72(stat)

+7.33

−8.70
(sys)

+0.49

−0.65
(extr) ± 0.44(norm) µb. The

dσbb̄

dy
at mid-rapidity is shown in Figure 6 as a function of

center of mass energy for various experimental mea-

surements [17, 18, 19], including the result obtained by

ALICE at 7 TeV [9], all are compared to the FONLL

calculation, and the resulting bb̄ cross section at mid-

rapidity measured at
√

s = 2.76 TeV (black circle) is

compatible with the prediction.

5. Summary

The invariant production cross sections of electrons

from semi-leptonic decays of beauty hadrons were mea-

sured at mid-rapidity (|y| < 0.8) in the transverse mo-

mentum range 1 < pT < 10 GeV/c in pp collisions at√
s = 2.76 TeV. The measurement was done using the

impact parameter technique, which reached to a pT of

8 GeV/c, to select electrons from beauty hadron de-
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Figure 3: The azimuthal correlation between heavy-flavour decay
electrons and charged hadrons in pp collisions at

√
s = 2.76 TeV is

shown for (a) the MB analysis in the pT range 1.5-2.5 GeV/c and
(b) the EMCal analysis in the pT range 4.5-6.0 GeV/c. The red open
circles represent the MC distribution for electrons from charm decay,
blue crosses are the MC distribution for electrons from B decay. The
green line is the MC fit to the data points (full black circles).

tracted as a function of pT. The final result was ob-
tained by combining the overlapping pT bins of the MB
and EMCal analyses and taking the weighted average.

The estimated systematic uncertainties range from 21
to 52% for the MB analysis and from 12 to 33% in the
case of the EMCal analysis, depending on the transverse
momentum. The final systematic uncertainties were ob-
tained by combining these two measurements, giving
values of 23-52% for the lower momentum region (pT <
3.5 GeV/c) and 13-16% for the higher momentum re-
gion (3.5 < pT < 10 GeV/c). The main sources of sys-
tematic uncertainty include the electron identification
selection criteria, the non-HF electron reconstruction,
and the range used on the azimuthal distribution to fit
the data and extract the relative beauty contribution.

As previously explained, the non-HF electrons are re-
constructed using invariant mass Me+e− . The selected
mass requirement, as a source of systematic uncertainty
ranges from 0-10%, depending on the momentum. The
efficiency of the invariant mass method is calculated us-
ing MC sample. For the EMCal analysis a MC sim-
ulation enhanced with π0 and η mesons, flat in pT, is
used. The bias from the enhancement is corrected by
re-weighting to obtain the correct pT distribution of

the π0 and η mesons (see Section 3.1). The system-
atic uncertainties from the re-weighting is found to be
25% for pT < 3.5 GeV/c and are below 5% at pT >
3.5 GeV/c. Additionaly, the fit range used on the heavy-
flavour electron-hadron azimuthal correlation function
was varied and for all pT yields an uncertainty below
5% was assumed.

In addition a mixed event technique was performed
to cross-check that the detector acceptance effect is well
reproduced by the MC sample used. For the mixed
event ∆φ correlation distribution, we select electrons
from EMCal trigger events and hadrons from the MB
sample. Hadrons are selected only from the MB events
to remove the bias from EMCal trigger sample in the
correlation distribution from mixed event. The mixed
event correlations give a flat distribution showing an un-
correlated ∆φ background from detector effect. Hence
we do not apply mixed event correction to the resulting
∆φ distribution.

4. Results

The relative beauty fraction obtained from the impact
parameter analysis along with that extracted from the
azimuthal correlation method, as a function of pT is
shown in Figure 4(a). For the impact parameter analy-
sis the beauty contribution to the heavy-flavour electron
spectrum is measured, while the charm contribution cal-
culated is based on the charm hadron spectra measured
by ALICE as described in Section 3.1. Within the statis-
tical and systematic uncertainties the resulting fractions
are in agreement and show that the beauty contribution
to the total heavy-flavour spectrum is comparable to the
contribution from charm above pT=4 GeV/c. Both mea-
surements are also compared to pQCD predictions in the
FONLL framework, and they are in agreement.

The beauty to electron spectrum measured using the
impact parameter analysis is also shown (red circles)
in Figure 4 (b) and is compared to the resulting beauty
to electron spectrum obtained using the e-h correlation
analysis (black). Using the beauty fraction of the e-
h correlation analysis and the measured heavy-flavour
electron spectra the beauty to electron pT-differential
cross section is computed. Details of the heavy-flavour
electron spectra measurement can be found here [2].
Within the uncertainties, this alternative approach to
access the beauty electron pT-differential cross section
agrees with the result obtained using the impact param-
eter technique.

The measured pT-differential cross section, obtained
using the impact parameter analysis and including the
highest pT point from the correlation analysis, in the

5

Within the 
uncertainties, these 
alternative approaches 
to access the beauty 
electron pT-differential 
cross section agree 
with the result obtained 
using the impact 
parameter cut.

Alternative measurements
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pT-differential cross sections and weighted average
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Figure 5: (Color online) (a) pT-differential invariant cross sections of electrons from beauty and from charm

hadron decays. The error bars (boxes) represent the statistical (systematic) uncertainties. The solid (dashed)

lines indicate the corresponding FONLL predictions (uncertainties) [20]. Ratios of the data and the FONLL

calculations are shown in (b) and (c) for electrons from beauty and charm hadron decays, respectively, where

the dashed lines indicate the FONLL uncertainties. (d) Measured ratio of electrons from beauty and charm

hadron decays with error boxes depicting the total uncertainty.
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Fig. 25: (Colour online) Measured, scaled, and weighted averaged beauty hadron decay electron production cross

sections are overlaid (top), and their ratios over FONLL are shown at the bottom.

calculations.394

Since the uncertainties of the spectrum measured by the impact parameter selection method are much395

smaller compared to those by the e-h correlation method, we will describe the method using the impact396

parameter requirement as the main method in the publication, and the method using e-h correlation as an397

alternative method. In addition, the spectrum by the impact parameter selection method will be used to398

calculate the total beauty production cross section.399

4.5 Calculation of the total bb̄ production cross section400

4.5.1 Total cross section calculated based on simple scaling (same method chosen for the paper at401

7 TeV [7])402

The pT-differential cross section of electrons from beauty hadron decays was measured in the pT range403

1 GeV/c < pT <8 GeV/c. By integrating the measured pT spectrum, the visible cross section of electrons404

from heavy-flavour hadron decays can be determined at mid-rapidity to be405

σb→e(pT > 1GeV/c, |y| < 0.8) = 3.44±0.41(stat)+1.09

−1.30
(sys)±0.066(norm)µb

The total cross section is calculated by scaling the visible cross section of electrons from beauty by the406

ratio of the total cross section of electrons from beauty quarks from FONLL in the full pt and y range to407

the corresponding visible cross section from FONLL.408
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Fig. 24: (Colour online) Measured and scaled beauty hadron decay electron production cross sections, and com-

parison to the FONLL pQCD predictions. The bottom panel shows the ratio of measured and scaled spectra.

4.3 Comparison to the reference spectrum extrapolated from pp 7 TeV data378

In Fig. 24, the measured pT-differential cross section of electrons from beauty hadron decays (black379

points in panel (a)) is compared to the one obtained by scaling the spectrum measured in pp at 7 TeV380

following a FONLL prescription (blue points in panel (a)) [6]. The ratio between both is shown in panel381

(d). The scaled and the measured reference at 2.76 TeV are in good agreement with each other. The382

uncertainties of the measured and the scaled reference are of similar magnitude.383

Fig. 25 shows the weighted average of the measured and scaled spectra, which can be used as refer-384

ence spectra for the nuclear modification factor measurement for beauty decay electrons requiring high385

precision of the reference measurement.386

4.4 Comparison to the result obtained by the e-h correlation method387

The left panel of Fig. 26 shows the relative beauty contribution to the heavy-flavour electron yield com-388

pared to that of the e-h correlation measurement [15].389

The right panel of Fig. 26 shows the cross section compared with that of the e-h correlation measurement390

[15]. The black points are the spectrum measured by the e-h correlation method and the red points are391

the one by the impact parameter selection method. The differential production cross sections of beauty392

decay electrons from both methods are comparable, and consistent with the result from FONLL pQCD393

Will use weighed 
average as a 
reference for RAA

• Over the full accessible pt range, FONLL predictions are in good agreement with the data
• Beauty hadron decays take over from charm as the dominant source of electrons from 
heavy-flavor hadron decays close to electron pT of 4 GeV/c.
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Calculation of total cross section

Method (a)

• Statistical, Systematic and normalization uncertainties: 
• scaled by multiplication factors

• Extrapolation uncertainties: 
• each parameter is recalculated for different variation of mass, scale and PDF in FONLL
• cross section obtained after variation is compared to the cross section obtained using 
the central value from FONLL and quadratically summed

19

Electrons from beauty hadron decays in pp collisions at
√

s = 7 TeV 31

Finally, the total beauty production cross section is calculated by extrapolating the midrapidity (|y|< 0.8)518

beauty cross section using the FONLL rapidity shape. For this the central value of the y-differential519

beauty distribution (|y| < 0.8) as predicted by FONLL was integrated over the full rapidity and scaled520

by the ratio of the measured σb(|y| < 0.8) and the σb(|y| < 0.8) from FONLL at midrapidity. The521

uncertainty components are scaled in the same way. In order to obtain a systematic uncertainty on this522

extrapolation in rapidity, the same procedure was applied to the lower and the upper limit of the FONLL523

prediction. The uncertainty obtained from this is added linearly to the extrapolation error. The total bb̄524

cross section obtained from this analysis is525

σb = 275±11.3(stat)+72.6
−70.6(sys)+13.2

−21.7(extr)±9.64(norm)±9.35(BR)µb (5)

The calculation of the total charm cross section is done in the same way as it is done for the total beauty526

cross section based on the pt-differential cross section of electrons from heavy-flavour hadron decays in527

|y|< 0.5, however after obtaining the midrapidity cross section after the extrapolation down to pt =0, the528

midrapidity cross section of electrons from beauty hadron decays is subtracted. The integration range529

of the visible cross section is 0.5 GeV/c < pt < 8 GeV/c. The visible cross section of electrons from530

heavy-flavour hadron decays is found to be531

σHF→e(pt > 0.5GeV/c, |y| < 0.5) = 37.73±3.17(stat)+13.3
14.44

(sys)±1.32(norm)µb

After extrapolation down to pt = 0 GeV/c one obtains532

dσ(HF → e)
dy

= 92.99±3.16(stat)+30.5
−30.08

(sys)+31.58

−11.46
(extr)±3.25(norm)µb

In the calculation of the scale uncertainty the parameterisation for µ f = 0.5 and µr = 1 is not included533

since this parameterisation does not describe the shape of the data well. After subtraction of the beauty534

cross section one obtains535

dσ(c→ e)
dy

= 84.52±3.50(stat)+32.73

−32.24
(sys)+32.03

−12.15
(extr)±3.55(norm)µb

Using eq. 3 with the branching ratio of charm into electrons and the kinematical correction factor men-536

tioned above, one obtains537

dσc

dy
= 889.18±36.85(stat)+344.27

−339.16
(sys)+336.97

−127.79
(extr.)±37.35(norm)±36.74(br.)µb

After extrapolation to the full rapitdity range the resulting total charm cross section is538

σc = 7.59±0.31(stat)+2.94

−2.9 (sys)+3.18

−2.49
(extr)±0.32(norm)±0.31(br)mb

In a second method, the total cross section is calculated by scaling the visible cross section of electrons539

from charm or beauty by the ratio of the total cross section of electrons from charm or beauty quarks540

from FONLL in the full pt and y range to the corresponding visible cross section from FONLL.541

σb,c =
αb,c ∗σvis

BR(b,c→ e)
(6)
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where542

αb,c =
σFONLL(b,c→ e,0 < pt < ∞,−∞ < y < ∞)

σvis,FONLL

Here the parameter α contains the full extrapolation, consequently it carries the extrapolation uncer-543

tainty. In order to calculate the extrapolation uncertainty, the parameter α is recalculated for different544

variations of mass, scale and PDF in FONLL, and the cross section obtained after variation is compared545

to the total cross section obtained using the central values from FONLL. For beauty the integration range546

of the visible cross section is 1GeV/c < pt < 8GeV/c, while for charm it is 0.7GeV/c < pt < 8GeV/c.547

The visible cross section of electrons from beauty decays is subtracted from the visible cross section of548

electrons from heavy-flavour hadron decays under the assumption that the beauty contribution is negli-549

gible compared to the charm contribution for 0.7GeV/c < pt < 1GeV/c. One obtains with this method550

for the total beauty cross551

σb = 280±23.0(stat)+81.3
−78.8(sys)+7.68

−8.29(extr)±9.81(norm)±9.45(BR)µb

and for the total charm cross section552

σc = 7.9±0.9(stat)+3.9
−4.1(sys)+3.5

−0.6(extr)±0.3(norm)±0.3(br)mb

In the analog way one obtains the midrapidity cross section of electrons from charm or bottom hadron553

decays as554

dσ(b,c→ e)
dy

=
σvis ∗βb,c

∆y
(7)

where555

βb,c =
σFONLL(b,c→ e,0GeV/c < pt < ∞,ymin < y < ymax)

σvis,FONLL

(8)

For charm the y-range is |y| < 0.5 and for beauty it is |y| < 0.8. One obtains for the cross section of556

electrons from beauty hadron decays at midrapidity557

dσ(b→ e)
dy

= 8.40±0.69(stat)+2.43
−2.36(sys)+0.19

−0.40(extr)±0.29(norm)µb

and for the corresponding cross section of electrons from charm hadron decays558

dσ(c→ e)
dy

= 87.8±10.5(stat)+43
−46(sys)+24

−18.9(extr)±3.1(norm)µb

The midrapidity charm and bottom cross sections are calculated according to559

dσb,c

dy
= σvis ∗ γb,c (9)

where560

where

where
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=
σvis ∗βb,c
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(7)

where555

βb,c =
σFONLL(b,c→ e,0GeV/c < pt < ∞,ymin < y < ymax)

σvis,FONLL

(8)

For charm the y-range is |y| < 0.5 and for beauty it is |y| < 0.8. One obtains for the cross section of556

electrons from beauty hadron decays at midrapidity557

dσ(b→ e)
dy

= 8.40±0.69(stat)+2.43
−2.36(sys)+0.19

−0.40(extr)±0.29(norm)µb

and for the corresponding cross section of electrons from charm hadron decays558

dσ(c→ e)
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= 87.8±10.5(stat)+43
−46(sys)+24
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The midrapidity charm and bottom cross sections are calculated according to559
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= σvis ∗ γb,c (9)
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where542
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σvis,FONLL

Here the parameter α contains the full extrapolation, consequently it carries the extrapolation uncer-543

tainty. In order to calculate the extrapolation uncertainty, the parameter α is recalculated for different544

variations of mass, scale and PDF in FONLL, and the cross section obtained after variation is compared545

to the total cross section obtained using the central values from FONLL. For beauty the integration range546

of the visible cross section is 1GeV/c < pt < 8GeV/c, while for charm it is 0.7GeV/c < pt < 8GeV/c.547

The visible cross section of electrons from beauty decays is subtracted from the visible cross section of548

electrons from heavy-flavour hadron decays under the assumption that the beauty contribution is negli-549

gible compared to the charm contribution for 0.7GeV/c < pt < 1GeV/c. One obtains with this method550

for the total beauty cross551

σb = 280±23.0(stat)+81.3
−78.8(sys)+7.68

−8.29(extr)±9.81(norm)±9.45(BR)µb

and for the total charm cross section552

σc = 7.9±0.9(stat)+3.9
−4.1(sys)+3.5

−0.6(extr)±0.3(norm)±0.3(br)mb

In the analog way one obtains the midrapidity cross section of electrons from charm or bottom hadron553

decays as554

dσ(b,c→ e)
dy

=
σvis ∗βb,c

∆y
(7)

where555

βb,c =
σFONLL(b,c→ e,0GeV/c < pt < ∞,ymin < y < ymax)

σvis,FONLL

(8)

For charm the y-range is |y| < 0.5 and for beauty it is |y| < 0.8. One obtains for the cross section of556

electrons from beauty hadron decays at midrapidity557

dσ(b→ e)
dy

= 8.40±0.69(stat)+2.43
−2.36(sys)+0.19

−0.40(extr)±0.29(norm)µb

and for the corresponding cross section of electrons from charm hadron decays558

dσ(c→ e)
dy

= 87.8±10.5(stat)+43
−46(sys)+24

−18.9(extr)±3.1(norm)µb

The midrapidity charm and bottom cross sections are calculated according to559

dσb,c

dy
= σvis ∗ γb,c (9)

where560
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γb,c =
σFONLL(b,c,0GeV/c < pt < ∞,ymin < y < ymax)

σvis,FONLL

(10)

In this way one obtains for the midrapidity beauty cross section561

dσb

dy
= 42.25±3.47(stat)+12.25

−11.88(sys)+1.08
−2.23(extr)±1.49(norm)µb

and for the midrapidity charm cross section562

dσc

dy
= 927.1±110.4(stat)+453.1

−485.5(sys)+253.8
−214.1(extr)±32.4(norm)µb

5 Summary563

The production cross section of electrons from semileptonic decays of beauty hadrons has been mea-564

sured at mid-rapidity (|y| < 0.8) in the transverse momentum range 1 < pt < 8 GeV/c with the ALICE565

experiment at the CERN LHC in pp collisions at
√

s = 7 TeV. The pt-differential cross sections deter-566

mined via two independent methods are in good agreement with each other. A fixed order perturbative567

QCD calculation with next-to-leading-log resummation agrees with the data within the theoretical and568

experimental uncertainties.569

The pt-differential cross section of electrons from beauty hadron decays is compared to the pt-differential570

cross section of electrons from charm hadron decays, determined from the D-meson spectra measured571

at mid-rapidity in ALICE. The beauty contribution starts to dominate at around 4 GeV/c. Both cross572

sections are well reproduced by FONLL calculations within uncertainties.573

The total beauty production cross section has been evaluated as σ
bb̄

= 275+75
−75 µb. FONLL calculations574

are used to extrapolate the measurement to the full phase space.575

where
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where542
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σFONLL(b,c→ e,0 < pt < ∞,−∞ < y < ∞)

σvis,FONLL

Here the parameter α contains the full extrapolation, consequently it carries the extrapolation uncer-543

tainty. In order to calculate the extrapolation uncertainty, the parameter α is recalculated for different544

variations of mass, scale and PDF in FONLL, and the cross section obtained after variation is compared545

to the total cross section obtained using the central values from FONLL. For beauty the integration range546

of the visible cross section is 1GeV/c < pt < 8GeV/c, while for charm it is 0.7GeV/c < pt < 8GeV/c.547

The visible cross section of electrons from beauty decays is subtracted from the visible cross section of548

electrons from heavy-flavour hadron decays under the assumption that the beauty contribution is negli-549

gible compared to the charm contribution for 0.7GeV/c < pt < 1GeV/c. One obtains with this method550

for the total beauty cross551

σb = 280±23.0(stat)+81.3
−78.8(sys)+7.68

−8.29(extr)±9.81(norm)±9.45(BR)µb

and for the total charm cross section552

σc = 7.9±0.9(stat)+3.9
−4.1(sys)+3.5

−0.6(extr)±0.3(norm)±0.3(br)mb

In the analog way one obtains the midrapidity cross section of electrons from charm or bottom hadron553

decays as554

dσ(b,c→ e)
dy

=
σvis ∗βb,c

∆y
(7)

where555

βb,c =
σFONLL(b,c→ e,0GeV/c < pt < ∞,ymin < y < ymax)

σvis,FONLL

(8)

For charm the y-range is |y| < 0.5 and for beauty it is |y| < 0.8. One obtains for the cross section of556

electrons from beauty hadron decays at midrapidity557

dσ(b→ e)
dy

= 8.40±0.69(stat)+2.43
−2.36(sys)+0.19

−0.40(extr)±0.29(norm)µb

and for the corresponding cross section of electrons from charm hadron decays558

dσ(c→ e)
dy

= 87.8±10.5(stat)+43
−46(sys)+24

−18.9(extr)±3.1(norm)µb

The midrapidity charm and bottom cross sections are calculated according to559

dσb,c

dy
=

σvis ∗ γb,c

∆y
(9)

where560

• pt range of measured pt differential cross section:
• 1(0.5) < pt <8 GeV/c for b→e (b,c→e)

• Extrapolation based on FONNL shape 
• down to 0 pt for dσ(b→e)/dy (51% unmeasured based on FONLL)
• to full rapidity for total bb cross section
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Fig. 31: Left: Interpolation of the FONLL prediction (central value) with TSpline3 on top and their ratio (one as
it should be one) on bottom. Right: Fit of the parameterisation to the measured electron spectrum from beauty
hadron decays using only the normalisation as free parameter on top and their ratio on bottom.

from heavy-flavour hadron decays can be determined at mid-rapidity to be482

σb→e(pt > 1GeV/c, |y| < 0.8) = 6.61±0.54(stat)+1.92
−1.86(sys)±0.231(norm)µb

However, based on FONLL pQCD calculation, 51.1+24.1
−21.1% of the cross section is in the unmeasured483

pt range below 1GeV/c. This component is obtained by extrapolation using the line shape of FONLL.484

The FONLL prediction is interpolated with TSpline3(Tsallis function in eq. 1 for charm cases since it485

describes FONLL curve with less than 1% differences) which does interpolation between data points via486

third order polynomial. In order to obtain the systematic uncertainty of the extrapolation, the line shape487

is varied using the line shapes after mass, scale and PDF variations in FONLL. The line shapes are fitted488

with the same model as it was used for the central prediction.489

Fig. 31 (top left) shows an example of the fit using the TSpline3 to the central prediction from FONLL490

and (bottom left) their ratio. The resulting line shapes are fitted to the measured pt-differential cross491

section with only the normalisation as free parameter. An example of these fits and their ratio are shown492

in the right panel of Fig. 31. The error of the fit is propagated to the systematic uncertainty of the493

extrapolation. The systematic uncertainty is propagated in the following way494

– Systematic uncertainties are correlated495

– Move up and down all data points by the systematic uncertainty496

– Fit the central prediction to the data points after moving497

– Evaluate the difference to the integral from the fit of the central prediction using the central data498

points and add it linearly to the systematic uncertainty499

Beauty 

32 The ALICE Collaboration

where542

αb,c =
σFONLL(b,c→ e,0 < pt < ∞,−∞ < y < ∞)

σvis,FONLL

Here the parameter α contains the full extrapolation, consequently it carries the extrapolation uncer-543

tainty. In order to calculate the extrapolation uncertainty, the parameter α is recalculated for different544

variations of mass, scale and PDF in FONLL, and the cross section obtained after variation is compared545

to the total cross section obtained using the central values from FONLL. For beauty the integration range546

of the visible cross section is 1GeV/c < pt < 8GeV/c, while for charm it is 0.7GeV/c < pt < 8GeV/c.547

The visible cross section of electrons from beauty decays is subtracted from the visible cross section of548

electrons from heavy-flavour hadron decays under the assumption that the beauty contribution is negli-549

gible compared to the charm contribution for 0.7GeV/c < pt < 1GeV/c. One obtains with this method550

for the total beauty cross551

σb = 280±23.0(stat)+81.3
−78.8(sys)+7.68

−8.29(extr)±9.81(norm)±9.45(BR)µb

and for the total charm cross section552

σc = 7.9±0.9(stat)+3.9
−4.1(sys)+3.5

−0.6(extr)±0.3(norm)±0.3(br)mb

In the analog way one obtains the midrapidity cross section of electrons from charm or bottom hadron553

decays as554

dσ(b,c→ e)
dy

=
σvis ∗βb,c

∆y
(7)

where555

βb,c =
σFONLL(b,c→ e,0GeV/c < pt < ∞,ymin < y < ymax)

σvis,FONLL

(8)

For charm the y-range is |y| < 0.5 and for beauty it is |y| < 0.8. One obtains for the cross section of556

electrons from beauty hadron decays at midrapidity557

dσ(b→ e)
dy

= 8.40±0.69(stat)+2.43
−2.36(sys)+0.19

−0.40(extr)±0.29(norm)µb

and for the corresponding cross section of electrons from charm hadron decays558

dσ(c→ e)
dy

= 87.8±10.5(stat)+43
−46(sys)+24

−18.9(extr)±3.1(norm)µb

The midrapidity charm and bottom cross sections are calculated according to559

dσb,c

dy
= σvis ∗ γb,c (9)

where560
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s = 7 TeV 33

γb,c =
σFONLL(b,c,0GeV/c < pt < ∞,ymin < y < ymax)

σvis,FONLL

(10)

In this way one obtains for the midrapidity beauty cross section561

dσb

dy
= 42.25±3.47(stat)+12.25

−11.88(sys)+1.08
−2.23(extr)±1.49(norm)µb

and for the midrapidity charm cross section562

dσc

dy
= 927.1±110.4(stat)+453.1

−485.5(sys)+253.8
−214.1(extr)±32.4(norm)µb

5 Summary563

The production cross section of electrons from semileptonic decays of beauty hadrons has been mea-564

sured at mid-rapidity (|y| < 0.8) in the transverse momentum range 1 < pt < 8 GeV/c with the ALICE565

experiment at the CERN LHC in pp collisions at
√

s = 7 TeV. The pt-differential cross sections deter-566

mined via two independent methods are in good agreement with each other. A fixed order perturbative567

QCD calculation with next-to-leading-log resummation agrees with the data within the theoretical and568

experimental uncertainties.569

The pt-differential cross section of electrons from beauty hadron decays is compared to the pt-differential570

cross section of electrons from charm hadron decays, determined from the D-meson spectra measured571

at mid-rapidity in ALICE. The beauty contribution starts to dominate at around 4 GeV/c. Both cross572

sections are well reproduced by FONLL calculations within uncertainties.573

The total beauty production cross section has been evaluated as σ
bb̄

= 275+75
−75 µb. FONLL calculations574

are used to extrapolate the measurement to the full phase space.575
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Finally, the total beauty production cross section is calculated by extrapolating the midrapidity (|y|< 0.8)518

beauty cross section using the FONLL rapidity shape. For this the central value of the y-differential519

beauty distribution (|y| < 0.8) as predicted by FONLL was integrated over the full rapidity and scaled520

by the ratio of the measured σb(|y| < 0.8) and the σb(|y| < 0.8) from FONLL at midrapidity. The521

uncertainty components are scaled in the same way. In order to obtain a systematic uncertainty on this522

extrapolation in rapidity, the same procedure was applied to the lower and the upper limit of the FONLL523

prediction. The uncertainty obtained from this is added linearly to the extrapolation error. The total bb̄524

cross section obtained from this analysis is525

σb = 275±11.3(stat)+72.6
−70.6(sys)+13.2

−21.7(extr)±9.64(norm)±9.35(BR)µb (5)

The calculation of the total charm cross section is done in the same way as it is done for the total beauty526

cross section based on the pt-differential cross section of electrons from heavy-flavour hadron decays in527

|y|< 0.5, however after obtaining the midrapidity cross section after the extrapolation down to pt =0, the528

midrapidity cross section of electrons from beauty hadron decays is subtracted. The integration range529

of the visible cross section is 0.5 GeV/c < pt < 8 GeV/c. The visible cross section of electrons from530

heavy-flavour hadron decays is found to be531

σHF→e(pt > 0.5GeV/c, |y| < 0.5) = 37.73±3.17(stat)+13.3
14.44

(sys)±1.32(norm)µb

After extrapolation down to pt = 0 GeV/c one obtains532

dσ(HF → e)
dy

= 92.99±3.16(stat)+30.5
−30.08

(sys)+31.58

−11.46
(extr)±3.25(norm)µb

In the calculation of the scale uncertainty the parameterisation for µ f = 0.5 and µr = 1 is not included533

since this parameterisation does not describe the shape of the data well. After subtraction of the beauty534

cross section one obtains535

dσ(c→ e)
dy

= 84.52±3.50(stat)+32.73

−32.24
(sys)+32.03

−12.15
(extr)±3.55(norm)µb

Using eq. 3 with the branching ratio of charm into electrons and the kinematical correction factor men-536

tioned above, one obtains537

dσc

dy
= 889.18±36.85(stat)+344.27

−339.16
(sys)+336.97

−127.79
(extr.)±37.35(norm)±36.74(br.)µb

After extrapolation to the full rapitdity range the resulting total charm cross section is538

σc = 7.59±0.31(stat)+2.94

−2.9 (sys)+3.18

−2.49
(extr)±0.32(norm)±0.31(br)mb

In a second method, the total cross section is calculated by scaling the visible cross section of electrons539

from charm or beauty by the ratio of the total cross section of electrons from charm or beauty quarks540

from FONLL in the full pt and y range to the corresponding visible cross section from FONLL.541

σb,c =
αb,c ∗σvis

BR(b,c→ e)
(6)

Visible cross section of beauty decays are subtracted from visible cross section of charm decay 

σ cc = 10.0 ±1.7(stat)−5.5
+5.1 (sys)−0.5

+3.5 (extr) ± 0.4(BR)mb

3

the signal yield is about five times as large as the back-168

ground which is essentially only from charm hadron de-169

cays.170

Corrections were applied to the electron sample from171

beauty hadron decays for the geometrical acceptance172

(�geo), the track reconstruction efficiency (�reco), the elec-173

tron identification efficiency (�eID), and the efficiency of174

the d0 cut (�d0). The combined efficiency � = �geo ×175

�reco× �eID× �d0 was computed from the simulation [12].176

In addition, the electron pt distribution was corrected for177

effects of finite momentum resolution and energy loss due178

to Bremsstrahlung via an unfolding procedure [12].179

The invariant cross section for electron production180

from beauty hadron decays was then calculated using181

the corrected electron pt spectrum, the number of mini-182

mum bias pp collisions NMB, and the minimum bias cross183

section σMB as184

1

2πpt

d2σeb

dptdy
||y|<0.8 =

1

2πpc
t

Ne(pt)

∆y∆pt

1

�

σMB

NMB

, (1)

where pc
t
are the centres of the pt bins with widths ∆pt185

chosen here and ∆y = 0.8 is the width of the rapidity186

interval.187

Systematic uncertainties on the cross section of elec-188

trons from beauty and charm hadron decays were dis-189

cussed in Ref. [12], and they amount to
+17

−14
(
+8

−14
)% for pt190

<(>) 3 GeV/c. Additional systematic uncertainties spe-191

cific for this analysis were added in quadrature. These are192

due to the d0 cut (±12%, independent on pt), evaluated193

by repeating the full analysis with modified cuts, and194

due to the subtraction of light hadron decay background195

(≈10(<2)% for pt = 1(>2) GeV/c) and charm hadron196

decay background ≈30(<10)% for pt = 1(>3) GeV/c,197

which were obtained by propagating the statistical and198

systematic uncertainties of the light and charm hadron199

measurements used as analysis input.200

Figure 2 presents the invariant production cross sec-201

tions of electrons from beauty hadron decays obtained202

with the analysis based on the d0 cut. As a cross check203

the corresponding result from an alternative method is204

shown, in which the calculated electron spectrum from205

charm hadron decays was subtracted from the inclusive206

spectrum of electrons from all heavy-flavor hadron de-207

cays measured previously [12], adding the systematic un-208

certainties of these two inputs in quadrature as they are209

uncorrelated. The results from the subtraction and from210

the d0 measurement agree within the experimental un-211

certainties, which are much smaller, in particular at low212

pt, for the beauty measurement employing the d0 cut to213
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dictions are in good agreement with the data. At low224
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dominantly from charm hadrons. As demonstrated in226

Fig. 3(d), beauty hadron decays take over from charm227

as the dominant source of electrons from heavy-flavor228
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4 GeV/c.230
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trapolation procedure based on FONLL is employed235
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trapolation procedure based on FONLL is employed235

as described in Ref. [9], using the beauty to electron236

branching ratio BRHb→e + BRHb→Hc→e = 0.205 ±237

0.007 [22]. At mid-rapidity the beauty production238

cross section per unit rapidity is dσ
bb̄
/dy = 42.3 ±239

3.5(stat)+12.3
−11.9(sys)

+1.1
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was derived as σ
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10(BR) µb, consistent with the FONLL prediction σ
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µb [20] and with the result of a previous mea-243
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The total cross section was derived as σbb̄ = 280±23(stat)+81

−79
(sys)+7
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sistent with the result of a previous measurement of J/ψ mesons from beauty hadron decays219
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−68
(sys)+8
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(extr) µb [9]. The weighted average of the two measurements220

was calculated based on the procedure described in [27]. The statistical and systematic un-221
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using the same theoretical model (FONLL) are correlated. The weights, defined using the223

statistical and the uncorrelated systematic uncertainties, and the correlated extrapolation224

uncertainties, are calculated as 0.499 for the measurement using semileptonic beauty hadron225

decays and 0.501 for that using non-prompt J/ψ mesons. The combined total cross section226

is σbb̄ = 281 ± 34(stat)+53
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(sys)+7
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(extr) µb. FONLL predicts σbb̄ = 259+120

−96
µb [20].227
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as 37.7±3.2(stat)+13.3
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−3.25
mb [20]. All measured cross sections have an237
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Pesquisa do Estado de São Paulo (FAPESP); National Natural Science Foundation of China255

(NSFC), the Chinese Ministry of Education (CMOE) and the Ministry of Science and Tech-256

nology of China (MSTC); Ministry of Education and Youth of the Czech Republic; Dan-257

ish Natural Science Research Council, the Carlsberg Foundation and the Danish National258

Research Foundation; The European Research Council under the European Community’s259

Seventh Framework Programme; Helsinki Institute of Physics and the Academy of Fin-260

7

The total cross section was derived as σbb̄ = 280±23(stat)+81

−79
(sys)+7

−8
(extr)±10(BR) µb, con-218

sistent with the result of a previous measurement of J/ψ mesons from beauty hadron decays219

σbb̄ = 282± 74(stat)+58

−68
(sys)+8

−7
(extr) µb [9]. The weighted average of the two measurements220

was calculated based on the procedure described in [27]. The statistical and systematic un-221

certainties of two measurements are largely uncorrelated, but the extrapolation uncertainties222

using the same theoretical model (FONLL) are correlated. The weights, defined using the223

statistical and the uncorrelated systematic uncertainties, and the correlated extrapolation224

uncertainties, are calculated as 0.499 for the measurement using semileptonic beauty hadron225

decays and 0.501 for that using non-prompt J/ψ mesons. The combined total cross section226

is σbb̄ = 281 ± 34(stat)+53

−54
(sys)+7

−8
(extr) µb. FONLL predicts σbb̄ = 259+120

−96
µb [20].227

The production cross section of electrons from heavy-flavor hadron decays was measured228

as 37.7±3.2(stat)+13.3
−14.4(sys) µb for 0.5 < pT < 8 GeV/c in the range |y| < 0.5 [12]. After sub-229

traction of the contribution from beauty hadron decays (see above) the resulting production230

cross section of electrons from charm hadron decays was converted into a charm production231

cross section applying the same extrapolation method as for beauty. With the branching ra-232

tio BRHc→e = 0.096±0.004 [25], at mid-rapidity the charm production cross section per unit233

rapidity is dσcc̄/dy = 1.2 ± 0.2(stat) ± 0.6(sys)+0.2
−0.1(extr) mb. The total cross section σcc̄ =234

10.0 ± 1.7(stat)+5.1
−5.5(sys)+3.5

−0.5(extr) ± 0.4(BR) mb is consistent with the result of a previous,235

more accurate measurement using D mesons σcc̄ = 8.5± 0.5(stat)+1.0
−2.4(sys)+5.0

−0.4(extr) mb [28].236

The FONLL prediction is σcc̄ = 4.76+6.44

−3.25
mb [20]. All measured cross sections have an237

additional normalization uncertainty of 3.5% [15].238

In summary, invariant production cross sections of electrons from beauty and from charm239

hadron decays were measured in pp collisions at
√

s = 7 TeV. The agreement between240

theoretical predictions and the data suggests that FONLL pQCD calculations can reliably241

describe heavy-flavor production even at low pT in the highest energy hadron collisions242

accessible in the laboratory today. Furthermore, these results provide a crucial baseline for243

heavy-flavor production studies in the hot and dense matter created in Pb-Pb collisions at244

the LHC.245

The ALICE collaboration would like to thank all its engineers and technicians for their246

invaluable contributions to the construction of the experiment and the CERN accelerator247

teams for the outstanding performance of the LHC complex. The ALICE collaboration248

would like to thank M. Cacciari for providing the FONLL pQCD predictions for the cross249

sections of electrons from heavy-flavour hadron decays. The ALICE collaboration acknowl-250

edges the following funding agencies for their support in building and running the ALICE251

detector: State Committee of Science, Calouste Gulbenkian Foundation from Lisbon and252

Swiss Fonds Kidagan, Armenia; Conselho Nacional de Desenvolvimento Cient́ıfico e Tec-253

nológico (CNPq), Financiadora de Estudos e Projetos (FINEP), Fundação de Amparo à254
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FIG. 3. (Color online) (a) pt-differential invariant cross sec-
tions of electrons from beauty and from charm hadron decays.
The error bars (boxes) represent the statistical (systematic)
uncertainties. The curves indicate the corresponding FONLL
predictions [20]. Ratios of the data and the FONLL calcula-
tions are shown in (b) and (c) for electrons from beauty and
charm hadron decays, respectively, where the bands indicate
the FONLL uncertainties. (d) Measured ratio of electrons
from beauty and charm hadron decays with error boxes de-
picting the total uncertainty.
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(sys)± 7(extr) µb.247

The production cross section of electrons from248

heavy-flavor hadron decays was measured as 37.7 ±249

3.2(stat)+13.3
−14.4(sys) µb for pt > 0.5 GeV/c in the250

range |y| < 0.5 [12]. After subtraction of the con-251

tribution from beauty hadron decays (see above) the252

resulting production cross section of electrons from253

charm hadron decays was converted into a charm pro-254

duction cross section applying the same extrapola-255

tion method as for beauty. With the branching ra-256

tio BRHc→e = 0.096 ± 0.004 [22], at mid-rapidity the257

charm production cross section per unit rapidity is258

dσcc̄/dy = 1.1± 0.2(stat)+0.6
−0.7(sys)

+0.2
−0.1(extr) mb. The to-259

tal cross section σcc̄ = 9.5±1.7(stat)+5.3
−5.7(sys)

+3.3
−0.4(extr)±260

0.4(BR) mb is consistent with the FONLL prediction261

σcc̄ = 4.76+6.44
−3.25 mb [20] and with the result of a previ-262

ous, more accurate measurement using D mesons σcc̄ =263

8.5 ± 0.5(stat)+1.0
−2.4(sys)

+4.0
−0.4(extr) mb [23]. All measured264

cross sections have an additional normalization uncer-265

tainty of 3.5%.266

In summary, invariant production cross sections of267

electrons from beauty and from charm hadron decays268

were measured in pp collisions at
√
s = 7 TeV. The269

agreement between theoretical predictions and the data270

suggests that FONLL pQCD calculations can reliably de-271

scribe heavy-flavor production even at low pt in the high-272

est energy hadron collisions accessible in the laboratory273

today. Furthermore, these results provide a crucial base-274

line for heavy-flavor production studies in the hot and275

dense matter created in Pb-Pb collisions at the LHC.276
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Electrons from beauty hadron decays in pp collisions at
√

s = 7 TeV 33

For charm the y-range is |y| < 0.5 and for beauty it is |y| < 0.8. One obtains for the cross section of558

electrons from beauty hadron decays at midrapidity559

dσ(b→ e)
dy

= 8.40±0.69(stat)+2.43

−2.36
(sys)+0.18

−0.30
(extr)±0.29(norm)µb

and for the corresponding cross section of electrons from charm hadron decays560

dσ(c→ e)
dy

= 105.5±18.9(stat)+58

−63
(sys)+17

−3.5(extr)±3.7(norm)µb

The midrapidity charm and bottom cross sections are calculated according to561

dσb,c

dy
=

σvis ∗ γb,c

∆y
(9)

where562

γb,c =
σFONLL(b,c,0GeV/c < pt < ∞,ymin < y < ymax)

σvis,FONLL

(10)

In this way one obtains for the midrapidity beauty cross section563

dσb

dy
= 42.25±3.47(stat)+12.25

−11.88
(sys)+1.06

−1.69
(extr)±1.49(norm)µb

and for the midrapidity charm cross section564

dσc

dy
= 1.1±0.2(stat)+0.6

−0.7(sys)+0.2
−0.04

(extr)±0.038(norm)mb

4.4.3 Weighted average of the total beauty cross section565

The total beauty cross section is combined with the one obtained from non-prompt J/Ψ [4] via weighted566

mean. The procedure is described in [21]: The weighted average is calculated as567

σ̄b =
1

∑
i=0

σb,iwi (11)

where σb,i are the individual cross sections and wi are the weighting factors. The weight vector is calcu-568

lated via569

w =
E
−1

u

uT E−1u
(12)

where u is a vector whose elements are all 1 and E
−1

is the inverse of the covariance matrix of the errors.570

The error components of the weighted average of the cross section are then calculated as571

δσ2 = w
T

Ew (13)
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E =
σ error(b→e)
2 rσ error(b→e)σ error(b→J /ψ )

rσ error(b→e)σ error(b→J /ψ ) σ error(b→J /ψ )
2

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

weighted average

error matrix

Statistical and systematic errors between two measurements are uncorrelated, 
but extrapolation errors are correlated(via α)

Electrons from beauty hadron decays in pp collisions at
√

s = 7 TeV 31

Finally, the total beauty production cross section is calculated by extrapolating the midrapidity (|y|< 0.8)518

beauty cross section using the FONLL rapidity shape. For this the central value of the y-differential519

beauty distribution (|y| < 0.8) as predicted by FONLL was integrated over the full rapidity and scaled520

by the ratio of the measured σb(|y| < 0.8) and the σb(|y| < 0.8) from FONLL at midrapidity. The521

uncertainty components are scaled in the same way. In order to obtain a systematic uncertainty on this522

extrapolation in rapidity, the same procedure was applied to the lower and the upper limit of the FONLL523

prediction. The uncertainty obtained from this is added linearly to the extrapolation error. The total bb̄524

cross section obtained from this analysis is525

σb = 275±11.3(stat)+72.6
−70.6(sys)+13.2

−21.7(extr)±9.64(norm)±9.35(BR)µb (5)

The calculation of the total charm cross section is done in the same way as it is done for the total beauty526

cross section based on the pt-differential cross section of electrons from heavy-flavour hadron decays in527

|y|< 0.5, however after obtaining the midrapidity cross section after the extrapolation down to pt =0, the528

midrapidity cross section of electrons from beauty hadron decays is subtracted. The integration range529

of the visible cross section is 0.5 GeV/c < pt < 8 GeV/c. The visible cross section of electrons from530

heavy-flavour hadron decays is found to be531

σHF→e(pt > 0.5GeV/c, |y| < 0.5) = 37.73±3.17(stat)+13.3
14.44

(sys)±1.32(norm)µb

After extrapolation down to pt = 0 GeV/c one obtains532

dσ(HF → e)
dy

= 92.99±3.16(stat)+30.5
−30.08

(sys)+31.58

−11.46
(extr)±3.25(norm)µb

In the calculation of the scale uncertainty the parameterisation for µ f = 0.5 and µr = 1 is not included533

since this parameterisation does not describe the shape of the data well. After subtraction of the beauty534

cross section one obtains535

dσ(c→ e)
dy

= 84.52±3.50(stat)+32.73

−32.24
(sys)+32.03

−12.15
(extr)±3.55(norm)µb

Using eq. 3 with the branching ratio of charm into electrons and the kinematical correction factor men-536

tioned above, one obtains537

dσc

dy
= 889.18±36.85(stat)+344.27

−339.16
(sys)+336.97

−127.79
(extr.)±37.35(norm)±36.74(br.)µb

After extrapolation to the full rapitdity range the resulting total charm cross section is538

σc = 7.59±0.31(stat)+2.94

−2.9 (sys)+3.18

−2.49
(extr)±0.32(norm)±0.31(br)mb

In a second method, the total cross section is calculated by scaling the visible cross section of electrons539

from charm or beauty by the ratio of the total cross section of electrons from charm or beauty quarks540

from FONLL in the full pt and y range to the corresponding visible cross section from FONLL.541

σb,c =
αb,c ∗σvis

BR(b,c→ e)
(6)

32 The ALICE Collaboration

where542

αb,c =
σFONLL(b,c→ e,0 < pt < ∞,−∞ < y < ∞)

σvis,FONLL

Here the parameter α contains the full extrapolation, consequently it carries the extrapolation uncer-543

tainty. In order to calculate the extrapolation uncertainty, the parameter α is recalculated for different544

variations of mass, scale and PDF in FONLL, and the cross section obtained after variation is compared545

to the total cross section obtained using the central values from FONLL. For beauty the integration range546

of the visible cross section is 1GeV/c < pt < 8GeV/c, while for charm it is 0.7GeV/c < pt < 8GeV/c.547

The visible cross section of electrons from beauty decays is subtracted from the visible cross section of548

electrons from heavy-flavour hadron decays under the assumption that the beauty contribution is negli-549

gible compared to the charm contribution for 0.7GeV/c < pt < 1GeV/c. One obtains with this method550

for the total beauty cross551

σb = 280±23.0(stat)+81.3
−78.8(sys)+7.68

−8.29(extr)±9.81(norm)±9.45(BR)µb

and for the total charm cross section552

σc = 7.9±0.9(stat)+3.9
−4.1(sys)+3.5

−0.6(extr)±0.3(norm)±0.3(br)mb

In the analog way one obtains the midrapidity cross section of electrons from charm or bottom hadron553

decays as554

dσ(b,c→ e)
dy

=
σvis ∗βb,c

∆y
(7)

where555

βb,c =
σFONLL(b,c→ e,0GeV/c < pt < ∞,ymin < y < ymax)

σvis,FONLL

(8)

For charm the y-range is |y| < 0.5 and for beauty it is |y| < 0.8. One obtains for the cross section of556

electrons from beauty hadron decays at midrapidity557

dσ(b→ e)
dy

= 8.40±0.69(stat)+2.43
−2.36(sys)+0.19

−0.40(extr)±0.29(norm)µb

and for the corresponding cross section of electrons from charm hadron decays558

dσ(c→ e)
dy

= 87.8±10.5(stat)+43
−46(sys)+24

−18.9(extr)±3.1(norm)µb

The midrapidity charm and bottom cross sections are calculated according to559

dσb,c

dy
= σvis ∗ γb,c (9)

where560

where

) J/ (b 
4.4 4.45 4.5 4.55 4.6

 e
)

 (b
 

8.5

8.6

8.7

8.8

8.9

h1Entries  11
Mean x   4.492
Mean y   8.672
RMS x  0.04974
RMS y  0.09917

h1Entries  11
Mean x   4.492
Mean y   8.672
RMS x  0.04974
RMS y  0.09917

find the weights minimizing σ 2 = wTEw wi = 1∑subject to

σ stat ,sys,extr
2 = wTEstat ,sys,extrw

weights and errors

correlation of α 
parameters

Reference:
L.Lyons et al., NIM A 270 (1988) 110 
"How to combine correlated estimates 
of a single physical quantity"

http://dx.doi.org/10.1016/0168-9002(88)90018-6
http://dx.doi.org/10.1016/0168-9002(88)90018-6
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Total beauty cross sections and energy dependence

wb→e = 0.499, wb→J /ψ = 0.501
Weighted average

+ additional 3.5 % normalization uncertaintyσ bb = 262 ± 34(stat)−49
+48 (sys) ± 7(extr)µb
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Fig. 27: dσb/dy at mid-rapidity as a function of
√

s in pp and pp̄ collisions [1]. The black solid (dashed) line is the
FONLL calculation (uncertainty).
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Fig. 26: (Colour online) Left: Comparison to the relative beauty contribution to the heavy-flavour electron yield
obtained based on the e-h correlation measurement. The red (black) points are the spectrum measured via the
impact parameter selection method (e-h correlation method). The blue lines are the FONLL prediction with its
uncertainties Right: Comparison to the cross section obtained based on e-h correlation measurement. The black
(red) points are the spectrum measured by e-h correlation method (impact parameter selection method).

σb,c =
αb,c ∗σvis

BR(b,c→ e)
, (3)

where409

αb,c =
σFONLL(b,c→ e,0 GeV/c < pt < ∞,−∞ < y < ∞)

σvis,FONLL

Here, the parameter α contains the full extrapolation, consequently it carries the extrapolation uncer-410

tainty. In order to calculate this uncertainty, the parameter α is recalculated for different variations of411

mass and scale in FONLL 1, and the cross section obtained after variation is compared to the total cross412

section obtained using the central values from FONLL. The integration range of the visible cross section413

is 1 GeV/c < pt < 8 GeV/c. One obtains with this method for the total beauty cross section414

σb = 129±15.2(stat)+40.9
−48.6(sys)+3.38

−3.05(extr)±2.45(norm)±4.36(BR)µb

FONLL predicts415

σb = 95.5+139
−66.5µb

In the analogue way, one obtains the mid-rapidity cross section of electrons from beauty hadron decays416

as417

1Uncertainties of PDF are not available for 2.76 TeV in FONLL. The effect of PDF uncertainty was checked using the
calculation at 7 TeV that gave about a few percent differences from the extrapolation uncertainty, which was negligible.

Total cross section for 2.76 TeV 
(calculated in a same way)

24 The ALICE Collaboration

dσ(b,c→ e)
dy

=
σvis ∗βb,c

∆y
, (4)

where418

βb,c =
σFONLL(b,c→ e,0 GeV/c < pt < ∞,ymin < y < ymax)

σvis,FONLL

(5)

Here, the range in rapidity is |y|< 0.8. One obtains for the cross section of electrons from beauty hadron419

decays at mid-rapidity420

dσ(b→ e)
dy

= 4.53±0.53(stat)+1.44
−1.71(sys)+0.08

−0.10(extr)±0.09(norm)µb

The mid-rapidity beauty cross sections are calculated according to421

dσb,c

dy
=

σvis ∗ γb,c

∆y
, (6)

where422

γb,c =
σFONLL(b,c,0 GeV/c < pt < ∞,ymin < y < ymax)

σvis,FONLL

(7)

In this way, one obtains for the mid-rapidity beauty cross section423

dσb

dy
= 23.14±2.72(stat)+7.33

−8.70(sys)+0.49
−0.65(extr)±0.44(norm)µb

4.5.2 Energy dependence of the total beauty cross section424

The dσb/dy at mid-rapidity is shown in Fig. 27 as a function of
√

s for various measurements [1], and425

compared to the FONLL calculation.426

5 Summary427

The production cross section of electrons from semileptonic decays of beauty hadrons has been mea-428

sured at mid-rapidity (|y| < 0.8) in the transverse momentum range 1 < pT < 8 GeV/c with the ALICE429

experiment at the CERN LHC in pp collisions at
√

s = 2.76 TeV. The pT-differential cross sections de-430

termined via two independent measurements for
√

s = 2.76 TeV and via scaling of the result from the431

pp 7 TeV measurement are in good agreement with each other. A fixed-order perturbative QCD calcula-432

tion with next-to-leading-log resummation agrees with the data within the theoretical and experimental433

uncertainties.434

The pT-differential cross section of beauty decay electrons measured using their impact parameter was435

compared to that of the e-h correlation measurement. Both are comparable.436

Further, we compared the pT-differential cross section of electrons from beauty hadron decays to the437

pT-differential cross section of electrons from charm hadron decays, which had been determined from438

the D-meson spectra measured at mid-rapidity in ALICE. The beauty contribution starts to dominate at439

around 4 GeV/c. Both cross sections are well reproduced by FONLL calculations within uncertainties.440

FONLL agrees with the measurement 
within uncertainty
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section from beauty hadron decays at low pt.247
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FIG. 3. (Color online) (a) pt-differential invariant cross sec-
tions of electrons from beauty and from charm hadron decays.
The error bars (boxes) represent the statistical (systematic)
uncertainties. The curves indicate the corresponding FONLL
predictions [21] as in Fig. 2. Ratios of the data and the
FONLL calculations are shown in (b) and (c) for electrons
from beauty and charm hadron decays, respectively, where
the bands indicate the FONLL uncertainties. (d) Measured
ratio of electrons from beauty and charm hadron decays with
error boxes depicting the total uncertainty.

The total beauty production cross section σ
bb̄

is248

determined from the invariant cross section of elec-249

trons from beauty hadron decays shown in Fig. 3(a) in250

three steps. First, the electron spectrum measured in251

|y| < 0.8 is integrated numerically for pt > 1 GeV/c252

(6.61±0.54(stat)+1.92
−1.86(sys)±0.23(norm) µb) and extrap-253

olated to zero pt using the spectral shape predicted from254

FONLL [21], resulting in dσ(Hb → e)/dy = 8.47 ±255

0.34(stat)+2.22
−2.17(sys)+0.41

−0.68(extr) ± 0.30(norm) µb. Here,256

the systematic uncertainty is obtained by integrating the257

upper and lower systematic uncertainty limits of the mea-258

sured cross section, and the extrapolation uncertainty259

is estimated using different FONLL spectral shapes ob-260

tained via the variation of the relevant theoretical input261

(factorization and renormalization scales, beauty quark262

mass, choice of parton distribution function). Second,263

the bb̄ cross section per unit rapidity at y = 0 is calcu-264

lated by dividing dσ(Hb → e)/dy by the total beauty to265

electron branching ratio BRHb→e = 0.207±0.007 and by266

a kinematic correction factor Cbe = 0.971 which accounts267

for the different widths of the rapidity distributions of268

electrons and beauty hadrons. The result dσ
bb̄

/dy =269

42.66 ± 1.71(stat)+11.19
−10.91(sys)+2.06

−3.41(extr) ± 1.45(BR) ±270

1.49(norm) µb is extrapolated in the third step to the271

full rapidity using the rapidity shape from FONLL.272

Again, the extrapolation uncertainty is evaluated using273

the different shapes of the beauty rapidity distribution274

in FONLL obtained for a variation of the theoretical pa-275

rameters. The total beauty production cross section from276

this analysis is σ
bb̄

= 283 ± 11(stat)+74

−72
(sys)+16

−28
(extr) ±277

10(BR)± 10(norm) µb, consistent with the FONLL pre-278

diction σ
bb̄

= 259+120

−96
µb [21].279

Using the same procedure, the total charm production280

cross section is derived from the electron spectrum from281

heavy-flavor hadron decays measured in the ranges 0.5 <282

pt < 8.0 GeV/c and |y| < 0.5 [14]. In step two, the con-283

tribution from beauty hadron decays, dσ(Hb → e)/dy,284

is subtracted from the electron cross section at mid-285

rapidity. The resulting electron cross section dσ(Hc →286

e)/dy from charm hadron decays is converted into a287

charm cross section (using BRHc→e = 0.096 ± 0.004 and288

Cce = 0.982) which is then extrapolated to full rapidity289

resulting in σcc̄ = 7.59±0.31(stat)+2.94
−2.90(sys)+3.18

−2.49(extr)±290

0.31(BR) ± 0.27(norm) mb, consistent with the FONLL291

prediction σcc̄ = 4.76+6.44
−3.25 mb [21].292

In summary, pt-differential invariant production cross293

sections of electrons from beauty and from charm hadron294

decays were measured in pp collisions at
√

s = 7 TeV.295

The agreement between FONLL predictions and the data296

reported here suggests that higher order pQCD calcula-297

tions can reliably describe heavy-flavor production even298

at low pt in the highest energy hadron collisions acces-299

sible in the laboratory today. Furthermore, these new300

data provide a crucial baseline for heavy-flavor produc-301

tion studies in the hot and dense matter created in Pb-Pb302

collisions at the LHC.303
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Outlook of beauty analysis (from short term to long term)

• Measurement of electrons from beauty hadron decays in pp collisions at √s = 8 TeV 
using TRD Level-1 triggered events

• Measurement of the nuclear modification factor of electrons from beauty hadron 
decays in Pb-Pb collisions at √sNN = 2.76 TeV

• Measurement of the nuclear modification factor of electrons from beauty hadron 
decays in p-Pb collisions

• Beauty jet identification in pp collisions

• Measurement of beauty jet RAA in Pb-Pb collisions

• Measurement of medium modified fragmentation function of beauty jet in Pb-Pb 
collisions

24
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BACKUP
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Fig. 32: Using a minimum bias Monte Carlo sample, we obtain the correlation between the heavy quark rapidity
and the electron rapidity. From this we deduce a kinematical correction for the different widths of the electron and
beauty quark(left) rapidity distributions (right panel for charm quark).

The parameterisation is multiplied with 2π pt and integrated over the range 0 < pt < 1 GeV/c to deter-500

mine the unmeasured contribution to the cross section. The extrapolation uncertainty is the envelope501

of the variation of the line shape for mass, scale and pdf (quadratic sum). For the scale variation the502

uncertainty is calculated as the quadratic sum of the variations, which are selected as lower or upper503

uncertainty on whether the integral after variation is smaller or larger than the value obtained with the504

central FONLL prediction. The resulting cross section of electrons from beauty hadron decays per unit505

rapidity at midrapidity is determined to be506

dσ(b→ e)
dy

= 8.24±0.34(stat)+2.17
−2.11(sys)+0.33

−0.49(extr)±0.29(norm)µb

The corresponding bb̄ cross section is then calculated via507

dσb

dy
=

1
BR(b→ e)∗Ceb

dσ(b→ e)
dy

(3)

with the average branching ratio BR of beauty hadrons into electrons and a kinematical correction Ceb508

for the different widths of the electron and beauty quark rapidity distributions. We used BR = 0.2046±509

0.0069, which is the sum of the branching ratios of b→ e and b→ c→ e decays quoted in [12], and Ceb510

was determined using a PYTHIA simulation to be 0.971. According to the same reference the branching511

ratio used in the cc̄ cross section is BR = 0.096± 0.004 [9]. The correlation plot relating the beauty512

quark rapidity and the electron rapidity is shown in Fig. 32 on the left. Similarly we obtain the kinematic513

correction Cec from the charm quark rapidity distribution shown on the right, to be equal to 0.982. The514

error components are scaled by the branching ratio and the kinematic correction factor. The error on the515

branching ratio is calculated as516

∆dσb

dy
|BR =

1
BR2 ∗Ceb

dσ(b→ e)
dy

∆(BR) (4)

The resulting value for dσb/dy is517

dσb

dy
= 41.46±1.71(stat)+10.93

−10.63(sys)+1.68
−2.50(extr)±1.45(norm)±1.41(BR)µb

(Thanks to Markus Fasel and Ralf)
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Statistical uncertainties: same as the one from visible cross section

Systematic uncertainties: one from visible cross section + propagation of systematic 
uncertainties to extrapolation (sum linearly)

• systematic uncertainties are correlated
• move up and down all data points by the systematic uncertainties
• fit the central FONLL prediction to the data points after moving
• evaluate the difference from the fit of central prediction using central data points

Extrapolation uncertainties: 
• fit is done for different variation of mass, scale and PDF in FONLL
• cross section obtained after variation is compared to the cross section obtained 
using the central value from FONLL and quadratically summed

• fit error from measured data points fit (with statical errors) is quadratically added 

27

Fit method to calculate total cross section (II)
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30 The ALICE Collaboration
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Fig. 32: Using a minimum bias Monte Carlo sample, we obtain the correlation between the heavy quark rapidity
and the electron rapidity. From this we deduce a kinematical correction for the different widths of the electron and
beauty quark(left) rapidity distributions (right panel for charm quark).

The parameterisation is multiplied with 2π pt and integrated over the range 0 < pt < 1 GeV/c to deter-500

mine the unmeasured contribution to the cross section. The extrapolation uncertainty is the envelope501

of the variation of the line shape for mass, scale and pdf (quadratic sum). For the scale variation the502

uncertainty is calculated as the quadratic sum of the variations, which are selected as lower or upper503

uncertainty on whether the integral after variation is smaller or larger than the value obtained with the504

central FONLL prediction. The resulting cross section of electrons from beauty hadron decays per unit505

rapidity at midrapidity is determined to be506

dσ(b→ e)
dy

= 8.24±0.34(stat)+2.17
−2.11(sys)+0.33

−0.49(extr)±0.29(norm)µb

The corresponding bb̄ cross section is then calculated via507

dσb

dy
=

1
BR(b→ e)∗Ceb

dσ(b→ e)
dy

(3)

with the average branching ratio BR of beauty hadrons into electrons and a kinematical correction Ceb508

for the different widths of the electron and beauty quark rapidity distributions. We used BR = 0.2046±509

0.0069, which is the sum of the branching ratios of b→ e and b→ c→ e decays quoted in [12], and Ceb510

was determined using a PYTHIA simulation to be 0.971. According to the same reference the branching511

ratio used in the cc̄ cross section is BR = 0.096± 0.004 [9]. The correlation plot relating the beauty512

quark rapidity and the electron rapidity is shown in Fig. 32 on the left. Similarly we obtain the kinematic513

correction Cec from the charm quark rapidity distribution shown on the right, to be equal to 0.982. The514

error components are scaled by the branching ratio and the kinematic correction factor. The error on the515

branching ratio is calculated as516

∆dσb

dy
|BR =

1
BR2 ∗Ceb

dσ(b→ e)
dy

∆(BR) (4)

The resulting value for dσb/dy is517

dσb

dy
= 41.46±1.71(stat)+10.93

−10.63(sys)+1.68
−2.50(extr)±1.45(norm)±1.41(BR)µb
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Fig. 32: Using a minimum bias Monte Carlo sample, we obtain the correlation between the heavy quark rapidity
and the electron rapidity. From this we deduce a kinematical correction for the different widths of the electron and
beauty quark(left) rapidity distributions (right panel for charm quark).

The parameterisation is multiplied with 2π pt and integrated over the range 0 < pt < 1 GeV/c to deter-500

mine the unmeasured contribution to the cross section. The extrapolation uncertainty is the envelope501

of the variation of the line shape for mass, scale and pdf (quadratic sum). For the scale variation the502

uncertainty is calculated as the quadratic sum of the variations, which are selected as lower or upper503

uncertainty on whether the integral after variation is smaller or larger than the value obtained with the504

central FONLL prediction. The resulting cross section of electrons from beauty hadron decays per unit505

rapidity at midrapidity is determined to be506

dσ(b→ e)
dy

= 8.24±0.34(stat)+2.17
−2.11(sys)+0.33

−0.49(extr)±0.29(norm)µb

The corresponding bb̄ cross section is then calculated via507

dσb

dy
=

1
BR(b→ e)∗Ceb

dσ(b→ e)
dy

(3)

with the average branching ratio BR of beauty hadrons into electrons and a kinematical correction Ceb508

for the different widths of the electron and beauty quark rapidity distributions. We used BR = 0.2046±509

0.0069, which is the sum of the branching ratios of b→ e and b→ c→ e decays quoted in [12], and Ceb510

was determined using a PYTHIA simulation to be 0.971. According to the same reference the branching511

ratio used in the cc̄ cross section is BR = 0.096± 0.004 [9]. The correlation plot relating the beauty512

quark rapidity and the electron rapidity is shown in Fig. 32 on the left. Similarly we obtain the kinematic513

correction Cec from the charm quark rapidity distribution shown on the right, to be equal to 0.982. The514

error components are scaled by the branching ratio and the kinematic correction factor. The error on the515

branching ratio is calculated as516

∆dσb

dy
|BR =

1
BR2 ∗Ceb

dσ(b→ e)
dy

∆(BR) (4)

The resulting value for dσb/dy is517

dσb

dy
= 41.46±1.71(stat)+10.93

−10.63(sys)+1.68
−2.50(extr)±1.45(norm)±1.41(BR)µb

BR(beauty) = 0.2046±0.0067
BR(charm) = 0.096±0.004

via PYTHIA
ceb=0.971
cec=0.982
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Fig. 32: Using a minimum bias Monte Carlo sample, we obtain the correlation between the heavy quark rapidity
and the electron rapidity. From this we deduce a kinematical correction for the different widths of the electron and
beauty quark(left) rapidity distributions (right panel for charm quark).

The parameterisation is multiplied with 2π pt and integrated over the range 0 < pt < 1 GeV/c to deter-500

mine the unmeasured contribution to the cross section. The extrapolation uncertainty is the envelope501

of the variation of the line shape for mass, scale and pdf (quadratic sum). For the scale variation the502

uncertainty is calculated as the quadratic sum of the variations, which are selected as lower or upper503

uncertainty on whether the integral after variation is smaller or larger than the value obtained with the504

central FONLL prediction. The resulting cross section of electrons from beauty hadron decays per unit505

rapidity at midrapidity is determined to be506

dσ(b→ e)
dy

= 8.24±0.34(stat)+2.17
−2.11(sys)+0.33

−0.49(extr)±0.29(norm)µb

The corresponding bb̄ cross section is then calculated via507

dσb

dy
=

1
BR(b→ e)∗Ceb

dσ(b→ e)
dy

(3)

with the average branching ratio BR of beauty hadrons into electrons and a kinematical correction Ceb508

for the different widths of the electron and beauty quark rapidity distributions. We used BR = 0.2046±509

0.0069, which is the sum of the branching ratios of b→ e and b→ c→ e decays quoted in [12], and Ceb510

was determined using a PYTHIA simulation to be 0.971. According to the same reference the branching511

ratio used in the cc̄ cross section is BR = 0.096± 0.004 [9]. The correlation plot relating the beauty512

quark rapidity and the electron rapidity is shown in Fig. 32 on the left. Similarly we obtain the kinematic513

correction Cec from the charm quark rapidity distribution shown on the right, to be equal to 0.982. The514

error components are scaled by the branching ratio and the kinematic correction factor. The error on the515

branching ratio is calculated as516

∆dσb

dy
|BR =

1
BR2 ∗Ceb

dσ(b→ e)
dy

∆(BR) (4)

The resulting value for dσb/dy is517

dσb

dy
= 41.46±1.71(stat)+10.93

−10.63(sys)+1.68
−2.50(extr)±1.45(norm)±1.41(BR)µb

σ b =

dσ b

dy FONLL

dy∫
dσ b

dy FONLL

dy
ymin

ymax∫
×

dσ b

dy measured

× Δy
⎛
⎝⎜

⎞
⎠⎟

Extrapolation based on FONLL             curve shape 
dσ b

dy

Extrapolation error based on line shape of upper and lower limit
28

Fit method to calculate total cross section (III)
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Beauty, charm cross sections with fit method

29

30 The ALICE Collaboration
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Fig. 32: Using a minimum bias Monte Carlo sample, we obtain the correlation between the heavy quark rapidity
and the electron rapidity. From this we deduce a kinematical correction for the different widths of the electron and
beauty quark(left) rapidity distributions (right panel for charm quark).

The parameterisation is multiplied with 2π pt and integrated over the range 0 < pt < 1 GeV/c to deter-500

mine the unmeasured contribution to the cross section. The extrapolation uncertainty is the envelope501

of the variation of the line shape for mass, scale and pdf (quadratic sum). For the scale variation the502

uncertainty is calculated as the quadratic sum of the variations, which are selected as lower or upper503

uncertainty on whether the integral after variation is smaller or larger than the value obtained with the504

central FONLL prediction. The resulting cross section of electrons from beauty hadron decays per unit505

rapidity at midrapidity is determined to be506

dσ(b→ e)
dy

= 8.24±0.34(stat)+2.17
−2.11(sys)+0.33

−0.49(extr)±0.29(norm)µb

The corresponding bb̄ cross section is then calculated via507

dσb

dy
=

1
BR(b→ e)∗Ceb

dσ(b→ e)
dy

(3)

with the average branching ratio BR of beauty hadrons into electrons and a kinematical correction Ceb508

for the different widths of the electron and beauty quark rapidity distributions. We used BR = 0.2046±509

0.0069, which is the sum of the branching ratios of b→ e and b→ c→ e decays quoted in [12], and Ceb510

was determined using a PYTHIA simulation to be 0.971. According to the same reference the branching511

ratio used in the cc̄ cross section is BR = 0.096± 0.004 [9]. The correlation plot relating the beauty512

quark rapidity and the electron rapidity is shown in Fig. 32 on the left. Similarly we obtain the kinematic513

correction Cec from the charm quark rapidity distribution shown on the right, to be equal to 0.982. The514

error components are scaled by the branching ratio and the kinematic correction factor. The error on the515

branching ratio is calculated as516

∆dσb

dy
|BR =

1
BR2 ∗Ceb

dσ(b→ e)
dy

∆(BR) (4)

The resulting value for dσb/dy is517

dσb

dy
= 41.46±1.71(stat)+10.93

−10.63(sys)+1.68
−2.50(extr)±1.45(norm)±1.41(BR)µb
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Fig. 32: Using a minimum bias Monte Carlo sample, we obtain the correlation between the heavy quark rapidity
and the electron rapidity. From this we deduce a kinematical correction for the different widths of the electron and
beauty quark(left) rapidity distributions (right panel for charm quark).

The parameterisation is multiplied with 2π pt and integrated over the range 0 < pt < 1 GeV/c to deter-500

mine the unmeasured contribution to the cross section. The extrapolation uncertainty is the envelope501

of the variation of the line shape for mass, scale and pdf (quadratic sum). For the scale variation the502

uncertainty is calculated as the quadratic sum of the variations, which are selected as lower or upper503

uncertainty on whether the integral after variation is smaller or larger than the value obtained with the504

central FONLL prediction. The resulting cross section of electrons from beauty hadron decays per unit505

rapidity at midrapidity is determined to be506

dσ(b→ e)
dy

= 8.24±0.34(stat)+2.17
−2.11(sys)+0.33

−0.49(extr)±0.29(norm)µb

The corresponding bb̄ cross section is then calculated via507

dσb

dy
=

1
BR(b→ e)∗Ceb

dσ(b→ e)
dy

(3)

with the average branching ratio BR of beauty hadrons into electrons and a kinematical correction Ceb508

for the different widths of the electron and beauty quark rapidity distributions. We used BR = 0.2046±509

0.0069, which is the sum of the branching ratios of b→ e and b→ c→ e decays quoted in [12], and Ceb510

was determined using a PYTHIA simulation to be 0.971. According to the same reference the branching511

ratio used in the cc̄ cross section is BR = 0.096± 0.004 [9]. The correlation plot relating the beauty512

quark rapidity and the electron rapidity is shown in Fig. 32 on the left. Similarly we obtain the kinematic513

correction Cec from the charm quark rapidity distribution shown on the right, to be equal to 0.982. The514

error components are scaled by the branching ratio and the kinematic correction factor. The error on the515

branching ratio is calculated as516

∆dσb

dy
|BR =

1
BR2 ∗Ceb

dσ(b→ e)
dy

∆(BR) (4)

The resulting value for dσb/dy is517

dσb

dy
= 41.46±1.71(stat)+10.93

−10.63(sys)+1.68
−2.50(extr)±1.45(norm)±1.41(BR)µb

Electrons from beauty hadron decays in pp collisions at
√

s = 7 TeV 31

Finally, the total beauty production cross section is calculated by extrapolating the midrapidity (|y|< 0.8)518

beauty cross section using the FONLL rapidity shape. For this the central value of the y-differential519

beauty distribution (|y| < 0.8) as predicted by FONLL was integrated over the full rapidity and scaled520
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Calculation of total cross section at 2.76 TeV

Method (a)

• Statistical, Systematic and normalization uncertainties: 
• scaled by multiplication factors

• Extrapolation uncertainties: 
• each parameter is recalculated for different variation of mass, scale in FONLL
• cross section obtained after variation is compared to the cross section obtained using 
the central value from FONLL and quadratically summed

30

Electrons from beauty hadron decays in pp collisions at
√

s = 7 TeV 31

Finally, the total beauty production cross section is calculated by extrapolating the midrapidity (|y|< 0.8)518

beauty cross section using the FONLL rapidity shape. For this the central value of the y-differential519

beauty distribution (|y| < 0.8) as predicted by FONLL was integrated over the full rapidity and scaled520

by the ratio of the measured σb(|y| < 0.8) and the σb(|y| < 0.8) from FONLL at midrapidity. The521

uncertainty components are scaled in the same way. In order to obtain a systematic uncertainty on this522

extrapolation in rapidity, the same procedure was applied to the lower and the upper limit of the FONLL523

prediction. The uncertainty obtained from this is added linearly to the extrapolation error. The total bb̄524

cross section obtained from this analysis is525

σb = 275±11.3(stat)+72.6
−70.6(sys)+13.2

−21.7(extr)±9.64(norm)±9.35(BR)µb (5)

The calculation of the total charm cross section is done in the same way as it is done for the total beauty526

cross section based on the pt-differential cross section of electrons from heavy-flavour hadron decays in527

|y|< 0.5, however after obtaining the midrapidity cross section after the extrapolation down to pt =0, the528

midrapidity cross section of electrons from beauty hadron decays is subtracted. The integration range529

of the visible cross section is 0.5 GeV/c < pt < 8 GeV/c. The visible cross section of electrons from530

heavy-flavour hadron decays is found to be531

σHF→e(pt > 0.5GeV/c, |y| < 0.5) = 37.73±3.17(stat)+13.3
14.44

(sys)±1.32(norm)µb

After extrapolation down to pt = 0 GeV/c one obtains532

dσ(HF → e)
dy

= 92.99±3.16(stat)+30.5
−30.08

(sys)+31.58

−11.46
(extr)±3.25(norm)µb

In the calculation of the scale uncertainty the parameterisation for µ f = 0.5 and µr = 1 is not included533

since this parameterisation does not describe the shape of the data well. After subtraction of the beauty534

cross section one obtains535

dσ(c→ e)
dy

= 84.52±3.50(stat)+32.73

−32.24
(sys)+32.03

−12.15
(extr)±3.55(norm)µb

Using eq. 3 with the branching ratio of charm into electrons and the kinematical correction factor men-536

tioned above, one obtains537

dσc

dy
= 889.18±36.85(stat)+344.27

−339.16
(sys)+336.97

−127.79
(extr.)±37.35(norm)±36.74(br.)µb

After extrapolation to the full rapitdity range the resulting total charm cross section is538

σc = 7.59±0.31(stat)+2.94

−2.9 (sys)+3.18

−2.49
(extr)±0.32(norm)±0.31(br)mb

In a second method, the total cross section is calculated by scaling the visible cross section of electrons539
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from FONLL in the full pt and y range to the corresponding visible cross section from FONLL.541

σb,c =
αb,c ∗σvis

BR(b,c→ e)
(6)
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where542

αb,c =
σFONLL(b,c→ e,0 < pt < ∞,−∞ < y < ∞)

σvis,FONLL

Here the parameter α contains the full extrapolation, consequently it carries the extrapolation uncer-543

tainty. In order to calculate the extrapolation uncertainty, the parameter α is recalculated for different544

variations of mass, scale and PDF in FONLL, and the cross section obtained after variation is compared545

to the total cross section obtained using the central values from FONLL. For beauty the integration range546

of the visible cross section is 1GeV/c < pt < 8GeV/c, while for charm it is 0.7GeV/c < pt < 8GeV/c.547

The visible cross section of electrons from beauty decays is subtracted from the visible cross section of548

electrons from heavy-flavour hadron decays under the assumption that the beauty contribution is negli-549

gible compared to the charm contribution for 0.7GeV/c < pt < 1GeV/c. One obtains with this method550

for the total beauty cross551

σb = 280±23.0(stat)+81.3
−78.8(sys)+7.68

−8.29(extr)±9.81(norm)±9.45(BR)µb

and for the total charm cross section552

σc = 7.9±0.9(stat)+3.9
−4.1(sys)+3.5

−0.6(extr)±0.3(norm)±0.3(br)mb

In the analog way one obtains the midrapidity cross section of electrons from charm or bottom hadron553

decays as554

dσ(b,c→ e)
dy

=
σvis ∗βb,c

∆y
(7)

where555

βb,c =
σFONLL(b,c→ e,0GeV/c < pt < ∞,ymin < y < ymax)

σvis,FONLL

(8)

For charm the y-range is |y| < 0.5 and for beauty it is |y| < 0.8. One obtains for the cross section of556

electrons from beauty hadron decays at midrapidity557

dσ(b→ e)
dy

= 8.40±0.69(stat)+2.43
−2.36(sys)+0.19

−0.40(extr)±0.29(norm)µb

and for the corresponding cross section of electrons from charm hadron decays558

dσ(c→ e)
dy

= 87.8±10.5(stat)+43
−46(sys)+24

−18.9(extr)±3.1(norm)µb

The midrapidity charm and bottom cross sections are calculated according to559

dσb,c

dy
= σvis ∗ γb,c (9)

where560

where

where
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γb,c =
σFONLL(b,c,0GeV/c < pt < ∞,ymin < y < ymax)

σvis,FONLL

(10)

In this way one obtains for the midrapidity beauty cross section561

dσb

dy
= 42.25±3.47(stat)+12.25

−11.88(sys)+1.08
−2.23(extr)±1.49(norm)µb

and for the midrapidity charm cross section562

dσc

dy
= 927.1±110.4(stat)+453.1

−485.5(sys)+253.8
−214.1(extr)±32.4(norm)µb

5 Summary563

The production cross section of electrons from semileptonic decays of beauty hadrons has been mea-564

sured at mid-rapidity (|y| < 0.8) in the transverse momentum range 1 < pt < 8 GeV/c with the ALICE565

experiment at the CERN LHC in pp collisions at
√

s = 7 TeV. The pt-differential cross sections deter-566

mined via two independent methods are in good agreement with each other. A fixed order perturbative567

QCD calculation with next-to-leading-log resummation agrees with the data within the theoretical and568

experimental uncertainties.569

The pt-differential cross section of electrons from beauty hadron decays is compared to the pt-differential570

cross section of electrons from charm hadron decays, determined from the D-meson spectra measured571

at mid-rapidity in ALICE. The beauty contribution starts to dominate at around 4 GeV/c. Both cross572

sections are well reproduced by FONLL calculations within uncertainties.573

The total beauty production cross section has been evaluated as σ
bb̄

= 275+75
−75 µb. FONLL calculations574

are used to extrapolate the measurement to the full phase space.575

where
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where542

αb,c =
σFONLL(b,c→ e,0 < pt < ∞,−∞ < y < ∞)

σvis,FONLL

Here the parameter α contains the full extrapolation, consequently it carries the extrapolation uncer-543

tainty. In order to calculate the extrapolation uncertainty, the parameter α is recalculated for different544

variations of mass, scale and PDF in FONLL, and the cross section obtained after variation is compared545

to the total cross section obtained using the central values from FONLL. For beauty the integration range546

of the visible cross section is 1GeV/c < pt < 8GeV/c, while for charm it is 0.7GeV/c < pt < 8GeV/c.547

The visible cross section of electrons from beauty decays is subtracted from the visible cross section of548

electrons from heavy-flavour hadron decays under the assumption that the beauty contribution is negli-549

gible compared to the charm contribution for 0.7GeV/c < pt < 1GeV/c. One obtains with this method550

for the total beauty cross551

σb = 280±23.0(stat)+81.3
−78.8(sys)+7.68

−8.29(extr)±9.81(norm)±9.45(BR)µb

and for the total charm cross section552

σc = 7.9±0.9(stat)+3.9
−4.1(sys)+3.5

−0.6(extr)±0.3(norm)±0.3(br)mb

In the analog way one obtains the midrapidity cross section of electrons from charm or bottom hadron553

decays as554

dσ(b,c→ e)
dy

=
σvis ∗βb,c

∆y
(7)

where555

βb,c =
σFONLL(b,c→ e,0GeV/c < pt < ∞,ymin < y < ymax)

σvis,FONLL

(8)

For charm the y-range is |y| < 0.5 and for beauty it is |y| < 0.8. One obtains for the cross section of556

electrons from beauty hadron decays at midrapidity557

dσ(b→ e)
dy

= 8.40±0.69(stat)+2.43
−2.36(sys)+0.19

−0.40(extr)±0.29(norm)µb

and for the corresponding cross section of electrons from charm hadron decays558

dσ(c→ e)
dy

= 87.8±10.5(stat)+43
−46(sys)+24

−18.9(extr)±3.1(norm)µb

The midrapidity charm and bottom cross sections are calculated according to559

dσb,c

dy
=

σvis ∗ γb,c

∆y
(9)

where560

• pT range of measured pT differential cross section:
• 1< pT <8 GeV/c

• Extrapolation based on FONNL shape 
• down to 0 pT for dσ(b→e)/dy (64.3% unmeasured based on FONLL)
• to full rapidity for total bb cross section

Note: Only CTEQ6.6 is available for 
2.75 TeV in FONLL (checked it gave 
negligible effect at 7 TeV analysis)
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γb,c =
σFONLL(b,c,0 GeV/c < pt < ∞,ymin < y < ymax)

σvis,FONLL

(7)

In this way, one obtains for the mid-rapidity beauty cross section372

dσb

dy
= 23.14±2.72(stat)+7.33

−8.70(sys)+0.49
−0.65(extr)±0.44(norm)µb

4.5.2 Energy dependence of the total beauty cross section373

The dσb/dy at mid-rapidity is shown in Fig. 25 as a function of
√

s for various measurements [1], and374

compared to the FONLL calculation.375
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Fig. 25: dσb/dy at mid-rapidity as a function of
√

s in pp and pp̄ collisions [1]. The black solid (dashed) line is the
FONLL calculation (uncertainty).

5 Summary376

The production cross section of electrons from semileptonic decays of beauty hadrons has been mea-377

sured at mid-rapidity (|y| < 0.8) in the transverse momentum range 1 < pT < 8 GeV/c with the ALICE378

experiment at the CERN LHC in pp collisions at
√

s = 2.76 TeV. The pT-differential cross sections de-379

termined via two independent measurements for
√

s = 2.76 TeV and via scaling of the result from the380

pp 7 TeV measurement are in good agreement with each other. A fixed-order perturbative QCD calcula-381

tion with next-to-leading-log resummation agrees with the data within the theoretical and experimental382

uncertainties.383
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Fig. 23: (Colour online) Measured, scaled, and weighted averaged beauty hadron decay electron production cross
sections are overlaid (top), and their ratios over FONLL are shown at the bottom.

αb,c =
σFONLL(b,c→ e,0 GeV/c < pt < ∞,−∞ < y < ∞)

σvis,FONLL

Here, the parameter α contains the full extrapolation, consequently it carries the extrapolation uncer-356

tainty. In order to calculate this uncertainty, the parameter α is recalculated for different variations of357

mass and scale in FONLL 1, and the cross section obtained after variation is compared to the total cross358

section obtained using the central values from FONLL. The integration range of the visible cross section359

is 1 GeV/c < pt < 8 GeV/c. One obtains with this method for the total beauty cross section360

σb = 129±15.2(stat)+40.9
−48.6(sys)+3.38

−3.05(extr)±2.45(norm)±4.36(BR)µb

FONLL predicts361

σb = 95.5+139
−66.5µb

In the analogue way, one obtains the mid-rapidity cross section of electrons from beauty hadron decays362

as363

dσ(b,c→ e)
dy

=
σvis ∗βb,c

∆y
, (4)

1Uncertainties of PDF are not available for 2.76 TeV in FONLL
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Fig. 24: (Colour online) Comparison to the result obtained based on e-h correlation measurement. The black (red)
points are the spectrum measured by e-h correlation method (impact parameter selection method).

where364

βb,c =
σFONLL(b,c→ e,0 GeV/c < pt < ∞,ymin < y < ymax)

σvis,FONLL

(5)

Here, the range in rapidity is |y|< 0.8. One obtains for the cross section of electrons from beauty hadron365

decays at mid-rapidity366

dσ(b→ e)
dy

= 4.53±0.53(stat)+1.44
−1.71(sys)+0.08

−0.10(extr)±0.09(norm)µb

The mid-rapidity beauty cross sections are calculated according to367

dσb,c

dy
=

σvis ∗ γb,c

∆y
, (6)

where368

γb,c =
σFONLL(b,c,0 GeV/c < pt < ∞,ymin < y < ymax)

σvis,FONLL

(7)
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In this way, one obtains for the mid-rapidity beauty cross section369

dσb

dy
= 23.14±2.72(stat)+7.33

−8.70(sys)+0.49
−0.65(extr)±0.44(norm)µb

4.5.2 Energy dependence of the total beauty cross section370

The dσb/dy at mid-rapidity is shown in Fig. 25 as a function of
√

s for various measurements [1], and371

compared to the FONLL calculation.372
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Fig. 25: dσb/dy at mid-rapidity as a function of
√

s in pp and pp̄ collisions [1]. The black solid (dashed) line is the
FONLL calculation (uncertainty).

5 Summary373

The production cross section of electrons from semileptonic decays of beauty hadrons has been mea-374

sured at mid-rapidity (|y| < 0.8) in the transverse momentum range 1 < pT < 8 GeV/c with the ALICE375

experiment at the CERN LHC in pp collisions at
√

s = 2.76 TeV. The pT-differential cross sections de-376

termined via two independent measurements for
√

s = 2.76 TeV and via scaling of the result from the377

pp 7 TeV measurement are in good agreement with each other. A fixed-order perturbative QCD calcula-378

tion with next-to-leading-log resummation agrees with the data within the theoretical and experimental379

uncertainties.380

The pT-differential cross section of beauty decay electrons measured using their impact parameter was381

compared to that of the e-h correlation measurement. Both are comparable.382

Further, we compared the pT-differential cross section of electrons from beauty hadron decays to the383

pT-differential cross section of electrons from charm hadron decays, which had been determined from384
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Fig. 22: (Colour online) Measured and scaled beauty hadron decay electron production cross sections, and com-

parison to the FONLL pQCD predictions. The bottom panel shows the ratio of measured and scaled spectra.

smaller compared to those by the e-h correlation method, we will describe the method using the impact345

parameter requirement as the main method in the publication, and the method using e-h correlation as an346

alternative method. In addition, the spectrum by the impact parameter selection method will be used to347

calculate the total beauty production cross section.348

4.5 Calculation of the total bb̄ production cross section349

4.5.1 Total cross section calculated based on simple scaling (same method chosen for the paper at350

7 TeV [7])351

The pT-differential cross section of electrons from beauty hadron decays was measured in the pT range352

1 GeV/c < pT <8 GeV/c. By integrating the measured pT spectrum, the visible cross section of electrons353

from heavy-flavour hadron decays can be determined at mid-rapidity to be354

σb→e(pT > 1GeV/c, |y| < 0.8) = 3.44±0.41(stat)+1.09

−1.30
(sys)±0.066(norm)µb

The total cross section is calculated by scaling the visible cross section of electrons from beauty by the355

ratio of the total cross section of electrons from beauty quarks from FONLL in the full pt and y range to356

the corresponding visible cross section from FONLL.357

20 The ALICE Collaboration
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Fig. 23: (Colour online) Measured, scaled, and weighted averaged beauty hadron decay electron production cross
sections are overlaid (top), and their ratios over FONLL are shown at the bottom.

σb,c =
αb,c ∗σvis

BR(b,c→ e)
, (3)

where358

αb,c =
σFONLL(b,c→ e,0 GeV/c < pt < ∞,−∞ < y < ∞)

σvis,FONLL

Here, the parameter α contains the full extrapolation, consequently it carries the extrapolation uncer-359

tainty. In order to calculate this uncertainty, the parameter α is recalculated for different variations of360

mass and scale in FONLL 1, and the cross section obtained after variation is compared to the total cross361

section obtained using the central values from FONLL. The integration range of the visible cross section362

is 1 GeV/c < pt < 8 GeV/c. One obtains with this method for the total beauty cross section363

σb = 129±15.2(stat)+40.9
−48.6(sys)+3.38

−3.05(extr)±2.45(norm)±4.36(BR)µb

FONLL predicts364

σb = 95.5+139
−66.5µb

1Uncertainties of PDF are not available for 2.76 TeV in FONLL

FONLL predicts

FONLL agrees with the measurement 
within uncertainty

Fig. 6
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3.8 Corrections and normalization313

Corrections are applied to the background-subtracted electron spectra for the geometrical acceptance of314

the detectors (εgeo
), the reconstruction efficiency (εreco

), the electron identification efficiency (εeID
), and315

the impact parameter selection efficiency (ε IP
). The correction method was described in detail in [7].316
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Fig. 19: Acceptance, tracking, particle identification, and impact parameter efficiency for beauty hadron decay

electrons at mid-rapidity (|η | <0.8) in pp collisions at 2.76 TeV. εTOFeID
denotes the efficiency of the TOF electron

identification requirement.

The product of the overall acceptance and efficiency (εgeo × ε reco × εeID × ε IP
) as a function of pT is317

shown in Fig. 19. The efficiency of the TPC dE/dx requirement (70% for TPC-only analysis and 85% for318

TOF-TPC analysis), which is constant as a function of pT, was not included in the plots in Fig. 19. It is319

interesting to note that the efficiencies for the two analyses match in the common pT range although the320

significance is larger for TPC-only analysis due to larger statistics used and better signal-to-background321

ratio.322

The final differential invariant yield of beauty hadron decay electrons, (e+ + e−)/2, is calculated using323

an efficiency map with reconstructed pT and MC pT in the same way as done in [7]. Fig. 20 shows that324

the pT spectra of electrons from beauty decays for minimum-bias samples and signal-enhanced samples325

are comparable, which is required for the correction method using an efficiency map with reconstructed326

pT and MC pT. The value for the minimum-bias cross section, used to convert the invariant multiplicity327

into an invariant cross section, is 55.4 mb, with a 1.9% systematic uncertainty [4].328

3.9 Systematic uncertainties329

The following sources of systematic uncertainties are considered: the ITS, TPC, and TOF tracking ef-330

ficiencies, the TOF and TPC particle identification efficiencies, the pT unfolding procedure, the impact331

parameter selection efficiencies, and the absolute normalization.332

To estimate the contributions from tracking, particle identification, and impact parameter selection, the333

analysis is repeated with modified selection criteria as summarized in Table 4.334

In addition, the uncertainties due to the electron background description (Dalitz and conversion electrons335

and charm hadron decays) were estimated as described in the sections 3.8.1 and 3.8.2.336

For each variation of the selection criteria, the background-subtracted electron spectrum is fully corrected337

with the combined minimum-bias and signal-enriched Monte Carlo sample. The resulting spectra are338


