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Test the predictions of QCD at leading and higher orders

Useful to estimate an experiment’s sensitivity 
for CP violation, mixing and rare decays

B And D Production at LHC

Early measurements at LHC can have smaller 
uncertainties than NLO QCD predictions

Understand background in searches for new physics
B-tagging is an important signature in many analyses

Detector performance studies, alignment, validation of 
tracking and muon systems

covered by Andrea Coccaro (next talk)b→ J/ψX
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The ATLAS Detector Muon Spectrometer:

air core toroids(average 0.5T)
gas-based muon chambers

Muon trigger and reconstruction
Momentum resolution < 10%

up to E(µ) ∼ 1 TeV

|η| < 2.7

3-level trigger, 
reducing the rate

 from 40 MHz
 to ~200 Hz

Inner Detector:
Si Pixels, Si Strips, TRT straws
Precise tracking and vertexing

pT resolution:

|η| < 2.5, B = 2T

σ/pT ∼ 3.8× 10−4 pT (GeV )⊕ 0.015

HAD Calorimetry:

Fe/scintillator tiles (central), Cu/W-LAr (fwd)
Trigger and measurement of jets and MET

Resolution:

|η| < 5

σ/E ∼ 50%/
√

E ⊕ 0.03

EM Calorimeter:
            Pb-LAr accordion

trigger, identification and measurement
Resolution:

e/γ

σ/E ∼ 10%/
√

E

Thursday, 14 April 2011



4

The CMS Detector

8

CMS: A hadronic collider detector

4 April 2011 Virginia Azzolini – Beauty 2011

Superconducting  Coil
4 Tesla B field
    bend the paths of particles 
    compact design led to the detector’s nameTrackers

1M Silicon strips, 
66M silicon pixels 

Electromagnetic Calorimeter
80,000 Scintillating PbWO4 crystals

Hadronic Calorimeter
Plastic scintillator copper sandwich

Muon Chamber
Drift TubeChamber,

Resistive Plate Chambers,
Cathode Strip Chambers

E/ direction e±, !, neutral hadron ID
charged particle
vertex and trajectory

energy of hadrons
protons, neutrons, pions and kaons

Iron yoke 

|η| < 2.4

|η| < 2.4
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Tracking stations

Calorimeters:
PID: e, !, "0

Muon system

RICH detectors:
PID: K, "

VELO:
Primary and secondary 

vertex reconstruction

LHCb detector

I nter action
point

6

The LHCb Detector
Forward spectrometer 2 < η < 5.3

proper-time
resolution
30-50 fs

δp/p ∼ 0.35− 0.55%
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LHC Delivered

ATLAS Recorded

-1Total Delivered: 48.1 pb
-1Total Recorded: 45.0 pb

Operation and Performance of the LHCb experiment Federico Alessio 
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LHCb operations and trigger strategy as described in Chapter 5, as the complexity of events 

grew quickly while most of the luminosity was being delivered.  

Figure 6 also contains the efficiency of the LHCb detector and the breakdown of the 

different sources. The main sources of inefficiencies in LHCb are due to: 

! the High Voltage (HV) of each sub-detector, which are ramped to their nominal values as 

soon as the beams are declared stables, 

! the safety of the VELO, which allows the VELO to move to data taking positions if 

certain safety conditions are met only, 

! the availability of the Data Acquisition system (DAQ), which needs to be configured with 

the proper trigger configuration in order to record and process physics data, 

! the trigger deadtime, which can be influenced by high processing time or bandwidth 

congestion. 

It is here important to note that the highest contribution was due to the DAQ availability. This 

was a direct consequence of the complexity of the events and continuous changing of trigger 

configurations in order to cope with the unknown running conditions. 

 

 

Figure 6: Integrated delivered (in blue) and recorded (in red) luminosity at LHCb with a global efficiency 

of about 90%. 

6.Conclusions 

As described in this paper, the LHCb experiment successfully accomplished its first 

physics run during 2010. A total of 37.7 pb
-1

References 

 of integrated luminosity was collected and has 

been reprocessed for data analysis. The overall efficiency was just above 90%. The global 

operational challenges were overcome with success allowing the LHCb experiment to follow 

the growth in luminosity at the same pace as the GPD detectors. 

[1] The LHCb Collaboration, “LHCb Technical Proposal”, CERN-LHCC-98-004 

[2] ETM-PVSS website, http://www.pvss.com 

[3] C. Gaspar et al. “The LHCb Run Control”, Journal of Physics, Vol 219, Part2, 022009 

[4] F. Alessio, R. Jacobsson, S. Schleich, “The LHCb Online framework for machine protection and 

global operation at LHC”, submitted to Journal of Physics 

Luminosity And Data Taking

Systematic uncertainties from luminosity measurement:

LHCb: 10%      CMS: 11%      ATLAS: 11%

New systematics evaluation:

LHCb: 3.5%      CMS: 4%      ATLAS: 3.2%

√
s = 7 TeV
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Open Charm Production - LHCb And ATLAS

Cross-sections obtained from fully reconstructed decays of

D0, D±, D∗± and D∗±
s

Yields measured for each decay mode in bins of pT and rapidity 
with fits to the reconstructed invariant mass distributions

Discriminate between prompt and secondary D mesons

Efficiencies from MC studies and data studies

Measured cross-sections compared to theoretical 
predictions and extrapolated to full phase space

Thursday, 14 April 2011
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Figure 3: Reconstructed D+
s and D+ mass peaks in the channels D+

s → φ(K−K+)π+ and
D+ → φ(K−K+)π+. Shown are the sums over the charge conjugate modes. The curve is
the result of a fitting a sum of two Gaussians on top of a linear background.

ties in the branching fraction ratios are propagated into the systematic uncertainties of
the final cross-sections and the ratio of D+ to D+

s , where both are reconstructed in the
D+

(s) → φ(K−K+)π+ decay mode.

Table 2: Branching fractions of selected hadronic decay modes. The branching fraction
shown for D∗+ → π+D0(K−π+) is the product of the branching fractions for D0 → K−π+

and D∗+ → π+D0 assuming uncorrelated uncertainties.

Decay Branching fraction reference
D0 → K−π+ (3.91 ± 0.05)% [12]
D+ → K−π+π+ (9.29 ± 0.25)% [12]
D+ → φ(K−K+)π+ (0.306 ± 0.034)% [12]
D∗+ → π+D0 (67.7 ± 0.5)% [12]
D∗+ → π+D0(K−π+) (2.65 ± 0.04)% [12]
D+

s → φ(K−K+)π+ (2.24 ± 0.13)% [13]

Uncorrelated sources of systematic uncertainty are evaluated in each (pT, y) bin. These
include uncertainties of the selection efficiencies due to data-MC differences in distri-
butions of selection variables (typically 2–8%), uncertainties in the yield extraction fit
(1–4.5%), uncertainties in the prompt-secondary discrimination (1–4%), the statistical
uncertainties of the PID efficiencies calculated from data (1–4%), and the statistical un-
certainties of the selection efficiencies determined from MC (MC statistics, 1–2%). In the
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Figure 1: Reconstructed D0 (left) and D+ (right) mass peaks. The D0 was reconstructed
in the channel D0 → Kπ, the D+ in the mode D+ → Kππ. The signals are the sums
over the charge conjugate states. The curves are the results of fits assuming Gaussian
peaks on a constant (D0) and linear (D+) background, respectively.

D0 rest frame and the momentum of the D0 in the laboratory frame. The cosine of
this angle (cos θπ) has a flat distribution for true D0 decays but peaks strongly in the
forward direction for combinatoric backgrounds. D∗+ candidates are reconstructed from
D0 candidates and an additional ‘slow’ pion, which is required to satisfy the same track
fit χ2/Ndof criteria applied to the D0 daughters. We fit for a common vertex of the slow
pion and extrapolated D0 candidate trajectory and require that the χ2/Ndof of this D∗+

decay vertex fit is less than 16. Figures 1–3 show the invariant mass distributions of the
selected D candidates in data.

3.2 Yield extraction

Yields of D meson decays are measured independently for each decay mode in each bin
of pT and y with fits to the reconstructed D meson invariant mass distributions. These
yields are the sum of prompt and secondary mesons. As illustrated by Fig. 4, we use the
distribution of the IP of the D meson with respect to the PV to discriminate between
prompt and secondary sources of true D mesons. A fit to the background subtracted dis-
tributions allows the statistical disentanglement of prompt and non-prompt components.
The selection criteria used in the analyses strongly suppress the secondary component.
This does not leave enough information to estimate the secondary component in each
(pT, y) bin independently, so the fractions of secondary yields are estimated from the full
data set and applied uniformly for all bins. Monte Carlo simulations were used to check
the procedure and to determine corrections for variations of the non-prompt background
over the accessible phase space.

Efficiencies of the selections are determined for each (pT, y) bin with a combination
of MC studies and independent studies in data. For each selection, the efficiency of the
pion and kaon PID likelihood ratio criteria, εPID, is factored out of the total efficiency
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Open charm production (LHCb)
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Figure 2: Extraction of the D∗+ signal in the decay channel D∗+ → D0π+. The left hand
plot shows the D0 signal within the D∗+ combinations, the right hand one is the spectrum
of the mass difference between the D∗+ candidates and the D0 candidate. The D0 yield
is larger than the D∗+ yield due to the presence of random slow pion backgrounds in
which prompt D0 mesons combine with random pions from the event to form fake D∗+

candidates. Such candidates contribute to the D0 yield but appear as a non-peaking
backgrounds in the mass difference plot. The spectra are the sums over charge conjugate
states. The fitted curves are Gaussian peaks on top of a linear background for the D0

mass spectrum (left) or a threshold function proportional to
√

(m − mπ) for the mass
difference (right).

and evaluated independently. The PID efficiencies for final state particles are measured
in data in bins of track pT and pseudorapidity, η, using high purity samples of pions and
kaons from K0

S, φ(1020), and Λ0 hadrons. The effective PID efficiency for each D (pT, y)
bin is determined by calculating the average D efficiency over the bin using these final
state PID efficiencies and the final state (pT, η) distributions from MC simulated decays.
The efficiencies of the remaining selection criteria are determined from MC studies, with
the exception of the track fit χ2 confidence level and vertex fit χ2/Ndof used in the D+

selection, which are measured in data.

3.3 Systematic uncertainties

Sources of systematic uncertainty can be divided into correlated uncertainties that apply
equally to all (pT, y) bins and uncorrelated sources that are evaluated independently
for each bin. The correlated uncertainties include contributions that affect the overall
normalisation of the cross-sections but that are irrelevant for the measurements of the
D+ to D+

s ratios. These include the uncertainty in the measurement of luminosity and
the overall uncertainty in the tracking efficiency. Systematic uncertainties related to
peaking backgrounds caused by cloned tracks in multiple candidate events are estimated
from MC and also included as correlated systematic errors.

The branching fractions entering in the analysis are summarised in Tab. 2. Uncertain-

6

Mass distributions determine D background fraction,  
ln(IP) used to determine background from B decays

Results compared to theoretical predictions:
PYTHIA: LHCb tune
BAK et al: B.A.Kniehl, G.Kramer, I.Schiembein, H.Spiesberger
MC et al (aka FONLL): M.Cacciari, S.Frixione, M.Mangano, M.Nason, G.Ridolf 

D+ → K−π+π+

LHCb-CONF-2010-013

Trigger: events with minimal observable activity

0 < pT < 8 GeV 2 < y < 4.5 L = 1.81 nb−1

Thursday, 14 April 2011
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Figure 5: Measured D0 cross-sections compared to theoretical prediction. Data are shown
as a function of pT for different ranges in y. The error bars show statistical and uncorre-
lated systematics added in quadrature. In addition, there is a global correlated error of
12%. The shaded areas are theoretical uncertainties of the predictions by MC et al. [1].

only the uncorrelated contributions are given. Errors that are correlated between all
bins, such as uncertainties of the luminosity, tracking efficiencies, or branching ratios, are
quoted in the captions.

The measured cross-sections compared to the theoretical predictions are shown in
Figs. 5–8. Only measurements with a total uncorrelated error below 100% are shown. For
better visibility, theoretical predictions are displayed as smooth curves such that the value
at the bin centre corresponds to the cross-section calculated in that bin. The data points
with their uncertainties, which are always drawn at the bin centre, thus can be directly
compared with theory. Curves are shown for MC et al. [1], BAK et al. [2], and the LHCb
tune of PYTHIA [10]. Experimental uncertainties are the statistical and uncorrelated
systematic errors added in quadrature. Common systematics are quoted in the figure

9

b
µ

-1
10

1

10

2
10

b
µ

-1
10

1

10

2
10 =7 TeVsLHCb, 

2.0<y<2.5

MC et al.

BAK et al.

Pythia(LHCb tune)

LHCb Preliminary

=7 TeVsLHCb, 

2.5<y<3.0

MC et al.

BAK et al.

Pythia(LHCb tune)

LHCb Preliminary

-1
10

1

10

2
10

-1
10

1

10

2
10 =7 TeVsLHCb, 

3.0<y<3.5

MC et al.

BAK et al.

Pythia(LHCb tune)

LHCb Preliminary

 [GeV/c]
T

p
0 1 2 3 4 5 6 7 8

 [GeV/c]
T

p
0 1 2 3 4 5 6 7 8

=7 TeVsLHCb, 

3.5<y<4.0

MC et al.

BAK et al.

Pythia(LHCb tune)

LHCb Preliminary

 [GeV/c]
T

p
0 1 2 3 4 5 6 7 8

-1
10

1

10

2
10

 [GeV/c]
T

p
0 1 2 3 4 5 6 7 8

-1
10

1

10

2
10 =7 TeVsLHCb, 

4.0<y<4.5

MC et al.

BAK et al.

Pythia(LHCb tune)

LHCb Preliminary

+c.c. cross-section
+

D

Figure 6: Measured D+ cross-sections compared to theoretical prediction. Data are shown
as a function of pT for different ranges in y. The error bars show statistical and uncorre-
lated systematics added in quadrature. In addition, there is a global correlated error of
14%. The shaded areas are theoretical uncertainties of the predictions by MC et al. [1].

acceptance become

σ(D0) = 1488 ± 41 ± 34 ± 174 µb = 1488 ± 182 µb,

σ(D∗+) = 676 ± 64 ± 21 ± 119 µb = 676 ± 137 µb,

σ(D+) = 717 ± 39 ± 26 ± 98 µb = 717 ± 109 µb,

σ(D+
s ) = 194 ± 23 ± 16 ± 26 µb = 194 ± 38 µb.

For comparison, the predictions by PYTHIA [10] are σ(D0) = 1402 ± 2 µb, σ(D∗+) =
653 ± 1 µb, σ(D+) = 509 ± 1 µb and σ(D+

s ) = 255 ± 1 µb. The errors are the statistical
errors, uncorrelated systematics, and systematics that are assumed to be 100% correlated
between different measurements. The variances of the measurements (diagonal terms of
the covariance matrix) are given by the squares of the total errors and the covariances
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Figure 7: Measured D∗+ cross-sections compared to theoretical prediction. Data are
shown as a function of pT for different ranges in y. The error bars show statistical and
uncorrelated systematics added in quadrature. In addition, there is a global correlated
error of 14%. The shaded areas are theoretical uncertainties of the predictions by MC et
al. [1].

(off-diagonal terms) by the products of the correlated errors. This allows calculation of
cross-section ratios with proper treatment of the correlations. Standard error propagation
then gives the following results:

σ(D0)

σ(D∗+)
= 2.20 ± 0.48,

σ(D0)

σ(D+)
= 2.07 ± 0.37,

σ(D0)

σ(D+
s )

= 7.67 ± 1.67,

σ(D∗+)

σ(D+)
= 0.94 ± 0.22,

σ(D∗+)

σ(D+
s )

= 3.48 ± 0.93,
σ(D+)

σ(D+
s )

= 3.70 ± 0.84.

Using the transition probabilities f(c → H) from a charm quark into a hadron H ,
the above cross-sections for specific hadrons can be translated into cc̄ production cross-
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Data: 14% correlated error not shown
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Figure 5: Measured D0 cross-sections compared to theoretical prediction. Data are shown
as a function of pT for different ranges in y. The error bars show statistical and uncorre-
lated systematics added in quadrature. In addition, there is a global correlated error of
12%. The shaded areas are theoretical uncertainties of the predictions by MC et al. [1].

only the uncorrelated contributions are given. Errors that are correlated between all
bins, such as uncertainties of the luminosity, tracking efficiencies, or branching ratios, are
quoted in the captions.

The measured cross-sections compared to the theoretical predictions are shown in
Figs. 5–8. Only measurements with a total uncorrelated error below 100% are shown. For
better visibility, theoretical predictions are displayed as smooth curves such that the value
at the bin centre corresponds to the cross-section calculated in that bin. The data points
with their uncertainties, which are always drawn at the bin centre, thus can be directly
compared with theory. Curves are shown for MC et al. [1], BAK et al. [2], and the LHCb
tune of PYTHIA [10]. Experimental uncertainties are the statistical and uncorrelated
systematic errors added in quadrature. Common systematics are quoted in the figure

9

0 < pT < 8 GeV

2 < y < 4.5
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s cross-sections compared to theoretical prediction. Data are shown

as a function of y integrated over 0 < pT < 8 GeV/c (left) and as a function of pT

integrated over 2 < y < 4.5 (right). Measurements with an uncertainty larger than 100%
are not shown. The error bars show statistical and uncorrelated systematics added in
quadrature. In addition, there is a global correlated error of 16%. The shaded areas are
theoretical uncertainties of the predictions by MC et al. [1].
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Figure 9: Measured cross-section ratio σ(D+ + c.c)/σ(D+
s + c.c.). The measurements are

integrated over rapidity in the range 2.0 < y < 4.5. The line shows the average value
obtained by fitting a constant to the data points.

sections. Since primary quarks are always produced in pairs, it follows that σ(cc̄) =
σ(D + D̄)/(2f(c → D)) = C ·σ(D + D̄). Numerical values for the transition probabilities
can be found in the literature [5,7,8]. A compilation is given in Tab. 4. Values are quoted
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A priori, it is not obvious which energy scale is the relevant one for the LHCb mea-

13

y
2 2.5 3 3.5 4 4.5

b
µ

10

2
10

y
2 2.5 3 3.5 4 4.5

b
µ

10

2
10

=7 TeVsLHCb, 

<8 GeV/c
T

0<p

MC et al.

Pythia(LHCb tune)

LHCb Preliminary

+c.c. cross-section
+
sD

 [GeV/c]
T

p
0 1 2 3 4 5 6 7 8

b
µ

1

10

2
10

 [GeV/c]
T

p
0 1 2 3 4 5 6 7 8

b
µ

1

10

2
10 =7 TeVsLHCb, 

2.0<y<4.5

MC et al.

BAK et al.

Pythia(LHCb tune)

LHCb Preliminary

+c.c. cross-section
+
sD

Figure 8: Measured D+
s cross-sections compared to theoretical prediction. Data are shown

as a function of y integrated over 0 < pT < 8 GeV/c (left) and as a function of pT

integrated over 2 < y < 4.5 (right). Measurements with an uncertainty larger than 100%
are not shown. The error bars show statistical and uncorrelated systematics added in
quadrature. In addition, there is a global correlated error of 16%. The shaded areas are
theoretical uncertainties of the predictions by MC et al. [1].

 (GeV/c)
T

p
1 2 3 4 5 6 7 8

s
D

!/
+

D
!

-2

-1

0

1

2

3

4

5

6

7

8

 Preliminary 2010bLHC

 = 7 TeVs

 cross section ratios
± / D±D

2.0 < y < 4.5

 fit:2
"O(0) Polynomial 

0.26 (syst)±0.27 (stat) ± = 2.32 
sD! / +

D
!

/DoF = 5.7 / 72
"

Figure 9: Measured cross-section ratio σ(D+ + c.c)/σ(D+
s + c.c.). The measurements are

integrated over rapidity in the range 2.0 < y < 4.5. The line shows the average value
obtained by fitting a constant to the data points.

sections. Since primary quarks are always produced in pairs, it follows that σ(cc̄) =
σ(D + D̄)/(2f(c → D)) = C ·σ(D + D̄). Numerical values for the transition probabilities
can be found in the literature [5,7,8]. A compilation is given in Tab. 4. Values are quoted
either for an energy scale in the Υ region or at the Z mass.
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acceptance become

σ(D0) = 1488 ± 41 ± 34 ± 174 µb = 1488 ± 182 µb,

σ(D∗+) = 676 ± 64 ± 21 ± 119 µb = 676 ± 137 µb,

σ(D+) = 717 ± 39 ± 26 ± 98 µb = 717 ± 109 µb,

σ(D+
s ) = 194 ± 23 ± 16 ± 26 µb = 194 ± 38 µb.

For comparison, the predictions by PYTHIA [10] are σ(D0) = 1402 ± 2 µb, σ(D∗+) =
653 ± 1 µb, σ(D+) = 509 ± 1 µb and σ(D+

s ) = 255 ± 1 µb. The errors are the statistical
errors, uncorrelated systematics, and systematics that are assumed to be 100% correlated
between different measurements. The variances of the measurements (diagonal terms of
the covariance matrix) are given by the squares of the total errors and the covariances

11

Table 3: Global systematic uncertainties of the individual analyses. All numbers are
given in percent. The errors on the branching ratios are taken from [12]. Correlated
contributions are assumed to be 100% correlated between different analyses.

D0 D∗+ D+ D+
s

luminosity 10.0 10.0 10.0 10.0
tracking efficiency 6.0 10.0 9.0 9.0
extrapolation 0.1 10.4 2.5
total correlated 11.7 17.6 13.7 13.5

branching ratio 1.3 1.5 2.7 8.0
multiple candidates 1.0
total uncorrelated 1.3 1.5 2.9 8.0

total 11.8 17.7 14.0 15.7

Table 4: Published transition probabilities, f , from a charm quark to a hadron. Columns
labelled Υ are quoted for energy scales in the Υ region. Columns labelled MZ are quoted
for energy scales at the Z mass. In fields where two values are quoted, they refer to two
distinct fits in the respective publication. The last column contains the conversion factors
C from the production cross-sections of distinct charmed mesons to the cc̄ cross-section.
In absence of error estimates for most of the transition probabilities, the uncertainties of
the C values are derived from the range covered by the 1/f values in each row.

Υ [5] Υ [7] MZ [7] MZ [8] C
c → D0 0.565 ± 0.032 0.522, 0.527 0.591, 0.614 0.658 0.86 ± 0.10
c → D∗+ 0.224 ± 0.028 0.206, 0.209 0.247 ,0.248 0.259 2.18 ± 0.25
c → D+ 0.246 ± 0.020 0.230, 0.234 0.220, 0.272 0.243 2.06 ± 0.22
c → D+

s 0.080 ± 0.017 0.100 5.63 ± 0.63

surements. From the initial proton-proton interaction, the MZ scale appears to be the
more natural one. From the pT range covered by the data, the Υ mass scale would be
preferred. Therefore, the full ranges of scaling factors covered in Tab. 4 were used for
the conversion of the measurements to the cc̄-cross-sections. Assuming the uncertainties
in the scaling factors to be uncorrelated, the following four production cross-sections are
obtained:

σ(cc̄, D0) = 1280 ± 36 ± 151 ± 150 µb = 1280 ± 216 µb,

σ(cc̄, D∗+) = 1474 ± 140 ± 176 ± 260 µb = 1474 ± 343 µb,

σ(cc̄, D+) = 1474 ± 80 ± 164 ± 202 µb = 1474 ± 272 µb,

σ(cc̄, D+
s ) = 1092 ± 130 ± 151 ± 147 µb = 1092 ± 247 µb.

By coincidence, the D+ and D∗+ cross-sections happen to have exactly the same central
value. The errors are again split into statistical errors, uncorrelated, and correlated sys-

14

Combined average: σ(cc̄)y = 1234± 189 µb

Using PYTHIA to extrapolate to full phase space:

σ(pp→ cc̄X) = 6.10± 0.93 mb

Thursday, 14 April 2011
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Cross-sections include contributions from beauty
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Open charm production (ATLAS)

! vis(D∗±) = 285±16(stat.)+32−27(syst.)±31(lum.)±4(br.)µb,

! vis(D±) = 238±13(stat.)+35−23(syst.)±26(lum.)±10(br.)µb,

! vis(D±
s ) = 168±34(stat.)+27−25(syst.)±18(lum.)±10(br.)µb,

where the last two uncertainties are due to those on the luminosity measurement and the charmed meson

decay branching fractions.

The POWHEG-PYTHIA predictions are

!(D∗±) = 153+169
−80 (scale)

+13
−15(mQ)+24−21(PDF)

+20
−16(hadr.)µb,

!(D±) = 132+137
−65 (scale)

+11
−10(mQ)+20−18(PDF)

+21
−11(hadr.)µb,

!(D±
s ) = 59+57

−28(scale)
+4
−6(mQ)+9−8(PDF)

+7
−8(hadr.)µb.

The corresponding POWHEG-HERWIG predictions are !(D∗±) = 135µb, !(D±) = 121µb and

!(D±
s ) = 50µb, while MC@NLO predicts !(D∗±) = 155µb, !(D±) = 138µb and !(D±

s ) = 57µb.

The predictions are consistent with the data within the large theoretical uncertainties, with the prediction

central values lying below the measurements.

The differential cross sections d!/dpT and d!/d|" | for D∗± and D± production are compared in

Figs. 6-7 with the NLO QCD predictions. The data points are drawn at the bin centres of gravity in

the d!/dpT distributions and at the bin centres in the d!/d" distributions. The bin centre of gravity is
defined as the point at which a value of the exponential function, describing the distribution slope, equals

the mean value of the function in the bin. The NLO QCD predictions are consistent with the data in the

measured pT(D(∗)) and |"(D(∗))| ranges within the large theoretical uncertainties.
The visible D(∗) cross sections were extrapolated using NLO QCD calculations to the cross sections

for D(∗) meson production in charm hadronisation in the full kinematic phase space. The extrapolated

cross sections were used to calculate the strangeness-suppression factor in charm fragmentation, the

fraction of D mesons produced in a vector state, and the total cross section of charm production at LHC.

Details and results of the extrapolation procedure are summarised in the Appendix.

9 Summary

The production of the D∗±, D± and D±
s charmed mesons has been measured in the kinematic region

pT(D(∗)) > 3.5 GeV and |"(D(∗))| < 2.1 with the ATLAS detector in pp collisions at
√
s = 7TeV. The

measured visible cross sections are

! vis(D∗±) = 285±16(stat.)+32−27(syst.)±31(lum.)±4(br.)µb,

! vis(D±) = 238±13(stat.)+35−23(syst.)±26(lum.)±10(br.)µb,

! vis(D±
s ) = 168±34(stat.)+27−25(syst.)±18(lum.)±10(br.)µb,

where the last two uncertainties are due to those on the luminosity measurement and the charmed meson

decay branching fractions.

The differential cross sections d!/dpT and d!/d|" | were calculated for D∗± and D± production.

The NLO QCD predictions are consistent with the data within the large theoretical uncertainties.

Using the visible D(∗) cross sections and an extrapolation to the full kinematic phase space, the total

cross sections for D(∗) meson production in charm hadronisation, the strangeness-suppression factor in

charm fragmentation, the fraction ofD mesons produced in a vector state, and the total cross section of

charm production at LHC were calculated.

8

Cross-sections in the kinematic region pT > 3.5 GeV |η| < 2.1

Total cross-sections extrapolated using POWHEG-PYTHIA
(after subtraction of the cross-section fractions originating from beauty production)

Appendix

Extrapolated Cross Sections and Ratios

The visible kinematic range covers only a small fraction of produced charmed mesons. To get some

insight on the general properties of charm production and hadronisation at LHC, the visible D(∗) cross

section were extrapolated to the cross sections in the full kinematic phase space after subtraction of the

cross section fractions originating from beauty production. To calculate the fractions and extrapolation

factors the POWHEG-PYTHIA calculations were used. Assuming validity of the QCD NLO calcula-

tions and QCD factorisation in the whole phase space, the extrapolation factors were calculated as ratios

of the total NLO cross sections of D(∗) mesons produced in charm hadronisation to those in the visi-

ble kinematic range. The uncertainty of the beauty-fraction subtraction and the extrapolation to the full

kinematic phase space was determined by adding in quadrature the changes in results originating from

all sources of the theoretical uncertainty (Section 7) and differences due to using POWHEG-HERWIG

and MC@NLO calculations. The largest contributions to the uncertainties originate from the scale un-

certainty. The beauty fractions and extrapolation factors are summarised in Table 2.

beauty extrapolation

fraction factor

D
∗± 0.08+0.10

−0.05 12.9+5.7
−2.7

D
± 0.12+0.12

−0.07 14.7+6.6
−3.6

D
±
s 0.18+0.17

−0.10 13.7+6.6
−2.6

Table 2: The POWHEG-PYTHIA predictions for the fractions of the visible D(∗) cross sections originat-

ing from beauty production and for extrapolation factors from the visible D(∗) cross sections to those in

the full kinematic phase space. The uncertainties were determined by adding in quadrature the changes

of the beauty fractions and extrapolation factors originating from all sources of the theoretical uncertainty

(Section 7) and differences due to using POWHEG-HERWIG and MC@NLO calculations. The largest

contributions to the uncertainties originate from the scale uncertainty.

The total cross sections of theD(∗) production in charm hadronisation are

! totcc̄ (D∗±) = 3.36±0.19(stat.)+0.38−0.32(syst.)±0.40(lum.)±0.05(br.)+1.76−0.82(extr.)mb,

! totcc̄ (D±) = 3.10±0.17(stat.)+0.46−0.30(syst.)±0.34(lum.)±0.13(br.)+1.70−0.89(extr.)mb,

! totcc̄ (D±
s ) = 1.90±0.38(stat.)+0.30−0.28(syst.)±0.21(lum.)±0.11(br.)+1.23−0.55(extr.)mb,

where the last uncertainties are the combined uncertainties due to the beauty-fraction subtraction and the

extrapolation procedure. The contributions due to the extrapolation procedure are dominant.

The total cross sections for D(∗) production were used to calculate two fragmentation ratios for

charged charmed mesons: the strangeness-suppression factor, "s/d , and the fraction of D mesons pro-

duced in a vector state, Pv. The fragmentation ratios were determined neglecting influences from decays

of heavier excited D mesons.

The strangeness-suppression factor was calculated as the ratio of the ! totcc̄ (D±
s ) to the sum of! totcc̄ (D∗±)

and that part of ! totcc̄ (D±) which does not originate fromD
∗± decays:

"s/d =
! totcc̄ (D±

s )

! totcc̄ (D∗±)+! totcc̄ (D±)−! totcc̄ (D∗±) · (1−BD∗+→D0#+)
=

! totcc̄ (D±
s )

! totcc̄ (D±)+! totcc̄ (D∗±) ·BD∗+→D0#+
,

9

where BD∗+→D0!+ = 0.677± 0.005 [13] is the branching ratio of the D∗+ → D0!+ decay. Using the

extrapolated cross sections, the strangeness-suppression factor is

"s/d = 0.35±0.07(stat.)+0.03−0.04(syst.)±0.03(br.)
+0.04
−0.03(extr.).

The fraction of D mesons produced in a vector state was calculated as the ratio of # totcc̄ (D∗±) to the
sum of # totcc̄ (D∗±) and that part of # totcc̄ (D±) which originates not fromD∗± decays:

Pv =
# totcc̄ (D∗±)

# totcc̄ (D∗±)+# totcc̄ (D±)−# totcc̄ (D∗±) · (1−BD∗+→D0!+)
=

# totcc̄ (D∗±)

# totcc̄ (D±)+# totcc̄ (D∗±) ·BD∗+→D0!+
.

Using the extrapolated cross sections, the fractionPv is

Pv = 0.63±0.03(stat.)+0.02−0.03(syst.)±0.02(br.)
+0.04
−0.02(extr.).

The measured Pv fraction is smaller than the naive spin-counting prediction of 0.75.
The last uncertainties of the fragmentation ratios are much smaller than those of the total D(∗) pro-

duction cross sections due to the partial cancellation of effects due to the beauty-fraction subtraction and

extrapolation procedure.

The measured charm fragmentation ratios can be compared with those obtained in e+e− annihilations

at LEP. The LEP fragmentation ratios were calculated using fragmentation fractions from Table 1:

"LEPs/d =
f (c→ D+

s )

f (c→ D+)+ f (c→ D∗+) ·BD∗+→D0!+
= 0.23±0.02(stat.⊕ syst.)±0.02(br.),

PLEPv =
f (c→ D∗+)

f (c→ D+)+ f (c→ D∗+) ·BD∗+→D0!+
= 0.62±0.02(stat.⊕ syst.)±0.02(br.).

The measurements agree within experimental uncertainties.

To calculate the total cross section of charm production, the total cross sections of a givenD(∗) meson

production should be divided by twice the value of the corresponding charm fragmentation fraction from

Table 1. The weighted mean of three values calculated fromD∗±, D± and D±
s cross sections is

# totcc̄ = 7.13±0.28(stat.)+0.90−0.66(syst.)±0.78(lum.)+3.82−1.90(extr.)mb,

where uncertainties of the fragmentation fractions were included into the extrapolation uncertainties.

The uncertainties in the charmed meson decay branching fractions, which are common for the measured

cross sections and fragmentation fractions, do not affect the calculation of the total cross section of charm

production.
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Ap(D
0) production asymmetry

D* !"#$0 !"KK) %s

D* !"#$0 !"&%) %sD0 !"&%

D* !"#$0 !"%%) %s

Production Asymmetry (LHCb)Ap(D0)

L = 37 pb−1

ACP (KK) ACP (ππ)
Extracted from measured time integrated asymmetries in

and using external constraints on and

from Alexandr Kozlinskiy’s talk at Beauty 2011

D∗ D0 → hh,
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from Alexandr Kozlinskiy’s talk at Beauty 2011

Ap(D
0) production asymmetry

20

LHCb preliminary

!Within the current statistic 

there is no evidence of strong 

dependence of production 

asymmetry on pseudo-rapidity.

The first error includes statistical error 

and fully propagated errors on input 

quantities: world average ACP(KK) 

and ACP(!!).

Summary of systematic uncertainties:

!Modeling of line-shape 0.04%

! D0 mass window 0.09%

!Multiple candidates 0.02%

! Binning in (pt, ") 0.04%

! Non-prompt D0#$ 0.06%

! Total systematic 0.12%

LHCb preliminary: Ap(D
0) = (%1.08 & 0.32 & 0.12) %

D0 production asymmetry as function of pseudo-rapidity

Ap(D0) = (−1.08± 0.32± 0.12)%

19

Ap(D
0) production asymmetry

4 observables 3 ext. inputs

Physics CP asymmetries.

3 unknowns:

Detection asymmetry of D0.

Detection asymmetry of soft pion.

D0 and D* production asymmetries.

! The only external inputs are ACP(KK) and ACP(!!).

! The ACP(K!) assumed negligible.

! Solving the system of equations for the unknowns 

allows to determine the production asymmetry AP(D0).

ACP (Kπ) assumed negligible

Production Asymmetry (LHCb)Ap(D0)

Stat error plus fully 
propagated errors 
on input quantities: 
world averages of
ACP (KK) and ACP (ππ)

no evidence of strong 
dependence of production 

asymmetry on pseudo-rapidity
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6 7 Conclusions

6 Results
The inclusive production cross section for b quarks decaying into muons is calculated as

σ ≡ σ(pp → b + X → µ + X′) =
Nb
L ε

,

where Nb is the number of selected b events in data. No distinction is made between posi-
tive and negative muons; Nb includes the process pp → b̄ + X → µ + X′. The efficiency ε
includes the trigger efficiency, (88 ± 5)%, the muon reconstruction efficiency, (94 ± 3)%, and
the efficiency for associating a track-jet to the reconstructed muon, (77 ± 8)%.

The result of the inclusive production cross section for b quarks decaying into muons within
the kinematic range pµ

T > 6 GeV and |ηµ| < 2.1 is

σ = 1.32 ± 0.01(stat)± 0.30(syst)± 0.15(lumi) µb,

where the first uncertainty is statistical, the second is systematic, and the third is associated
with the estimation of the integrated luminosity. For comparison, the inclusive b-quark pro-
duction cross section predicted by MC@NLO is

σMC@NLO = 0.84+0.36
−0.19(scale)± 0.08(mb)± 0.04(pdf) µb,

where the first uncertainty is due to variations in the QCD scale, the second to the b-quark
mass, and the third to the parton distribution function. The value of the scale uncertainty is
obtained by varying the QCD renormalization and factorization scales as described in Ref. [7].
The b-quark mass was varied between 4.5 GeV and 5.0 GeV and the uncertainty induced by the
parton distribution function was evaluated using the eigenvector sets as described in Ref. [25].
The PYTHIA prediction using the parameters described in Section 3 is 1.8 µb.

The differential cross section is calculated from

dσ(pp → b + X → µ + X′)
dx

∣∣∣∣
bin i

=
Ni

b
L εi ∆xi ,

where x stands for the muon transverse momentum or the muon pseudorapidity, and ∆xi de-
notes the width of bin i. The number Ni

b of selected b events in data and the efficiency ε i are
determined separately for each bin.

The results of the differential b-quark production cross section as a function of the muon trans-
verse momentum and pseudorapidity are shown in Fig. 2 and summarized in Table 2. The data
lie between the PYTHIA and the MC@NLO predictions. The observed shapes of the kinematic
distributions are described reasonably well by both programs. The integral of the differential
cross section is consistent with the cross section determined from the full sample.
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in proton-proton collisions at

√
s = 7 TeV has been performed. The measurement is based

on a data sample corresponding to an integrated luminosity of 85 nb−1 recorded by the CMS
experiment during the first months of data taking in 2010 with a low-threshold single-muon
trigger.
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The results of the differential b-quark production cross section as a function of the muon trans-
verse momentum and pseudorapidity are shown in Fig. 2 and summarized in Table 2. The data
lie between the PYTHIA and the MC@NLO predictions. The observed shapes of the kinematic
distributions are described reasonably well by both programs. The integral of the differential
cross section is consistent with the cross section determined from the full sample.

7 Conclusions
A measurement of the inclusive b-hadron production cross section in the central rapidity region
in proton-proton collisions at

√
s = 7 TeV has been performed. The measurement is based

on a data sample corresponding to an integrated luminosity of 85 nb−1 recorded by the CMS
experiment during the first months of data taking in 2010 with a low-threshold single-muon
trigger.

PYTHIA 6.422: tune D6T, CTEQ6L1 PDF MC@NLO: CTEQ6M PDF

3

into track-jets [33] by the anti-kT jet algorithm [34] with R = 0.5. The tracks are selected with the
following requirements: 0.3 < pT < 500 GeV, |z0| < 2 cm, and hits in at least 2 (5) layers of the
pixel (pixel and strip) detector. Only jets containing a muon are accepted as b-jet candidates.

The jet direction and jet energy E are calculated by summing the four-momenta of all tracks
in the jet except the muon. The pion mass hypothesis is assumed for calculating the energy
associated with a track. The jet is required to contain at least one track and to have a transverse
energy ET = E sin θjet of at least 1 GeV, where θjet is the polar angle of the jet direction.

The efficiency for identifying b jets is determined in MC simulation for events in which the
muon from a b-hadron decay falls into the kinematic region of this measurement. The efficiency
for finding a jet containing the muon rises with the muon pT from 74% at 6 GeV to almost
100% for events containing a muon with pT > 20 GeV. The fraction of events in which the
reconstructed jet containing the muon is not matched to the b jet at the generator level is smaller
than 7% in the lowest muon transverse momentum bin and asymptotically reaches a value of
2% at large pT.

From the momenta of the selected muon (!pµ) and the associated track-jet (!pj), the relative
transverse momentum of the muon with respect to its track-jet is calculated as prel

⊥ = |!pµ ×
!pj|/|!pj|.
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Figure 1: Distribution of muon transverse momentum prel
⊥ with respect to the closest track-jet

in data and results of the maximum likelihood fit. The black full circles correspond to the data
distribution, while the black line is the result of the fitting procedure. The red dashed and the
blue dotted line are the simulated b and cudsg distributions, respectively.

A total of 157 783 data events pass the selection. If an event contains more than one muon of
either charge, only the muon with the largest transverse momentum pµ

T is kept. This affects
0.5% of all data events.

Relative transverse momentum of the muon with respect to an associated 
jet is used to determine the fraction of signal events in a ML fit

low-threshold 
single-muon trigger

arXiv:1101.3512v1 [hep-ex]

|ηµ| < 2.1
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Inclusive b-jet production (CMS)
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B+ → J/ψ(µ+µ−)K+B-meson Production (CMS)

Phys.Rev.Lett.106:112001,2011
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B0
d → J/ψ(µ+µ−)K0

S(π+π−)B-meson Production (CMS)
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Summary of B-meson Production Cross-sections (CMS)
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Observation of B-meson Decays (ATLAS)
L = 3.4 pb−1B± → J/ψK±
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ATLAS Preliminary

ATLAS-CONF-2010-098

Single and di-muon triggers

mJ/ψ(PDG) = 3096.916± 0.011 MeV mB±(PDG) = 5279.17± 0.29 MeV

Exclusive B cross-sections expected soon

Table 1: Summary of fit results to mass distributions of B±, B+, B− candidates. The number of background events
is given in the range mB ± 3σm. The same fit is applied to signal MC assuming Fbkg ≡ 0 in equation 1. Errors
indicated are statistical only.

mB, MeV σm, MeV Nsig Nbkg S

B± 5283.2 ± 2.5 39 ± 3 283 ± 22 131 ± 13 1.09 ± 0.07
B+ 5282.6 ± 3.6 40 ± 4 138 ± 15 70 ± 11 1.12 ± 0.11
B− 5283.7 ± 3.3 39 ± 4 146 ± 15 61 ± 8 1.06 ± 0.10
MC 5281.8 ± 0.2 39.8 ± 0.2 1.100 ± 0.003

8 Conclusion

The B± meson is clearly observed by ATLAS in the decay B± → J/ψ
(

µ+µ−
)

K±. Using 3.4 pb−1 of
pp collision data at 7 TeV, the fit to the peak yields a central value of 5283.2 ± 2.5(stat.) MeV, which
is compatible with the world average of 5279.17 ± 0.29 MeV [1]. After all cuts, the total number of
observed signal events is 283± 22(stat.) over a background of 131± 13(stat.) .
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Observation of B-meson Decays (ATLAS)
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d → J/ψ(µ+µ−)K0∗(K+π−) B0
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s
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L = 40.3 pb−1
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Figure 2: Invariant mass distributions of reconstructed B0s → J/ψ(µ+µ−)φ(K+K−) candidates. Left:

candidates passing all selections except for the proper decay time cut; right: candidates passing all

selections including the proper decay time cut. The points with error bars are data. The solid line is the

projection of the result of the unbinned maximum likelihood fit to all J/ψ(µ+µ−)φ(K+K−) candidates in

the mass range from 5150 MeV to 5600 MeV. The dashed line is the projection for the background

component of the same fit.

Table 1: Summary of fit results to mass distributions of B
0
d
and B0

s
candidates. The extracted number of back-

ground events is given in the rangemB ± 3σm. The errors indicated are due to data statistics only.

mB σm Nsig Nbkg

B
0
d

no τ cut 5278.6 ± 1.3 MeV 36.8 ± 2.0 MeV 2680 ± 150 10280 ± 110
with τ cut 5279.6 ± 0.9 MeV 38.8 ± 1.3 MeV 2340 ± 80 1330 ± 60

B
0
s no τ cut 5363.6 ± 1.6 MeV 21.9 ± 1.9 MeV 413 ± 36 764 ± 17

with τ cut 5364.0 ± 1.4 MeV 26.6 ± 1.5 MeV 358 ± 22 90 ± 7

6
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2 < η < 6bb̄ production cross-section in over full pT range

L = 2.9 nb−1 L = 12.2 nb−1

Minimum bias trigger: at least one track Single muon trigger:

2D unbinned log-likelihood fit to m(K−π+) & ln(IP )

pT > 1.3 GeV
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Separate fits for right-sign and wrong-sign combinations

Physics Letters B 694 (2010) 209-216

p(µ) > 3 GeV pT (µ) > 0.5 GeV

B-meson Production (LHCb)

b→ D0Xµ−ν̄ D0 → K−π+
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B-meson Production (LHCb)
Cross-sections and comparison with theory

σ(pp→ HbX) =
# of detected D0µ− and D

0
µ+ events

2L× efficiency × B(b→ D0Xµ−ν)B (D0 → K−π+)

σ(pp→ HbX) = (75.3± 5.4± 13.0) µb

MCFM: MSTW8NL PDF

FONLL: CTEQ6.5 PDF

89.0 µb

70.2+39
−44 µb

(89.6± 6.4± 15.5) µb

LEP fragmentation functions

2 < η < 6

MCFM: MSTW8NL PDF

FONLL: CTEQ6.5 PDF

ηFull range

253+114
−96 µb

σ(pp→ bbX) = (284± 20± 49) µb

Tevatron frag. functions

Tevatron numbers raise cross-section by 19%

Min bias trigger

Muon triggered
Average

332 µb
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Fragmentation Fraction Ratios (LHCb)
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"34567389:;<=<>?9@3(

&84&9

7+:)/0-2;

non-factorizable corrections form factors
contribution from 

W-exchange 
diagrams

B0 → D−π+, B0 → D−K+, B0
s → D−s π+

LHCb-CONF-2011-013

Multivariate selection
Likelihood fit to m(KKππ)

from Niels Tuning’s talk at Beauty 2011

L = 35 pb−1
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Production (LHCb)B±c

L = 32.5 pb−1pB
T > 4 GeV 2.5 < ηB < 4.5

Extraction of N(B±
c ) and N(B±

u )

Lifetime unbiased event selection (& trigger), as identical as
possible between B±

c → J/ψπ± and B± → J/ψK±

Cabibbo suppressed background B± → J/ψπ± considered for
B± → J/ψK±

43±13 B±
c → J/ψ(µ+µ−)π± signal, significance ∼ 4σ

B±
c → J/ψπ±

Nsig = 43±13
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R =
σ(B±c )×BR(B±c → J/ψπ±)
σ(B±)×BR(B± → J/ψK±)

= 2.2± 0.8 (stat)± 0.2 (syst) %

from Jibo HE’s talk at Beauty 2011
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B Fraction from Inclusive ProductionJ/ψ
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For analyses details see next talk
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Some Results from ALICE

D meson production in pp
Preliminary cross sections (with 108 m.b. events): D0, D+, D*

pQCD predictions (FONLL and VFNS) describe the data
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Electrons from HF decay in pp

• 1.6x108 m.b. events
• Subtract background 

cocktail from data
• Cross section of 

electrons from charm 
and beauty decays in 
|η|<0.8

• pQCD FONLL 
prediction describes 
well

• Outlook: extend to 
higher pt (beyond 10 
GeV/c) using electron 
ID in TRD and EMCAL 

Thursday, 14 April 2011



34

Good agreement at low pt (charm dominant) between electrons from HF and 
electrons obtained by “decaying” the D meson cross sections  

ALICE’s charm and beauty, pp

Thursday, 14 April 2011



35

ALICE heavy flavours in the muon 
channel at forward y

• High quality 
track in the 
muon tracking 
system;

• Matching with 
muon trigger 
system remove 
most of 
secondaries 
about pT=2 GeV;

Muons from heavy flavour also agree 
with pQCD FONLL predictions.
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