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Heavy flavor production 

!  Many heavy flavor production 
results from CMS 
!  J/! and " production 
!  Inclusive b production, including 

bb angular correlations 
!  Exclusive B+, B0, BS production 

3/26/11 Keith Ulmer -- University of Colorado 2/15 

Flavor Creation 

Flavor Excitation 

Gluon Splitting 
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!  Provides a testing ground for QCD 
calculations in a new energy regime 
! NLO contributions dominate at LHC 
!  Large uncertainties remain due to 

factorization and renormalization scales 
!  b-jet tagging is crucial in many new 

physics studies, and we must 
understand these SM backgrounds 

- 

New! 

Heavy flavor production

‣ heavy flavor production at LHC provides testing ground of QCD 
(calculations) at the energy frontier

- NLO contributions are large

- large theoretical uncertainties due to factorization
scale and renormalization scale

‣ heavy flavor tagging is a crucial ingredient
in many new physics searches

- needed to understand the QCD background

- requires a deep understanding of the detector
performance

‣ several heavy flavor results from ATLAS

- inclusive b-jet and bb dijet production cross section

- J/ψ and ϒ production

- exclusive B production 

2

A. Cerri (353)

Phys Lett. B697 (2011) 294-312,
arXiv:1106.5325 [hep-ex]

http://dx.doi.org/10.1016/j.physletb.2011.02.006
http://dx.doi.org/10.1016/j.physletb.2011.02.006


N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

A. Salzburger - EPS-HEP 2011 - Heavy flavor production in ATLAS

The ATLAS detector
‣ precise innermost tracking detector

pixels, strip and transition radiation straws

‣ hermetic calorimeter with excellent
energy and rapidity resolution

liquid argon EM calorimeter, iron tile HCAL

‣ stand-alone muon trigger 
& tracking system 

3
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energy and rapidity resolution
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‣ stand-alone muon trigger 
& tracking system 
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Secondary vertex reconstruction:
- pixel module as described in simulation

- tomography made with data using
  vertices from hadronic interactions
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ATLAS-CONF-2011-067

Jet energy scale:

- well described response by simulation

- 2010 (w/o significant pileup): 
  uncertainty 2-3 % 

rtrk ≡
|
∑
!p track
T |

p
jet
T

Rrtrk ≡
〈rtrkdata〉
〈rtrkMC〉

.
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The ATLAS detector
‣ precise innermost tracking detector

pixels, strip and transition radiation straws

‣ hermetic calorimeter with excellent
energy and rapidity resolution

liquid argon EM calorimeter, iron tile HCAL

‣ stand-alone muon trigger 
& tracking system 
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ATLAS-CONF-2011-021
ATLAS-CONF-2011-063

Muon reconstruction setup:

- high efficient stand-alone and combined
  muon reconstruction efficiency

- very well modeled by simulation

combined reconstruction efficiency
(Inner Detector and Muon System)
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2

Inclusive b-jet cross sections: dataset and strategy (1)

‣ data taken between March and August 2010

- p-p collisions at √s = 7 TeV

- integrated luminosity:      = 3.0 pb-1

- trigger: level 1 jet trigger, MBTS trigger (extend to low jet pT)

trigger efficiency: εtrig ~ 98 % 

4

‣ measurements

- inclusive cross section: 20 GeV < pTjet  < 260 GeV, 0 < | yjet | < 2.1
 

- dijet cross section:  mjj  < 670 GeV for pTjet > 40 GeV, 0 < | yjet | < 2.1

ATLAS-CONF-2011-056
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2

Inclusive b-jet cross sections: dataset and strategy (1)

‣ data taken between March and August 2010

- p-p collisions at √s = 7 TeV

- integrated luminosity:      = 3.0 pb-1

- trigger: level 1 jet trigger, MBTS trigger (extend to low jet pT)

trigger efficiency: εtrig ~ 98 % 

4

‣ measurements

- inclusive cross section: 20 GeV < pTjet  < 260 GeV, 0 < | yjet | < 2.1
 

- dijet cross section:  mjj  < 670 GeV for pTjet > 40 GeV, 0 < | yjet | < 2.1

ATLAS-CONF-2011-056

systematic uncertainty: ± 0.1 pb-1

unfolding corrections
(resolution effects)selection and reconstruction efficiency

ATLAS-CONF-2011-011

systematic uncertainty negligible
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2

Inclusive b-jet cross sections: dataset and strategy (1)

‣ data taken between March and August 2010

- p-p collisions at √s = 7 TeV

- integrated luminosity:      = 3.0 pb-1

- trigger: level 1 jet trigger, MBTS trigger (extend to low jet pT)

trigger efficiency: εtrig ~ 98 % 

4

‣ measurements

- inclusive cross section: 20 GeV < pTjet  < 260 GeV, 0 < | yjet | < 2.1
 

- dijet cross section:  mjj  < 670 GeV for pTjet > 40 GeV, 0 < | yjet | < 2.1

ATLAS-CONF-2011-056

systematic uncertainty: ± 0.1 pb-1

unfolding corrections
(resolution effects)selection and reconstruction efficiency

ATLAS-CONF-2011-011

systematic uncertainty negligible

will be covered in detail in the following
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b-jet topology

5

‣ exploit long lifetime of the B-
hadrons

- displaced decay vertex
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b-tagging with secondary vertexing (SV0)

‣ iterative secondary vertexing seeding from track pairs

 vertex mass < 6 GeV, largest χ²/n.d.o.f. per track < 7
 exclusion of vertices on pixel layers (material)

‣ separation power: decay length significance
      b-tag if L/σL > 5.72 (≈50 % efficiency on MC tt)

‣ calibration ( εbtag, mistag rate ) using pTrel method & secondary vertex mass

- data: µ-enriched sample, MC: µ-filtered sample for templates to pTrel

6

1 Introduction

The identification of jets originating from b-quarks is an important part of the LHC physics program.
In precision measurements in the top quark sector as well as in the search for the Higgs boson and new
phenomena, the suppression of background processes containing predominantly light-flavour jets using
b-tagging is of great use. It is also critical to eventually understand the flavour structure of any new
physics (e.g. Supersymmetry) that may be revealed at the LHC.

In order for b-tagging to be used in physics analyses the efficiency with which a jet originating
from a b-quark is tagged by a b-tagging algorithm needs to be measured. A second important piece
of information is the probability to tag a jet originating from a light-flavour (u-, d-, s-quark or gluon)
jet, referred to as the mistag rate. In this note measurements of the b-tag efficiency and mistag rate
of the SV0 algorithm are presented. The SV0 algorithm is a lifetime-based tagging algorithm which
relies on the explicit reconstruction of secondary vertices within jets [1]. The algorithm attempts to
reconstruct a single inclusive vertex from all tracks associated to the jet which are displaced from the
primary vertex. A jet is considered as tagged if the signed decay length significance, L/!(L), of the
reconstructed secondary vertex, computed with respect to the primary vertex, is above a certain value.

The b-tag efficiency measurement presented in this note is based on a sample of jets containing
muons. The momentum of a muon transverse to the jet axis (prelT ) is used to obtain the fraction of b-jets
before and after b-tagging.

The measurement of the mistag rate is performed on an inclusive jet sample and is based on two
methods. The first method uses the mass distribution of reconstructed secondary vertices, together with
knowledge about the b- and c-tag efficiencies, to determine the fraction of light-flavour jets before and
after tagging and hence the mistag rate. The second method counts the rate at which secondary vertices
with negative decay length significance are present in the data and then applies corrections, based on
simulation, to translate this negative tag rate into a measurement of the mistag rate.

The calibration results are presented as scale factors defined as the ratio of the b-tag efficiency or
mistag rate in data and simulation:

"data/sim#b =
#datab
# simb

, "data/sim#l =
#datal
# siml

(1)

The b-tag efficiency and mistag rate depend not only on the kinematic variables studied in these analyses
(jet transverse momentum pT and pseudorapidity $) but also on other quantities such as the fraction of
jets in the sample originating from gluons. An advantage of providing the calibration results in the form
of scale factors is that even though samples with different event topologies can have slightly different
b-tag efficiencies or mistag rates, the data-to-simulation scale factors are likely to be valid.

Currently, there is no explicit measurement of the c-tag efficiency available in ATLAS. As both the
b- and c-tag efficiencies are dominated by decays of long-lived heavy flavour hadrons, they are expected
to show a similar behaviour. In the following it is thus assumed that the scale factor defined in Eq. 1 is
the same for b- and c-jets. However, to take into account any possible deviations from this assumption
the systematic uncertainty for the c-tag efficiency scale factor is inflated by a factor of two which is
considered to be a conservative choice based on simulation studies. In the future, the c-tag efficiency
will be measured by using dedicated analyses.

This note is organized as follows: Section 2 contains the data sample and object selection used for
the measurements, while Section 3 details the samples of simulated events. Section 4 briefly describes
the SV0 b-tagging algorithm used for the analyses in this note. In Section 5, the measurement of the
b-tag efficiency is presented, followed by the description of the mistag rate measurement in Section 6.
Section 7 summarises the results.
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This note is organized as follows: Section 2 contains the data sample and object selection used for
the measurements, while Section 3 details the samples of simulated events. Section 4 briefly describes
the SV0 b-tagging algorithm used for the analyses in this note. In Section 5, the measurement of the
b-tag efficiency is presented, followed by the description of the mistag rate measurement in Section 6.
Section 7 summarises the results.
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relative transverse
µ momentum 

template fits to secondary vertex invariant mass
(combined with negative tags)

ATLAS-CONF-2010-099, ATLAS-CONF-2011-089
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(combined with negative tags)

ATLAS-CONF-2010-099, ATLAS-CONF-2011-089
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b-tagging efficiency & data/MC scale factor

7

‣ scale factors for b-tag efficiency and mistag rate

- pTrel method is used up to pT > 80 GeV, then collimation becomes dominant

- above pT > 80 GeV: value of highest pT bin taken with double syst. uncertainty 
for jet

- obtained as εb-tag(pT,y), εbb-tag(M,y)

- mistag rate between 0.2 and 1%

 



N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

A. Salzburger - EPS-HEP 2011 - Heavy flavor production in ATLAS

Extraction of Nb and Nbb
‣ light, charm and b-quark templates for SV0 mass/sum vertex mass

obtained from MC QCD samples

8

‣ main sources of syst. uncertainties

- b-tagging efficiencies, mistag rate

- jet energy scale,
b-jet energy correction

‣ unfolding to compare to “truth b-jets”

- a jet is labelled as a b-jet if a b-quark 
is found within an η-φ cone
of R = 0.3 of the truth jet direction

- bin-by-bin unfolding correction applied
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Inclusive b-jet cross sections: dataset and strategy (2)

9

ATLAS-CONF-2011-057

‣ 2010 data set & reconstruction setup

- trigger: µ trigger with pT > 5 GeV (matched to an offline µ with pT > 4 GeV )

- integrated luminosity (for prescaled trigger):      = 4.8 pb-1

- jet reconstruction : anti-kt with R = 0.4,
jet pT corrected for ν and μ using a MC correction function

- µ-jet association if µ and jet are within a η-φ cone of R = 0.4 

‣ measurement

- inclusive cross section: 25 GeV < pTb-jet  < 180 GeV, 0 < | yjet | < 2.1
 

where pµ is the muon momentum and θrel is the angle between the muon momentum and the direction of
the associated jet. The distribution of prel

T has different shapes for c-jets, b-jets, and light-quark or gluon
jets (hereafter referred to as light jets), as can be seen in Figure 1. The sample composition of jets with
associated muons governs the shape of the prel

T distribution. Fitting the different prel
T templates for b-, c-

and light jets to the prel
T distribution of jets with associated muons from data provide an estimate of the

sample composition, in particular the fraction of b-jets.
The differential b-jet cross section can be calculated within bins of pb− jet

T as follows:

dσ

dpb− jet
T

=
FbNJets

BLint�µJ
1

∆pb− jet
T

(2)

where NJets is the number of selected jets with associated muons in the bin, Fb is the measured fraction
these jets originating from b-quark decays, ∆pb− jet

T is the width of the bin and �µJ is the efficiency
for detecting and selecting a jet with an associated muon; this varies with pb− jet

T and is a product of
efficiencies for trigger, jet and muon reconstruction and selection cuts. B is the branching fraction to
inclusive decays b→ µX and Lint the integrated luminosity.

The data and Monte Carlo samples used in this analysis are presented in section 3. The event selection
and object reconstruction for jets and associated muons are described in section 4. The measurement of
the b-jet fractions and of the b-jet differential cross section are outlined in sections 5 and 6 respectively.

3 Data and Monte Carlo samples

This analysis is based on a data sample of proton-proton collisions at
√

s = 7 TeV collected in 2010
by the ATLAS detector. It requires stable beam conditions and fully operational inner detector, muon
and calorimeter systems. For the prescaled trigger used in this analysis the integrated luminosity is
L = 4.8 pb−1. This luminosity estimate has an uncertainty of 3.4 % [13].

The simulated samples used in this analysis are dijet samples generated with pythia 6.4.21 [14]
using the mrst lo∗ parton distribution functions [15]. Separate dijet samples are generated for slices of
transverse momentum as measured in the incoming partons rest frame, p̂T . These samples are referred
to as the JX dijet samples. In addition, a second set of samples are generated, where the events are
required to contain a muon with pT > 3 GeV associated to a truth jet at the generator level. These
muon-filtered dijet samples are referred to as the JXµ samples. To simulate the detector response, the
generated events are processed, using Geant4 [16], through the simulation of the ATLAS detector [17],
and then reconstructed and analysed in the same way as the data. For both the JX and JXµ samples, the
individual slices in p̂T are added subsequently according to their cross-sections to form inclusive sets.

4 Event selection and Object reconstruction

4.1 Event selection

Events are selected using a trigger requiring a reconstructed jet with pT > 5 GeV matched to a re-
constructed muon with pT > 4 GeV. At the trigger level, jets are reconstructed at the electromagnetic
scale, where no hadronic jet energy correction has been applied. This is done at a later stage of the
reconstruction. In addition to the trigger, a well reconstructed primary vertex with at least 10 tracks is
required.
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Figure 2: prel
T fit to data in the considered pb− jet

T -bins using the track-based templates. The lower plot
shows the fraction of b-jets in the selected sample. The yellow band in the bottom plot corresponds to the
statistical and systematic uncertainties added in quadrature. The fractions of b-jets have been corrected
as described in the text.
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Inclusive b-jet cross section

10

‣ POWHEG (NLO):

- broad agreement,
steeper drop

‣ PYTHIA (LO):

- not expected to get 
normalization correct,
scaled by 0.52*, but shape 
well described

pTrel and SV0 method agree well !

*0.52 is calculated by normalizing the PYTHIA prediction
to the measured integrated cross section
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b-jet to inclusive jet production: ratio measurement

11

‣ many systematic uncertainties cancel in the ratio 

- luminosity uncertainty
cancels

- largely independent of
 jet energy scale

- dominated by uncertainty
on b-tagging efficiency

‣ Inclusive jet cross section
measurement from ATLAS
Eur. Phys. J. C 71 (2011) 1512

‣ POWHEG underestimates
the b-jet fraction by 30 %
( ≈1σ effect)

http://dx.doi.org/10.1140/epjc/s10052-010-1512-2
http://dx.doi.org/10.1140/epjc/s10052-010-1512-2
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Inclusive bb dijet cross section

‣ POWHEG (NLO):

- predicts 
systematically higher 
cross-section

‣ PYTHIA (LO):

- renormalized by 0.52

- shape reasonably 
well described



N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

A. Salzburger - EPS-HEP 2011 - Heavy flavor production in ATLAS

Conclusions

‣ presented inclusive b-jet cross section as a function of transverse 
momentum and rapidity (with two methods that yield consistent results)

- secondary vertex based, semi-leptonic b-decays via µ associated to jet

‣ inclusive bb dijet cross section measurement as a function of the dijet
mass

‣ measurements are dominated by systematic uncertainties 

- jet energy scale and b-tagging efficiency

‣ measurement compared with POWHEG (NLO) and PYTHIA (LO) predictions

- POWHEG, PYTHIA describe shape dependence on y, pT rather well

- POWHEG shows an underestimation of the b-jet to inclusive jet fraction
by about 30% ( ≈1σ effect)

13
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Backup Section
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Simulation & Reconstruction setup

‣ Track and vertex reconstruction in Inner Detector (ID)
  - track reconstruction with pT > 400 MeV and 6 silicon cluster requirements
  - multi-adaptive primary vertex finding ( requiring at least 10 tracks in the PV )
  - iterative secondary vertex reconstruction 

‣ Jet reconstruction
   - jets reconstructed from topological clusters on EM scale
   - anti-kt algorithm, with R = 0.4

‣ Muon reconstruction (for b-tagging calibration)
   - combined muon reconstruction starting from stand-alone muon tracks
    - combination of muon track and ID track parameters

16

‣ Simulation
   - simulated data from event generator output processed by Geant4 detector simulation
   - reconstructed with identical setup as data (applying detector condition calibration)
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SV0 mass templates

17
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b-tagging calibration: summary of systematics
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sample.
The systematic uncertainties which change the prelT templates are estimated by repeating the prelT

fits on data with the modified templates. The exception is the systematic uncertainty originating from
limited statistics when building the prelT templates, which is estimated using pseudo-experiments. When
estimating systematic uncertainties, the prelT fits performed with the light-flavour template derived from
tracks in jets in data are used as the baseline.

The systematic uncertainties are summarized in Table 1. The largest ones arise from the modelling of
the b-hadron direction, the non-b-jet templates and the jet pT spectrum in simulation. The total relative
systematic uncertainty is approximately 10%.

Source Relative Uncertainty
25< pjetT < 40 GeV 40< pjetT < 60 GeV 60< pjetT < 85 GeV

Modelling of the b-hadron direction 6% 6% 6%
Non-b-jet templates 6% 6% 6%
Jet pT spectrum 6% 3% 3%

Scale factor for inclusive b-jets 5% 4% 0.7%
prelT template statistics 2% 2% 2%
Modelling of b-decays 1.3% 0.2% 0.5%
Fake muons in b-jets 0.7% 0.7% 0.7%
Jet energy scale 0.2% 0.2% 0.2%

Modelling of b-production 0.2% 0.2% 0.2%
Fragmentation 0.1% 0.1% 0.1%

Total 12% 10% 10%

Table 1: The systematic uncertainties on the efficiency scale factor !data/sim"b . The largest ones arise from
the modelling of the b-hadron direction, the non-b-jet templates and the jet pT spectrum in simulation.

5.2.1 Modelling of the b-Hadron Direction

As discussed in Section 5.1, a 100% relative systematic uncertainty is assigned to the correction of the
efficiency scale factor due to the difference in the #R(calo,vtx) and #R(calo, track) distributions between
data and simulation. This results in a 6% relative systematic uncertainty on the final result.

In principle also the muon direction resolution affects prelT , but as the muon angular resolution is very
good compared to that of the jet, the uncertainty associated with this is negligible.

5.2.2 Non-b-Jet Templates

As discussed in Section 5.1, a systematic uncertainty is assigned to cover the change in the measured
b-tag efficiency when varying the light-flavour and c-templates. This results in a 6% relative systematic
uncertainty on the final result.

5.2.3 Jet pT Spectrum

As discussed in Section 5.1, the efficiency measured in data is corrected for the bias introduced by the
incorrect pT spectrum of the partons emerging from the hard-scatter process in simulation. The 100%
relative uncertainty assigned to this correction results in a 6% relative systematic uncertainty on the

8

Source Relative Uncertainty
20< pT < 40 GeV pT > 40 GeV

Track Impact Parameter Resolutions 12% 14%
Run Dependence, Trigger 16% 19%

Other 7% 4%
Total 21% 24%

Table 2: The systematic uncertainties on the mistag rate scale factor !data/sim"l .
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Figure 11: The final scale factors, !data/sim"b and !data/sim"l , as a function of jet pT. The error bars show the
total uncertainty (statistical and systematic uncertainties added in quadrature).
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Summary of (fractional) systematic errors: SV0 method
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