
Heavy Flavor Measurements 
with ATLAS and CMS

A. Salzburger, CERN
on behalf of the ATLAS and CMS Collaborations
QCD@LHC 2012, Michigan State University, 20-25th August 2012



E

A. Salzburger - QCD@LHC 2012 - Heavy flavor measurements in ATLAS and CMS

Introduction
‣ Heavy flavor measurements at LHC provide a stringent test of QCD 

- NLO contributions are large and can be checked
- large theoretical uncertainties due 

to factorization and renormalization scale
- test of extrapolations from previous

measurements (SppS, Tevatron)
- explore regimes unaccessible with

B factories

‣ Rare decays accessible through high
luminosity can open a door to 
physics beyond the SM

‣ importance for understanding of
heavy flavor background to searches
such as H0 → bb
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Overview
‣ Inclusive heavy flavor production

‣ Exclusive B-hadron production

‣ Mass and lifetime measurements

‣ Observations of new particle states
- in both the quarkonium (ATLAS) 

and baryon (CMS) sector

‣ Rare decays & CP violation

2010

used data

2011

negligible 
pile-up <µ>

<µ> ~8-10

3
Z →µµ in high pile-up

√s = 7 Tev

√s = 7 Tev
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ATLAS and CMS
‣ general purpose detectors

designed for high pT studies
‣ rich heavy flavor physics 

programs
- access complementary phase

space compared to LHCb
( |η| < 2.5 )

- excellent track & vertex 
reconstruction, mass resolution

- powerful b-tagging capabilities
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Inner Detector:
ATLAS:
  Silicon + straw  
  detector in 2T 
  solenoid 
CMS :
  pure Silicon
  detector
   in 3.8 T solenoid

Muon System:
ATLAS:
  stand-alone
  tracker in 
  toroidal magn.
  system 
  (peak 5 T)
CMS :
  muon chamber
  embedded in
  return choke
  of solenoid 

Calorimeter:
ATLAS:
  liquid argon EM/FC 
  iron tile HCAL
CMS :
  lead-tungstate 
  crystals EM, 
  steel-scintillator 
  HCAL
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Production cross sections, 
lifetime and mass measurements
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Inclusive production
‣ 2010 data sample gave enough 

statistics to measure the inclusive and 
di-jet cross section of b-jets

‣ measured via semi-leptonic decay (µ)
and b-tagged jets using secondary 
vertexing

‣ bb di-jet cross section via template fits 
to the di-jet vertex mass

‣ already dominated by systematic error
- jet energy scale, b-tagging efficiency

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

T has di⇥erent 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 di⇥erent 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 di⇥erential b-jet cross section can be calculated within bins of pb� jet

T as follows:

d⌅

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 e⇤ciency
for detecting and selecting a jet with an associated muon; this varies with pb� jet

T and is a product of
e⇤ciencies 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 di⇥erential 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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slight underestimation with MC@NLO+Herwig
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Figure 5. Measured b-jet cross sections in the jet and muon analyses as a function of the b-jet pT,
compared to the mc@nlo calculation and to measurements from ATLAS [21].
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Inclusive production
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The ATLAS Collaboration: Inclusive and dijet cross-sections of b-jets 7
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Fig. 5. Ratio of the measured cross-sections to the theory predictions of POWHEG and MC@NLO. In the region where the lifetime-based
measurement overlaps with the muon prel

T

measurement both results are shown. The top plot shows the full rapidity acceptance, while the four
smaller plots show the comparison for each of the rapidity ranges separately. The data points show both the statistical uncertainty (dark colour)
and the combination of the statistical and systematic uncertainty (light colour). The shaded regions around the theoretical predictions reflect
the statistical uncertainty only. Systematic uncertainties in the NLO predictions are discussed in the text.

dijets selected in this measurement show a pronounced back-
to-back configuration in the transverse plane that is generally
well reproduced by QCD generators.

The bb-dijet cross-section as a function of the angular vari-
able � is shown in Fig. 8 for dijets with |y

boost

| < 1.1. The �

distribution is well reproduced by the theoretical calculations.
The distribution flattens for large invariant mass values.

In the NLO calculations, the renormalization and factoriza-
tion scales are set equal to the transverse energy of the hard-
est parton: Q2

= E

2

T

= m

2

b

+ p

2

T

. To estimate the potential
impact of higher order terms not included in the NLO calcu-
lation on the theory predictions, the renormalization scale is
varied from half to twice its default value. Similarly, to esti-
mate the impact of the choice of the scale where the PDF evo-
lution is separated from the matrix element, the factorization
scale is varied up and down by a factor of two. The effect of
each of these variations on the NLO cross-section prediction
is estimated using POWHEG and found to be approximately
20% for all kinematic regions. Finally, the uncertainty on the
PDFs is estimated by deriving the NLO predictions using the
NNPDF [40] and CTEQ 6.6 [41] PDFs, resulting in a differ-
ence of approximately 10% for all kinematic regions.

6 Conclusions

The inclusive b-jet and bb-dijet production cross-sections have
been measured in proton–proton collisions at a centre-of-mass
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Fig. 6. The bb-dijet cross-section as a function of dijet invariant mass
for b-jets with p

T

> 40GeV and |y| < 2.1. The data are com-
pared to the MC predictions of Pythia, POWHEG and MC@NLO.
The leading-order Pythia prediction is scaled to the measured inte-
grated cross-section. The shaded regions around the MC predictions
reflect the statistical uncertainty only.

‣ POWHEG+Pythia shows good agreement in all rapidity regions
‣ MC@NLO predicts different behavior in double-differential cross section
‣ qualitative behavior remains the same when POWHEG is interfaced with 

Herwig instead of Pythia, rapidity dependence not from PS ?

http://dx.doi.org/10.1007/JHEP04%282012%29084
http://dx.doi.org/10.1007/JHEP04%282012%29084
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Inclusive production

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-EP/2012-057
2012/07/18

CMS-BPH-10-015

Measurement of the inclusive cross section
s(pp ! bbX ! µµX0) at

p
s = 7 TeV

The CMS Collaboration⇤

Abstract

A measurement of the inclusive cross section for the process pp ! bbX ! µµX0 atp
s = 7 TeV is presented, based on a data sample corresponding to an integrated lu-

minosity of 27.9 pb�1 collected by the CMS experiment at the LHC. By selecting pairs
of muons each with pseudorapidity |h| < 2.1, the value s(pp ! bbX ! µµX0) =
26.4 ± 0.1 (stat.) ± 2.4 (syst.) ± 1.1 (lumi.) nb is obtained for muons with transverse
momentum pT > 4 GeV, and 5.12 ± 0.03 (stat.) ± 0.48 (syst.) ± 0.20 (lumi.) nb for
pT > 6 GeV. These results are compared to QCD predictions at leading and next-
to-leading orders.

Submitted to the Journal of High Energy Physics

⇤See Appendix A for the list of collaboration members
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‣ suppressed gluon-splitting production
- good for QCD comparison
‣ analysis strategy:
- di-muon final state
- rejection of Drell-Yan (DY) & decays of 

charmonium resonances through Mµµ

- classification into categories 
- B: B-hadron decays
- C: charmed hadron decays
- P: prompt tracks (DY, quarkonia, 

hadronic leakage)
- D: in-flight decays

- 2D templates to impact parameter dxy 
distributions for yield extraction

7

Table 3: Results of the likelihood fit to data for the percentage of each dimuon source with two
different muon pT requirements. The BC, BD, and CD fractions are constrained to their ratios
to BB and CC fractions as expected from the simulation.

Source pT > 4 GeV pT > 6 GeV
BB 66.8 ± 0.3 70.2 ± 0.3
CC 9.2 ± 0.6 5.5 ± 1.2
BC 5.2 ± 0.1 4.9 ± 0.1
PP 1.7 ± 0.3 4.0 ± 0.4
DD 7.8 ± 1.1 9.5 ± 2.1
BD 5.6 ± 0.1 4.2 ± 0.1
CD 3.7 ± 0.9 1.6 ± 0.5
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Figure 3: Top: The projected dxy distributions from data with the results of the fit for muons
with pT > 4 GeV (left) and pT > 6 GeV (right). The distribution from each dimuon source is
shown by the histograms. Bottom: The pull distribution from the fit.

To compare these values to efficiencies measured in data, the selection procedure is divided
into three steps, each defined relative to events passing the previous one:

1. muon selection (“MuSel”): events having at least two selected muons, each associated
with a reconstructed vertex;

2. event selection (“EvSel”): events passing the dimuon invariant mass requirements, with
both muons belonging to the same vertex;

3. trigger selection (“Trg”): events passing the trigger requirements.

The efficiencies obtained by counting the signal events passing each step in the simulation are
given in Table 4.

The total efficiency can alternatively be expressed on an event-by-event basis by defining the
efficiency ei to select the ith signal event as ei = ei,MuSel · ei,EvSel · ei,Trg. The (pT, h) distri-
bution of the signal events and the efficiency ei,EvSel can only be extracted from simulation.
The efficiencies ei,MuSel and ei,Trg can be found as the products of the single-muon efficiencies,

7.4 Efficiencies from data and the dimuon invariant mass extrapolation 11

As a consistency check, an unconstrained 1D fit is performed on the dxy distribution of the
muons selected for the analysis, using the templates derived in Section 4.1. The results are in
agreement within the quoted systematic uncertainty with those from the 2D fit.

7.4 Efficiencies from data and the dimuon invariant mass extrapolation

The statistical uncertainties of the efficiencies found from the T&P method of 6.0% (5.2%) for
pT > 4 (6)GeV are taken as the systematic uncertainty on this procedure.

The dimuon invariant mass distribution predicted from the MC simulation, scaled to the fitted
fractions in the data, does not agree with the observed distribution within the uncertainties.
Attributing the entire difference as being due to extra bb signal events, gives us the largest
systematic uncertainty from this source of 1.1% (3.3%) for pT > 4 (6)GeV.

7.5 Overall systematic uncertainty

All the systematic uncertainties described so far are summarized in Table 5 and sum in quadra-
ture to 8.9% (9.4%) for pT > 4 (6)GeV, with the larger contribution coming from the data-driven
efficiency determination with the T&P method. The last source of systematic uncertainty to be
considered is related to the integrated luminosity of the dimuon data sample, which is de-
termined with a 4% uncertainty [16]. The total systematic uncertainty is therefore 9.8% for
pT > 4 GeV and 10.2% for pT > 6 GeV.

Table 5: Systematic uncertainties on the cross-section measurements in percent for the two pT
limits.

Source Uncertainty
pT > 4 GeV pT > 6 GeV

Model dependency 5.5 5.1
Impact parameter resolution 2.7 4.0

Monte Carlo precision and fit method 2.2 2.7
Efficiencies and acceptance 6.1 6.2

Total 8.9 9.4

8 Results and comparison with QCD predictions
The pp ! bbX ! µµX0 cross section within the accepted kinematic range is determined from
the observed number of dimuon events passing the event selection Nµµ, the fraction of signal
events in the dimuon sample fBB, the average efficiency for the trigger, muon identification,
and event selection e, weighted by the pT and h distributions, and the integrated luminosity L
according to the relation:

s(pp ! bbX ! µµX0, pT > 4 or 6 GeV, |h| < 2.1) =
Nµµ · fBB

e · L . (4)

By applying Eq. (4) we measure:

s(pp ! bbX ! µµX0, pT > 4 GeV, |h| < 2.1) = (5)
26.4 ± 0.1 (stat.) ± 2.4 (syst.) ± 1.1 (lumi.) nb

and

s(pp ! bbX ! µµX0, pT > 6 GeV, |h| < 2.1) = (6)
5.12 ± 0.03 (stat.) ± 0.48 (syst.) ± 0.20 (lumi.) nb.
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7.4 Efficiencies from data and the dimuon invariant mass extrapolation 11

As a consistency check, an unconstrained 1D fit is performed on the dxy distribution of the
muons selected for the analysis, using the templates derived in Section 4.1. The results are in
agreement within the quoted systematic uncertainty with those from the 2D fit.

7.4 Efficiencies from data and the dimuon invariant mass extrapolation

The statistical uncertainties of the efficiencies found from the T&P method of 6.0% (5.2%) for
pT > 4 (6)GeV are taken as the systematic uncertainty on this procedure.

The dimuon invariant mass distribution predicted from the MC simulation, scaled to the fitted
fractions in the data, does not agree with the observed distribution within the uncertainties.
Attributing the entire difference as being due to extra bb signal events, gives us the largest
systematic uncertainty from this source of 1.1% (3.3%) for pT > 4 (6)GeV.

7.5 Overall systematic uncertainty

All the systematic uncertainties described so far are summarized in Table 5 and sum in quadra-
ture to 8.9% (9.4%) for pT > 4 (6)GeV, with the larger contribution coming from the data-driven
efficiency determination with the T&P method. The last source of systematic uncertainty to be
considered is related to the integrated luminosity of the dimuon data sample, which is de-
termined with a 4% uncertainty [16]. The total systematic uncertainty is therefore 9.8% for
pT > 4 GeV and 10.2% for pT > 6 GeV.

Table 5: Systematic uncertainties on the cross-section measurements in percent for the two pT
limits.

Source Uncertainty
pT > 4 GeV pT > 6 GeV

Model dependency 5.5 5.1
Impact parameter resolution 2.7 4.0

Monte Carlo precision and fit method 2.2 2.7
Efficiencies and acceptance 6.1 6.2

Total 8.9 9.4

8 Results and comparison with QCD predictions
The pp ! bbX ! µµX0 cross section within the accepted kinematic range is determined from
the observed number of dimuon events passing the event selection Nµµ, the fraction of signal
events in the dimuon sample fBB, the average efficiency for the trigger, muon identification,
and event selection e, weighted by the pT and h distributions, and the integrated luminosity L
according to the relation:

s(pp ! bbX ! µµX0, pT > 4 or 6 GeV, |h| < 2.1) =
Nµµ · fBB

e · L . (4)

By applying Eq. (4) we measure:

s(pp ! bbX ! µµX0, pT > 4 GeV, |h| < 2.1) = (5)
26.4 ± 0.1 (stat.) ± 2.4 (syst.) ± 1.1 (lumi.) nb

and

s(pp ! bbX ! µµX0, pT > 6 GeV, |h| < 2.1) = (6)
5.12 ± 0.03 (stat.) ± 0.48 (syst.) ± 0.20 (lumi.) nb.

paper also includes pT > 6 GeV 

12 9 Summary

The cross sections predicted by the leading-order PYTHIA simulation are 48.2 nb for pT > 4 GeV
and 9.2 nb for pT > 6 GeV, where the statistical uncertainties are negligible. That PYTHIA pre-
dicts a cross section value higher than the one measured in data has been seen in previous
analyses [11], and is confirmed by our present findings.

The next-to-leading-order event generator MC@NLO [34] is used to estimate the NLO QCD
prediction for this measurement, with the CTEQ6.6 PDF and a b-quark mass of 4.75 GeV. The
generator is interfaced with HERWIG [35] for parton showering, hadronization, and decays. The
systematic uncertainty for this prediction is obtained by varying the b-quark mass between
4.5 GeV and 5 GeV, and by changing the PDF to the MSTW2008 [36] set. The scale uncertainty
is estimated by varying the QCD renormalization and factorization scales independently from
half to twice their default values, as in Ref. [37].

The predicted cross sections are:

sMC@NLO(pp ! bbX ! µµX0, pT > 4 GeV, |h| < 2.1) = 19.7 ± 0.3 (stat.) +6.5
�4.1 (syst.) nb (7)

and

sMC@NLO(pp ! bbX ! µµX0, pT > 6 GeV, |h| < 2.1) = 4.40 ± 0.14 (stat.) +1.10
�0.84 (syst.) nb. (8)

Both predictions are compatible with our results within the uncertainties of the NLO calcula-
tions and the measurements.

9 Summary
A measurement of the inclusive cross section for the process pp ! bbX ! µµX0 at

p
s = 7 TeV

has been presented, based on an integrated luminosity of 27.9 ± 1.1 pb�1 collected by the CMS
experiment at the LHC. Selecting pairs of muons each with pseudorapidity |h| < 2.1, the
value s(pp ! bbX ! µµX0) = 26.4 ± 0.1 (stat.) ± 2.4 (syst.) ± 1.1 (lumi.) nb was obtained
for muons with transverse momentum pT > 4 GeV, and 5.12 ± 0.03 (stat.) ± 0.48 (syst.) ±
0.20 (lumi.) nb for muons with pT > 6 GeV. This result is the most precise measurement of this
quantity yet made at the LHC.
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Figure 2: mSV distributions for the b-tagged jet in data and MC, where
the W+jets samples are normalized to the results of the maximum
likelihood fit and non-W+jets backgrounds are normalized to the esti-
mates as given in the text, in the 1-jet bin in the electron channel (top)
and the muon channel (bottom). The stack order is the same as in the
legend.

tion of the charm template shape. The reason that the
charm shape plays such a small role in the fit results is
that the template shapes below aboutmSV = 1.5 GeV do
not strongly influence the final fitted b-normalisation.
The b-normalisation is mostly constrained by the high
mSV tail where there is very little background, especially
in the one jet fits. In fact, fitting the mSV distribution
only for mSV > 1.5 GeV does not considerably reduce
the analysis sensitivity or bias the final results.

The uncertainty on the measured t  t yield in the ! 4-
jet bin is dominated by the limited data statistics. The
number of t  t events is alternatively estimated using a
tag-counting method [33]. The use of simulated t  t sam-
ples for the projection from the ! 4-jet bin gives rise
to systematic uncertainties from the choice of gener-
ator, the amount of QCD initial and final state radia-
tion (ISR/FSR) and uncertainties on the PDF. The un-
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the W+jets samples are normalized to the results of the maximum
likelihood fit and non-W+jets backgrounds are normalized to the esti-
mates as given in the text, in the 2-jet bin in the electron channel (top)
and the muon channel (bottom). The stack order is the same as in the
legend.

certainty due to the choice of generator is evaluated
by comparing the predictions of MC@NLO with those
of Powheg [34, 35, 36] interfaced to either Herwig or
Pythia [37]. The dominant uncertainty is represented
ISR/FSR, and it is evaluated by studies using the Ac-
erMC generator interfaced to Pythia, and by varying
the parameters controlling ISR and FSR in a range con-
sistent with experimental data [38]. The uncertainty in
the PDFs used to generate t  t events is evaluated using a
range of current PDF sets with the procedure described
in Ref. [38]. ISR/FSR and PDF uncertainties are evalu-
ated in the same way for the single top background.

Both the t  t and single top background are irreducible
in the sense that both backgrounds contain a W boson,
at least one b-jet, and additional jets. While the t  t back-
ground is extracted from the data, this is not possible for
single top due to the limited statistics. Therefore, more

6

have to be considered. The impact of these e!ects
has been evaluated using the Pythia PERUGIA 2011
tune [44] on the Powheg prediction by comparing the
results with hadronization and underlying event model
turned on and o!. The non-perturbative correction to
the cross section is 0.93 ± 0.07, dominated by parti-
cles from b hadron decays landing outside the e!ective
anti-kt jet cone. The systematic uncertainty accounts for
the di!erence in the modelling of the non-perturbative
physics in Pythia PERUGIA 2011, Pythia MC11, and
Herwig+Jimmy MC11 [45], and the b-jet pT spectrum
modelling of Powheg. Fully corrected predictions are
shown in Table 4 and Fig. 5. The fiducial W+b-jet
cross section for one lepton flavour in the combined
1- and 2-jet bin is measured to be 10.2 ± 1.9 (stat) ±
2.6 (syst) pb. It is found to be larger than the NLO
prediction of 4.8+1.2!0.7 (scale)

+0.3
!0.0 (PDF)

+0.3
!0.2 (mb) ± 0.3

(non-pert.) pb, but still consistent within 1.5 !. In ad-
dition the measured cross section is compared with the
LO Alpgen prediction of 4.7 ± 0.1 (stat) pb, using the
CTEQ6L1 [46] PDF sets. Here the NNLO correction
factor for the inclusiveW cross section of 1.2 [25] is not
applied.

Table 4: Theoretical NLO predictions [14] for the W+b-jet fiducial
cross section for one lepton flavour. The systematic uncertainties SC,
PDF, mb, and NP correspond to the renormalisation and factorization
scale, PDF set, b quark mass, and non-perturbative correction, respec-
tively, and they are obtained as described in the text.

Fiducial cross section (NLO) [pb]
1j 2.9+0.4!0.4 SC

+0.2
!0.0 PDF

+0.2
!0.1 mb ± 0.2 NP

2j 1.9+0.8!0.4 SC
+0.1
!0.0 PDF

+0.1
!0.1 mb ± 0.1 NP

1+2j 4.8+1.2!0.7 SC
+0.3
!0.0 PDF

+0.3
!0.2 mb ± 0.3 NP

In summary, the cross section for the production of
a W boson with at least one b-jet has been measured
in pp collisions at

"
s = 7 TeV. The cross section is

measured separately with one and two associated jets.
The results are consistent with the NLO expectations.
The combined result lies above the expectation, but is
consistent at the 1.5 ! level.
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Associated W+b-jet production
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‣ measurement done using template fit 
to secondary vertex mass

‣ measurement carried out on 1,2 and 
1+2 jet bin

‣ backgrounds well controlled

‣ largest systematic uncertainties
- b-tagging efficiency ( 6-10 %)
‣ see talk of K. Mishra

(CMS results, including Z+b-jet) 

Table 2: Fitted event yields for the W+jet contributions including the statistical uncertainty from the binned likelihood fit, compared to the Alpgen
MC prediction normalized to the NNLO inclusive W cross section [25], per lepton channel and jet multiplicity. The data-driven multi-jet and t  t
estimates and the other background estimates normalized to (N)NLO cross sections are also shown. The statistical uncertainty on the MC prediction
is negligible and is not shown. No attempt to compare the fitted and predicted event yields is made, therefore the systematic uncertainties on the
predicted event yields have not been estimated. Uncertainties on the MC shapes that a!ect the W + b-jets fitted event yield are discussed in section
6.

W ! µ!, 1-jet W ! µ!, 2-jet W ! e!, 1-jet W ! e!, 2-jet
Pred. Fit result Pred. Fit result Pred. Fit result Pred. Fit result

W+b 25 28 ± 13 26 62 ± 18 18 33 ± 12 19 38 ± 14
W+c 108 170 ± 20 45 54 ± 19 84 105 ± 18 36 24 ± 15

W+light 38 21.2 ± 9.9 20 21 ± 10 30 22 ± 10 17 14.4 ± 7.7
Multi-jets 8 - 10 - 10 - 5.8 -

t  t 11 - 44 - 8.1 - 33 -
Single top 17 - 23 - 14 - 18 -

Other backgrounds 3.9 - 2.5 - 1.9 - 2.1 -
Total Predicted 212 - 170 - 167 - 131 -

Data 261 - 217 - 194 - 136 -

selection in order to reduce the larger multi-jet back-
ground. Relative uncertainties on the correction factors
vary between 12% and 14% and are dominated by the
uncertainty on the b-tagging e"ciency, as discussed be-
low.

6. Systematic Uncertainties

Systematic uncertainties on the measured W+b-jet
cross section are derived from the non-W+jets back-
ground estimate, the modelling of the mSV templates
and the correction factor of the fitted W+b-jet event dis-
tributions to derive the cross section. All correlations
between systematic uncertainties are accounted for.

The largest uncertainty is related to the calibration
of the b-tagging e"ciency, which impacts not only the
W+b-jet acceptance and e"ciency, but also the template
shapes and the normalisation of the single top back-
ground. The uncertainty on the b-tagging e"ciency is
estimated to be between 6% for high jet pT > 60 GeV
to 13% at the low pT end of 25 GeV [33]. The uncer-
tainty is driven by the b-decay modelling, the MC statis-
tics, the modelling of the muon pT spectrum and the
uncertainty on the jet energy scale. The impact of the
b-tagging e"ciency uncertainty on the t  t background
is strongly reduced since this background is extracted
from data.

The systematic uncertainties on the mSV templates
are evaluated from direct comparisons of the mSV
shapes of the data and the simulation in three multi-jet
control regions (an example of the agreement between
data and simulation in such control regions can be seen

in Fig. 19 of Ref. [33]). Two of these control regions
are used to determine systematic uncertainties on the
bottom and charm template shapes. Since both charm
and bottom jet tags are caused by displaced tracks from
real vertex decays, it is natural to determine their uncer-
tainties together from control regions that enhance the
heavy-flavour fractions. One of these control regions is
taken from events in which two jets are b-tagged, in-
creasing the probability that both of the selected jets
are from heavy flavour production. The other region
is taken from b-tagged jets which are also required to
contain muons, which is very rare for light-flavour jets.
Both of these control regions are determined to have a
light-flavour contamination of less than 10%. The bot-
tom and charm mSV templates used in the W+jets fit
are then transformed simultaneously by multiplying by
the ratio of the data to the simulation in the control re-
gion for each mSV bin. The shapes of the simulated
heavy-flavour backgrounds (in particular the top back-
grounds) are also transformed simultaneously. In each
lepton channel, out of the two control regions, the trans-
formation resulting in the larger variation is chosen to
assess the systematic uncertainty.

Additional studies are performed to account for the
possibility that the charm and the bottom templates may
not transform in exactly the same manner. This is tested
by transforming the charm and the bottom templates one
at a time instead of together. It is observed that varying
both the charm and the bottom templates together leads
to the maximum systematic bias, with most of the e!ect
coming from the distortion of the b-template shape, and
only about a third of the e!ect coming from the distor-
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Tension with theory predictions @ 1.5 sigma 
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B hadron production cross section
using decays to D*+µ-X final states

‣ measurement concentrates on hadrons containing a b quark (Hb)
- via partial reconstruction of Hb  final state D*+µ-X with D*+ → π+D0

‣ counting experiment with corrections for trigger, reco. efficiency

‣  derived B hadron differential cross section via branching ratio & acceptance
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Figure 2: Di↵erential cross section for Hb ! D⇤+µ�X production as a function of (a) pT and (b) |⌘| of
the b-hadron, in the fiducial kinematical region pT(D⇤+) > 4.5 GeV, pT(µ�) > 6 GeV, |⌘(D⇤+)| < 2.5 and
|⌘(µ�)| < 2.4. The measurement is compared with the theoretical predictions, as described in the text. The
inner error bars of the data points are statistical uncertainties, the outer are statistical+total systematic
uncertainties.

10. Di↵erential cross sections for b-hadron production

The b-hadron di↵erential cross sections can be derived from the Hb ! D⇤+µ�X di↵er-
ential cross sections by taking into account the branching ratio B(b ! D⇤+µ�X) and the
necessary decay acceptance corrections. These are evaluated using a Powheg+Pythia
simulation in two steps:

• Identification of the Hb kinematic region selected by the D⇤+ and µ� kinematic cuts.
This indicates that only b-hadrons with p

T

(Hb) > 9 GeV and |⌘(Hb)| < 2.5 pass the
D⇤+ and µ� kinematic cuts.

• Evaluation of a bin-by-bin p
T

- and |⌘|-decay acceptance ↵ in the Hb allowed kinematic
region, defined as

↵ =
number of Hb(! D⇤+µ�) passing the D⇤ and µ kinematic cuts

number of Hb(! D⇤+µ�) passing the Hb kinematic cuts
(11)

The results are shown in Table 9 for the Powheg+Pythia central prediction. Section 8
describes how the NLO theoretical uncertainties are propagated to this measurement.

The b-hadron di↵erential cross sections as a function of p
T

and ⌘, inside the kinematic
region p

T

(Hb) > 9 GeV and |⌘(Hb)| < 2.5, can then be calculated according to the formula:

d�(Hb X)

dp
T

(⌘)
=

1

↵pT(⌘)B(b ! D⇤+µ�X)

d�(pp ! Hb X
0 ! D⇤+µ�X)

dp
T

(⌘)
(12)

13

)  [GeV]
b

(H
T

p
10 20 30 40 50 60 70 80

)  
[n

b/
G

eV
]

b
(H T

X)
/d

p
µ

D*
→ b

(H
σd

-210

-110

1

10
ATLAS
 = 7 TeVs

-1 L dt = 3.3 pb∫Data 2010  

POWHEG+PYTHIA
POWHEG+HERWIG
MC@NLO

(D*)|<2.5η(D*)>4.5 GeV  |
T

p
)|<2.4µ(η)>6 GeV       |µ(

T
p

(a)

)
b

| (Hη|
0 0.5 1 1.5 2 2.5

|]η
)  

[n
b/

un
it 

of
 |

b
|(Hη

X)
/d

|
µ

D*
→ b

(H
σd

10

20

30

40

50

60
ATLAS
 = 7 TeVs

-1 L dt = 3.3 pb∫Data 2010  
POWHEG+PYTHIA
POWHEG+HERWIG
MC@NLO

(D*)|<2.5η(D*)>4.5 GeV  |
T

p
)|<2.4µ(η)>6 GeV       |µ(

T
p

(b)

Figure 2: Di↵erential cross section for Hb ! D⇤+µ�X production as a function of (a) pT and (b) |⌘| of
the b-hadron, in the fiducial kinematical region pT(D⇤+) > 4.5 GeV, pT(µ�) > 6 GeV, |⌘(D⇤+)| < 2.5 and
|⌘(µ�)| < 2.4. The measurement is compared with the theoretical predictions, as described in the text. The
inner error bars of the data points are statistical uncertainties, the outer are statistical+total systematic
uncertainties.
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describes how the NLO theoretical uncertainties are propagated to this measurement.
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and ⌘, inside the kinematic
region p
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(Hb) > 9 GeV and |⌘(Hb)| < 2.5, can then be calculated according to the formula:
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This method is known to be sensitive to statistical fluctuations [43], but this e↵ect can be
mitigated in the Bayesian method by truncating the procedure after a few iterations.

The number of iterations was therefore optimised in Monte Carlo simulations with test
measurements, comparing the values obtained after each iteration to the values expected
from the MC-generated information, using a �2 test. Two iterations are the optimal solution
in this case, providing compatible results even when the response matrix F and the prior
probabilities p are generated using di↵erent theoretical distributions.

The inversion method and the Bayesian method with a di↵erent number of iterations
were employed as a check. Within the systematic uncertainties, all the results were found
to be in agreement with the chosen default procedure.

A bias could occur in this procedure due to the possible mismodelling of the Hb decays
(e.g. D⇤⇤ decays contributing to the missing particles in the final state) in the simulation. It
was verified with the simulation that the relevant D⇤+µ� kinematic variables have a small
dependence on the specific b-hadron decay, and that a mismodelling of the D⇤⇤ branching
ratios does not produce a significant e↵ect. This is expected since the dominant D⇤+µ�

contribution arises from direct B0 decays without an intermediate D⇤⇤.
Once the Hb distribution is obtained, the di↵erential Hb ! D⇤+µ�X cross sections

are determined as a function of p
T

and |⌘| of the b-hadron, inside the kinematic region
p
T

(D⇤+) > 4.5 GeV, p
T

(µ�) > 6 GeV, |⌘(D⇤+)| < 2.5 and |⌘(µ�)| < 2.4.
Figure 2 shows the measured di↵erential cross sections, with comparisons to the NLO

theoretical predictions. The Powheg+Pythia shaded band refers to the total theoretical
uncertainty of the prediction. The di↵erential cross section values are reported in Table 6,
together with the statistical and total systematic uncertainties. The individual contributions
to the systematic uncertainties are listed in Tables 7 and 8. The comparison with data shows
that NLO calculations underestimate the cross section, although the di↵erence is within the
combined experimental and theoretical uncertainties.

The integrated Hb ! D⇤+µ�X cross section, inside the kinematic region p
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(D⇤+) >
4.5 GeV, p

T

(µ�) > 6 GeV, |⌘(D⇤+)| < 2.5 and |⌘(µ�)| < 2.4, is:
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0 ! D⇤+µ�X) = 78.7± 2.0 (stat.)± 7.3 (syst.)± 1.2(B)± 2.7(L ) nb

The integrated Powheg+Pythia prediction, with its theoretical uncertainty, is:

�(pp ! Hb X
0 ! D⇤+µ�X) = 53 +18

�12

(scale) +3

�3

(mb)
+3

�3

(PDF) +6

�5

(hadr.) nb

The correspondingPowheg+Herwig prediction is 51 nb, whilemc@nlo predicts 56 nb,
with similar theoretical uncertainties to the Powheg+Pythia prediction.
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Figure 2: Di↵erential cross section for Hb ! D⇤+µ�X production as a function of (a) pT and (b) |⌘| of
the b-hadron, in the fiducial kinematical region pT(D⇤+) > 4.5 GeV, pT(µ�) > 6 GeV, |⌘(D⇤+)| < 2.5 and
|⌘(µ�)| < 2.4. The measurement is compared with the theoretical predictions, as described in the text. The
inner error bars of the data points are statistical uncertainties, the outer are statistical+total systematic
uncertainties.
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The !b differential production cross section and the cross section ratio $ (!b)/$ (!b) are measured as
functions of transverse momentum p!b

T and rapidity |y!b | in pp collisions at
!

s = 7 TeV using data
collected by the CMS experiment at the LHC. The measurements are based on !b decays reconstructed
in the exclusive final state J/"!, with the subsequent decays J/" " µ+µ# and ! " p% , using a data
sample corresponding to an integrated luminosity of 1.9 fb#1. The product $ (!b) $ B(!b " J/"!)

versus p!b
T falls faster than that of b mesons. The measured value of $ (!b) $ B(!b " J/"!) for

p!b
T > 10 GeV and |y!b | < 2.0 is 1.16 ± 0.06 ± 0.12 nb, and the integrated $ (!b)/$ (!b) ratio is

1.02 ± 0.07 ± 0.09, where the uncertainties are statistical and systematic, respectively.
! 2012 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

Cross sections for b-quark production in high-energy hadronic
collisions have been measured at pp colliders at center-of-mass
energies from 630 GeV [1] to 1.96 TeV [2–4], in fixed-target p-
nucleus collisions with beam energies from 800 to 920 GeV [5],
and recently in pp collisions at 7 TeV at the Large Hadron Col-
lider (LHC) [6–13]. As the expected cross sections can be calculated
in perturbative quantum chromodynamics (QCD), the comparison
between data and predictions provides a critical test of next-to-
leading-order (NLO) calculations [14,15].

Considerable progress has been achieved in understanding
heavy-quark production at Tevatron energies, largely resolving
earlier discrepancies in which theoretical predictions were signifi-
cantly below observed production rates [15]. However, substantial
theoretical uncertainties on production cross sections remain due
to the dependence on the renormalization and factorization scales.
Measurements of b-hadron production at 7 TeV represent a test of
theoretical approaches that aim to describe heavy-flavor produc-
tion at the new center-of-mass energy [16,17]. Furthermore, under-
standing the production rates for b hadrons represents an essential
component in accurately estimating heavy-quark backgrounds for
various searches, such as H0 " bb and supersymmetric or exotic
new physics signatures with b quarks.

This Letter presents the first measurement of the production
cross section of a b baryon, !b, from fully reconstructed J/"!

! © CERN for the benefit of the CMS Collaboration.
# E-mail address: cms-publication-committee-chair@cern.ch.

decays in pp collisions at
!

s = 7 TeV and complements the mea-
surements of B+ [6], B0 [7], and B0

s [9] production cross sections
also performed by the Compact Muon Solenoid (CMS) experiment
at the LHC [18]. The comparison of baryon production relative to
meson production resulting from the same initial b-quark momen-
tum spectrum allows for tests of differences in the hadronization
process. Such differences are particularly interesting in the con-
text of heavy-baryon production in relativistic heavy-ion collisions,
where the medium could significantly enhance the production of
heavy baryons relative to mesons [19–21]. Furthermore, the pp
initial state at the LHC allows tests of baryon transport models,
which predict rapidity-dependent antibaryon/baryon asymmetries,
in contrast to baryon–antibaryon pair production, which typically
results in equal yields [22,23]. Measurements of the !b to !b

cross section ratio, $ (!b)/$ (!b), as functions of p!b
T and |y!b |

allow for the first test of such models with heavy-quark baryons at!
s = 7 TeV.

Events with !b baryons reconstructed from their decays to the
final state J/"!, with J/" " µ+µ# and ! " p% , are used to
measure the differential cross sections d$ /dp!b

T $ B(!b " J/"!),
d$ /dy!b $ B(!b " J/"!), and $ (!b)/$ (!b) with respect to the
transverse momentum p!b

T and the rapidity |y!b |, as well as the

integrated cross section times branching fraction for p!b
T > 10 GeV

and |y!b | < 2.0. The cross section times branching fraction is re-
ported instead of the cross section itself because of the 54% uncer-
tainty on B(!b " J/"!) [24]. The cross section times branching
fraction measurements are averaged over particle and antiparticle
states, while the ratio is computed by distinguishing the two states
via decays to p or p, respectively.

0370-2693/ ! 2012 CERN. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2012.05.063
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Fig. 2. Upper: Measured differential cross sections times branching fraction
d! /dp"b

T ! B("b " J/#") (top) and d! /dy"b ! B("b " J/#") (bottom) com-
pared to the theoretical predictions from pythia and powheg. The inner error bars
correspond to the statistical uncertainties and the outer ones represent the uncor-
related systematic uncertainties added in quadrature to the statistical uncertainties.
The dashed lines show the uncertainties on the powheg predictions. Overall un-
certainties of 2.2% for the luminosity and 1.3% for the J/# " µ+µ# and " " p$
branching fractions for the data are not shown, nor is the 54% uncertainty due to
B("b " J/#") for the pythia and powheg predictions. Lower: The ratio of the
measured values to the powheg predictions. The error bars include the statistical
and uncorrelated systematic uncertainties on the data and the shape-only uncer-
tainties on the powheg predictions.

at high pT: n(B+) = 5.5 ± 0.3, n(B0) = 5.8 ± 0.3, n(B0
s ) = 6.6 ± 0.4,

and n("b) = 7.6 ± 0.4. The larger n value for "b indicates a more
steeply falling pT distribution than observed for the mesons, also
suggesting that the production of "b baryons, relative to B mesons,
varies as a function of pT, with a larger "b/B ratio at lower trans-
verse momentum. The right plot of Fig. 3 shows the p"b

T spectrum
shape compared to B+ and B0, where the distributions are normal-
ized to the common bin with pT = 10–13 GeV.

The ratio ! ("b)/! ("b) is calculated in bins of p"b
T or |y"B | as

! ("b)/! ("b) =
n"b

sig

n"b
sig

! %("b)

%("b)
, (4)

where n"b
sig and n"b

sig are the antiparticle and particle yields in a

given bin, and %("b) and %("b) are the particle and antiparticle
e!ciencies for a given bin, always considering only baryons pro-

Fig. 3. Comparison of production rates for B+ [6], B0 [7], B0
s [9], and "b versus

pT. The top plot shows the absolute comparison, where the inner error bars cor-
respond to the total bin-to-bin uncertainties, while the outer error bars represent
the total bin-to-bin and normalization uncertainties added in quadrature. Fits to
the Tsallis function [43] for each distribution are also shown. The overall uncer-
tainties for B0

s and "b are dominated by large uncertainties on B(B0
s " J/#&)

and B("b " J/#"), respectively. The bottom plot shows a shape-only comparison
where the data are normalized to the 10–13 GeV bin in pT and the error bars show
the bin-to-bin uncertainties only. B0

s is omitted because the 10–13 GeV bin is not
available for the common normalization.

duced with |y"b | < 2.0 for p"b
T bins and p"b

T > 10 GeV for |y"b |
bins. The results versus p"b

T and |y"b | are shown in Fig. 4 and
Table 2. The ratio ! ("b)/! ("b) is found to be consistent with
unity and constant as a function of both p"b

T and |y"b |, within
the uncertainties, as predicted by powheg and pythia. Therefore,
no evidence of increased baryon production at forward pseudo-
rapidities is observed within the available statistical precision for
the kinematic regime investigated. The integrated ! ("b)/! ("b)

for p"b
T > 10 GeV and |y"b | < 2.0 is 1.02 ± 0.07 ± 0.09, where the

first uncertainty is statistical and the second is systematic.

7. Systematic uncertainties

The cross section is affected by systematic uncertainties on the
signal yields and e!ciencies that are uncorrelated bin-to-bin and
can affect the shapes of the distributions, and by the uncertain-
ties on branching fractions and integrated luminosity, which are
common to all bins and only affect the overall normalization. The
uncertainties on the signal yields arise from the following sources:

• Signal shape uncertainty (1–6%): evaluated from the variations
when floating the means of the two Gaussians (set to a com-
mon value) in data or by using a single Gaussian shape.

=
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bins. The results versus p"b
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Table 2. The ratio ! ("b)/! ("b) is found to be consistent with
unity and constant as a function of both p"b
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no evidence of increased baryon production at forward pseudo-
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T > 10 GeV and |y"b | < 2.0 is 1.02 ± 0.07 ± 0.09, where the

first uncertainty is statistical and the second is systematic.

7. Systematic uncertainties

The cross section is affected by systematic uncertainties on the
signal yields and e!ciencies that are uncorrelated bin-to-bin and
can affect the shapes of the distributions, and by the uncertain-
ties on branching fractions and integrated luminosity, which are
common to all bins and only affect the overall normalization. The
uncertainties on the signal yields arise from the following sources:

• Signal shape uncertainty (1–6%): evaluated from the variations
when floating the means of the two Gaussians (set to a com-
mon value) in data or by using a single Gaussian shape.

‣ systematic uncertainties dominated
by poorly known branching fractions
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Table 1
!b + !b signal yield nsig , e!ciency " , and measured differential cross sections times branching fraction d# /dp!b

T ! B(!b " J/$!) and d# /dy!b ! B(!b " J/$!), com-
pared to the powheg [34,35] and pythia [28] predictions. The uncertainties on the signal yields are statistical only, while those on the e!ciencies are systematic. The
uncertainties in the measured cross sections are statistical and systematic, respectively, excluding the common luminosity (2.2%) and branching fraction (1.3%) uncertainties.
The powheg and pythia predictions also have uncertainties of 54% due to B(!b " J/$!), which are not shown.

p!b
T
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nsig
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"
(%)

d# /dp!b
T ! B(!b " J/$!)
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pythia
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"
(%)
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#40 300

1.2–1.5 189 ± 17 0.67 ± 0.09 330 ± 30 ± 50 150+50
#40 280

1.5–2.0 162 ± 18 0.65 ± 0.09 180 ± 20 ± 30 130+50
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p!b
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!
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T,
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$
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with the world-average b-quark fragmentation results [24].
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B(b " !b) and fq % B(b " Bq). Larger f!b values are observed at
lower pT, which suggests that the discrepancy observed between
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A comparison of this and previous CMS results for b-hadron
production versus pT is shown in the left plot of Fig. 3, where the
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1
N

dN
dpT

= CpT

"
1 +

!
p2

T + m2 # m

nT

##n

. (3)

Here C is a normalization parameter, T and n are shape parame-
ters, m is the mass of the b hadron and N is the b-hadron yield.
The statistical and bin-to-bin systematic uncertainties are used in
the fits. The T parameter represents the inverse slope parameter
of an exponential, which dominates at low pT. Since our data do
not constrain that region well, T is fixed to the mean value found
from fitting the B+ and B0 distributions, where the pT threshold is
lowest. The result of T = 1.10 GeV is used to obtain the following
values of the n parameter, which controls the power-law behavior
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Lifetime & mass measurements (1): Λ0b

‣ Λ0b (Λ0b) is the lightest baryon containing b (b) quark
‣ not produced in B-factories, currently only accessible in hadron colliders
‣ ATLAS measurement carried out in 

- same event topology as

- theoretically, lifetime ratio                  can 
be predicted by HQET and pQCD

- many systematic uncertainties cancel in ratio
‣ Analysis strategy:

- signal pre-selection via secondary (J/Ψ µµ) 
and tertiary (V0) vertex with loose
constraints to J/Ψ respectively Λ0 mass

- full decay topology fit required χ2/ndf < 3
- simultaneous fit of           ,        , number

of signal events and event-by-event errors

Measurement of the !0

b
lifetime and mass in the ATLAS experiment

The ATLAS Collaboration
(Dated: July 11, 2012)

A measurement of the !0
b lifetime and mass in the decay channel !0

b ! J/!(µ+µ!)!0(p"!) is
presented. The analysis uses a signal sample of about 2200 !0

b and !̄0
b decays that are reconstructed

in 4.9 fb!1 of ATLAS pp collision data collected in 2011 at the LHC center-of-mass energy of
7 TeV. A simultaneous mass and decay time maximum likelihood fit is used to extract the !0

b

lifetime and mass. They are measured to be #!b
= 1.449 ± 0.036(stat) ± 0.017(syst) ps and m!b

=
5619.7 ± 0.7(stat)± 1.1(syst) MeV.

PACS numbers: 14.20.Mr

I. INTRODUCTION

The !0
b baryon (and its charge conjugate !̄0

b) is the
lightest baryon containing a b (b̄) quark. With the mass
of about 5620 MeV [1, 2] it is not produced atB-factories,
where the collision center-of-mass energy is tuned to pro-
duce pairs of B mesons. Currently, hadron colliders are
the only facilities where the properties of b-baryons can
be studied. This paper presents a measurement of the
!0
b mass and lifetime in the ATLAS experiment [3] using

the decay channel !0
b ! J/!(µ+µ!)!0(p"!) (the charge

conjugate mode is implied throughout the paper unless
explicitly stated otherwise). The !0

b lifetime, although
measured by many experiments [1, 4–6], still su"ers from
a large experimental uncertainty.
The decay B0

d ! J/!(µ+µ!)K0
S("

+"!) has the same
topology as the studied !0

b decay. The B0
d mass and

lifetime are measured with good precision [1], and there-
fore this decay provides a useful tool to validate the !0

b
results, as both measurements are subject to similar sys-
tematic uncertainties. The lifetime ratio, #!b

/#Bd
, can

be predicted by Heavy Quark E"ective Theory (HQET)
and perturbative QCD [7, 8] and is of great theoretical
interest. The lifetime and mass are determined using
a simultaneous unbinned maximum likelihood fit to the
reconstructed mass and decay time of each selected can-
didate.

II. DATA SAMPLES AND TRIGGER
SELECTION

The ATLAS experiment [3] is a general-purpose de-
tector at the Large Hadron Collider (LHC). It covers
nearly the entire solid angle around the interaction point
with layers of tracking detectors, calorimeters, and muon
chambers. The coordinate system has z-axis aligned with
the beam direction. The transverse momentum, pT, and
pseudo-rapidity, $, of reconstructed particles are defined
with respect to that direction. This analysis uses two
ATLAS sub-systems: the inner detector (ID) and the
muon spectrometer (MS). Both are situated in a mag-
netic field and serve as tracking detectors. The ID con-
sists of three types of detector: the silicon pixel detec-
tor (Pixel), the silicon micro-strip detector (SCT) and

the transition radiation tracker (TRT). The MS consists
of monitored drift tube chambers (MDT) and cathode
strip chambers (CSC) for precision muon measurements,
resistive plate chambers (RPC) and thin gap chambers
(TGC) employed by the muon trigger system. Tracks
are reconstructed in the ID and the MS is used to iden-
tify muons. Only tracks with pT above 400 MeV and
pseudorapidity |$| < 2.5 are used in this analysis.

The analysis is based on data collected in 2011 us-
ing single-muon, di-muon, and J/! triggers. The AT-
LAS trigger system [9] has three levels: the hardware-
based Level-1 trigger and the two-stage High Level Trig-
ger (HLT). At Level-1 the muon trigger uses dedicated
fast muon-trigger chambers to search for patterns of hits
corresponding to muons passing di"erent pT thresholds.
Regions of Interest (RoI) around these Level-1 hit pat-
terns then serve as seeds for the HLT muon reconstruc-
tion. Since the rate from the low-pT muon triggers was
too high for all accepted events to be saved, prescale fac-
tors were applied to a subset of the triggers to reduce the
output rate. The transverse momentum thresholds for
single and di-muon triggers range from 4 GeV to 22 GeV.
The J/! di-muon triggers require that the muons origi-
nate from a common vertex, have opposite charges, and a
di-muon mass is in the range 2.5 GeV < mµµ < 4.3 GeV.
The majority of the sample was collected by the J/!
trigger with a pT threshold of 4 GeV applied to each
muon, which was the lowest-pT unprescaled trigger in the
2011 data taking. All the used triggers selected muons
with pT > 2.5 GeV and the muon pT spectrum peaks at
5 GeV.

A Monte Carlo (MC) sample of five million anti-baryon
!̄0
b events is used to study systematic e"ects and to cor-

rect for the e#ciency and acceptance of the detector. The
sample is generated using the Pythia MC generator [10]
and the events are filtered so that each accepted event
has a decay !̄0

b ! J/!(µ+µ!)!̄0(p̄"+) with the muons
having transverse momenta of at least 2.5 GeV. The MC
sample is generated with a !0

b lifetime of #MC
!b

= 1.391 ps.
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trigger with a pT threshold of 4 GeV applied to each
muon, which was the lowest-pT unprescaled trigger in the
2011 data taking. All the used triggers selected muons
with pT > 2.5 GeV and the muon pT spectrum peaks at
5 GeV.

A Monte Carlo (MC) sample of five million anti-baryon
!̄0
b events is used to study systematic e"ects and to cor-

rect for the e#ciency and acceptance of the detector. The
sample is generated using the Pythia MC generator [10]
and the events are filtered so that each accepted event
has a decay !̄0

b ! J/!(µ+µ!)!̄0(p̄"+) with the muons
having transverse momenta of at least 2.5 GeV. The MC
sample is generated with a !0

b lifetime of #MC
!b

= 1.391 ps.

Measurement of the !0

b
lifetime and mass in the ATLAS experiment

The ATLAS Collaboration
(Dated: July 11, 2012)

A measurement of the !0
b lifetime and mass in the decay channel !0

b ! J/!(µ+µ!)!0(p"!) is
presented. The analysis uses a signal sample of about 2200 !0

b and !̄0
b decays that are reconstructed

in 4.9 fb!1 of ATLAS pp collision data collected in 2011 at the LHC center-of-mass energy of
7 TeV. A simultaneous mass and decay time maximum likelihood fit is used to extract the !0

b

lifetime and mass. They are measured to be #!b
= 1.449 ± 0.036(stat) ± 0.017(syst) ps and m!b

=
5619.7 ± 0.7(stat)± 1.1(syst) MeV.

PACS numbers: 14.20.Mr

I. INTRODUCTION

The !0
b baryon (and its charge conjugate !̄0

b) is the
lightest baryon containing a b (b̄) quark. With the mass
of about 5620 MeV [1, 2] it is not produced atB-factories,
where the collision center-of-mass energy is tuned to pro-
duce pairs of B mesons. Currently, hadron colliders are
the only facilities where the properties of b-baryons can
be studied. This paper presents a measurement of the
!0
b mass and lifetime in the ATLAS experiment [3] using

the decay channel !0
b ! J/!(µ+µ!)!0(p"!) (the charge

conjugate mode is implied throughout the paper unless
explicitly stated otherwise). The !0

b lifetime, although
measured by many experiments [1, 4–6], still su"ers from
a large experimental uncertainty.
The decay B0

d ! J/!(µ+µ!)K0
S("

+"!) has the same
topology as the studied !0

b decay. The B0
d mass and

lifetime are measured with good precision [1], and there-
fore this decay provides a useful tool to validate the !0

b
results, as both measurements are subject to similar sys-
tematic uncertainties. The lifetime ratio, #!b

/#Bd
, can

be predicted by Heavy Quark E"ective Theory (HQET)
and perturbative QCD [7, 8] and is of great theoretical
interest. The lifetime and mass are determined using
a simultaneous unbinned maximum likelihood fit to the
reconstructed mass and decay time of each selected can-
didate.

II. DATA SAMPLES AND TRIGGER
SELECTION

The ATLAS experiment [3] is a general-purpose de-
tector at the Large Hadron Collider (LHC). It covers
nearly the entire solid angle around the interaction point
with layers of tracking detectors, calorimeters, and muon
chambers. The coordinate system has z-axis aligned with
the beam direction. The transverse momentum, pT, and
pseudo-rapidity, $, of reconstructed particles are defined
with respect to that direction. This analysis uses two
ATLAS sub-systems: the inner detector (ID) and the
muon spectrometer (MS). Both are situated in a mag-
netic field and serve as tracking detectors. The ID con-
sists of three types of detector: the silicon pixel detec-
tor (Pixel), the silicon micro-strip detector (SCT) and

the transition radiation tracker (TRT). The MS consists
of monitored drift tube chambers (MDT) and cathode
strip chambers (CSC) for precision muon measurements,
resistive plate chambers (RPC) and thin gap chambers
(TGC) employed by the muon trigger system. Tracks
are reconstructed in the ID and the MS is used to iden-
tify muons. Only tracks with pT above 400 MeV and
pseudorapidity |$| < 2.5 are used in this analysis.

The analysis is based on data collected in 2011 us-
ing single-muon, di-muon, and J/! triggers. The AT-
LAS trigger system [9] has three levels: the hardware-
based Level-1 trigger and the two-stage High Level Trig-
ger (HLT). At Level-1 the muon trigger uses dedicated
fast muon-trigger chambers to search for patterns of hits
corresponding to muons passing di"erent pT thresholds.
Regions of Interest (RoI) around these Level-1 hit pat-
terns then serve as seeds for the HLT muon reconstruc-
tion. Since the rate from the low-pT muon triggers was
too high for all accepted events to be saved, prescale fac-
tors were applied to a subset of the triggers to reduce the
output rate. The transverse momentum thresholds for
single and di-muon triggers range from 4 GeV to 22 GeV.
The J/! di-muon triggers require that the muons origi-
nate from a common vertex, have opposite charges, and a
di-muon mass is in the range 2.5 GeV < mµµ < 4.3 GeV.
The majority of the sample was collected by the J/!
trigger with a pT threshold of 4 GeV applied to each
muon, which was the lowest-pT unprescaled trigger in the
2011 data taking. All the used triggers selected muons
with pT > 2.5 GeV and the muon pT spectrum peaks at
5 GeV.

A Monte Carlo (MC) sample of five million anti-baryon
!̄0
b events is used to study systematic e"ects and to cor-

rect for the e#ciency and acceptance of the detector. The
sample is generated using the Pythia MC generator [10]
and the events are filtered so that each accepted event
has a decay !̄0

b ! J/!(µ+µ!)!̄0(p̄"+) with the muons
having transverse momenta of at least 2.5 GeV. The MC
sample is generated with a !0

b lifetime of #MC
!b

= 1.391 ps.
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modules so that the d0 of tracks coming from the
PV is biased by the same amount as observed in
data. The mass-lifetime fit is performed on MC
data using the default (ideal) geometry and the
sample with geometry distortions. A shift of 1 fs
is observed between the two measurements and is
assigned as a systematic error due to residual mis-
alignment. No significant mass shift is observed.

Uncertainty in the amount of ID material:
Inaccurate modeling of the amount of material
in the ID could a!ect the measurement since the
tracking algorithm estimates the particle energy
loss using a material map. To explore this un-
certainty, the MC simulation is repeated with 20%
more material in the ID silicon detectors (Pixel and
SCT) and their supporting services, which is large
compared to the estimated uncertainty of 6%(9%)
in the Pixel (SCT) detectors (see Ref. [12]). The
resulting shifts of 3 fs in lifetime and 0.2 MeV in
mass are conservative estimates of the systematic
uncertainties from this source.

Uncertainty in the tracking momentum scale:
The K0

S mass value is used to estimate the uncer-
tainty in the track momentum determination. The
K0

S mass extracted from a fit to the invariant mass
agrees with the PDG’s world average within 0.03%.
Such a shift corresponds to a track momentum scale
shift of 0.05%. The momentum scale can be further
tested using the reconstructed J/! mass. The ob-
served mass shift corresponds to a momentum scale
error of !0.03%, in agreement with the assumption
of ±0.05%. Shifting the momenta of all tracks in
the MC simulation by this amount yields a "0

b mass
shift of 0.5 MeV. No significant lifetime shift is ob-
served.

Other systematic errors:
Other sources of systematic errors are investigated,
such as an alternative choice of the PV (e.g. using
the collision vertex with the largest sum of tracks’
p2T) and a di!erent modeling of the decay time er-
ror distributions. These changes do not result in a
significant mass or lifetime shift.

C. Cross-check with B0
d ! J/!(µ+µ!)K0

S("
+"!)

The B0
d " J/!(µ+µ!)K0

S("
+"!) channel has the

same decay topology as "0
b " J/!(µ+µ!)"0(p"!) and

can be used to cross-check the "0
b results and to deter-

mine the ratio of the "0
b and B0

d lifetimes. The analysis
and systematic error studies, described in the previous
sections, are repeated for the B0

d. The B
0
d channel is sub-

jected to exactly the same kinematic cuts as for the "0
b

channel, and therefore has similar systematic e!ects. The
mass range used for the K0

S pre-selection is 440 MeV <

TABLE II. Summary of the systematic uncertainties of the
lifetime measurement, !syst

! , and the mass measurement,
!syst
m , for !0

b .

Systematic uncertainty #syst
! (fs) #syst

m (MeV)

Selection/reco. bias 12 0.9

Background fit models 9 0.2

B0
d contamination 7 0.2

Residual misalignment 1 -

Extra material 3 0.2

Tracking pT scale - 0.5

Total systematic error 17 1.1

m!+!! < 570 MeV and the B0
d invariant mass must lie

in the range 5.1 GeV < mJ/"K0
S
< 5.5 GeV. This selec-

tion is chosen to be as close as possible to the "0
b selec-

tion rather than to maximize the B0
d signal yield. Using

the maximum likelihood fit, the B0
d lifetime and mass are

measured to be #Bd
= 1.509±0.012(stat)±0.018(syst) ps

and mBd
= 5279.6 ± 0.2(stat) ± 1.0(syst) MeV. These

values are consistent with the world averages, #PDG
Bd

=
1.519± 0.007 ps and mPDG

Bd
= 5279.50± 0.30 MeV [1].

VI. RESULTS AND CONCLUSIONS

The "0
b lifetime and mass are measured to be

#!b
= 1.449± 0.036(stat)± 0.017(syst) ps,

m!b
= 5619.7± 0.7(stat)± 1.1(syst) MeV.

These results agree with the world average values of the
"0
b lifetime, #PDG

!b
= 1.425± 0.032 ps and mass, mPDG

!b
=

5620.2±1.6MeV [1]. The estimated precision of the mass
measurement is better than that of the world average
and the result is consistent with a recent determination,
mLHCb

!b
= 5619.19±0.70(stat)±0.30(syst) MeV [2], which

is not included in the quoted world average value. The
ratio of the "0

b and B0
d lifetimes is

R = #!b
/#Bd

= 0.960± 0.025(stat)± 0.016(syst).

The statistical and systematic errors are propagated from
the errors of the lifetime measurements. The system-
atic errors are conservatively assumed to be uncorre-
lated. This value is between the recent determination
by DØ, RDØ = 0.864± 0.052(stat)± 0.033(syst) [6], and
the measurement by CDF, RCDF = 1.020±0.030(stat)±
0.008(syst) [5]. It is compatible with the next-to-leading-
order theoretical predictions of RNLO = 0.88 ± 0.05 [7]
and RNLO = 0.86± 0.05 [8].
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III. RECONSTRUCTION AND SIGNAL
SELECTION

A. J/! and !0 pre-selection

The decay !0
b ! J/!(µ+µ!)!0(p"!) has a cascade

topology. The J/! decays instantly at the same point as
the !0

b (secondary vertex) while the !0 lives long enough
to form a displaced tertiary vertex. There are four final-
state particles: two muons from the J/!, and a proton
and a pion from the !0 decay.
The di-muon and di-hadron (V 0) pairs are pre-selected

by requiring that their tracks can be successfully fitted
to a common vertex [11] satisfying some basic quality
requirements. The J/! and V 0 pre-selection is very
loose, so that potential candidates are not excluded at
this stage. The di-muon candidates are accepted if
the J/! vertex-refitted invariant mass lies in the range
2.8 GeV < mµµ < 3.4 GeV. The di-hadron candi-
dates are accepted if the invariant mass is in the range
1.08 GeV < mp! < 1.15 GeV. The masses of a proton
and a pion are assigned to the tracks when the invariant
mass is calculated; p"! and p̄"+ combinations are tested
so that both !0 and !̄0 candidates are accepted.

B. Reconstruction of !0
b ! J/!(µ+µ!)!0(p"!)

The muon and hadron track pairs pre-selected with
the criteria described in the previous section are then
refitted with a constraint of a !0

b ! J/!(µ+µ!)!0(p"!)
topology. The muons are constrained to intersect at a
single vertex while their invariant mass is set equal to the
known mass of the J/!, mJ/" = 3096.92 MeV [1]. The
two hadronic tracks are constrained to a second vertex
and their invariant mass is fixed to the mass of the !0,
m!0 = 1115.68 MeV [1]. The combined momentum of
the refitted V 0 track pair is constrained to point to the
di-muon vertex in three dimensions. The fit is performed
on all four tracks simultaneously, taking into account the
constraints described above (cascade topology fit) and
the full track error matrices. The quality of the fit is
characterized by the value of #2/Ndof , where a global
#2 involving all four tracks is used. The corresponding
number of degrees of freedom, Ndof , is six. Furthermore,
for each track quadruplet, that can be successfully fitted
to the !0

b decay topology, a B0
d ! J/!(µ+µ!)K0

S("
+"!)

topology fit is attempted (i.e. a pion mass is assigned to
the hadronic tracks and the V 0 mass is constrained to the
mass of K0

S , mKS
= 497.65 MeV [1]). This is to label

possible B0
d decays misidentified as !0

b .
The !0

b candidates are then subjected to the following
selections:

• The global #2/Ndof < 3.

• The transverse momentum of the cascade-refitted
V 0, pT,V 0 > 3.5 GeV.
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FIG. 1. Invariant mass distribution of the selected !0
b and !̄0

b

candidates.

• The transverse decay length of the cascade-refitted
V 0 vertex measured from the !0

b vertex, Lxy,V 0 >
10 mm.

• The invariant mass must be in the range
5.38 GeV < mJ/"!0 < 5.90 GeV.

• If the four tracks forming a !0
b candidate also result

in an acceptable B0
d fit, the candidate must have a

di"erence of cumulative #2 probabilities of the two
fits, P!0

b
" PBd

> 0.05.

With these criteria, 4074 !0
b and 4081 !̄0

b candidates
(including background) are selected. No track quadruplet
is successfully fitted as both a !0

b and a !̄0
b decay. The

mass distributions of the selected candidates are shown
in Fig. 1. In the rest of the paper the !0

b and !̄0
b samples

are combined.

IV. MASS AND PROPER DECAY TIME FIT

The proper decay time of the !0
b candidate is calculated

from the measured decay distance and the candidate’s
momentum as follows:

$ =
LxymPDG

pT
,

where mPDG = 5620.2 MeV [1], pT is the reconstructed
!0
b transverse momentum, and Lxy is the !0

b transverse
decay distance measured from the primary vertex (PV).
On average there are 6.8 collision vertices per event in the
selected data resulting from multiple collisions at each
LHC bunch crossing (pileup events). The collision ver-
tex that in three-dimensional space lies closest to the
trajectory of the reconstructed !0

b candidate is used as
the PV.
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TABLE I. Results of the simultaneous mass and decay time
maximum likelihood fit for !0

b . The uncertainties shown are
statistical only. The number of degrees of freedom used for
the !2 calculation is Ndof = 61.

Par. Value Par. Value

m!b
5619.7 ± 0.7 MeV !2/Ndof 1.09

"!b
1.449 ± 0.036 ps Nsig 2184 ± 57

fsig 0.268 ± 0.007 Nbkg 5970 ± 160

Sm 1.18 ± 0.03 #m 31.1 ± 0.8 MeV

S! 1.05 ± 0.02 #! 0.117 ± 0.003 ps

determined using this weighted MC sample. It is mod-
eled as a simple exponential, !(" !) ! e"!

!/c!b , where c!b

denotes the slope of the e!ciency correction. The expo-
nential form is chosen for !(" !) because it describes the
MC data well and is particularly easy to convolve with
the resolution model. The slope of the exponential, c!b

, is
extracted from a fit to the MC decay time e!ciency plot
shown in Fig. 2. The extracted value is c!b

= 113±56 ps,
i.e. for a decay time of 6 ps the e!ciency decreases by
5%.

A. Parameters determined from the fit

The full PDF has 12 free parameters: the "0
b mass

and lifetime, m!b
and "!b

; the fraction of signal events,
fsig; the error scale factors, Sm and S! ; the slope of
the mass dependence of the background, b; the pseudo-
lifetimes of the long-lived background, "bkg,1 and "bkg,2;
the exponential slope of the non-Gaussian prompt back-
ground, "bkg,3; and the relative fractions of the various
background contributions, f1, f2, and f3.
Other quantities are calculated from the fit param-

eters. The number of signal and background candi-
dates, Nsig and Nbkg, are calculated as Nsig = fsigN
and Nbkg = (1" fsig)N , where N is the total number of
candidates. The mass and proper decay time resolutions
are calculated from the fit parameters, too. By analogy
with a Gaussian distribution, the mass resolution, #m, is
defined as half of that mass range for which the integral
of Ms retains 68.3% of the number of signal events sym-
metrically around the fitted "0

b mass. The proper decay
time resolution, #! , is determined in the same fashion by
integrating the prompt background PDF.

V. EXTRACTION OF THE LIFETIME AND
MASS

A. Results of the maximum likelihood fit

The results of the maximum likelihood fit are listed in
Table I. The table shows only the most important fitted
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and the proper decay time (bottom) axes for !0

b candidates.
The errors of the listed fit result values are statistical only.
The !2/Ndof value is calculated from the dataset binned in
mass and decay time with the number of degrees of freedom
Ndof = 61.

parameters, calculated parameters, and a $2/Ndof value
which quantifies the fit quality. The $2/Ndof value is cal-
culated from the dataset binned in mass and decay time
with 61 degrees of freedom. The sizes of the bins are
commensurate with the measured mass and decay time
resolutions and only bins with more than 11 entries are
used for the $2 calculation. This is to enable the error on
the number of entries in each bin can be taken as Gaus-
sian. The lifetime result is corrected for the selection bias
(see Section IV); the size of the correction is +19 fs. The
estimated correlation between the mass and lifetime is
small, 0.002. Projections of the PDF onto the mass and
proper decay time axes are shown in Fig. 3.

B. Systematic uncertainties

Systematic errors are estimated by changing various
parameters of the analysis and observing the shift in the
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modules so that the d0 of tracks coming from the
PV is biased by the same amount as observed in
data. The mass-lifetime fit is performed on MC
data using the default (ideal) geometry and the
sample with geometry distortions. A shift of 1 fs
is observed between the two measurements and is
assigned as a systematic error due to residual mis-
alignment. No significant mass shift is observed.

Uncertainty in the amount of ID material:
Inaccurate modeling of the amount of material
in the ID could a!ect the measurement since the
tracking algorithm estimates the particle energy
loss using a material map. To explore this un-
certainty, the MC simulation is repeated with 20%
more material in the ID silicon detectors (Pixel and
SCT) and their supporting services, which is large
compared to the estimated uncertainty of 6%(9%)
in the Pixel (SCT) detectors (see Ref. [12]). The
resulting shifts of 3 fs in lifetime and 0.2 MeV in
mass are conservative estimates of the systematic
uncertainties from this source.

Uncertainty in the tracking momentum scale:
The K0

S mass value is used to estimate the uncer-
tainty in the track momentum determination. The
K0

S mass extracted from a fit to the invariant mass
agrees with the PDG’s world average within 0.03%.
Such a shift corresponds to a track momentum scale
shift of 0.05%. The momentum scale can be further
tested using the reconstructed J/! mass. The ob-
served mass shift corresponds to a momentum scale
error of !0.03%, in agreement with the assumption
of ±0.05%. Shifting the momenta of all tracks in
the MC simulation by this amount yields a "0

b mass
shift of 0.5 MeV. No significant lifetime shift is ob-
served.

Other systematic errors:
Other sources of systematic errors are investigated,
such as an alternative choice of the PV (e.g. using
the collision vertex with the largest sum of tracks’
p2T) and a di!erent modeling of the decay time er-
ror distributions. These changes do not result in a
significant mass or lifetime shift.

C. Cross-check with B0
d ! J/!(µ+µ!)K0

S("
+"!)

The B0
d " J/!(µ+µ!)K0

S("
+"!) channel has the

same decay topology as "0
b " J/!(µ+µ!)"0(p"!) and

can be used to cross-check the "0
b results and to deter-

mine the ratio of the "0
b and B0

d lifetimes. The analysis
and systematic error studies, described in the previous
sections, are repeated for the B0

d. The B
0
d channel is sub-

jected to exactly the same kinematic cuts as for the "0
b

channel, and therefore has similar systematic e!ects. The
mass range used for the K0

S pre-selection is 440 MeV <

TABLE II. Summary of the systematic uncertainties of the
lifetime measurement, !syst

! , and the mass measurement,
!syst
m , for !0

b .

Systematic uncertainty #syst
! (fs) #syst

m (MeV)

Selection/reco. bias 12 0.9

Background fit models 9 0.2

B0
d contamination 7 0.2

Residual misalignment 1 -

Extra material 3 0.2

Tracking pT scale - 0.5

Total systematic error 17 1.1

m!+!! < 570 MeV and the B0
d invariant mass must lie

in the range 5.1 GeV < mJ/"K0
S
< 5.5 GeV. This selec-

tion is chosen to be as close as possible to the "0
b selec-

tion rather than to maximize the B0
d signal yield. Using

the maximum likelihood fit, the B0
d lifetime and mass are

measured to be #Bd
= 1.509±0.012(stat)±0.018(syst) ps

and mBd
= 5279.6 ± 0.2(stat) ± 1.0(syst) MeV. These

values are consistent with the world averages, #PDG
Bd

=
1.519± 0.007 ps and mPDG

Bd
= 5279.50± 0.30 MeV [1].

VI. RESULTS AND CONCLUSIONS

The "0
b lifetime and mass are measured to be

#!b
= 1.449± 0.036(stat)± 0.017(syst) ps,

m!b
= 5619.7± 0.7(stat)± 1.1(syst) MeV.

These results agree with the world average values of the
"0
b lifetime, #PDG

!b
= 1.425± 0.032 ps and mass, mPDG

!b
=

5620.2±1.6MeV [1]. The estimated precision of the mass
measurement is better than that of the world average
and the result is consistent with a recent determination,
mLHCb

!b
= 5619.19±0.70(stat)±0.30(syst) MeV [2], which

is not included in the quoted world average value. The
ratio of the "0

b and B0
d lifetimes is

R = #!b
/#Bd

= 0.960± 0.025(stat)± 0.016(syst).

The statistical and systematic errors are propagated from
the errors of the lifetime measurements. The system-
atic errors are conservatively assumed to be uncorre-
lated. This value is between the recent determination
by DØ, RDØ = 0.864± 0.052(stat)± 0.033(syst) [6], and
the measurement by CDF, RCDF = 1.020±0.030(stat)±
0.008(syst) [5]. It is compatible with the next-to-leading-
order theoretical predictions of RNLO = 0.88 ± 0.05 [7]
and RNLO = 0.86± 0.05 [8].

VII. ACKNOWLEDGEMENTS

We thank CERN for the very successful operation of
the LHC, as well as the support sta! from our institutions

6

modules so that the d0 of tracks coming from the
PV is biased by the same amount as observed in
data. The mass-lifetime fit is performed on MC
data using the default (ideal) geometry and the
sample with geometry distortions. A shift of 1 fs
is observed between the two measurements and is
assigned as a systematic error due to residual mis-
alignment. No significant mass shift is observed.

Uncertainty in the amount of ID material:
Inaccurate modeling of the amount of material
in the ID could a!ect the measurement since the
tracking algorithm estimates the particle energy
loss using a material map. To explore this un-
certainty, the MC simulation is repeated with 20%
more material in the ID silicon detectors (Pixel and
SCT) and their supporting services, which is large
compared to the estimated uncertainty of 6%(9%)
in the Pixel (SCT) detectors (see Ref. [12]). The
resulting shifts of 3 fs in lifetime and 0.2 MeV in
mass are conservative estimates of the systematic
uncertainties from this source.

Uncertainty in the tracking momentum scale:
The K0

S mass value is used to estimate the uncer-
tainty in the track momentum determination. The
K0

S mass extracted from a fit to the invariant mass
agrees with the PDG’s world average within 0.03%.
Such a shift corresponds to a track momentum scale
shift of 0.05%. The momentum scale can be further
tested using the reconstructed J/! mass. The ob-
served mass shift corresponds to a momentum scale
error of !0.03%, in agreement with the assumption
of ±0.05%. Shifting the momenta of all tracks in
the MC simulation by this amount yields a "0

b mass
shift of 0.5 MeV. No significant lifetime shift is ob-
served.

Other systematic errors:
Other sources of systematic errors are investigated,
such as an alternative choice of the PV (e.g. using
the collision vertex with the largest sum of tracks’
p2T) and a di!erent modeling of the decay time er-
ror distributions. These changes do not result in a
significant mass or lifetime shift.

C. Cross-check with B0
d ! J/!(µ+µ!)K0

S("
+"!)

The B0
d " J/!(µ+µ!)K0
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order theoretical predictions of RNLO = 0.88 ± 0.05 [7]
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such as an alternative choice of the PV (e.g. using
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ror distributions. These changes do not result in a
significant mass or lifetime shift.

C. Cross-check with B0
d ! J/!(µ+µ!)K0

S("
+"!)

The B0
d " J/!(µ+µ!)K0

S("
+"!) channel has the

same decay topology as "0
b " J/!(µ+µ!)"0(p"!) and

can be used to cross-check the "0
b results and to deter-

mine the ratio of the "0
b and B0

d lifetimes. The analysis
and systematic error studies, described in the previous
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in the ID could a!ect the measurement since the
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Such a shift corresponds to a track momentum scale
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error of !0.03%, in agreement with the assumption
of ±0.05%. Shifting the momenta of all tracks in
the MC simulation by this amount yields a "0
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shift of 0.5 MeV. No significant lifetime shift is ob-
served.

Other systematic errors:
Other sources of systematic errors are investigated,
such as an alternative choice of the PV (e.g. using
the collision vertex with the largest sum of tracks’
p2T) and a di!erent modeling of the decay time er-
ror distributions. These changes do not result in a
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b lifetime, #PDG
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=

5620.2±1.6MeV [1]. The estimated precision of the mass
measurement is better than that of the world average
and the result is consistent with a recent determination,
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= 5619.19±0.70(stat)±0.30(syst) MeV [2], which

is not included in the quoted world average value. The
ratio of the "0

b and B0
d lifetimes is

R = #!b
/#Bd

= 0.960± 0.025(stat)± 0.016(syst).

The statistical and systematic errors are propagated from
the errors of the lifetime measurements. The system-
atic errors are conservatively assumed to be uncorre-
lated. This value is between the recent determination
by DØ, RDØ = 0.864± 0.052(stat)± 0.033(syst) [6], and
the measurement by CDF, RCDF = 1.020±0.030(stat)±
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is observed between the two measurements and is
assigned as a systematic error due to residual mis-
alignment. No significant mass shift is observed.
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loss using a material map. To explore this un-
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compared to the estimated uncertainty of 6%(9%)
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resulting shifts of 3 fs in lifetime and 0.2 MeV in
mass are conservative estimates of the systematic
uncertainties from this source.
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agrees with the PDG’s world average within 0.03%.
Such a shift corresponds to a track momentum scale
shift of 0.05%. The momentum scale can be further
tested using the reconstructed J/! mass. The ob-
served mass shift corresponds to a momentum scale
error of !0.03%, in agreement with the assumption
of ±0.05%. Shifting the momenta of all tracks in
the MC simulation by this amount yields a "0

b mass
shift of 0.5 MeV. No significant lifetime shift is ob-
served.

Other systematic errors:
Other sources of systematic errors are investigated,
such as an alternative choice of the PV (e.g. using
the collision vertex with the largest sum of tracks’
p2T) and a di!erent modeling of the decay time er-
ror distributions. These changes do not result in a
significant mass or lifetime shift.
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These results agree with the world average values of the
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b lifetime, #PDG
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= 1.425± 0.032 ps and mass, mPDG

!b
=

5620.2±1.6MeV [1]. The estimated precision of the mass
measurement is better than that of the world average
and the result is consistent with a recent determination,
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= 5619.19±0.70(stat)±0.30(syst) MeV [2], which

is not included in the quoted world average value. The
ratio of the "0

b and B0
d lifetimes is

R = #!b
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= 0.960± 0.025(stat)± 0.016(syst).

The statistical and systematic errors are propagated from
the errors of the lifetime measurements. The system-
atic errors are conservatively assumed to be uncorre-
lated. This value is between the recent determination
by DØ, RDØ = 0.864± 0.052(stat)± 0.033(syst) [6], and
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is observed between the two measurements and is
assigned as a systematic error due to residual mis-
alignment. No significant mass shift is observed.

Uncertainty in the amount of ID material:
Inaccurate modeling of the amount of material
in the ID could a!ect the measurement since the
tracking algorithm estimates the particle energy
loss using a material map. To explore this un-
certainty, the MC simulation is repeated with 20%
more material in the ID silicon detectors (Pixel and
SCT) and their supporting services, which is large
compared to the estimated uncertainty of 6%(9%)
in the Pixel (SCT) detectors (see Ref. [12]). The
resulting shifts of 3 fs in lifetime and 0.2 MeV in
mass are conservative estimates of the systematic
uncertainties from this source.

Uncertainty in the tracking momentum scale:
The K0

S mass value is used to estimate the uncer-
tainty in the track momentum determination. The
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S mass extracted from a fit to the invariant mass
agrees with the PDG’s world average within 0.03%.
Such a shift corresponds to a track momentum scale
shift of 0.05%. The momentum scale can be further
tested using the reconstructed J/! mass. The ob-
served mass shift corresponds to a momentum scale
error of !0.03%, in agreement with the assumption
of ±0.05%. Shifting the momenta of all tracks in
the MC simulation by this amount yields a "0

b mass
shift of 0.5 MeV. No significant lifetime shift is ob-
served.

Other systematic errors:
Other sources of systematic errors are investigated,
such as an alternative choice of the PV (e.g. using
the collision vertex with the largest sum of tracks’
p2T) and a di!erent modeling of the decay time er-
ror distributions. These changes do not result in a
significant mass or lifetime shift.
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tion is chosen to be as close as possible to the "0
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tion rather than to maximize the B0
d signal yield. Using

the maximum likelihood fit, the B0
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measured to be #Bd
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b lifetime, #PDG
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5620.2±1.6MeV [1]. The estimated precision of the mass
measurement is better than that of the world average
and the result is consistent with a recent determination,
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= 5619.19±0.70(stat)±0.30(syst) MeV [2], which

is not included in the quoted world average value. The
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sample with geometry distortions. A shift of 1 fs
is observed between the two measurements and is
assigned as a systematic error due to residual mis-
alignment. No significant mass shift is observed.

Uncertainty in the amount of ID material:
Inaccurate modeling of the amount of material
in the ID could a!ect the measurement since the
tracking algorithm estimates the particle energy
loss using a material map. To explore this un-
certainty, the MC simulation is repeated with 20%
more material in the ID silicon detectors (Pixel and
SCT) and their supporting services, which is large
compared to the estimated uncertainty of 6%(9%)
in the Pixel (SCT) detectors (see Ref. [12]). The
resulting shifts of 3 fs in lifetime and 0.2 MeV in
mass are conservative estimates of the systematic
uncertainties from this source.
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S mass value is used to estimate the uncer-
tainty in the track momentum determination. The
K0

S mass extracted from a fit to the invariant mass
agrees with the PDG’s world average within 0.03%.
Such a shift corresponds to a track momentum scale
shift of 0.05%. The momentum scale can be further
tested using the reconstructed J/! mass. The ob-
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error of !0.03%, in agreement with the assumption
of ±0.05%. Shifting the momenta of all tracks in
the MC simulation by this amount yields a "0

b mass
shift of 0.5 MeV. No significant lifetime shift is ob-
served.

Other systematic errors:
Other sources of systematic errors are investigated,
such as an alternative choice of the PV (e.g. using
the collision vertex with the largest sum of tracks’
p2T) and a di!erent modeling of the decay time er-
ror distributions. These changes do not result in a
significant mass or lifetime shift.
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measurement is better than that of the world average
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Observations: χb (3P)
‣ bb quarkonia states with parallel spins

- ϒ (S-wave)

- χb (P-wave)
‣ search for radiative decays of

   χb (nP) → ϒ(iS)γ  with i = 1,2

‣ mass balance built
as m(µµγ)-m(µµ)+mϒ(iS) and fitted

- simultaneously for 1S/2S in case
of converted photons

‣ higher thresholds prevent 
reconstruction of χb (2P) with photons

‣ mass measured as
10.530 ± 0.005 (stat) ± 0.009 (syst) GeV  

4
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FIG. 2: (a) The mass distribution of !b ! !(1S)" candi-
dates for unconverted photons reconstructed from energy de-
posits in the electromagnetic calorimeter (!2

fit/d.o.f. = 0.85).
(b) The mass distributions of !b ! !(kS)" (k = 1, 2) candi-
dates formed using photons which have converted and been
reconstructed in the ID (!2

fit/d.o.f. = 1.3). Data are shown
before the correction for the energy loss from the photon con-
version electrons due to bremsstrahlung and other processes.
The data for decays of !b ! !(1S)" and !

b ! !(2S)" are
plotted using circles and triangles respectively. Solid lines rep-
resent the total fit result for each mass window. The dashed
lines represent the background components only.

is observed through reconstruction of the radiative decay
modes of !b(nP) ! !(1S,2S) ". Mass peaks correspond-
ing to !b(1P,2P) decays are observed, together with ad-
ditional structures at higher mass, which are consistent
with theoretical predictions for !b(3P) ! !(1S) " and
!b(3P) ! !(2S) ". These observations are interpreted
as the !b(3P) multiplet, the mass barycenter of which is
measured to be 10.530±0.005 (stat.)±0.009 (syst.) GeV.
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Observations: a new Ξ baryon
‣ mass difference of Ξb * (JP = 3/2 and L = 0 ) and ground state Ξb should be big 

enough to kinematically allow a strong decay
‣ search for Ξb0* → Ξb

-π+ ( and charge conjugate ) in a full kinematic vertex fit

‣ prompt track suppression via 
impact parameter significance

‣ signal yield of 108 ± 14 events
‣ mass 5795.0 ± 3.1 (stat) MeV and mass

resolution, 23.7 ± 3.2 (stat) MeV
in good agreement with full simulation

J/Ψ Ξ-

µ+µ- Λ0π-

p π-

trigger
same charge
requirement

invariant mass within 250 MeV of the J=c mass [13],
dimuon pT > 10 or 13 GeV (depending on the instanta-
neous luminosity), dimuon rapidity jyj< 1:25, and dimuon
vertex fit !2 probability greater than 0.5%.

The reconstruction of the !!
b ! J=c!! candidates

begins by identifying J=c ! """! decays. The candi-
date J=c mesons are built by combining pairs of oppo-
sitely charged muons (tracks in the silicon tracker matched
to tracks in the muon detectors) satisfying the trigger
conditions and having an invariant mass within 150 MeV
of the J=c mass. Candidate "0 baryons are reconstructed
in decays to a pion (#") and a proton (p) with opposite
charges, where the higher momentum track is assumed to
be the proton. Both tracks are required to have a track fit
!2=ndf < 5, where ndf is the number of degrees of free-
dom, and at least six hits in the silicon tracker. The "0

candidate vertex must have a fit !2=ndf < 7 and be dis-
placed from the beam line by more than 10$vertex. Possible
contamination from misreconstructed KS mesons is re-
moved by requiring that the candidate mass, when assum-
ing that both tracks are pions, differs from theKS mass [13]
by more than 20 MeV. Candidate !! baryons are recon-
structed by combining a "0 candidate with a track (#!) of
the same charge as the #". A kinematic vertex fit [14] is
performed, assuming that the track is a pion, and with the
"0 candidate mass constrained to its world-average value
[13]. Aveto window of 20MeVaround the#! mass [13] is
applied when assuming that the #! candidate is a kaon.
The !! is then combined with the J=c to form a !!

b

candidate, with a kinematic vertex fit constraining their
masses to the world-average values [13]. On average, the
events used in this analysis have around eight recon-
structed primary vertices (PV). The PV closest in three
dimensions to the !!

b trajectory is taken as the one where
the !!

b was produced.
The !!

b signal selection criteria are chosen by an iter-
ative algorithm that maximizes both the signal yield and

the significance, calculated as S=
!!!!!!!!!!!!!
S" B

p
, where the signal

(S) and background (B) yields are evaluated in a window of
#40 MeV around the !!

b mass, 5790:5# 2:7 MeV [13].
The value of B is linearly interpolated to this signal region
from the two mass sidebands, located between 40 and
100 MeV away from the peak value. Thirty variables are
used to optimize the !!

b signal selection. At every itera-
tion, two variables are chosen randomly, where one of them
is tightened and the other loosened. If S and the signifi-
cance increase, the new set of values is accepted. To avoid
ending up in a local maximum, an iteration is accepted if
the significance decreases by less than a random number
uniformly generated between 0 and 10%. The variables
used for the selection include the pT of both muons, and of
the J=c , p, #", #!,!

!, and!!
b . The muons and!!

b can
have different pT selections in the pseudorapidity regions
j%j< 1:2 and j%j> 1:2, where j%j $ 1:2 is the transition
between the barrel and endcap detectors. The algorithm

also tunes the requirements on the differences between the
reconstructed masses and the world-average masses for the
"0, !!, and J=c , with the latter case being different for
j%%J=c &j< 1:2 and j%%J=c &j> 1:2. Also, the total J=c
pseudorapidity coverage can be adjusted to be smaller than
the full j%%J=c &j< 2:4 range.
To select a !!

b sample with a good signal-over-
background ratio, it is important to reject promptly pro-
duced tracks. This is done via a selection on their trans-
verse impact parameter significances Dip=$Dip, where the
impact parameterDip is calculated with respect to the beam
line and $Dip is its uncertainty. This procedure is applied to
the p, #", and #! tracks, as well as to the "0 and !!

trajectories. Long-lived particles ("0, !!, and !!
b ) are

selected by requirements on their transverse decay lengths
and on the significance Lxy=$Lxy of the transverse distance
between their production and decay vertices Lxy, where
$Lxy is the uncertainty of Lxy. Minimal fit confidence
levels are required on the "0, !!, and !!

b decay vertices,
while the three-dimensional distance significance must be
smaller than the optimized thresholds for the distances
between the !! trajectory and the J=c decay vertex, as
well as between the !!

b trajectory and the chosen PV.
The J=c!! invariant-mass distribution for the !!

b
candidates passing the selection criteria is shown in
Fig. 1, together with the result of a fit with a Gaussian
function representing the signal plus a second-order poly-
nomial representing the background, which gives a signal
yield of 108# 14 events. The same figure also displays the
invariant-mass distribution for background events, in
which the #! and proton have the same charge, giving

) [GeV]-!"M(J/
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FIG. 1 (color online). Invariant-mass distributions of the se-
lected !!

b candidates (closed circles) and of the J=c!! pairs
where the proton and #! have the same charge (open squares).
The blue solid curve represents the result of the signal-plus-
background fit to the !!

b distribution, while the red dashed line
shows the corresponding background component.
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Observations: a new Ξ baryon
‣ mass difference of Ξb * (JP = 3/2 and L = 0 ) and ground state Ξb should be big 

enough to kinematically allow a strong decay
‣ search for Ξb0* → Ξb

-π+ ( and charge conjugate ) in a full kinematic vertex fit

‣ prompt track suppression via 
impact parameter significance

‣ signal yield of 108 ± 14 events
‣ mass 5795.0 ± 3.1 (stat) MeV and mass

resolution, 23.7 ± 3.2 (stat) MeV
in good agreement with full simulation

J/Ψ Ξ-

µ+µ- Λ0π-

p π-

trigger
same charge
requirement

invariant mass within 250 MeV of the J=c mass [13],
dimuon pT > 10 or 13 GeV (depending on the instanta-
neous luminosity), dimuon rapidity jyj< 1:25, and dimuon
vertex fit !2 probability greater than 0.5%.

The reconstruction of the !!
b ! J=c!! candidates

begins by identifying J=c ! """! decays. The candi-
date J=c mesons are built by combining pairs of oppo-
sitely charged muons (tracks in the silicon tracker matched
to tracks in the muon detectors) satisfying the trigger
conditions and having an invariant mass within 150 MeV
of the J=c mass. Candidate "0 baryons are reconstructed
in decays to a pion (#") and a proton (p) with opposite
charges, where the higher momentum track is assumed to
be the proton. Both tracks are required to have a track fit
!2=ndf < 5, where ndf is the number of degrees of free-
dom, and at least six hits in the silicon tracker. The "0

candidate vertex must have a fit !2=ndf < 7 and be dis-
placed from the beam line by more than 10$vertex. Possible
contamination from misreconstructed KS mesons is re-
moved by requiring that the candidate mass, when assum-
ing that both tracks are pions, differs from theKS mass [13]
by more than 20 MeV. Candidate !! baryons are recon-
structed by combining a "0 candidate with a track (#!) of
the same charge as the #". A kinematic vertex fit [14] is
performed, assuming that the track is a pion, and with the
"0 candidate mass constrained to its world-average value
[13]. Aveto window of 20MeVaround the#! mass [13] is
applied when assuming that the #! candidate is a kaon.
The !! is then combined with the J=c to form a !!

b

candidate, with a kinematic vertex fit constraining their
masses to the world-average values [13]. On average, the
events used in this analysis have around eight recon-
structed primary vertices (PV). The PV closest in three
dimensions to the !!

b trajectory is taken as the one where
the !!

b was produced.
The !!

b signal selection criteria are chosen by an iter-
ative algorithm that maximizes both the signal yield and

the significance, calculated as S=
!!!!!!!!!!!!!
S" B

p
, where the signal

(S) and background (B) yields are evaluated in a window of
#40 MeV around the !!

b mass, 5790:5# 2:7 MeV [13].
The value of B is linearly interpolated to this signal region
from the two mass sidebands, located between 40 and
100 MeV away from the peak value. Thirty variables are
used to optimize the !!

b signal selection. At every itera-
tion, two variables are chosen randomly, where one of them
is tightened and the other loosened. If S and the signifi-
cance increase, the new set of values is accepted. To avoid
ending up in a local maximum, an iteration is accepted if
the significance decreases by less than a random number
uniformly generated between 0 and 10%. The variables
used for the selection include the pT of both muons, and of
the J=c , p, #", #!,!

!, and!!
b . The muons and!!

b can
have different pT selections in the pseudorapidity regions
j%j< 1:2 and j%j> 1:2, where j%j $ 1:2 is the transition
between the barrel and endcap detectors. The algorithm

also tunes the requirements on the differences between the
reconstructed masses and the world-average masses for the
"0, !!, and J=c , with the latter case being different for
j%%J=c &j< 1:2 and j%%J=c &j> 1:2. Also, the total J=c
pseudorapidity coverage can be adjusted to be smaller than
the full j%%J=c &j< 2:4 range.
To select a !!

b sample with a good signal-over-
background ratio, it is important to reject promptly pro-
duced tracks. This is done via a selection on their trans-
verse impact parameter significances Dip=$Dip, where the
impact parameterDip is calculated with respect to the beam
line and $Dip is its uncertainty. This procedure is applied to
the p, #", and #! tracks, as well as to the "0 and !!

trajectories. Long-lived particles ("0, !!, and !!
b ) are

selected by requirements on their transverse decay lengths
and on the significance Lxy=$Lxy of the transverse distance
between their production and decay vertices Lxy, where
$Lxy is the uncertainty of Lxy. Minimal fit confidence
levels are required on the "0, !!, and !!

b decay vertices,
while the three-dimensional distance significance must be
smaller than the optimized thresholds for the distances
between the !! trajectory and the J=c decay vertex, as
well as between the !!

b trajectory and the chosen PV.
The J=c!! invariant-mass distribution for the !!

b
candidates passing the selection criteria is shown in
Fig. 1, together with the result of a fit with a Gaussian
function representing the signal plus a second-order poly-
nomial representing the background, which gives a signal
yield of 108# 14 events. The same figure also displays the
invariant-mass distribution for background events, in
which the #! and proton have the same charge, giving
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FIG. 1 (color online). Invariant-mass distributions of the se-
lected !!

b candidates (closed circles) and of the J=c!! pairs
where the proton and #! have the same charge (open squares).
The blue solid curve represents the result of the signal-plus-
background fit to the !!

b distribution, while the red dashed line
shows the corresponding background component.
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further evidence that the observed peak corresponds to a
real !!

b signal. The !!
b mass extracted from the fit is

5795:0" 3:1#stat$ MeV, in good agreement with the
world-average value [13]. The corresponding mass resolu-
tion is 23:7" 3:2#stat$ MeV, in agreement with the value
22:5" 4:7 MeV, obtained from a detailed Monte Carlo
(MC) simulation of the CMS detector response, using
PYTHIA 6.409 [15], EVTGEN [16], and GEANT4 [17].

To search for !%0
b baryons, the !!

b candidates with a
mass within 2.5 standard deviations of the fitted peak value
are combined with tracks, assumed to be pions, with a
charge opposite to the !! charge (opposite-sign pairs)
and coming from the selected PV, with a significance less
than 3 standard deviations on the distance between the
track trajectory and the PV. Other quality requirements
applied to the tracks are pT > 0:25 GeV, at least two hits
in the silicon pixel layers, at least five hits in the entire
tracker, and a track fit "2=ndf < 2:5.

The !%0
b search uses the mass difference Q between the

measured J=c!!!& invariant mass and the sum of the
masses of the decay products, Q ' M#J=c!!!&$ !
M#J=c!!$ !M#!$, where M#!$ is the charged-pion
mass [13]. The search for new resonances in the Q distri-
bution requires a reliable background shape. A background
model is built using candidates where the prompt pion and
the !!

b have the same charge (same-sign pairs), given that
the background is expected to be dominated by combina-
torial sources, as checked by MC studies. The measured
momentum distributions of !!

b candidates and same-sign
pions (p#!b$, p#!$), together with the distribution of the
angle between them (#), are used to randomly generate
uncorrelated values for p#!b$, p#!$, and #. Given the
limited statistical precision of the !!

b momentum distri-
bution, the corresponding random numbers are generated
from a parametrized version using the fit function
f!!

b
#p$ ' pk1e!k2p, where ki are free parameters. The

three random values are then combined to calculate a Q
value for predicting the combinatorial background distri-
bution. One hundred million Q values are generated in this
way and the resulting distribution is fitted to the function
Qc1#e!c2Q & e!c3Q & e!c4Q$, where ci are free parame-
ters. Figure 2(a) compares the Q distribution of the
same-sign !%0

b candidates with the predicted background
shape. Alternative functional forms of f!!

b
#p$ are used to

estimate the systematic uncertainty associated with this
method, which contributes to the determination of the
background parameters.

The measured opposite-sign Q distribution is displayed
in Fig. 2(b) for the range 0–50 MeV. The 21 events ob-
served in the region 12<Q< 18 MeV represent a clear
excess with respect to the expected background yield of
3:0" 1:4 events, evaluated by integrating the background
function in this Q window. An unbinned maximum-
likelihood fit is performed to the opposite-sign Q distribu-
tion with a Breit-Wigner distribution convolved with a

Gaussian function, added to the background function pre-
viously described. The Gaussian resolution of the peak is
constrained to 1:91" 0:11 MeV, as determined in the
signal MC simulation, and the background parameters
are allowed to float within their total uncertainties (statis-
tical plus systematic, added in quadrature). Figure 2(b) also
shows the result of the fit. A peak is clearly visible above
the background continuum. The fitted parameters of the
peak are Q ' 14:84" 0:74#stat$ MeV and Breit-Wigner
width " ' 2:1" 1:7#stat$ MeV. The fitted Breit-Wigner
width agrees with " ' 0:51" 0:16 MeV, the value ob-
tained following Eq. (102) of Ref. [18], based on lattice
quantum chromodynamic calculations.
To evaluate the significance of the signal, the likelihood

Ls&b of the signal-plus-background fit is determined. The
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FIG. 2 (color online). (a) Same-sign Q distribution (closed
circles) and result of a fit with the background model (red dashed
curve) in the range 0<Q< 400 MeV. (b) Opposite-sign Q
distribution (closed circles) in the 0<Q< 50 MeV range,
along with the result of the signal-plus-background fit (blue
solid curve); the background term is also shown (red dashed
curve).
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Rare decays: B0(s) → µ+µ- motivation
‣ Decay of B0(s)  → µ+µ-  is a SM benchmark process

- can only occur through (highly suppressed) flavor changing neutral current
- additionally helicity suppressed  

‣ SM branching ratio (BR) extremely small, precise theoretical prediction 

‣ BSM physics can enhance the branching ratio through loop contributions
‣ Clean event signature, controllable bkg 

- di-muon final state
- mis-reconstructed resonances, 
µ+µ- continuum

‣ BR measured w.r.t to reference channel
- B+  → J/ψ K+ 

- Bs  → J/ψ ϕ
‣ Both ATLAS & CMS perform a blind 

analysis

!  Search for Bs� μμ is an SM benchmark in flavour physics !
!  Can only occur through higher order FCNC diagrams (in SM)!
!  Good BSM probe:!

"  small predicted SM cross section!

(Buras et al, JHEP 1009 (2010) 106)!

"  very low theoretical uncertainties!
"  large class of BSM models predict large enhancements of                
BR(Bs � μμ )!

"  clean signature!
"  ratio of ! ! ! ! ! ! !can be 

used to discriminate between various BSM models!

B(s)� μμ: Motivation!

29th May 2012! Louise Oakes ~ ATLAS & CMS ~ Blois 2012!

!
8!

BR(Bs ⇥ µ+µ�) = (3.2± 0.2)� 10�9

BR(Bs � µ+µ�)/BR(Bd � µ+µ�)

B(s)� μμ: Searches!

29th May 2012! Louise Oakes ~ ATLAS & CMS ~ Blois 2012!

!
9!

mass distribution of control sample!

!  Branching ratios measured 
relative to a high statistics 
reference channels!
"    !
"   !

!  Main backgrounds are: !!
"  continuum μμ !

#  estimated from mass 
sidebands!

"  resonant backgrounds from 
misreconstructed decays!

#  estimated using MC !

!  Differing event topology 
used to select signal like 
events with BDT or 
kinematic cuts !

!  High luminosity from the 
LHC important to this 
analysis!

Bs � J/⇥�
B+ � J/�K+
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Rare decays: B0(s) → µ+µ- analyses
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‣ 2.4 fb-1data used
‣ measurement done in 3 η regions
‣ signal selection by BDT combining

kinematic & reconstructed 
variables (cross-checked on ref.)

‣ BDT optimisation and background
estimation done using independent 
sample of sideband events

‣ 5 fb-1data used (2011 dataset)
‣ measurement done in 2 regions

(barrel/endcap)
‣ cut analysis on kinematic & 

reconstructed variables
(cross-check on reference sample)

B(s)� μμ: CMS results!

29th May 2012! Louise Oakes ~ ATLAS & CMS ~ Blois 2012!

!
11!

!  Signal selected by cuts on 
kinematic and reconstruction 
variables!

!  Measurement carried out in 2 
detector regions then 
combined!

!  Plot shows data passing 
selection cuts  in signal 
regions!

!  Full 2011 data sample of 5 fb-1!
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Figure 6: J/!K± mass distribution for all the B± candidates from
even-numbered events passing all the selection cuts, merged for il-
lustration purposes. Curves in the plot correspond to the various
fit components: two Gaussians with a common mean for the main
peak, a single Gaussian with higher mean for the B± ! J/!"±

decay, a falling exponential for the continuum background and an
exponential function multiplying a complementary error function for
the partially reconstructed decays.

In each mass-resolution category the B0
s ! µ+µ! sig-

nal yield Nµ+µ! was obtained from the number of events
observed in the search window, the number of background
events in the sidebands, and the small amount of resonant
background discussed in Section 3.1. The expected ratio
of the background events in the sidebands to those in the
search window is described by the parameter Rbkg

i , which
depends on the width of the invariant-mass interval and
on the fraction of events from the sidebands used for the
interpolation. The former varies according to the mass-
resolution category, and the latter is equal to 50%, corre-
sponding to the even-numbered events in the data collec-
tion. Uncertainties in the mass dependence of the contin-
uum background produced a ±4% systematic error in the
value of Rbkg

i , evaluated by studying the variation of Rbkg
i

for di!erent BDT output cuts and background interpola-
tion models. The systematic variation accounts also for
additional background components in the low mass side-
bands (e.g. partially reconstructed B decays). This uncer-
tainty was treated coherently in the three mass-resolution
categories.

The values of the SES are given in Table 7 which also
shows the values of the parameters Rbkg

i , the background
counts in the sidebands2, the resonant background, and
finally the observed number of events in the search region,

2For comparison, the number of odd-numbered events observed
in the sidebands, which is expected to be biased due to the use of
the same sample in selection optimization and BDT training, was
found to be equal to one event in each of the three mass-resolution
categories.

as found after unblinding. Figure 7 shows the invariant
mass distribution of the selected candidates in data, for the
three mass categories, together with the signal projections
as obtained from MC assuming BR(B0

s ! µ+µ!) = 3.5 ·
10!8 (i.e. approximately 10 times the SM expectation).
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Figure 7: Invariant mass distribution of candidates in data. For
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!  Search for Bs� μμ is an SM benchmark in flavour physics !
!  Can only occur through higher order FCNC diagrams (in SM)!
!  Good BSM probe:!

"  small predicted SM cross section!

(Buras et al, JHEP 1009 (2010) 106)!

"  very low theoretical uncertainties!
"  large class of BSM models predict large enhancements of                
BR(Bs � μμ )!
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|!|max Range 0–1.0 1.0–1.5 1.5–2.5

SES= (""i)!1 [10!8] 0.71 1.6 1.4
" = (fs/fu)/BR(B± ! J/#K± ! µ+µ!K±) [103] 4.45 ± 0.38

"i = NB±"J/!K±

i /Ri
A" [10

4] 3.14± 0.17 1.40± 0.15 1.58± 0.26
bkg. scaling factor Rbkg

i 1.29 1.14 0.88
sideband count Nbkg

obs,i (even numbered events) 5 0 2
expected resonant bkg. NB"hh

i 0.10 0.06 0.08
search region count Nobs

i 2 1 0

Table 7: Single event sensitivity and event counts in the three mass resolution categories. The second and third lines report how the
SES= (!!i)!1 was split between a coe!cient common to all bins, and the per-bin component. The Table does not include the additional
common uncertainties corresponding the sources mentioned in the last paragraph of Section 4.1 (±5.5% in Ri

A!) and to the parameterization

of the mass dependence of the continuum background (±4% in Rbkg
i ).

6. Branching fraction limits

The upper limit on the B0
s!µ+µ! branching fraction

was obtained by means of an implementation [32] of the
CLs method [33]. The extraction was based on the likeli-
hood:

L = Gauss("obs|",$")"Gauss(Rbkg
obs |R

bkg,$Rbkg )"
Nbin
!

i=1

Poisson(Nobs
i |" "iBR+Nbkg

i +NB"hh
i )"

Poisson(Nbkg
obs,i|R

bkg Rbkg
i Nbkg

i )"
Gauss("obs,i|"i,$"i) .

For each mass-resolution category, the likelihood contains
Poisson distributions for the event counts in the search and
sideband regions and a Gaussian distribution for the rel-
ative e!ciency "i. Two additional Gaussians describe the
coherent systematic uncertainties in Rbkg and in the SES.
The mean of the Poisson distribution in the search region
is equal to the sum of the B0

s branching fraction (scaled
by the normalization and relative e!ciency parameters),
the continuum background and the resonant background.
The mean of the Poisson distribution in the sidebands is
equal to the background scaled by Rbkg. The parameters
$" ($"i), $Rbkg ($Rbkg

i
) account for the correlated (uncorre-

lated) uncertainties in the SES and the background scaling
factor. In this analysis the uncertainties on Rbkg

i are neg-
ligible, with Rbkg = 1.00± 0.04. All input parameters are
summarized in Table 7.

The expected limits were obtained by setting the counts
in the search region equal to the interpolated background
plus the small resonant background, before the unblinding
of the signal region. A median expected limit of 2.3+1.0

!0.5 "
10!8 at 95% CL was obtained, where the range encloses
68% of the background-only pseudo-experiments.

For comparison the mass-resolution categories were merged
and the selection optimization was performed on the merged
sample. In this case eight events were found in the side-
bands, resulting in a branching fraction limit of 2.9+1.3

!0.8 "
10!8 at 95% CL. This test confirms the expectation of a

more sensitive analysis when separate mass-resolution cat-
egories are used.

The background counts found in odd-numbered events
were used to assess the magnitude of the bias that would
be caused by using the same sample for selection opti-
mization and the estimation of Nbkg. The expected limit
obtained using the same sample for optimization and sig-
nal extraction is 1.7 " 10!8, about 30% smaller than the
limit presented in this Letter, for which independent sam-
ples were used for optimization and for signal extraction.
The observed bias is consistent with simulation-based as-
sessments of this e"ect.

Figure 8 shows the behaviour of the observed CLs for
di"erent tested values of the B0

s ! µ+µ! branching frac-
tion, computed with 300 000 toy MC simulations per point.
The observed limit is < 2.2 (1.9) "10!8 at 95% (90%) CL.
The p-values for the background-only hypothesis and for
background plus SM prediction [1, 2] are 44% and 35%,
respectively.
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The 95% CL limit is indicated by the horizontal (red) line. The
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fluctuations on the expectation (dashed line), based on the number
of observed events in the signal and sideband regions.
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Table 4: Expected and observed upper limit at 95% C.L. on B(B0
(s) ! µ+µ�), published

by the each experiment and their combination. The expected limits correspond to the
median cases in which only bkg or SM+bkg events were observed. For CMS, the numbers
in parentheses correspond to the analysis used in the combination.

Mode Limit ATLAS CMS
LHCb LHCb

Combined
2010 2011

B0
s ! µ+µ� (10�9)

Bkg Only 23 (3.6) 65 3.4 2.3
Bkg+SM 8.4 7.2 6.1
Obs 22 7.7 (7.2) 56 4.5 4.2

B0! µ+µ� (10�10)
Bkg Only – (13) 180 11 7.3
Bkg+SM – 16
Obs – 14 (16) 150 10 8.1

µ+µ�) to be significantly smaller than the SM prediction. Such cases can be probed by
the LHC experiments with more integrated luminosity.
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Figure 1: CLs as a function of the assumed branching fraction for B0
s ! µ+µ�. The

dashed black curves are the medians of the expected CLs distributions, if background and
SM signal were observed (left), and in complete absence of signal (right). The green (yel-
low) areas cover, for each branching fraction, 34% (48%) of the expected CLs distribution
on each side of its median, corresponding to ±1(2)� intervals. The solid blue curves are
the observed CLs. The upper limits at 90% (95%) C.L. are indicated by the dotted (solid)
horizontal lines in red (dark gray) for the observation and in gray for the expectation.
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‣ Recently combination of ATLAS+CMS+LHCb

1�CLb = 5.73⇥10�7 for one–sided definition of the significance (for two–sided definition
these numbers are 1� CLb = 1.35⇥ 10�3 and 1� CLb = 2.87⇥ 10�7, respectively).

The use of CLs instead of CLs+b is chosen to protect against negative statistical fluc-
tuations of the background, which could potentially lead to the exclusion of the null
hypothesis, even without any experimental sensitivity.

4 Results and conclusions

The expected and observed CLs values derived from ATLAS, CMS, and the two LHCb
analyses are shown in Figure 1 as a function of the assumed B(B0

s ! µ+µ�). The
expected and measured limits are reported in the first row of Table 3. This observed
distribution of events, when compared with the expected background distribution, results
in 1�CLb (or p-value) of 5%,3 and in 1�CLs+b of 84% when compared with the expected
background plus SM signal distribution, indicating a slight excess of events with respect to
the background predictions, compatible with a SM signal within one standard deviation.

The expected and observed CLs value derived from CMS and the two LHCb analyses
are shown in Figure 2 as a function of the assumed B(B0 ! µ+µ�). The expected and
measured limits are reported in the second row of Table 3.

Table 3: Expected and observed upper limit on B(B0
(s) ! µ+µ�), obtained from the

combination of ATLAS, CMS, and the two LHCb analyses for B0
s ! µ+µ� and from

CMS and the two LHCb analyses for B0 ! µ+µ�. The expected limits correspond to the
median cases in which only bkg or SM+bkg events were observed.

bkg only SM + bkg Observed
C.L. 90% 95% 90% 95% 90% 95%

B(B0
s ! µ+µ�) (10�9) 1.9 2.3 5.4 6.1 3.7 4.2

B(B0! µ+µ�) (10�10) 5.9 7.3 6.7 8.1

The combined upper limits on B(B0
s ! µ+µ�) and B(B0 ! µ+µ�) improve on the

limits obtained by the individual experiments as shown in Table 4, and represent the best
existing limits on these decays. The expected limit, if background plus B0

s ! µ+µ� signal
events were observed at the SM rate, improves by 15% with respect to the 2011 LHCb
analysis. The improvement on the expected limit in absence of a B0

s ! µ+µ� signal is
32%.

The observed data is compatible with the SM signal prediction within 1 sigma and
NP enhancements of B(B0

s ! µ+µ�) are constrained to be much smaller than the SM
prediction. There remains, however, room for a contribution from physics beyond the SM,
including destructive interference between NP and SM which could still cause B(B0

s !
3CLb is evaluated at the value of B(B0

s ! µ+µ�) in which CLs+b =0.5.
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‣ Mixing in B sector creates time-dependent Bs states 

‣ Time evolution of Bs and Bs are described by superposition of mass 
eigenstates BH and BL with masses ms ±Δms/2 and lifetimes  Γs±ΔΓs/2  

- these states deviate for pure CP = ±1 eigenstates through mixing phase Δφs

‣ NP could add significant contribution to Δφs and alter ΔΓs, Δms

‣ Access via fully reconstructed decay mode of Bs  → J/ψ ϕ → µ+µ- K+ K-

‣ Final states are composed of mixing amplitude, directs amplitude,
interference terms and a non-resonant S-wave contribution for K+ K-

‣ Bs/Bs flavor at production is not determined in this analysis
- fast oscillation driven by Δms can not be measured, but interference terms give 

access to mixing phase
‣ Decay PDF can be parameterized in angular- and time-dependent amplitudes

In general, the decay to a final state that is coupled to BS  and/or     
exhibits fast oscillations driven by ΔmS. Interference between 
amplitudes for both states generates CP violation, and conveys 
information on φs . 
 
 
 
 
 
If B  /      flavor at production is not determined (not tagged), the 
fast oscillations cannot be observed,  
but interference terms remain if the final state is described by a 
superposition of amplitudes of different CP .  
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‣ Analysis strategy is a maximum likelihood fit to Bs mass and proper decay 
time

- likelihood built from time- and angular dependent decay amplitudes, background 
contributions 
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Figure 5. Likelihood contours in the !s ! !"s plane. Three contours show the 68%, 90% and
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mixing- induced CP violation. The PDF contains a fourfold ambiguity. Three minima are excluded
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s . The pull distribution at the bottom shows

the di!erence between the data and fit value normalised to the data uncertainty.

The measured values, for the minimum resulting from !! constrained to the LHCb

value of 2.95 ± 0.39 rad [7] and "#s being constrained to be positive following LHCb

measurement [18], are:

"s = 0.22 ± 0.41 (stat.) ± 0.10 (syst.) rad

"#s = 0.053 ± 0.021 (stat.) ± 0.008 (syst.) ps"1

#s = 0.677 ± 0.007 (stat.) ± 0.004 (syst.) ps"1

|A0(0)|2 = 0.528 ± 0.006 (stat.) ± 0.009 (syst.)

|A#(0)|2 = 0.220 ± 0.008 (stat.) ± 0.007 (syst.)

These values are consistent with theoretical expectations, in particular "s is within 1# of

the expected value in the Standard Model. A likelihood contour in the "s ! "#s plane

is also provided for the minimum compatible with the LHCb measurements [7, 18]. The

fraction of S-wave KK or f0 contamination is measured to be consistent with zero, at

|AS(0)|2 = 0.02 ± 0.02.
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The measured values, for the minimum resulting from !! constrained to the LHCb

value of 2.95 ± 0.39 rad [7] and "#s being constrained to be positive following LHCb

measurement [18], are:

"s = 0.22 ± 0.41 (stat.) ± 0.10 (syst.) rad

"#s = 0.053 ± 0.021 (stat.) ± 0.008 (syst.) ps"1

#s = 0.677 ± 0.007 (stat.) ± 0.004 (syst.) ps"1

|A0(0)|2 = 0.528 ± 0.006 (stat.) ± 0.009 (syst.)

|A#(0)|2 = 0.220 ± 0.008 (stat.) ± 0.007 (syst.)

These values are consistent with theoretical expectations, in particular "s is within 1# of

the expected value in the Standard Model. A likelihood contour in the "s ! "#s plane

is also provided for the minimum compatible with the LHCb measurements [7, 18]. The

fraction of S-wave KK or f0 contamination is measured to be consistent with zero, at

|AS(0)|2 = 0.02 ± 0.02.
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-0.001 ± 0.101 ± 0.027

0.6580 ± 0.0054 ± 0.0066

0.116 ± 0.018 ± 0.006 LHCb

Measurement consistent 
with SM, competitive 
measurement for Γ and ΔΓ
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Conclusions
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‣ ATLAS and CMS serve a very rich heavy flavor physics program
- this could never be a complete summary

‣ High statistics and excellent detector performances allow competitive 
measurements

- inclusive and exclusive production cross sections
- mass and lifetime measurements
- observations of new states
- test of BSM phenomena 

‣ In general, measurements are in good agreement with available pQCD/NLO 
predictions

‣ No signs of evidence for BSM
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ATLAS and CMS - trigger & detector performance

‣ experiments run  with > 95 % active channels
‣ MC simulation describes the data very well 
‣ very robust reconstruction wrt pile-up,

e.g. ATLAS µ combined reconstruction 
‣ trigger systems & lepton isolation highly 

performing and well understood, e.g.
CMS singly mu trigger & isolation wrt pile-up

25

Number of vertices
2 4 6 8 10 12 14 16 18 20

PF
-T

ig
ht

 M
uo

n 
& 

co
m

b.
 P

F-
Is

o 
< 

0.
15

 E
ffi

ci
en

cy

0.8

0.85

0.9

0.95

1

1.05

Data

MC

Data/MC

CMS Preliminary
=7TeVs2011 data, 

Heavy flavor physics results rely on the full detector to work extremely well !
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Inclusive B lifetime measurement
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ATLAS NOTE
ATLAS-CONF-2011-145

October 11, 2011

Measurement of the average B lifetime in inclusive B! J/ X ! µ+µ� X
decays with the ATLAS detector

The ATLAS Collaboration

Abstract

Using the inclusive sample of J/ !µ+µ�decays collected by the ATLAS experiment in
2010, a measurement of the average lifetime of all species of B-hadrons in B ! J/ X !
µ+µ� X decays produced in LHC proton–proton collisions at

p
s = 7 TeV is performed.

An average lifetime of < ⌧b >= 1.489 ± 0.016 (stat) ± 0.043 (syst) ps is obtained using an
unbinned simultaneous mass and lifetime maximum likelihood fit.

‣ Average B meson lifetime measurement
with

‣ excellent test of detector performance,
and accurate reference measurements,
e.g. CDF:
τB = 1.526 ± 0.034 (stat) ± 0.035 (syst) ps

‣ accessed through di-muon (partial) final state
‣ using pseudo-proper decay time

   taken from MC, weighted to BaBar data
τB = 1.489 ± 0.016 (stat) ± 0.043 (syst) ps

Here, ~L is the vector from the primary vertex to the J/ decay vertex and ~pT(J/ ) is the transverse
momentum vector of the J/ . The measurement is performed in the transverse plane because of the
worse resolution associated with the longitudinal component Lz.

Lxy is measured using the position of the J/ secondary vertex found in the o✏ine analysis, and the
primary vertex in the event. The primary vertex is refitted with the two muon tracks excluded to avoid
a bias. For events that contain multiple vertices, the primary vertex chosen is the one with the highest
sum of transverse momenta squared of the associated tracks. The error on Lxy is calculated from the
covariance matrices of the primary and the secondary vertices.

The probability for the decay of a B-hadron as a function of proper decay time follows an exponential
distribution

Pr(tB) =
1
⌧B

exp(�tB/⌧B),

where ⌧B is the lifetime of the B-hadron and tB is the proper decay time. For each candidate the proper
decay time can be calculated as

tB =
L
��c
,

where L is the distance between the B-hadron production and decay point, �� = p/m is the Lorentz factor
and c is the speed of light. Therefore for B-hadrons, if we take the projections of the decay length and
momentum on the transverse plane, we obtain

tB =
Lxy mB

PDG

pT(B)
.

When measuring the average lifetime, since the B-hadron decay is not completely reconstructed,
its transverse momentum is not known. The best approximation of this parameter is the transverse
momentum of the J/ meson. A variable called “pseudo-proper decay time”, or “pseudo-proper time”,
can then be built:

t? =
Lxy mJ/ 

PDG

pT(J/ )
. (2)

At large J/ pT, where most of the B transverse momentum is carried by the J/ the distribution of t?

will be approximately an exponential distribution.
In order to measure the average B-hadrons’ lifetime, a correction for the smearing introduced by the

use of the J/ pseudo-proper decay time is needed. It is performed introducing a factor (’F-factor’ in the
following) defined as:

F =
(��)B

T

(��)J/ 
T

=
mB

PDG · p
J/ 
T

pB
T · m

J/ 
PDG

· 1
cos (��(J/ � B))

, (3)

where ��(J/ � B) is the angle between the direction of flight of the J/ and of the B-hadron in the
transverse plane. This correction factor is extracted from the Pythia bb̄ ! J/ X MC, as described in
Section 3.2.

3.2 Inclusive J/ Modelling in Monte Carlo

The correction factor F in Equation 3 cannot be extracted from data, since the B-hadron decays are
not fully reconstructed in this measurement. Therefore, the transverse momentum of the B-hadron is
unknown, and one has to rely on MC simulation.

As the F-factor is extracted from a MC sample, and since it depends on the momenta of the J/ and B
in the sample, it is crucial that the inclusive J/ spectrum in B-hadron decays is correctly described by the

4

Inclusive B lifetimes ATLAS!

!   !

29th May 2012! Louise Oakes ~ ATLAS & CMS ~ Blois 2012!

!
6!

!  Uses pseudo-proper decay time:!

!  F-factor is calculated from MC 
(weighted to BaBar data)!

!  Average B meson lifetime <τB> 
measured in  !

    decays!
<τB>=1.489±0.016(stat.)±0.043(syst)ps!
!  Excellent test of detector 

calibration and performance!
!  c.f. CDF measurement:!

 !

ATLAS-CONF-2011-145!

�B =
Lxy · mPDG

B

pT (B)
=

Lxy · mPDG
J/�

pT (J/⇥)
· F

Bx � J/�X � µ+µ�X

�B = 1.526± 0.034 (stat)± 0.035 (syst)ps

Good agreement with previous 
measurements
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Rare decays: D0 → µ+µ - motivation & analysis
‣ Very rare FCNC process, extremely suppressed by SM

- quoting Burdman et al (2008) when including long-range effects

‣ BR can be strongly enhanced when including NP phenomena
‣ Analysis strategy is the measurement of ratio

‣ Many systematic uncertainties cancel in the ratio
‣ Both decays reconstructed topologically,

for denominator D0 direction needed to constrain ν momentum via PV 
pointing

1

One promising way to search for physics beyond the Standard Model (SM) is to search for
decay modes that are extremely rare or forbidden. The observation of these modes at rates
exceeding the prediction of the SM could open a window onto New Physics (NP). The Flavour-
Changing Neutral Current (FCNC) decays are rare decays which proceed via an internal quark
loop in the SM but are forbidden at the tree level.

In the SM, the FCNC decay D0 ! µ+µ� is highly suppressed by the Glashow-Iliopolus-Maiani
(GIM) mechanism and by a factor of m2

µ/m2
D due to helicity. This decay proceed via a W box di-

agram, which also contributes to D0 � D0 mixing. Theoretical estimates of this branching ratio
are approximately 10�18 from short range processes, increasing to 10�13 when long-distance
processes are included [1]. However NP models can enhance these estimates by several or-
ders of magnitude [2]. This is why these decays are so attractive: any detection, given current
sensitivities, will be a clear sign of NP. Large Hadron Collider (LHC) experiments have the
possibility to detect these rare decay modes. Furthermore, as charm is an up-type quark, the
search for FCNC in the charm sector is complementary to B and K decay searches.

In this note, a search for D0 ! µ+µ� is presented using a data sample of pp collisions at
p

s = 7
TeV, corresponding to an integrated luminosity of ⇠ 90 pb�1, collected by the Compact Muon
Solenoid (CMS) experiment at the LHC. The strategy of this analysis is to measure the ratio of
branching fractions, D⇤+!D0(µ�µ+)p+

D⇤+!D0(K�µ+n)p+ , in such a way that most of the systematic uncertainties
cancel out (throughout this note charge conjugate state is implied).

The main challenge of this analysis is to reconstruct the normalization mode, which has a much
smaller trigger efficiency.

A feature of heavy flavour events is to have a secondary vertex separated from the primary
vertex. For this reason the semileptonic and the dimuon analyses are essentially topological:
they are based on a search for primary and secondary vertices in the event. In the case when
multiple primary vertices are reconstructed, the vertex with the highest sum of p2

T of the tracks
in the vertex is selected, where pT is the transverse momentum. This is the default CMS choice.
Events without a primary vertex or events in which the selected primary vertex has a c2 prob-
ability less than 1% are discarded.

A detailed description of the CMS detector can be found in Ref. [3]. The main subdetectors
used in this analysis to reconstruct the topological configuration of the event are the silicon
tracker (composed of pixel and strip layers) and the muon stations.

The trigger plays an essential role. The events selected for this analysis are those with a muon
having a pT greater than a certain threshold, which varies with running conditions. The events
are selected with a two-level trigger system. The first level requires a good quality muon,
while the high level trigger (HLT), using additional information from the silicon tracker, im-
poses a cut on the pT of the muon (for example HLT Mu3 means an event with a muon having
pT > 3 GeV/c). As the luminosity of the LHC increased the triggers were prescaled. During
the 2010 data taking, the lowest pT unprescaled trigger was varied six times from 3 (HLT Mu3)
to 15 GeV/c (HLT Mu15). In the 2011, the HLT Mu15 trigger remained unprescaled for the first
54 pb�1 of collected luminosity. Later CMS trigger configurations are too inefficient to recon-
struct the normalization decay mode D0 ! K�µ+n. The data sample considered is therefore
divided into seven run periods: six for the 2010 data taking and one for 2011.

The D0 ! µ+µ� analysis begins with two opposite sign muon candidates. Muon candidates
are required to be reconstructed both in the silicon tracker and in the muon stations. The global
fit must have a c2 per degree of freedom (DOF) less than 3, to have a distance of closest ap-

Figure 8: Unitarity contributions: (a) One-particle, (b) Two-particle !!.

where

F =
!

i=d,s,b

VuiV
!
ci

"

xi

2
+
"s

4#
xi ·

#

ln2 xi +
4 + #2

3

$%

, (51)

with xi = m2
i /M

2
W . The amplitude AD0!+!! vanishes due to the equations of motion.

The explicit dependence on lepton mass in the decay amplitude overwhelmingly favors
the µ+µ" final state over that of e+e". Upon employing the quark mass values md !
0.01 GeV, ms ! 0.12 GeV, mb ! 5.1 GeV, the Wolfenstein CKM parameters $ ! 0.22,
A ! 0.82, % ! 0.21, & ! 0.35 and the decay constant fD ! 0.2 GeV, we obtain the

branching fraction Brs.d.
D0#µ+µ! ! 10"18.

2.4.2 Long Distance Contributions to D0 " '+'"

In the following, we consider two long distance unitarity contributions (cf. Fig. 8) which

lead to D0 " '+'" transitions. In each case, the decay amplitude is dependent on
the lepton mass, and thus we shall provide numerical branching ratios only for the case
D0 " µ+µ".

Single-particle Unitarity Contribution

The single-particle ‘weak-mixing’ contribution to D0 " '+'" can be estimated in a

manner like that considered for the D0 " !! transition (cf. Eq. (38)). For definiteness,
we consider the D0 " '+'" parity-conserving amplitude BD0!+!! (see Eq. (48)),

B(mix)
D0!+!! =

!

Pn

#Pn|H(p.c.)
wk |D0$

1

M2
D % MP 2

n

BPn!+!! , (52)

and we write B(mix)
D0!+!! = B(gnd)

D0!+!! + B(res)
D0!+!! for the ground state (#0, &, &$) and resonance

contributions.

There is little known regarding the Pnµ+µ" (Pn = #0, &, &$) vertices. In the following,
we assume these quantities have the same flavor structure as the corresponding Pn!! ver-

tices described earlier,4 and obtain the overall Pnµ+µ" normalization from the measured
4This ensures that our expression will vanish in the limit of SU(3) flavor symmetry.

18

!  Branching fraction measured as a ratio 
with a kinematicly similar control mode:!

!  Many systematic uncertainties cancel!
!  Control channel yields 16458 ± 204 

candidates!
!  2010 and early 2011 data used !

D0�μμ: Analysis method!

29th May 2012! Louise Oakes ~ ATLAS & CMS ~ Blois 2012!

!
15!

!  Both decays reconstructed 
topologically !

!  Determine primary and secondary 
vertices!

!  D0 candidate combined with one 
track from PV to form D*+!

SV"

PV"
D*+"

D0"

π+"
K-"

μ+"

ν"

27

C
M

S 
PA

S 
BP

H
-1

1-
01

7



E

A. Salzburger - QCD@LHC 2012 - Heavy flavor measurements in ATLAS and CMS

Rare decays: D0 → µ+µ - result
‣ building mass difference

  ΔM = Mrec(D*+) - Mrec(D0)
‣ Signal window chosen with 

   | ΔM - ΔMPDG | < 3 MeV
- N (Kµνπ) = 16458 ± 204 (from fit)

- N (µµ) = 23 (obs) / 23 (exp. background)

References 9

In summary, the FCNC decay D0 ! µ+µ� has been searched for using the CMS detector. No
evidence has been found in ⇠ 90pb�1 of data.

We show the upper limit at 90% confidence level in Table 3, together with the present best
limits. Although this upper limit is not the best limit for this FCNC decay, it is the first time a
semileptonic decay has been used as the normalization.

Table 3: Upper limit at 90% CL for D0 ! µ+µ�.
Experiment Upper limit at 90% CL
BABAR [13] < 1.3 ⇥ 10�6

CDF [14] < 2.1 ⇥ 10�7

BELLE [15] < 1.4 ⇥ 10�7

this measurement < 5.4 ⇥ 10�7
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Figure 2: The DM = M(µ+µ�p+)� M(µ+µ�) distribution with fit superimposed. The points
are the data, the blue line shows the fit function for the background described in the text.
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Figure 3: The µ+µ� invariant mass distribution. The light red band shows the signal region,
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D0� μμ: Results!
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!  No evidence for decay          
D0� μ+μ- !

!  Upper limit set for branching 
ratio!

!  Contamination from peaking 
background D0� π+π – 

negligible due to very tight 
muon selection!

!  Background estimated from D0 
mass sidebands     !

!  Taken from PDG!
!  Measured in CMS data!
!  Calculated from MC!

BR(D0 ⇥ µ+µ�) �

BR(D0 � K�µ+�) � NData(µµ)
NData(Kµ�)

�a(Kµ⇥)
a(µµ)

� �trig(Kµ⇥)
�trig(µµ)

� �rec(Kµ⇥)
�rec(µµ)

!  Using CLs method, 90% CL is computed:!

!  Best limit is from LHCb, at the 95% CL: !
BR(D0 ⇤ µ+µ�) ⇥ 5.4� 10�7

BR(D0 ⇤ µ+µ�) ⇥ 1.3� 10�8
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function obtained from the WS sample. The fit returns 16 458 ± 204 D0 ! K�µ+n candidates.
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Figure 1: DM = M(K�µ+np+) � M(K�µ+n) for the RS sample with fit superimposed. The
points are the data, the blue line shows the fit function composed of two Gaussians plus the
background function modelled by the WS. This background function is shown as a dashed red
line.

Figure 2 shows DM = M(µ+µ�p+) � M(µ+µ�) for the D0 ! µ�µ+ analysis (data from all
seven periods). The superimposed fit is a standard function used to model the background of
the DM distribution: f (DM) = p1 ⇥ [(DM � Mp)1/2 + p2 ⇥ (DM � Mp)3/2], where p1 and p2
are the fit parameters and Mp is the pion mass.

From the events of Figure 2, with the additional cut |DM � DMPDG| < 3 MeV where 3 MeV
corresponds to ⇠ 3.6 times the mass resolution measured in MC, we obtain the µ�µ+ invariant
mass shown in Figure 3. In more detail, Figure 4 shows the µ�µ+ invariant mass for each
trigger period. There is no evidence of the D0 ! µ+µ� decay.

The upper limit on the branching fraction D0 ! µ+µ� is determined using the following for-
mula:

B(D0 ! µ+µ�)  B(D0 ! K�µ+n)⇥ N(µµ)
N(Kµn)

⇥ a(Kµn)
a(µµ)

⇥
etrig(Kµn)

etrig(µµ)
⇥ erec(Kµn)

erec(µµ)
(1)

where B(D0 ! K�µ+n) = (3.30 ± 0.13)⇥ 10�2 (PDG) [4] is the normalization branching frac-
tion, N(µµ) is the 90% CL upper limit on the D0 ! µ+µ� yield, N(Kµn) is the number of
D0 ! K�µ+n candidates, and a and e are the acceptance and the efficiencies of the two modes.

The Monte Carlo simulation is used to determine the acceptance and efficiency ratios for the
signal and normalization mode. The MC event samples (one for each period) are generated
with PYTHIA 6.409 [6], the unstable particles are decayed with EVTGEN [7], and the detector
response is simulated with GEANT4 [8].
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seven periods). The superimposed fit is a standard function used to model the background of
the DM distribution: f (DM) = p1 ⇥ [(DM � Mp)1/2 + p2 ⇥ (DM � Mp)3/2], where p1 and p2
are the fit parameters and Mp is the pion mass.

From the events of Figure 2, with the additional cut |DM � DMPDG| < 3 MeV where 3 MeV
corresponds to ⇠ 3.6 times the mass resolution measured in MC, we obtain the µ�µ+ invariant
mass shown in Figure 3. In more detail, Figure 4 shows the µ�µ+ invariant mass for each
trigger period. There is no evidence of the D0 ! µ+µ� decay.
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where B(D0 ! K�µ+n) = (3.30 ± 0.13)⇥ 10�2 (PDG) [4] is the normalization branching frac-
tion, N(µµ) is the 90% CL upper limit on the D0 ! µ+µ� yield, N(Kµn) is the number of
D0 ! K�µ+n candidates, and a and e are the acceptance and the efficiencies of the two modes.

The Monte Carlo simulation is used to determine the acceptance and efficiency ratios for the
signal and normalization mode. The MC event samples (one for each period) are generated
with PYTHIA 6.409 [6], the unstable particles are decayed with EVTGEN [7], and the detector
response is simulated with GEANT4 [8].
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Figure 2 shows DM = M(µ+µ�p+) � M(µ+µ�) for the D0 ! µ�µ+ analysis (data from all
seven periods). The superimposed fit is a standard function used to model the background of
the DM distribution: f (DM) = p1 ⇥ [(DM � Mp)1/2 + p2 ⇥ (DM � Mp)3/2], where p1 and p2
are the fit parameters and Mp is the pion mass.

From the events of Figure 2, with the additional cut |DM � DMPDG| < 3 MeV where 3 MeV
corresponds to ⇠ 3.6 times the mass resolution measured in MC, we obtain the µ�µ+ invariant
mass shown in Figure 3. In more detail, Figure 4 shows the µ�µ+ invariant mass for each
trigger period. There is no evidence of the D0 ! µ+µ� decay.

The upper limit on the branching fraction D0 ! µ+µ� is determined using the following for-
mula:

B(D0 ! µ+µ�)  B(D0 ! K�µ+n)⇥ N(µµ)
N(Kµn)

⇥ a(Kµn)
a(µµ)

⇥
etrig(Kµn)

etrig(µµ)
⇥ erec(Kµn)

erec(µµ)
(1)

where B(D0 ! K�µ+n) = (3.30 ± 0.13)⇥ 10�2 (PDG) [4] is the normalization branching frac-
tion, N(µµ) is the 90% CL upper limit on the D0 ! µ+µ� yield, N(Kµn) is the number of
D0 ! K�µ+n candidates, and a and e are the acceptance and the efficiencies of the two modes.

The Monte Carlo simulation is used to determine the acceptance and efficiency ratios for the
signal and normalization mode. The MC event samples (one for each period) are generated
with PYTHIA 6.409 [6], the unstable particles are decayed with EVTGEN [7], and the detector
response is simulated with GEANT4 [8].

C
M

S 
PA

S 
BP

H
-1

1-
01

7


