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A Selection of Three ATLAS B-Physics Results: A Search
Beyond the Standard Model, A Precision Measurement, and

the Discovery of a New Heavy Meson
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Three recent results from the ATLAS experiment at the LHC are pre-
sented. A new excited heavy meson state is observed through its hadronic
transition to the ground state. The production cross-section of B+ mesons
is measured as a function of transverse momentum pT and rapidity y. A
measurement of the B0

s → J/ψφ decay parameters is reported.
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1 The ATLAS Detector

The ATLAS experiment at the LHC uses a general-purpose detector[1] consisting of
an inner tracker, a calorimeter and a muon spectrometer. The inner detector (ID)
directly surrounds the interaction point; it includes a silicon pixel detector (Pixel),
a silicon microstrip detector (SCT) and a transition radiation tracker (TRT), and is
embedded in an axial 2 T magnetic field. The ID covers the pseudorapidity range |η| <
2.5 and is enclosed by a calorimeter system containing electromagnetic and hadronic
sections. The calorimeter is surrounded by a large muon spectrometer (MS) inside an
air-core toroidal magnet system that contains a combination of monitored drift tubes
(MDTs) and cathode strip chambers (CSCs), designed to provide precise position
measurements in the bending plane in the range |η| < 2.7. In addition, resistive plate
chambers (RPCs) and thin gap chambers (TGCs) with a coarse position resolution
but a fast response time are used primarily to trigger muons in the ranges |η| < 1.05
and 1.05 < |η| < 2.4, respectively. RPCs and TGCs are also used to provide position
measurements in the non-bending plane and to improve pattern recognition and track
reconstruction.

Momentum measurements in the MS are based on track segments formed in at
least two of the three stations of the MDTs and the CSCs. The ATLAS trigger system
has three levels: the hardware-based Level-1 trigger and the two-stage High Level
Trigger (HLT), comprising the Level-2 trigger and Event Filter (EF). At Level-1, the
muon trigger searches for patterns of hits satisfying different transverse momentum
pT thresholds using the RPCs and TGCs. The region-of-interest (RoI) around these
Level-1 hit patterns then serves as a seed for the HLT muon reconstruction, in which
dedicated algorithms are used to incorporate information from both the MS and the
ID, achieving a position and momentum resolution close to that provided by the
offline muon reconstruction.

We present here three recent B-Physics measurements with this detector.

2 Observation of an Excited B±
c Meson State with

the ATLAS Detector

The second S-wave state of the B±
c , the B

±
c (2S), is predicted to have a mass in the

range 6835−6917 MeV. The B±
c (2S) state is reconstructed in the decay to the B±

c

meson and two oppositely charged pions, with the B±
c reconstructed through its decay

to J/ψπ±, J/ψ → µ+µ−.
This study[2] uses pp collision data collected in the years 2011 (

√
s = 7 TeV) and

2012 (
√
s = 8 TeV) by the ATLAS experiment. The datasets used correspond to an

integrated luminosity of 4.9 fb−1 and 19.2 fb−1, respectively. To improve the resolu-
tion, peaks are sought in the distribution of the variable Q = m(B±

c ππ) − m(B±
c )
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− 2m(π±), where m(B±
c ) is the reconstructed invariant mass of the B±

c candidate,
m(B±

c ππ) is the invariant mass of the B±
c candidate combined with two charged pion

candidates, and m(π±) is the charged pion mass. The B±
c candidates are reconstructed

through the decay B±
c →J/ψ(µ+µ−)π±.

The reconstruction of the excited state candidates uses the B±
c ground state can-

didates within ±3σ of the fitted mass value of the corresponding dataset. These
candidates are combined as described below with two pion candidate tracks associ-
ated with the corresponding primary vertex. The pT threshold of the pion candidates
is 400 MeV. No additional selection requirement is applied to the B±

c (2S) pion can-
didates. The three tracks from the secondary vertex and the two tracks from the
primary vertex are refitted simultaneously with the following constraints given by the
decay topology: the refitted triplet of the B±

c tracks and the pair of primary vertex
pion tracks must intersect in two separate B±

c and B±
c (2S) vertices. The invariant

mass of the refitted muon tracks is constrained to the J/ψ world average mass, and
the combined momentum of the refitted B±

c tracks must point to the B±
c (2S) vertex.

When multiple B±
c (2S) candidates are found in the same event, the one with the best

χ2 value returned by the fitter is kept as an excited state candidate. Wrong-charge
combinations (B±

c π
+π+ and B±

c π
−π−) are kept separately for comparison with the

combinatorial background shape in the right-charge combinations (oppositely charged
pion pairs).

A structure is observed in the mass difference distribution. In order to charac-
terize it, an unbinned maximum likelihood fit to the right-charge combinations is
performed. The fit includes a third-order polynomial to model the background and a
Gaussian function for the structure. The background shape resulting from the fit is
verified to be consistent with the wrong-charge combinations (which are not used to
constrain the model in the right-charge fit) by fitting the same shape to them, with
the normalization as the only free parameter.

The fit finds the peak at a mass difference (Q) value of 288.2 ± 5.1 MeV in the 7
TeV data and 288.4 ± 4.8 MeV in the 8 TeV data. The fit yields 22 ± 6 signal events
in the 7 TeV data and 35 ± 13 events in the 8 TeV data. The Gaussian width of the
structure is found to be 18.2 ± 3.8 MeV in the 7 TeV data and 17.6 ± 4.0 MeV in
the 8 TeV data. Sources of systematic uncertainty include the systematic uncertainty
on the mass of the ground state, the systematic uncertainties in the fit of the mass
difference distribution itself, alternative models for the signal and the background
parameterizations, results from the study of the mass bias in the selection of the
candidate with the best χ2 of the vertex fit, and parameters of the generation taken
from the fit with their uncertainties.

The new state is observed at Q = 288.3 ± 3.5 ± 4.1 MeV (calculated as the error
weighted mean of the 7 TeV and 8 TeV mass values) corresponding to a mass of
6842 ± 4 ± 5 MeV, where the first error is statistical and the second is systematic.
The significance of the observation is 5.2σ with the look elsewhere effect taken into
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account, and the local significance is 5.4σ. Within the uncertainties, the mass of the
resonance corresponding to the observed structure is consistent with the predicted
mass of the B±

c (2S) state.

3 Measurement of the differential cross-section of

B+ meson production in pp collisions at
√
s = 7

TeV at ATLAS

Measurements of the b-hadron production cross-section in proton-proton collisions at
the Large Hadron Collider (LHC) provide tests of QCD calculations for heavy-quark
production at higher center-of-mass energies and in wider transverse momentum (pT )
and rapidity (y) ranges than previously.

A measurement[3] has been made of the B+ production cross-section using the
decay channel B+ →J/ψK+ → µ+µ−K+ in pp collisions at

√
s = 7 TeV, as a function

of B+ transverse momentum and rapidity. The results are reported for B+ meson
production, but are derived from both charged states, under the assumption that in
the phase space accessible by this measurement the B+ and B− production cross-
sections are equal. This assumption is in agreement with the predictions of NLO
Monte Carlo generators and is also valid within the precision of the measurement. The
collected data correspond to an integrated luminosity of 2.4 fb−1 with an uncertainty
of 1.8%.

To compare the cross-section measurements with theoretical predictions, NLO
QCD calculations matched with a leading-logarithmic parton shower MC simulation
are used. Predictions for bb production are evaluated with two packages: POWHEG-
HVQ (POWHEG-BOX 1.0)[5],[6] and MC@NLO 4.01[7],[8]. The b-quark production
cross-section is also calculated in the FONLL theoretical framework[9],[10], permitting
direct comparison with the data assuming the world average of the hadronization
fraction fb→B+ = 0.401 ± 0.008.

The integrated B+ production cross-section in the kinematic range 9 GeV < pT <

120 GeV and |y| < 2.25 is:

σ(pp→ B+X) = 10.6± 0.3(stat.)± 0.7(syst.)± 0.2(lumi.)± 0.4(BR)µb.

The FONLL prediction, with its theoretical uncertainty from the renormalization and
factorization scale and the b-quark mass, is:

σ(pp→ bX) ∗ fb→B+ = 8.6+3.0
−1.9(scale)± 0.6(mb)µb,

where fb→B+ = (40.1± 0.8)% is the world-average value for the hadronization fraction.
The corresponding predictions of POWHEG and MC@NLO are 9.4 µb and 8.8 µb,
respectively, with theoretical uncertainties similar to those of the FONLL prediction.
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The cross-section was measured as a function of transverse momentum and ra-
pidity. The next-to-leading-order QCD calculation is compatible with the measured
differential cross-section. Within uncertainties, POWHEG+PYTHIA[11] is in agree-
ment with the measured integrated cross-sections and with the dependence on pT and
y. At low |y|, MC@NLO+HERWIG[12] predicts a lower production cross-section and
a softer pT spectrum than the one observed in data, while for |y| > 1 the predicted pT
spectrum becomes harder than observed in data. The FONLL calculation is in good
agreement with the measured differential cross-section dσ/dpT , within the theoretical
uncertainty.

4 Flavor tagged time dependent angular analysis

of the B0
s → J/ψφ decay and extraction of ∆Γs

and the weak phase φs in ATLAS

New phenomena beyond the predictions of the Standard Model (SM) may alter CP
violation in B-decays. A channel that is expected to be sensitive to new physics
contributions is the decay B0

s →J/ψφ. CP violation in the B0
s →J/ψφ decay occurs

due to interference between direct decays and decays with B0
s −B

0

s mixing. The CP

violating phase φs is defined as the weak phase difference between the B0
s−B

0

s mixing
amplitude and the b→ ccs decay amplitude. In the SM the phase φs is small and can
be related to CKM quark mixing matrix elements via the relation φs ≈ −2βs, with
βs = arg[−(VtsV

∗
tb)(VcsV

∗
cb)]; a value of φs ≈ −2βs = −0.037±0.002 rad is predicted in

the SM. Another physical quantity involved in B0
s −B

0

s mixing is the width difference
∆Γs = ΓL − ΓH , which is predicted to be ∆Γs = 0.087 ± 0.021 ps−1 [13],[14]. Physics
beyond the SM is not expected to affect ∆Γs as significantly as φs. Extracting ∆Γs
from data is nevertheless useful as it allows theoretical predictions to be tested.

An update to the previous measurement[15], with the addition of flavor tagging,
is presented[4]. Flavor tagging significantly reduces the uncertainty of the measured
value of φs while also allowing a measurement of one of the strong phases. Previ-
ous measurements of these quantities have been reported by the D0[16], CDF[17] and
LHCb[18] collaborations. The analysis presented here uses 4.9 fb−1 of LHC pp data
at

√
s = 7 TeV collected by the ATLAS detector in 2011.

The determination of the initial flavor of neutral B-mesons can be inferred using
information from the B-meson that is typically produced from the other b-quark in
the event. This is referred to as opposite-side tagging (OST). To study and calibrate
the OST methods, events containing the decays of B± →J/ψK± can be used, where
the flavor of the B-meson at production is provided by the kaon charge.

Several parameters describing the B0
s meson system are measured. These include

the mean B0
s lifetime 1/Γs, the decay width difference ∆Γs between the heavy and
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light mass eigenstates, the transversity amplitudes |A0(0)|, |A||(0)|, and |AS|, and the
corresponding strong phases δ||, δ⊥, and δS.

An unbinned maximum likelihood fit is performed on the selected events to ex-
tract the parameters of the B0

s →J/ψ(µ+µ−)φ(K+K−) decay. The full simultaneous
maximum likelihood fit contains 25 free parameters. These include the nine physics
parameters: ∆Γs, φs,Γs, |A0(0)|2, |A||(0)|2, δ||, δ⊥, |AS|2, and δS. The other parame-
ters in the likelihood function are the B0

s signal fraction fs, the parameters describing
the J/ψφ mass distribution, the parameters describing the B0

s meson decay time plus
angular distributions of background events, the parameters used to describe the es-
timated decay time uncertainty distributions for signal and background events, and
scale factors between the estimated decay time and mass uncertainties and their true
uncertainties. The number of signal B0

s meson candidates extracted from the fits is
22670 ± 150.

The PDF describing the B0
s → J/ψφ decay is invariant under the following simul-

taneous transformations:

[φs,∆Γs, δ⊥, δ||] → [π − φs,−∆Γs, π − δ⊥, 2π − δ||].

∆Γs has been determined to be positive. Therefore there is a unique solution and
only the case ∆Γs > 0 is considered. Uncertainties on individual parameters were
studied in detail in likelihood scans.

The likelihood behavior of δ⊥ appears Gaussian and therefore it is reasonable to
quote δ⊥ = 3.89 ± 0.47(stat) rad. For δ⊥ − δS the scan shows a minimum close to
π; however, it is insensitive over the rest of the scan at the level of 2.1σ. Therefore
the measured value of the difference δ⊥ − δS is only given as 1σ confidence interval
[3.02, 3.25] rad. For the strong phase δ|| the central fit value is close to π (3.14±0.10)
and the 1D likelihood scan shows normal Gaussian behavior around this minimum.
However, the systematic pull plot based on 2400 pseudo-experiments fits reveals a
double-Gaussian shape with 68% of the results included in the interval [2.92, 3.35]
rad and so we quote the result in the form of a 68% C.L. interval δ|| ∈ [2.92, 3.35] rad
(statistical only).

Each is consistent with its respective world average. Likelihood contours in the
φs−∆Γs plane are also provided. The fraction |AS(0)|2, the signal contribution from
B0
s →J/ψK+K− and B0

s →J/ψf0 decays, is measured to be consistent with zero, at
0.024± 0.014(stat.)± 0.028(syst.).

The results are:

φs = 0.12± 0.25(stat.)± 0.05(syst.) rad
∆Γs = 0.053± 0.021(stat.)± 0.010(syst.)ps−1

Γs = 0.677± 0.007(stat.)± 0.004(syst.)ps−1

|A(||)(0)|2 = 0.220± 0.008(stat.)± 0.009(syst.)
|A0(0)|2 = 0.529± 0.006(stat.)± 0.012(syst.)
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δ⊥ = 3.89± 0.47(stat.)± 0.11(syst.) rad

The values are consistent with those obtained in our untagged analysis and sig-
nificantly reduce the overall uncertainty on φs. These results are consistent with the
values predicted in the Standard Model.
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