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s = 7 TeV. A new measurement of the differential produc-

tion cross-section ofB+ mesons in the region|η | < 2.25 and 9< pT < 120 GeV is described,

together with the differential cross-sections of b-hadrons via the decay modeD∗+µ−X. Compar-

isons with next-to-leading-order and fixed-order-next-to-leading-logarithm predictions are made.

Recent studies performed by ATLAS on the production ofϒ (nS), n=1, 2, 3, in the region|y|< 2.3

andpT < 70 GeV are shown. Theoretical production models are compared to differential cross-

sections and cross-section ratios forϒ (nS). Finally, the associated production of quarkonia and
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duction models. Results onJ/ψ +W production are presented.
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1. Introduction

The production of heavy quarks at hadron colliders allows the validity of quantum chromody-
namics (QCD) predictions and calculations to be tested. Measurements of the b-hadron production
cross-sections in proton-proton collisions at the Large Hadron Collider provide tests of QCD calcu-
lations at higher centre-of-mass energies and in wider transverse momentum (pT) and rapidity (y)
ranges than before. In addition, measurements of the properties of heavy quark-antiquark bound
states, or quarkonia, provide a unique insight into the nature of QCD closeto the strong decay
threshold and should allow discrimination between different theoretical approaches.

In this report, recent results from the ATLAS experiment on heavy flavour production cross-
sections and quarkonium physics are presented and compared with theoretical predictions.

2. The ATLAS detector and performance

A detailed description of the ATLAS detector can be found in Ref.[1]. The components of
the detector that are critical for heavy flavour measurements are the innertracking detector, for
precise position information, and the muon chambers, which comprise both tracking and triggering
detectors. The inner and muon detectors have solenoidal and toroidal magnetic fields, respectively,
to provide momentum information. Some analyses use the ATLAS calorimetry in addition, for
identification of photons or the calculation of missing transverse energy. The period of data-taking
between 2010 and 2012 was very successful, with a total of over 25 fb−1 recorded for physics
analyses. The results presented here use the 2010–2011 data samples at a centre-of-mass energy
of 7 TeV. Heavy flavour decays are selected using muon signatures, often involving J/ψ or ϒ
decays. These events are preselected using single- or di-lepton triggers, including dedicated di-
muon triggers with high efficiency forJ/ψ , ϒ or B meson decays.

3. Cross-sections for b-hadron and B+ meson production

The b-hadron (Hb) cross-section is measured in the 2010 dataset using the partially recon-
structed decay modeD∗+µ−X, whereD∗+ decays viaD∗+ → πD0(→ K−π+) (and charge con-
jugate) [2]. The invariant mass difference between theD∗+ andD0 decay products is fitted as a
function of theD∗+µ transverse momentum,pT , and pseudorapidity,η , then the measured yield
is corrected for fiducial acceptance and unfolded for unobserved b-hadron decay products. The
differential Hb cross-sections forpT(Hb) > 9 GeV and|η(Hb)| < 2.5 are compared with next-to-
leading order (NLO) predictions in Fig. 1. The data are seen to lie slightly above POWHEG [3]
and MC@NLO [4], although the difference is within the combined experimentaland theoretical
uncertainties, where the latter are dominated by the scale uncertainty.

The B+ meson cross-section has been evaluated in theJ/ψK+ decay channel (and charge
conjugate), using 2.4 fb−1 of data from the 2011 run [5]. ReconstructedJ/ψ → µ+µ− candidates
in the mass window [2.7, 3.5] GeV are combined with an additional inner detectortrack (the kaon
candidate) and fitted to a common vertex. Kinematic cuts are applied andB± candidates with
pT > 9 GeV and|y| < 2.25 are retained.

The differential cross-sections forB+ are extracted from fits to theJ/ψK± mass distribution,
taking into account the resonant backgrounds fromJ/ψπ andJ/ψKπ, as well as combinatorial
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Figure 1: Differential b-hadron (Hb) cross-section as a function ofpT (left) and|η | (right) [2].

background fromJ/ψ+X. An example is shown in Fig. 2 (left). Corrections are applied for detec-
tor acceptance, trigger efficiency andB± reconstruction efficiencies.

Figure 2: Invariant mass ofB+ → J/ψK+ candidates (left) and differentialB+ cross-section (right) [5].

The differentialB+ cross-section is shown in Fig. 2 (right) as a function ofpT , integrated over
the full rapidity range. There is good agreement between the ATLAS and CMS measurements [6]
where they overlap, at lowerpT . The plot also shows the prediction of the fixed-order-next-to-
leading-logarithm calculation, FONLL [7], assuming the world average hadronisation fraction to
B+ [8]. The prediction is in good agreement with the data, within the theoretical uncertainties.

The double-differentialB+ meson cross-section is displayed in Fig. 3 (left) for a range of
rapidities and for transverse momenta up to 120 GeV. The same information is displayed in Fig. 3
(right) for each rapidity bin as a function ofpT , for the ratio of data divided by the NLO predictions
of POWHEG [3] and MC@NLO [4]. The measurement uncertainties are shown on the data points,
and the theoretical uncertainties as shaded bands. POWHEG describes the data well throughout the
distributions, but MC@NLO underestimates the cross-section at lowpT . It predicts apT spectrum
that is slightly softer than the data for low rapidities, and slightly harder at higher rapidities.

The integratedB+ production cross-section in the kinematic range 9 GeV< pT < 120 GeV
and |y| < 2.25 is measured to beσ(pp→ B+X) = 10.6± 0.3(stat.)± 0.7(syst.)± 0.2(lumi.)±
0.4(B) µb, in agreement with theoretical predictions.
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Figure 3: Double-diffential cross-section ofB+ production as a function ofpT andy (left), and ratio of data
to the NLO predictions of POWHEG and PYTHIA (right) [5].

4. Bottomonium production: ϒ and χb

The remainder of this report will cover recent measurements of the quarkonium sector at AT-
LAS. Various QCD mechanisms can contribute to quarkonium production, such as colour singlet
and colour octet processes, and improved experimental measurements willhelp to provide new
insight into the production mechanism.

Production cross-sections and relative ratios ofϒ (1S,2S,3S) have been measured in 1.8 fb−1

of data recorded in 2011, via the decay channelϒ → µ+µ− [9]. The measurement ofϒ production
follows a similar procedure to theB+ cross-section: the dimuon invariant mass distribution is fitted
in fine bins of transverse momentum and rapidity, with corrections for triggerand reconstruction
efficiencies and detector acceptance, to extract differential cross-sections. The fiducial acceptance
correction has a dependence on the spin alignment of theϒ ; the central value of the measurements
assumes an isotropic angular distribution for the muons, but other spin alignment scenarios have
been considered.

The corrected differential distribution forϒ (1S) is shown in Fig. 4 (left) for the central ra-
pidity region,|y| < 1.2, in comparison with the predictions of two QCD models (see Ref. [9] for
details). The first is a next-to-next-to-leading-order colour singlet prediction (CSM), which con-
tains only directϒ production, with no feed-down from other states. The second predictionis a
more phenomenological model known as colour evaporation (CEM), whichincludes allϒ produc-
tion. Both models agree reasonably well with the measured distribution at lowpT , where data from
the Tevatron were already available, but fail to describe the shape or normalisation overall. Similar
behaviour is found at larger rapidities and forϒ (2S,3S). The spin alignment uncertainty, shown as
a blue band, becomes negligible at highpT .

Another interesting measurement is to compare the cross-section ratios ofϒ (2S) or ϒ (3S) to
ϒ (1S). Figure 4 (right) shows the ratios as a function ofpT(ϒ ) for the central rapidity region,
where the hashed bands give the total uncertainty, excluding spin alignment effects. The initial rise
with pT indicates that the production rates of the 2S and 3S states are increasing withpT , but then
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Figure 4: Differential cross-section forϒ (1S) production (left) and ratios of differential cross-sections
ϒ (2S)/ϒ (1S), ϒ (3S)/ϒ (1S) (right), each multiplied by the di-muon branching fractions [9].

there is a hint of saturation at higherpT , where perhaps direct production dominates over decays
of excited states. In contrast, there is little dependence on rapidity for the production ratios.

The relative production rates forϒ (nS) will depend on feed-down contributions from the P-
waveχb states. Theχb(3P) state was observed for the first time in ATLAS through its radiative
decays toϒ (1S) andϒ (2S) [10]. Recent measurements of theχb(3P) and theoretical predictions
are summarised in Fig. 5 (left) [11]. The new state lies just below theBB̄ threshold and must be
taken into account in theoretical predictions ofϒ properties.

5. Associated production of W bosons and prompt J/ψ

The associated production of aW boson and a promptJ/ψ meson provides a powerful probe
of charmonium production and may be able to distinguish between colour-singlet and colour-octet
contributions. This signature will also be sensitive to multiple parton interactions, and the current
measurement includes an estimate of the double parton scattering (DPS) contribution [12].

Using 4.6 fb−1 of data, theJ/ψ andW± are both identified in their muon decay modes:J/ψ →
µ+µ− andW → ℓν , using a high-pT single muon trigger. TheJ/ψ invariant mass and pseudo-
proper time, shown in Fig. 5 (centre, right) are fitted simultaneously to extractthe promptJ/ψ
component. Each prompt candidate then receives a weight in theW transverse mass distribution.
The transverse mass is fitted withW and multi-jet templates, and the jet contamination is estimated
to be 0.1±4.6 events. In total, 29.2+7.5

−6.5 associatedW boson and promptJ/ψ candidates are found
in the data, allowing the background-only hypothesis to be rejected at 5.3σ .

The DPS contribution is estimated under the assumption that theW± andJ/ψ processes are
independent and uncorrelated, using both the ATLAS promptJ/ψ cross-section [13] and an effec-
tive cross-section obtained fromW(→ ℓν)+2 jet events [14]. These assumptions give an estimated
DPS contribution of around 40%. The azimuthal angle between theW and theJ/ψ is expected to
be uniform for DPS, but should peak aroundπ for single scattering events (SPS). This quantity is
shown in Fig. 6 (left) and supports the presence of both components in the data.
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TheW + J/ψ cross-section is measured relative to the inclusiveW cross-section in the same
dataset. Fig. 6 (right) shows the cross-section ratio under various assumptions: firstly, a fiducial
measurement, then corrected forJ/ψ acceptance, and then with the estimated DPS contribution
subtracted. This third bin gives an estimate of the cross-section ratio for SPS. The SPS predictions
of two models are also shown: a leading-order colour singlet model [15] and next-to-leading order
colour octet model [16], and their sum. These predictions currently lie much lower than the data,
but within 2σ of the large measurement uncertainties. Updated calculations and comparisons with
the data are expected to be available soon.

6. Summary

Recent ATLAS measurements of heavy flavour production cross-sections and quarkonium
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properties in both the charm and bottom sector are presented. The discovery of theχb(3P) has
an important interplay with measurements and predictions ofϒ production, and the first observa-
tion of associated vector boson and promptJ/ψ production opens a new field in understanding
both quarkonium production and multiple parton interactions.
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