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1. Introduction

The production of heavy quarks at hadron colliders allows the validityuahtum chromody-
namics (QCD) predictions and calculations to be tested. Measurements elittedn production
cross-sections in proton-proton collisions at the Large Hadron Collideige tests of QCD calcu-
lations at higher centre-of-mass energies and in wider transverse mamémtyand rapidity §)
ranges than before. In addition, measurements of the properties of haaxk-antiquark bound
states, or quarkonia, provide a unique insight into the nature of QCD tboee strong decay
threshold and should allow discrimination between different theoreticabappes.

In this report, recent results from the ATLAS experiment on heavy flaypooduction cross-
sections and quarkonium physics are presented and compared witbtibalquredictions.

2. The ATLAS detector and performance

A detailed description of the ATLAS detector can be found in Rlef.[1]. Tommonents of
the detector that are critical for heavy flavour measurements are thetnac&ng detector, for
precise position information, and the muon chambers, which comprise bdtimgyand triggering
detectors. The inner and muon detectors have solenoidal and toroidaétitafields, respectively,
to provide momentum information. Some analyses use the ATLAS calorimetry iticagdor
identification of photons or the calculation of missing transverse energyp&hod of data-taking
between 2010 and 2012 was very successful, with a total of over 25réiworded for physics
analyses. The results presented here use the 2010-2011 data sdrapestse-of-mass energy
of 7 TeV. Heavy flavour decays are selected using muon signatures) iof/olvingJ/y or Y’
decays. These events are preselected using single- or di-lepton sriggduding dedicated di-
muon triggers with high efficiency fat/y, Y or B meson decays.

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

The b-hadron (l§) cross-section is measured in the 2010 dataset using the partially recon-
structed decay mod®** i~ X, whereD** decays viaD*" — nD°(— K~m") (and charge con-
jugate) [R]. The invariant mass difference betweenBhé andDP decay products is fitted as a
function of theD*" u transverse momentunpy, and pseudorapidity;, then the measured yield
is corrected for fiducial acceptance and unfolded for unobserveadibon decay products. The
differential H, cross-sections fopr(Hp) > 9 GeV and/n(Hp)| < 2.5 are compared with next-to-
leading order (NLO) predictions in Fi§] 1. The data are seen to lie slightlyeaP®OWHEG [B]
and MC@NLO [#], although the difference is within the combined experimeartdltheoretical
uncertainties, where the latter are dominated by the scale uncertainty.

The B meson cross-section has been evaluated inJflygK ™ decay channel (and charge
conjugate), using.2 fo~! of data from the 2011 ruf]5]. Reconstructgty — u*u- candidates
in the mass window [2.7, 3.5] GeV are combined with an additional inner deteatdr (the kaon
candidate) and fitted to a common vertex. Kinematic cuts are applied®arzhndidates with
pr > 9 GeV andy| < 2.25 are retained.

The differential cross-sections f&" are extracted from fits to th&/ WK* mass distribution,
taking into account the resonant backgrounds fibtwr andJ/ @K, as well as combinatorial
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Figure 1. Differential b-hadron (i) cross-section as a function pf (left) and|n| (right) [E].

background fromd/(+X. An example is shown in Fid] 2 (left). Corrections are applied for detec-
tor acceptance, trigger efficiency aBd reconstruction efficiencies.

5 10g 1 ———
> FrrrrrrrrrrrrrTT T T T T T T T T T T T TS [0 0
@ g \s=7TeV, [Ldt=2.4 fb" 7 S —e ATLAS
O 1400 ATLAS - 5 1 .
by C —e— Data ] =4 E = E|
Q F —— Fit ] = .
© 1200 4 Signal — Q_'_-1 o' —. <
; - [ Total background B ko] E e E|
9 1000 ¢ \ 0 oo Combinatorial background ] < L Stm
= E I B - J/y n* background — £2902E\ s=7 TeV -
uc_, ry [ B> J/y K &t background | om E —— E|
800 wwvade - g_ L[ T ATLAS, 24 10", yl<2.25
600-:-: ........... | % 10 ? 5 CMS, 5.8 pb™, ly|<2.4 E
F s PP e FONLL, ly|<2.25 —]
400 20 GeV < p <25 GeV 3 107 3
F 05<lyl <1 3 oF 2= E
200 i =] 10° 0 Bl e o o —— 4 -
E B> Jy K™ Fo F L
OM‘“‘I I [ A N 0 | 10»67 O osk . R
5.1 52 5.3 5.4 5.5 5.6 5.7 5.8 678 10 20 30 40 100
m,, k: [GeV] p, [GeV]

Figure 2: Invariant mass oB™ — J/@K™ candidates (left) and differenti&™ cross-section (rightﬂS].

The differentialB™ cross-section is shown in Fifg. 2 (right) as a functiorpef integrated over
the full rapidity range. There is good agreement between the ATLAS an8l @easurement§|[6]
where they overlap, at lowgrr. The plot also shows the prediction of the fixed-order-next-to-
leading-logarithm calculation, FONLL[][7], assuming the world averagedrasation fraction to
BT [Bl. The prediction is in good agreement with the data, within the theoreticantainties.

The double-differentiaB* meson cross-section is displayed in Hip. 3 (left) for a range of
rapidities and for transverse momenta up to 120 GeV. The same informatiompliayaid in Fig[B
(right) for each rapidity bin as a function @f-, for the ratio of data divided by the NLO predictions
of POWHEG [3] and MC@NLOJ[}4]. The measurement uncertainties araislon the data points,
and the theoretical uncertainties as shaded bands. POWHEG desceibesthvell throughout the
distributions, but MC@NLO underestimates the cross-section aptovit predicts apr spectrum
that is slightly softer than the data for low rapidities, and slightly harder aenigipidities.

The integratedB™ production cross-section in the kinematic range 9 Geyr < 120 GeV
and|y| < 2.25 is measured to be(pp — B*X) = 10.6 4+ 0.3(stat) + 0.7(syst) & 0.2(lumi.) +
0.4(#) ub, in agreement with theoretical predictions.
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Figure 3: Double-diffential cross-section & production as a function gfr andy (left), and ratio of data
to the NLO predictions of POWHEG and PYTHIA (righﬂ [5].

4. Bottomonium production: Y and Xp

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

Production cross-sections and relative ratio§ ¢fS 2S, 3S) have been measured in 1.8 fh
of data recorded in 2011, via the decay chanfieb u*u~ [f]. The measurement of production
follows a similar procedure to thH&" cross-section: the dimuon invariant mass distribution is fitted
in fine bins of transverse momentum and rapidity, with corrections for triggerreconstruction
efficiencies and detector acceptance, to extract differential cextsess. The fiducial acceptance
correction has a dependence on the spin alignment of tiee central value of the measurements
assumes an isotropic angular distribution for the muons, but other spin aligrsTenarios have
been considered.

The corrected differential distribution for(1S) is shown in Fig[} (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 singledlipton (CSM), which con-
tains only directY” production, with no feed-down from other states. The second prediigian
more phenomenological model known as colour evaporation (CEM), wihathdes ally” produc-
tion. Both models agree reasonably well with the measured distribution ailpwhere data from
the Tevatron were already available, but fail to describe the shapamatisation overall. Similar
behaviour is found at larger rapidities and #6{2S 3S). The spin alignment uncertainty, shown as
a blue band, becomes negligible at high

Another interesting measurement is to compare the cross-section rai@29for Y(3S) to
Y(1S). Figure[}t (right) shows the ratios as a functionmf(Y) for the central rapidity region,
where the hashed bands give the total uncertainty, excluding spin aligeffexts. The initial rise
with pr indicates that the production rates of the 2S and 3S states are increasing Witlt then
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Figure 4: Differential cross-section fol'(1S) production (left) and ratios of differential cross-seato
Y(29)/Y(1S), Y(3S)/Y(1S) (right), each multiplied by the di-muon branching fracsdg].

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

The relative production rates fof(nS) will depend on feed-down contributions from the P-
wave X, states. They,(3P) state was observed for the first time in ATLAS through its radiative
decays tor(1S) andY(2S) [LJ]. Recent measurements of tg(3P) and theoretical predictions
are summarised in Fi] 5 (lefff J11]. The new state lies just belowBBéhreshold and must be
taken into account in theoretical predictionsYoproperties.

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

The associated production o# boson and a promg@/ ¢y meson provides a powerful probe
of charmonium production and may be able to distinguish between colodesargl colour-octet
contributions. This signature will also be sensitive to multiple parton interagtansthe current
measurement includes an estimate of the double parton scattering (DP ®)utantr12].

Using 4.6 fo'! of data, thel /¢y andw* are both identified in their muon decay modégy —
ptu~ andW — fv, using a highpr single muon trigger. Thé/y invariant mass and pseudo-
proper time, shown in Fid]5 (centre, right) are fitted simultaneously to extin@cpromptl/y
component. Each prompt candidate then receives a weight Wttransverse mass distribution.
The transverse mass is fitted withand multi-jet templates, and the jet contamination is estimated
to be 01+ 4.6 events. In total, 222 associatetlV boson and prompl/y candidates are found
in the data, allowing the background-only hypothesis to be rejectedat 5.3

The DPS contribution is estimated under the assumption that/thandJ/y processes are
independent and uncorrelated, using both the ATLAS pralyigt cross-sectior[[13] and an effec-
tive cross-section obtained frowd(— ¢v) + 2 jet events[[14]. These assumptions give an estimated
DPS contribution of around 40%. The azimuthal angle betweektlaad thel /¢ is expected to
be uniform for DPS, but should peak arourtdor single scattering events (SPS). This quantity is
shown in Fig[P (left) and supports the presence of both components imthe d
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Figure 5: Summary ofx,(3P) measurements and predictions (left), where the light amk ldands show
statistical and total uncertainti@ 13}, invariant mass (centre) and pseudo-proper time (righthén t

W +J/y analysis [1p].
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Figure 6: Azimuthal angle between th# ¢ andW (left), where the hashed region shows the uncertainty
on the DPS estimate; cross-section ratit\bf- J/( to inclusiveW production (right) ].

TheW + J/ cross-section is measured relative to the inclusiveross-section in the same
dataset. Fig[]6 (right) shows the cross-section ratio under variousnpsisas: firstly, a fiducial
measurement, then corrected bty acceptance, and then with the estimated DPS contribution
subtracted. This third bin gives an estimate of the cross-section ratio frBfe SPS predictions
of two models are also shown: a leading-order colour singlet mdel ficohaxt-to-leading order
colour octet model[[16], and their sum. These predictions currently lie mwegrlthan the data,
but within 20 of the large measurement uncertainties. Updated calculations and compavitio
the data are expected to be available soon.

6. Summary

Recent ATLAS measurements of heavy flavour production cross-sscéind quarkonium
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properties in both the charm and bottom sector are presented. The efigaivthe x,(3P) has
an important interplay with measurements and predictions pfoduction, and the first observa-
tion of associated vector boson and prordpty production opens a new field in understanding
both quarkonium production and multiple parton interactions.
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