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1. Introduction

Studies of production properties of beauty quarks (b) abfBRN LHC collider are of twofold
interest. Firstly, the b production process provides arekat opportunity to study details of
perturbative Quantum Chromodynamics (pQCD). Over thesyghe various tensions between the
predictions and the measurements, that existed in datavat knergies such as the HERA or the
Tevatron collider, have been reduced, however not conpletsolved. Studies atthe LHC collider
with higher centre-of-mass energies complement the pueuiata, but also expand the reach and
provide tests at precisions below the present theoretimagtainties.

Secondly, b quark production constitutes one of the majokdpr@unds in many of the searches
for new physics. Any production channel of exotic stateat firoduces top quarks or W-bosons,
will inherently have a large b production rate. Itis of imf@mrce not only to understand the absolute
production rates, but also to be able to describe the dethilse b production dynamics. Thus, a
solid understanding of the topology of the final states welldoucial to constitute efficient criteria
to distinguish possible signal signatures from b-inducackround configurations.
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Figure 1: Examples of schematic Feynmaﬁigure 2. Distribution of muon transverse
diagrams for the three subprocesses: flavolJlOMENUMPr el in data (solid points) and
creation (FCR, top), flavour excitation (FCR,the results of the likelihood fit (black line).

middle) and gluon splitting (GSP, bottom). The simulated distributions are shown sepa-
rately for the b quarks (red dashed) and for the

combined charm and light quarks (blue dotted
line).

Within the leading-order QCD picture, the production &fib pp collisions at LHC can be
attributed to three parton level production subprocessasmonly denoted by flavour creation
(FCR), flavour excitation (FEX) and gluon splitting (GSPgdsFig. 1). At higher orders, the
distinction becomes scale dependent, and is thus less efeled. Due to the different dynamics
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of these components, the final state topologies differ aumlisily from each other. FCR pertains
to the 2— 2 processes gluon-fusion ang gnnihilation, where the b arglare emitted in a back-
to-back configuration. FEX refers to the-2 3 process, where one b quark of la jsair from the
proton sea participates in the hard scattering, therebgyging an asymmetry in the momentum
and angular distribution of the final state. The GSP contiobuon the other hand describes gluons
from either initial or final state, that split into dkpair, which in turn are emitted preferentially at
small opening angles and lgwt. Furthermore, the relative production rates themselvasalao as
a function of the energy scale. Itis expected, that at highergies the gluon splitting contributions
dominate, ie. processes with a collinear branching of gdunto BB pairs will become the major
source of b quark production.

All analyses presented below are based on CMS data, cal@ct2010 at a centre-of-mass
energy of,/s=7 TeV. A detailed description of the CMS detector can be foumridef. [1].

2. Inclusive b production with muons

The first measurement of the b-hadron production crossosebtised on semimuonic decays
at\/s= 7TeV in the central rapidity range is presented [2]. Theskttaorresponds to 85nband
is based on data triggered with a low-threshgdg ¢ 3 GeV) single-muon trigger.
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Figure 3: Differential cross sectiodﬁ%(pp —b+X — p+X,|nH| < 2.1) (left), and % (pp —
b+X — u+X, pT“ > 6 GeV (right). Vertical error bars showing the statisticaloe are smaller
than the point size in most bins, the horizontal bars indithé bin width. The yellow band shows
the quadratic sum of statistical and systematic uncertainThe systematic uncertainty (11%) of
the luminosity measurement is not included. Also shown ésmbb@nNLO prediction (solid blue

line) with its theoretical uncertainty (dashed lines), &melPYTHIA predictions (in red).

The events are considered for the analysis, if they haveck-fed and at least one muon. The
measurements are done in the visible kinematic region, etkfiry the jet transverse momentum
of prjet > 1 GeV and a muon with transverse momentpth> 6GeV with respect to the beam
direction and pseudorapidity#| < 2.1.
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The discriminating variable to efficiently separate beamtgnts from background contribu-
tions, such as light quarks and gluons, is the so-cahed, variable. Itis the transverse momentum
of the muon (of momenturp,) with respect to the closest track-jet (of momentpy)) defined by
Pt rel = ’pu X p]’/ml‘

The total fraction of beauty events in the data sample isaetéd by a binned log-likelihood
fit to the observedr (e distribution as shown in Fig. 2. The shape templates of tbilitions
are obtained from simulation (beauty signal and charm) traeted from data (for the remaining
background, strange, light and others).

The total cross section has been measured in the visiblenkitie region defined above and
resulted ino(pp— b+ X — p+X') = (1.32+ 0.01(stat) £ 0.30(syst) + 0.15(lumi)) ub. Note,
that the cross section definition includes both muon charged it also includes both charge
conjugate states, beauty and anti-beauty quarks, decayinguons. For comparison, the in-
clusive b-quark production cross section predicted by th© NWQCD calculationMC@NLO is
OmcanLo = (0.84"338(scalg + 0.08(my) + 0.04(pdf)) ub, whereas the LO calculationyTHIA
predicts 18 ub. The inclusive b production cross sections are quoted asdifum of the muon
transverse momentum and muon pseudorapidity, and are shdvig.3.

The shape of the distributions are reasonably describegtpeoretical calculations, however
PYTHIA overestimates the absolute normalization, wherea@NLO underestimates it. In general,
the agreement appears to be better at fpighalues.

3. Inclusive b production with jets

The inclusive b-jet production cross section has also besssnred [3] with jets, tagged as b-
jets, using a data set of an integrated luminosity of 60'nbets with a transverse momentum in the
range 18< pr < 300 GeV are reconstructed with the anti-kT algorithm withe€gize R=0.5 using
Particle Flow objects [4]. These b-jets are identified wite CMS secondary vertex tagger [5]
with an efficiency around 60% at a jei of 100 GeV. The measurements are performed in several
rapidity intervals within the tracker acceptance.

The resulting cross sections are shown in Fig. 4 as a functiaghe b-jetpr (left) for four
different jet rapidity regions. The measurements are asopared with the predictions, based on
MC@NLO andPYTHIA calculations.

The experimental uncertainties (jet energy reconstraocsind luminosity) are substantially
reduced by taking a ratio of the b-jet to the inclusive jetssreection. It is found thatyTHIA de-
scribes the data within 2% statistical and 21% systematieainty. Comparing wittvC @NLO,
the overall b-jet fraction is reasonably described withimes, however the shapes | and y are
found to differ significantly.

4. Measurements of BB Angular Correlations

CMS has presented the first measurement [6] of the angulezlations between beauty and
anti-beauty hadrons @ produced in pp collisions ay/s = 7 TeV, thereby probing for the first
time the region of small angular separation. The analydis$®d on a data sample corresponding
to an integrated luminosity of 3+ 0.3pb 2.
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Figure 4: Differential b-jet production cross sections darection of b jetpr (left) for the four
different jet rapidity regions. At right the ratio of the dab themc @NLO calculations are shown;
for comparison also theyTHIA predictions are plotted. The widths of the shaded bandsateli
the experimental systematic uncertainties.

The measurements are done differentially as a functioneobiening angle for different event
scales, which are characterised by the leading jet trapswyaomentum in the event (independently
of b hadrons). The leading jet of the event is used to trigfee trigger thresholds are chosen such
as to reach an efficiency over 99% for all three energy scakg kihich correspond to a leading jet
pr in excess of 56, 84 and 120 GeV, respectively, when usingectad jet energies.

The cross sections are determined by applying efficiencsections and normalising to the
total integrated luminosity. The angular correlationswesin the two B hadrons are measured
in terms of the difference in azimuthal anglésp] and the combined separation varialle =
/An?2+A@?, whereAn is the pseudorapidity. The analysis results are quotedhiervisible
kinematic range defined by the phase space at the B hadrdrbletree requirements (B)| < 2.0
andpr(B) > 15 GeV for both of the B hadrons. The leading jet used to defieertinimum energy
scale is required to be within a pseudorapidity pfjet)| < 3.0.

In order to measure the angular correlations also in théneali regime, the reconstruction of
the B hadrons is done independently of jet algorithms. Ththateuses the B hadron decays and
is based on an iterative inclusive secondary vertex findarekploits the excellent CMS tracking
information [7]. This allowed to approximate the flight diten of the original B hadron by
the vector between the primary (PV) and the secondary vég¥). A resolution of 0.02 rad in
AR could be achieved that way. The average overall event racamtisn efficiencies (for both
B hadrons) are found to be of order 10% at an average purity 4%o.8Detailed studies were
performed to ensure high accuracy in the B-hadron kinemdgscription. In addition, the angular
dependence of the efficiency description was verified by aigpevent mixing technique, both in
data and the simulation.

The measured cross sections are presented in Fig.5. Qhvarégihe predictions by they THIA
calculations, which are normalised to thB > 2.4 or A@ > 2.4 regions, where the calculations are
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Figure 5: Differential B production cross sections as a functionA#t (left) and Ag (right) for
the three leading jgbr regions. For clarity, thgyr > 56 and 84 GeV bins are offset by a factor 4
and 2, respectively. The error bars of the data show thestitati (inner) and the total (outer bars)
uncertainties. A common uncertainty of 47% due to the alsaiormalisation on the data points
is not included. TheYTHIA prediction is normalised to the regidR > 2.4 or A > 2.4. The
widths of the shaded bands indicate the statistical urioéigs of the predictions.

expected to be more reliable. Note, that an overall commaerinty of 47% due to the absolute
normalisation is not shown in the figures.

We find that the cross sections at smisiR or A@ are substantial and even exceed the values
observed at large angular separation values. Hence, tfiguwations where the two B hadrons are
emitted in opposite directions are much less likely thanciblinear configuration. The region of
small opening angles between the two B hadrons providesgsensitivity to collinear emission
processes, as expected for higher-order processes, statiated gluons which split intddpairs.

The measurements are compared to various predictiong] badeO and NLO pQCD calcula-
tions. Figure 6 illustrates the shape sensitivity by shovtite ratio of the differerAR distributions
to thepYTHIA Monte Carlo predictions. It is found, that the overall temclein shape is in general
reasonably described by the predictions, however the riatians and the details in shape, in
particular at small opening angles are not described welirhpyof the calculations. Apart from
MADGRAPH program, all predictions underestimate the amount of ghpitting contributions in
the collinear region.

5. Conclusions

The first measurements of inclusive beauty production haem lperformed at the LHC by
the CMS collaboration over a large range from very low transg momenta up to 300 GeV in
the central rapidity region. Comparisons with theoretmraldictions, based on pQCD calculations
have confirmed the large production cross section. The legilcns in general describe the overall
features of beauty production fairly well. However, thedictions do not yet adequately describe
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Figure 6: Ratio of the differential B production cross sections, as a functiom\&¥ (left) andA¢

(right), for data, M\DGRAPH, MC@NLO andCASCADE, with respect to th@YTHIA predictions,
shown also for the three leading jet bins. The simulation is normalised to the regibR > 2.4

andAg@ > 2.4 (FCR region), as indicated by the shaded normalisatioiomegrhe widths of the
theory bands indicate the statistical uncertainties ofthmilation.

the differential distributions, be it in B transverse mortuen, rapidity or BB opening angle distri-
butions.
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