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Abstract

After reviewing the main heavy flavour results from expernitseat the
Relativistic Heavy lon Collider (RHIC), we present the exigel per-
formance for some of the most significative measurementeih¢avy
flavour sector at the Large Hadron Collider (LHC), for theemxments
ALICE, ATLAS, and CMS.

Coordinator: A. Dainese

1 Heavy flavour physics at RHIC
Author: A. Mischke

1.1 Introduction

Measurements at RHIC have revealed strong modificationeofettstructure in high-energy nu-
clear collisions due to the interaction of hard scatteretiopa with the hot and dense medium
created in these reactions. The study of heavy-quark (clzminbottom) production in the
medium offers unique opportunities for the investigatidrihe properties of the Quark-Gluon
Plasma (QGP). Heavy quarks are believed to be producedmiedotly in hard scattering pro-
cesses in the early stage of the collision, and they probprtisuced medium as they propagate
through it [1]. Due to their higher mass, the penetrating eoils much higher for heavy quarks
than for light quarks, providing a sensitive probe of the med The energy loss of heavy quarks
in the medium is expected to be smaller compared to lightlgudue to the mass dependent sup-
pression of the gluon radiation under small angle, knowmasiead-cone effect [2, 3].
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Fig. 1: (left panel) Comparison of total charm cross seati@asurements. The STAR (red symbols in on-line version)
and PHENIX results (blue symbols in on-line version) areegias cross section per binary collisions. The dashed
curves depict the uncertainty bands of the NLO calculatigright panel) Total charm cross section divided by the

number of binary collisions for different collisions systg, compared to NLO calculations (horizontal lines).

1.2 Total charm cross section

The total charm cross section is currently determined tyindaasically three different measure-
ments: direct reconstruction @ mesons, muons and electrons. Electron identification in the
PHENIX experiment is based on the Ring Imaging Cherenkoeatet (RICH) in conjunction
with a highly granular calorimeter. The particle momentsnmieasured by drift and pad cham-
bers. The subtraction of the electron background (maimgnfphotons;® andn) is performed
by the converter and the cocktail methods [4, 5], which giwailar results. In the STAR ex-
periment, electrons are identified using the/dxz and momentum measurements from the TPC
together with the Time of Flight (ToF) information at lgw (< 4 — 5 GeV/c) and energy (E)
and shower shape measurement in the electromagneticneateri (EMC) at highpr (> 1.5
GeV/c). The background contribution to the electrons frdmtpnic sources are subtracted sta-
tistically [6].

The total charm cross section is extracted from a combined fihe measured particle
spectra. The STAR data are from combined fits to hadronic emdleptonic decay data. The
PHENIX data are from semileptonic decay measurements drig total cross sections from
STAR and PHENIX are compared to results at other energies@NLO calculations [7] in
Fig. 1 (left panel). The descrepancy between STAR and PHENUXder investigation. The data
agree with the NLO prediction on the total charm cross secflde large theoretical uncertainty
leads to a little predictive power in the total charm crosgiea. Fig. 1 (right panel) depictes the
charm cross section divided by the number of binary collisitor different collisions systems.
Within errors, the charm cross section for the differenlisioins systems follows binary collisons
scaling, supporting the assumption that charm is predamehaproduced by hard scattering in
the initial state of the collision.
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Fig. 2: Nuclear modification factaR 44 of non-photonic electrons in Au+Au collisions. (14 as a function of
Npart. (0) Raa as a function opr for the most central collisions.

1.3 Heavy-quark energy loss in hot and dense QCD matter

Nuclear effects are typically quantified using the nucleadification factorR 4 4 where the par-
ticle yield in Au+Au collisions is divided by the yield ipp reactions scaled by the number of
binary collisions.R 44 = 1 would indicate that no nuclear effects, such as Cronin effdad-
owing or gluon saturation, are present and that nucleukasicollisions can be considered as
a incoherent superposition of nucleon-nucleon interastid’ he averag® 4 4 for high-pt non-
photonic electrons as a function of participating nucleQ¥s,,.) is illustrated in Fig. 2(a). The
STAR and PHENIXR 4 4 for non-photonic electrons are consistent with each othdisahows an
increasing suppression from peripheral to central Au+Allisions, indicating an unexpectedly
energy loss of heavy quarks in the medium in contradictioexgections from the dead-cone
effect. The suppression is similar to the one observed dttdguark hadrons, indicated by the
shaded area in the figure. Fig. 2(b) showspfiedependencé? 4 4 of non-photonic electrons in
central Au+Au collisions. A strong suppression of a factoro is observed fopt > 6 GeV/c.
The R 44 is compared to several theoretical model calculations][4Be observed suppression
is overpredicted by the models using reasonalbe model gaeasn The data is described rea-
sonably well if the bottom contribution to the electrons $s@med to be small. Therefore, the
observed discrepancy could indicate thatthdominance oveP mesons starts at highgt. A
possible scenario faB meson suppression invokes collisional dissociation imtleeium.

1.4 Heavy-quark azimuthal correlations

The measurement of the relative charm and bottom contoibsitio the non-photonic electrons is
essentail for the interpretation of the non-photonic etetspectra. Azimuthal angular correla-
tions between non-photonic electrons and hadrons allowderitify the underlying production
process [8]. Heavy flavours have, in general, a harder fratatien function than gluons and
light quarks, making the near-side correlation more siasib the decay kinematics. For the
same electron transverse momentum the nearesith@dron angular correlation frofs decays

is much broader than that frol? decays. Fig. 3 (left panel) shows the azimuthal correlation
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Fig. 3: (left panel)e—hadron azimuthal correlation distribution in 200 Gey collisions, compared to PYTHIA
simulations (colored curves). (middle paneh- D° azimuthal correlation distribution for like-sign— K pairs. The
grey histogram (dashed line) illustrates results from PYABMC@NLO) simulations. (right panel) Relative bottom
contribution to the total non-photonic electron yield ded from e- D° and e-hadron correlations, compared to the
uncertainty band from a FONLL calculation.

function of non-photonic electrons and hadrongjncollisions at\/s = 200 GeV. The data is

fitted with a linear combination of the simulated charm anttdm distribution, obtained from

PYTHIA simulations, to extract the relative bottom contition B /(B + D). Similar studies are

performed fore — D azimuthal correlations [8] (cf. Fig. 3, middle panel). Mover, it has been

shown that higher order sub-processes like gluon splitiiag have a significant contribution to
the near-side correlation. This contribution is studiedraentifying the D* content of jets [8].

The results indicate that gluon splitting @@ pairs contributes about% of the open charm pro-

duction observed at RHIC, consistent with predictions fld@@NLO calculations [9].

The relative bottom contributiod3 /(B + D) is shown in Fig. 3 (right panel) together
with predictions from FONLL calculations [10]. These datayde convincing evidence that
bottom contributes significantly( 50%) to the non-photonic electron yields at high- Further
studies have to show whether these findings imply substamirgy loss of bottom quarks in
the produced medium.

1.5 Summary and conclusions

The measured total charm cross section follows binarysioils scaling as expected from the
assumption that charm is produced exclusively in initiadrecattering processes. The high-
suppression of the non-photonic electron yield in Au+Alisimins is much larger than expected.
Theoretical explanations are yet inconclusive. The bottontribution in the non-photonic elec-
tron spectrum is studied ky-hadron and: — DY correlations. First measurements on the charm
content in jets shows that the gluon splitting contribut®small at RHIC. Detailed and system-
atic studies will be possible with heavy flavour measuresianthe ALICE experiment at the
CERN-LHC [11].
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2 Heavy flavour program of the ALICE experiment at the LHC
Authors: C. Bombonati, G.E. Bruno, and D. Stocco

2.1 Introduction

The Large Hadron Collider (LHC) will produce proton—prof&b—Pb , other lighter systems like
Ar—Ar and proton induced nucleus collisions up to the emsrgiorresponding to the maximum
magnetic rigidity of23,350 Tm (e.g., proton—proton and Pb—Pb collisions at centre-afama
energy per nucleon-nucleofsyy = 14TeV and5.5 TeV, respectively). ALICE [12,13] is
the dedicated heavy-ion experiment at the LHC; its main jgkygoal is the study of strongly-
interacting matter in the conditions of high-energy dgngit 10 GeVfm =) and high temper-
ature ( 0.2 GeV) over large volume1(02-10° fm?), expected to be reached in central Pb—Pb
collisions. The ALICE apparatus [12, 13] has excellent biljiees for heavy-flavour measure-
ments, for both open heavy-flavoured hadrons and quarkdnithis paper, we shall limit the
discussion to the detection of open charm and beauty in thiatdarrel (section 2.2) and of
quarkonium states at forward rapidity (section 2.4), witheanphasis on the proton—proton col-
lisions. Therefore only the detectors involved in thesdyees are described in the following.

The ALICE central barrel covers the pseudo-rapidity regieh9 < n < 0.9 and is
equipped with tracking detectors and particle identifmagystems embedded in a magnetic field
B = 0.5 T. The combined information from the central barrel detesctdlows to track charged
particles down to low transverse momenta (lpy cut-off ~ 100 MeVk) and provides hadron
and electron identification as well as an accurate measutenfiehe positions of the primary
(interaction) vertex and of the secondary (decay) verti€eg main tracking detector is the Time
Projection Chamber (TPC) which provides track reconsiwmacind particle identification vi%%.
The Inner Tracking System (ITS) is the innermost centralddatetector and is composed of six
cylindrical layers of silicon detectors. The two layerssast to the beam pipe (at radii=sf4 and
7 cm) are equipped with pixel detectors, the two intermediayers (radir 15 and 24 cm) are
made of drift detectors, while strip detectors are usedifetwo outermost layers (radi 39 and
44 cm). The ITS is a key detector for open heavy-flavour stutlecause it allows to measure
the track impact parameter (i.e. the distance of closestoapph of the track to the primary
vertex) with a resolution better than n for pyr > 1.3GeV /¢, thus providing the capability to
detect the secondary vertices originating from heavy-tlad®cays. Two other systems play an
important role in the heavy-flavour analyses as far as pauitientification is concerned. They
are the Transition Radiation Detector (TRD) for high-motaem electron identification and the
Time-Of-Flight (TOF) for pion, kaon and proton separatigXll these four detectors have full
azimuthal coverage.

The detection of heavy quarkonia in the di-muonic decay wbhis performed by the
ALICE Muon Spectrometer in the forward pseudo-rapidityioe@2.5 < n < 4. The detector
consists of five tracking stations with two planes of Multiré&VProportional Chambers each,
with a spatial resolution of abou)0 pm, a dipole magnet with an integral field of 3 Tm and
two trigger stations of Resistive Plate Chambers placeihdedn iron-wall muon filter with a
thickness of about 7 interaction lengths. The system is ¢etegh by a front absorber of com-
posite material, predominantly made of carbon and concwéieh is placed at 90 cm from the



interaction vertex to reduce the free decay length of pionkkaons, and a beam shield made of
tungsten, lead and stainless steel to protect the chamberphrticles and secondaries produced
at large rapidities. The spectrometer can detect quarkdmian topr = 0 and is designed to
achieve an invariant-mass resolution of 70 (100) Mé\at 3 (10) GeVYc?, needed to resolve the
Jiy (1) resonances.

2.2 Open heavy flavour in the ALICE Central Barrel

Heavy flavours are produced in initial parton-parton intéoams, in the early stage of the colli-
sion. Their production can be calculated to a reasonableedeyf precision within pQCD and
they offer the possibility to explore the properties of thedinm created in the collision with
probes of known mass and colour charge. The energy loss oy ghdiation, for instance, is
expected to be parton-specific (stronger for gluons thagdarks due to the larger colour charge
of gluons) and flavour-specific (stronger for lighter thanteavier quarks, due to the dead cone
effect [14,15]). In addition, the measurement of open hdkaxour production is of an essential
practical interest for quarkonium physics as well, both aataral reference and B meson decays
being a sizable source of non-prompt I high energy collisions.

In figure 4 we compare schematically the ALIGE vs. n acceptance for charm (c)
and beauty (b) hadrons to that of the other LHC experimenptspifoton—proton collisions at
Vs = 14 TeV. In this plot the highpt reach is the one expected for one year of running
at nominal luminosity (note that the value of the luminos#ydifferent for each experiment:
10%* ecm—2s~! for ATLAS and CMS, 2-5%1032 ¢cm—2s~! for LHCb, and3 x 10%° cm—2s~!
for ALICE). ATLAS and CMS have similar acceptance for beamtgasurements. On one hand,
their minimum accessiblgr is larger than for ALICE because of the strong magnetic fialus
the larger material budget in the inner tracking detectonsthe other hand, the strong magnetic
fields, together with the high luminosity, allow those expmmts to cover transverse momenta
up to 200-300GeV /c. In terms of acceptance for beauty measurements, ALICHap&with
ATLAS and CMS at central rapidity and with LHCb at forward idify. The moderate magnetic
field allows measurements down to transverse momenta oftflasslGeV /c for charmed and
beauty hadrons in the central battel

For the performance study presented here, we assume tHmbdsavy-flavour produc-
tion cross sections and yields presented in the ALICE Pey&cformance Report,Volume 1 [13].
Those values are obtained from the pQCD calculations at fiegtito-leading-order (FO NLO)
implemented in the HYQMNR program [16]; note that the cramstisns have a theoretical un-
certainty of about a factor 2 [13].

2.2.1 Exclusive charm meson reconstruction

Among the most promising channels for open charm detectiertte D — K=zt (c7 ~
120 pm, branching ratiox 3.8%) andD™ — K 7ntx™ (er =~ 300 pum, branching ratio~
9.2%) decays. The detection strategy to cope with the large ausdmial background from
the underlying event in Pb—Pb is based on the selection platied-vertex topologies [13,

1The study of the channdb — Ji) + X, discussed in section 2.3, should allow a determinatiorhefptr
differential cross section of B hadrons dowrptp ~ 0.
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at nominal luminosity.

17]. An invariant-mass analysis is used to extract the rgnaliyield, to be then corrected for
selection and reconstruction efficiency and for detectoeptance. As shown in figure 5 (left),
the accessiblgr range for theD is 1-20 GeV/c in Pb—Pb and.5-20 GeV/c in proton—proton,
with statistical errors better than 15-20% at high A similar performance is expected for the
DT (right-hand panel), though at present the statisticalrerame estimated only in the range
1 < pr < 8 GeV/e. The systematic errors (acceptance and efficiency cooresticentrality
selection for Pb—Pb ) are estimated to be smaller than 15%.

2.2.2 Beauty detection via displaced electrons

Beauty detection via electron-identified tracks with a @ispment with respect to the primary
collision vertex is favoured by the large semi-electroniarizhing ratio (b.r. ~ 11% [18])
and by the significant mean proper decay length & 500 pm [18]) of beauty hadrons.
The main sources of background for the signal of beautyydetectrons are: decays of pri-
mary D mesons, which have a branching raticcofl0% in the semi-electronic channels [18],
and have an expected production yield larger by a factor taBOwith respect to B mesons
(N~ 1.6 x 10~ 1/ev andN® ~ 7.2 x 10~3/ev [13]); di-electron decays of vector mesops (
w, ¢) and Dalitz decays of pion angmesons (e.g75? — vete™); conversions of photons in the
beam pipe or in the inner layers of the ITS; charged pionsdeitified as electrons.

Events were generated using PYTHIA [19]. We evaluated thaired statistics at about
107 proton—proton minimum-bias events@ = 14 TeV, 10° proton—proton events containing a
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cc pair and10° proton—proton events containing@pair. For the background, we used a sample
of 6 x 10° minimum-bias proton—proton events. For the proton—pretamts with a heavy-quark
pair, we used the same PYTHIA settings as for the minimurs-biegents, without forcing heavy-
flavour production, but selecting events containing:@r bb pair (in oder to obtain a realistic
underlying-event multiplicity). Since the resulting skapof the charm and beauty quarnks
distributions are different from those given by NLO pQCDgictions [16] we reweighted the
decay electrons in order to match the baseline shapes. Timgles for background and for
proton—proton events with a heavy-quark pair, were noamdlto one proton—proton event.

Figure 6 shows the distributions of the signal and of thesdgiit background sources, in
impact parameter, defined in the plane transverse to the deaotion, () and in transverse
momentum ). The detection strategy is adapted from that developetieb collisions [20]
and is based on three steps:

1. Electron identification. Electrons can be efficientlyagped from hadrons by combining
the PID capabilities of the TPC, and of the TRD. Here we assiamthe proton—proton
case the same electron PID performance as expected in Pleliions [20]. Under the
assumption ob!7i” = 90% electron identification probability, the TRD is expected to
reject 99% of the charged pions/(/}” = 102 misidentification probability) and fully
reject heavier charged hadrons, for> 1 GeVje. Using the information from the TPC,
the probability of pion misidentification can be further wedd by a factor of a hundred
at low momentum. As the momentum increases and charged ppreach the Fermi
plateau in%, the additional pion rejection from the TPC decreases andrhes marginal
atp ~ 10 GeVc.

2. Primary vertex reconstruction. Due to the TPC and SDLIt dpéed limitations, during
LHC proton—proton runs, the luminosity at the ALICE intdfac point has to be kept
below £,,02 ~ 3x10%° cm—2s~! [12]. When the LHC luminosity will be larger than this
value (the design luminosity is about a factd@* higher), the luminosity at the ALICE
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interaction point will have to be reduced, for instance bjodesing the beams, i.e. by
enlarging their transverse size updag, ~ 150 pm. The primary vertex position will be
reconstructed on an event-by-event basis, using meagsakd t with an expected resolu-
tion of about70 pm in z andy on average [21].

3. Impact parameter cut. Because of the large mean propey deegth & 500 pm) of
beauty mesons, their decay electrons have a typical im@aetgeter of a few hundred
microns with respect to the primary vertex. A ddg| < 200 pm allows to reject a large
fraction of the background (see Fig. 6). We have optimizex vlue of this cut as a
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function of the transverse momentum in order to minimizettial errors (statistical and
systematic).

To extract the electrons cross section we first apply ourtoutise “measured” electrons.
On this selected sample we subtract the residual backgr@stichated from the charm and pions
measurements) and we apply the corrections for efficiendyagneptance. We infer then"-
differential cross section for beauty mesors? (pr > pi")/dy, from the beauty electrons
cross section using a procedure similar to that developeithdoyJA1 Collaboration [22]. The
method, described in detail in Refs. [13, 20, 23], is basetMonte Carlo simulation and relies
on measured B meson decay kinematics.

2.2.3 Results

Figure 7 presents the expected ALICE performance for thesorement of thep-differential
cross section db® mesons (left) and the"-differential cross section of B mesonl;® (pr >
p™) /dy vs. pi™ averaged in the rang| < 1. For illustration of the sensitivity in the
comparison to pQCD calculations, we report in the same fithe@redictions and the theoretical
uncertainty bands from three approaches [24]: collinefatyorized FO NLO, as implemented in
the HVQMNR code [16], Fixed Order Next-to-Leading Log (FONL25] and k;-factorization,
as implemented in the CASCADE code [26]. It can be seen teatthected ALICE performance
for 10° events will provide a meaningful comparison with pQCD petidins.

2.3 Beauty in the Ji) channel

Simulation studies are in progress to prepare a measuret fraction of 3 that feed-down
from B decays. Such measurement can be performed by stuthéngeparation of the dilepton



pairs in the J) invariant-mass region from the main interaction vertex.e Hmalysis should
provide a measurement of the beapgydifferential cross section down o =~ 0. The pseudo-
proper decay timey = L, - M(Jk))/pr, whereL,, is the signed projection of theydflight
distance on its transverse directidn,, = L - 75 (J)/|pr|, can be used to separate #om the
B decay products from that of prompt decays, as shown in fi§dioe proton—proton collisions.
In this expression, th&/(Jk)) is taken as the knowmdimass [18].
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2.4 Quarkonia detection in the ALICE Muon Spectrometer

The ALICE experiment will detect heavy quarkonia both attcarapidity in the di-electronic
decay channel and at forward rapidity in the di-muonic orfee [Rtter channel will be discussed
here.

Quarkonia cross sections at LHC energies are provided b ther Evaporation Model
(CEM) [27]. In this model, the quarkonia cross section is pheduct of theQQ cross section
times a transition probabilityH-) which is specific to each stat€'] but independent of the
energy. Ground state cross sections are the sum of diredtigtion and feed-down from higher
mass resonances below the thresholds for heavy-flavouredmpeoduction (H = B or D). At
leading order:

4qu
oM :FCZ/4 . dﬁ/dxldxz fipalar, 12) fi (2, 12)6:5(3)0(8 — m1wes) (1)
i, M

where A and B can be any hadron or nucleug,= qq or gg, 6;(3) is theij — QQ subprocess
Cross section angli/A(ml,u?) is the parton density in the hadron or nucleus. The predistio
for proton—proton collisions at4 TeV are summarized in Table 1. The transverse momentum
distributions are obtained by extrapolating the distidng measured by the CDF experiment at
Vs ~ 2 TeV [28] at the LHC energies. Ther and rapidity distributions of ¢/ and«(2S) from



| ¢(25)

T

T(29)

T(39)

o x BR (ub)

3.18

0.057

0.028

0.007

0.0042

Table 1: CEM cross sections for quarkonia production ingreproton collisions at4 TeV. Cross sections include
feed-down from higher mass resonances and branching matiegston pairs.

the decay of B mesons are generated with PYTHIA [19]. The ¢pazind, consisting in opposite

sign dilepton pairs from the decay of charm, beauty, pionkkaons, is produced with PYTHIA
as well.

The dimuon invariant-mass yield expected in one year of thiteng in proton—proton
collisions at the LHC, with a luminosity o x 103 cm~2s~! is shown in figure 9. The left
(right) panel shows the results obtained with a triggercut of 1 (2) GeV/c in the J) (T)
mass region. Abou2.8 x 10° Ji and2.7 x 10* T are expected. The high statistics allows to
reconstruct differential distributions with a fine binnjrag illustrated in figure 10.
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Fig. 9: Dimuon invariant-mass distribution expected in hryef data taking in proton—proton collisions &tx
1030 CmiQSil.

2.4.1 Sensitivity to low: PDFs

The choice of a hadron collider implies some uncertaintieghé determination of the initial
state during the collisions, which are related to the conpamture of the colliding particles.
At high energies the hadrons do not interact as a whole: thAttesimngs takes place between
the constituent quarks and gluons. An accurate knowledfgeahomentum distribution of such
elementary particles in the hadrons is a fundamental iSSuemapped phase space is constantly
increased by taking into account data from experiments fireint energies. At present, the

gluon distribution are constrained by measurements down walues higher thari0—*, and
extrapolated down to aboio—>.

Leading order calculations show that in proton—protonisiolhs ati4 TeV, the JJ with
a rapidity higher than 3 are produced by gluons witkc 10~°. Figure 11 shows a comparison
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among the PDF sets calculated at Leading Order by the colabns Martin-Roberts-Stirling-
Thorne (MRST98 [29] and MRSTO01 [30]) and the Coordinatedorbtical-Experimental Project
on QCD (CTEQS5 [31] and CTEQ6 [32]) at the scale af Jleft panel) andY (right panel).

For the MRSTO1 and CTEQS5 sets, two different extrapolationge low x region are shown.
Differently from theY case, ther-values explored by «}/in the ALICE Muon Spectrometer
acceptance (in yellow), partially sit on the region of egtyation.

Performing Leading Order calculations in the frameworkhaf Color Evaporation Model,
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Fig. 11: Comparison of the gluon distributions from MRST &iBEQ. z regions probed by« andY produced in
proton—proton collisions ays = 14 TeV in the rapidity regior2.5 < y < 4 are shown.
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it is possible to derive thedfrapidity distribution:
CEM

do F 4m?2, s 3
IV () Z/ dg&ij(g)fi/A(\/gey,ﬁ)fj/B(\/ée‘y,u?) (2)

d s 2
Yy i, 4mQ

Figure 12 shows a comparison of the differential distritmsi obtained with different sets of
PDFs. It is worth noting that such distributions are normedi by setting equal to unit their
integral from 2.5 to 4 rapidity units. Thehapeof the distributions is clearly dependent on the
behavior of the gluon functions: results obtained with MR8, MRSTOLL (extrap. 1) and
CTEQSL (extrap. 1), which were extrapolated flatig(z) (figure 11) are compatible among
each other and are clearly different from the result obthingh CTEQG6L, and with a changed
extrapolation behavior of MRSTOLL (extrap. 2) and CTEQbSttr@p. 2). The results show that
also a small change in the PDFs extrapolation (see MRSTr.Jaad to appreciable changes
in the shape of the differential distributions.

The comparison between the simulation results and thelaéitms (figure 12), show that,
due to the high statistics, the accuracy of the data expeatkd collected by the ALICE Muon
Spectrometer will be good enough to allow to discriminateagndifferent shapes of the gluon
distribution functions in the region af < 10~° (at least in the frame of a leading order analysis).

2.5 Conclusions

We presented the expected performance of ALICE for the safdgpen heavy flavour and
quarkonium states in nucleus—nucleus collisions at the LH@nks to the good expected per-
formace of the detectors for tracking and particle idergtfan, and its low magnetic field in



the central barrel, the ALICE acceptance is complementaihdt of other LHC experiments.
This opens the possibility of measuring heavy-flavour patidn down topr ~ 1GeV/c, both

at central and forward rapidity. Our results indicate thal@E can provide severalr differ-
ential measurements of charmed and beauty hadrons produweiih errors that are smaller or
comparable to the theoretical uncertainties of pQCD catmis. The invariant-mass resolution
of the muon spectrometer allows to resolve several chaumo@ind bottomonium resonances
and the statistics expected to be collected in the first yedata taking should be enough to
study in details the production of several quarkonia stdteslly, ALICE will probe the parton
distribution functions down to unprecedentedly low valoéthe Feynmarx variable.

3 Quarkonia and open beauty production in the ATLAS experimeant at the LHC
Authors: E. Lytken and M. zur Nedden

3.1 Introduction

ATLAS [33] is a general-purpose experiment with main empheas searches for new phenom-
ena based on highr particles. Since most of th8-physics appears in the lower range,
triggering within the LHC environment on those events isalleimge. Nevertheless, ATLAS has
good capabilities for a rictB-physics program, based on the dedicated and flexible trigye
precise and flexible vertexing and tracking, the good muentification and the high-resolution
calorimetry. Furthermore, theoretical descriptions aiviyeflavoured hadrons need input from
the LHC, where precision measurements are already acleeatibr one year of data taking. The
expected inclusive production cross-sectiontippairs at LHC is estimated to g, ~ 500 ub
leading to more thari0® produced pairs per second at design luminosity. The expeaitiah
precision reached at ATLAS should at least allow the vetifoicaof the Standard Model (SM)
prediction. In the case of the raf&-decays, clearly higher luminosity is needed to achieve sen
sitive upper limits for the indirect beyond the Standard Elo@BSM) searches. Therefore, the
most relevant part of the ATLASB-physics program will take place in the initial phase at lowe
luminosities with an extension into the high luminosity pba The envisaged measurements
are extending the discovery potential for physics beyordSM by the measurement 6fP
violation parameters, predicted to be small in the SM, anduaf B decays.

The exclusiveB™* channel provides a clean reference signal. Due to the cleat &opol-
ogy and its rather large branching ratio, it can be measunedgithe initial luminosity phase of
the LHC. TheB* — J/¢ K™ decay can serve as a reference channel for the measurement of
the decay probability of a very rare decay chanBel— p+ ., which is strongly suppressed
in the Standard Model and therefore offers a good sengitiginew physics. The total and dif-
ferential cross-sections of the raiedecays will be measured relative to the® — J/yp K+
cross-section allowing thus the cancellation of commonesyatic errors. Furthermore, it can
also act as a control channel for the CP violation measurearehcan be used to estimate the
systematic uncertainties and efficiencies of flavour tagg@ityorithms. Finally, the relatively
large statistics for this decay allows for initial detegb@rformance studies.

The trigger menu for the ATLAS-physics program has been designed to take maximum
advantage of the early run phases at lower luminosities (1033 cm=2s~1). Since only 5 - 10 %



of the limited bandwidth of the ATLAS trigger system is dex@to theB-physics triggers, highly
efficient and selective triggers are needed. M@gthysics triggers are based on single- and di-
muon events in the final state leading to a clean signatutedgers and flavour tagging [34—36].
In the early data taking period the maihphysics triggers are expected to run without a need
of prescales, allowing for lowr muon and lowEr electron triggers (the latter will be however
prescaled at0%? cm~2 s~1). In general, the trigger strategy is mainly based on a singlion
trigger at the first level, which could be combined with ciertealorimeter trigger objects at
higher trigger levels to select hadronic final statBs (- D) or e/ final states.{/¢) — e*e™,
K*~ or ¢). In order to not exceed the available bandwidth, in the pleddiigher luminosities
above2 - 1033 cm~2s~! the main working trigger will be based on di-muons on the fesel,
enabling a clean measurement of rddedecays B — up or B — K*Ouu), double semi-
leptonic decays and th8 — J/¢(uu) decay channels.

3.2 Beauty production cross section determination

Thebb production cross-section will be measured using incluaivé exclusive methods in par-
allel to control the systematics. For the inclusive methA@kAS looks at the semi-leptonic
b— u+ X and theB — J/¢(— ptu~) + X decay modes. In the next section we will briefly
describe the measurement of the exclugbfe — .J/¢ K+ cross-section. The measurement of
the J/1) mass and its detection efficiency is a central task for thiysisaof the first ATLAS data,
providing the tools to validate the detector by extractingpmenergy scale determination in the
low pr region and detector misalignments (Sect. 3.5). Finallynfass measurement and recon-
struction efficiency fol3 ", the total and differential cross-sections and its lifetimeasurements
will be of interest for otheB-physics analyses.

The main backgrounds that are competing with the signaliagéesmuon fromeé decays
and direct//v¢’s from pp — J/¢¥+ X. In the first case, ther distribution of the muons is softer
as compared to the muon spectrum frébndecays while in the latter no displaced secondary
vertex is expected. In consequence the following parameter used fob-tagging:

¢ the signed transverse impact parameiigref charged particles originating from-meson
decays at a secondary vertex due to the long lifetimB-ohesons.

¢ the relative transverse momentm?ﬁl of the muon of theé-decay with respect to the axis
of the associated jet.

The measurement of thféfel distribution of the selected muons offers a good possjbilit
to determine thé-contents fraction in the offline analysis. In the rest franfighe decaying
B-meson, the muon gets a high transverse momentum, whicgrigisantly larger than in the
case of charm or light quark decays. The relative transvarsm momenturrp‘&?1 can therefore
be used to determine thiecontent of a selected data sample by fitting Monte Carlo latep
to data. For the3-mesons at ATLAS, generally decay lengths of the order ofisdvnm are
expected which are at the same order of magnitude as thetakipador D-mesons. The signed
transverse impact parametéy is a boost independent quantity. For large transverse miamen
(P > 10 GeV) d, is proportional to the lifetime of the decaying particle gmakitive values
of dy are preferable. The significance of signed impact param@tenuons with an associated
b-jet and the distributions of the relative transverse mdomarmare shown in Fig. 13 and Fig. 14
respectively. In both cases, the selection power is cledslple.



a.u.
T
I
a.u.

10°

10?

—— pfrom b jet
————— u from c jet
u from light jet

10

T

ee¥ o L b b by

vl b b b e e L i L
= 0 5 10 15 20
impact parameter significance [o]

N
o
KA
(4]
KA
o
[4;]

0 0.5 1 15 2 2.5 3

£

35
p'Te' [GeV

Fig. 13: The distribution of the significance of the
signed impact parametds /o Fig. 14: Thep distribution for different processes
considered in thé-jet selection.

The bb production cross-section measurement based on the singe-and jet require-
ments at the trigger level is then obtained according to sualrelation
N h

b K X) = p— 3
o(bb — pu(ph > 6 GeV)X) Trdt elt)“g p 3)

where theb-trigger efficiency was found to t%rig = 0.135 and the combined muon reconstruc-
tion efficiency ise;* = 0.85. The determination of thé content, f;, of the selected sample
is extracted by fitting the simulatqﬁr61 distribution to the data. This can be done by a binned
maximum likelihood fit taking into account the finite size afth, the data sample and the simu-
lated Monte Carlo templates. In the signal template, thectlir — ¢ and cascadé — ¢ — u
contributions are contained, whereas all others are suimeakin the background template. The
distribution can be seen in Fig. 15. With this fitpaontent of f, = 0.23 was obtained, and
a corresponding background fraction ff, = 0.77. The values obtained in this study are in
good agreement with the values obtained by the Tevatronriexpets [37]. Combining both
methods, théb production cross-section is expected to be measured withtiatial precision
better thanO (1 %) with ~ 100 pb~! of integrated luminosity. The systematic uncertainty is
dominated by the luminosity measurement. It is estimatdoett) % in the initial phase, and
reduced to abou.5 % after the first.3 fb~!. The scale uncertainty of the NLO calculations is
about5 %, while the PDF uncertainty is estimated tob%. Finally, the uncertainty originating
from the muon identification is abo@t%, leading to a systematic uncertainty1&f % and9.2 %
correspondingly in the initial and later phase .

3.3 BT reference channel

Negligible directC P violation is expected in th&* — .J /¢y K* decay because fér— c + cs
transitions the SM predicts that the leading and higherrodtlgrams are characterized by the
same weak phase. The only source of asymmetry is the diffémmraction probability for
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KT and K~ with the detector material. Th&*1 candidates are reconstructed based on the
J/y(— pt ™) selection, and combined withi * candidates formed from inner detector tracks.

The B* invariant mass distributiod/ (K n* 1 ~) of the candidates, fulfilling the selec-
tion cuts, is presented in Fig. 16 for signal and backgrouitid ammaximume-likelihood fit, where
the likelihood function is a Gaussian for the signal regind a linear function for the background
(bb — J/v+ X). The mass range of the fit is taken frém5 GeV to 5.8 GeV in order to reduce
contributions from partially reconstructdsl meson decays. The background at the right of the
mass peak originates from misidentifiedt from BT — J/¢x* decays. The fit result for the
Bt massis:M(B") = (5279.3 = 1.1) MeV with a width ofo(B") = (42.2 + 1.3) MeV. The
relative errors, scaled properly for an integrated lumiiyosf about10 pb~!, are about).02%
and3.5% respectively. The slight shoulder to the left of the masgibigtion is due to the back-
ground shape in this mass region and has been included igstensatic uncertainties of the fit
model.
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Fig. 16: B™ mass fit with the both signal (red) and background (blue)rdmtions shown separately.



With the first10 pb~! of LHC data a total and differential production cross-setinea-
surement of théB™ — J/¢ K™ can be achieved. The differential cross-sectierid pr can be
obtained from the usual form:

do(B™T) B Niig
dpr  Apr-L-A-BR

(4)

where N, is the number of reconstructdgi™ obtained from the mass fit and the size of the
bin is denoted wittApt. Furthermore/ is the total luminosity to which the dataset corresponds
and is obtained from YrHIA output and BR is the product of the branching ratios usingvibréd
average [38] branching ratios BR (Bt — J/¢yK*) = (10.0 &+ 1.0) x 10~* andBR(J/¢ —
ptu~) = (5.88 £ 0.10) x 1072, The overall efficiencyA is calculated for eachr range
separately as the ratio of the number of signal events datediirom the previous fit procedure
and the number of the Monte Carlo signal events within theesamrange. To measure the
BT total cross-section a similar procedure with that usedHerdalculation of the differential
cross-section is followed.

The measurement of the lifetimeof the selected3™ candidates is a sensitive tool to con-
firm the beauty content in a sample, in particular the numb#reoreconstructed* — J/ K™
decays obtained in thé — .J /1 X dataset. The proper decay-time is defined as\/c. The
proper decay-time distribution in the signal regiBri — .J /KT can be parametrized as a con-
volution of an exponential function with a Gaussian resotufunction, while the background
distribution parametrization consists of two differenperential functions, where each is con-
voluted with a Gaussian resolution function. In thte — J/¢X no zero lifetime events are
expected since there is no prompty) produced. In the realistic case, where zero lifetime events
will be present, an extra Gaussian centered at zero is neéeaeder to properly describe those
events.

The results on the lifetime measurements are shown in FigThé background can be
best described with the two lifetime components dnd ;). For the events in the mass region
of the signal withinM (B*) € [5.15,5.8] GeV the proper decay-time found from the decay
length is compared to the generatBd lifetime. The differences are well centered at zero with
a Gaussian distribution and sigrh#88 ps. It should be noted that the resolution as well agits
in n bins of 0.25 is found to be independentrpf

3.4 Open flavour: rare B-decays

Flavour changing neutral currents, a direct transitiomfito — d/s, are forbidden at the tree
level in the SM and occur at the lowest order through one ldagrdms. They are a sensitive
test of the SM and its possible extension(s), providingrimftion on the long distance QCD
effects and enabling a determination of the CKM matrix elet®g/;;| and|V,s|. Furthermore,
some of the rare decay channels contribute to the backgroumther channels, which are very
sensitive to BSM effects.

An upper limit of the branching rati@R(BY — p*pu~) = (1 —2) - 1078 at90 % con-
fidence level or of2 — 3) - 10~ at 30 evidence based oNp = 1.1 events that can already be
extracted from an integrated luminosity ®fb~!. This is clearly better than the current CDF
limit of 4.7 - 10~ at 90 % confidence level. Already dtfb~' ATLAS is able to collect?(10°)
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di-muon events in the mass windowb6GeV < M (u*p~) < 7 GeV. This is after the selection
based on cuts opr, the invariant masa/,,+ -, the transverse decay length,, of the di-muon
system, and on isolation requirements. Based on this datapper limit on the number of
signal eventsVg, corresponding to a given confidence level will be deterchifiehe main back-
ground sources originate from combinatorial decaysbas> 1~ X, from misidentifications
(B = ntn~, B} - KTK~, B} — n"K~v,) or from other rare decayB{ — p p ptv,,
BY — ptp~7). Np will be used to extract the upper limit on tfY — x+p~ branching ratio
BR(B? — p*u™), using the reference channBit — J/¢ K™ as described in Sec. 3.3, since
trigger and offline reconstruction efficiencies largely @arfor di-muons in these channels. In
this procedure, a ratio of geometric and kinematical acoeggs of the signal and the reference
channel will be determined from the Monte Carlo simulatiownsth an integrated luminosity of
30 fb~1, corresponding to three years of initial data taking, the Bbtictions could be tested
with a 3 o sensitivity. The continuation of this measurement at nairtHC luminosities has
been proved to lead to a clear statement witvasensitivity after already one additional year of
data taking at design luminosity ®03*cm—2s~1.

3.5 Quarkonia

Understanding the production of prompt quarkonia at the li$4#5 important step to understand
the underlying QCD mechanisms, and one that has given risertivoversy, both with respect
to the cross-section magnitude [39] and the polarizati@j. [#he initial discrepancy in cross-
section led to the Color Octet Model [41] but more high results are needed to distinguish
between this and competing models.

In addition to these open questions, the nartbish andY resonances are ideal for studies
of detector performance. The expected abundant produétiem Fig. 18) makes this feasible
already in the very early data. Both decay chanuélg (T) — u™p~ andJ/¢ (T) — ete
will be used as tools to test our detector performance. Ifidh@ving we consider only thd /v
and Y (1S5) resonances. Quarkonia selection in ATLAS is mainly based dirmuon trigger
which requires two identified muons, both with > 4 GeV and within a pseudorapidity of
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In| < 2.4. The di-muon sample considered here has offlipecuts of 6 and 4 GeV applied to
the two identified muons. To suppress backgrounds (decaffigtt, heavy flavour decays) we
require tracks to come from the same vertex and with a psprmjzer time cut ofr = 0.2 ps,

defined asr = % In Fig. 19 (left) the resulting di-muon spectrum with baekgnd

contributions is shown. We expect 15000's and 25001 (1.5) perpb~!. The mass resolution
for J/v — pu*u~ is expected to b3 MeV, and forY — u*u~ we found161 MeV on average.

We are also studying the possibility of doing performancasaeements using di-electron
resonances. In that case thg cut for both leptons i$ GeV at trigger level and offline, and
In| < 2. Tight electron identification cuts are applied to rejectkemound, includingE/p,
vertexing layer hit on the tracks, and the ratio of high to ldweshold hits in the transition
radiation tracker. We expect 2500'¢'s and 5007 — ete~ perpb~! with an instantaneous
luminosity of 103! em~2 s~!. The mass resolution fof /1) — e*e~ is expected to be about
200 MeV, see Fig. 19 right. The width is mainly constrained by brémsfung due to the large
amount of material in the inner detector.

In addition to cross-section measurements ATLAS will ugedgharkonia di-muon decays
to provide answers to the polarization puzzle and help cainsthe models. Defining the po-
larization parametew asa = (o — 201,)/(or + 201), we can measure this 8/, the angle
betweenJ/+ in rest frame angi™, as they are related by:

dccfj:H* =C- 2ai6-(1+a00829*) (5)
With the di-muon triggers we get a rather narrowg 6* distribution, with both muons having
similar pr. To access higher values afs 6* we utilize a single muon trigger where we can pair
the trigger muon with a low track to get largeApt and cos 8* (see Fig. 20 left). For the
result quoted here we used a trigger threshold(®fzeV for the single muon trigger and the
pT requirement on the second track was GeV. The looser cuts allow for more background
but still with decent signal to background discriminatidfy 3 = 1.2 for J/v). This dataset
was added (with corrections for overlaps) to complementdifmuon triggered dataset. The
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combinedcos 6* distributions were then fitted far and C' in slices ofpt. With unpolarized
samples the results are given in Table 2 forpl0!. Similar tests have been carried out with
« = £1. An example is shown in Fig. 20 right.

We expect to be able to measure the) polarization with thepr of the J /¢ in the range
of 10 GeV (trigger dependent) up t80 GeV. Already with the first 10bb~! we can achieve
better precision than the current Tevatron measurementswith ./ /¢ at highpr, which is what
is needed to truly distinguish between models. F¢t.S) we can get the same precision with
100pb~1. In this latter case we have acceptance all the way down te 0 for the Y, which
will be a very useful region to compare with the Tevatron ltssu



Table 2:10 pb~': Measured values af in pr bins in simulated datasets with= 0.
pr (GeVic) \ 9-12 12-13 13-15 15-17 17-21 >21

a(J /) ‘0.156 -0.006 0.004 -0.003 -0.039 0.019

+0.166 +0.032 £0.029 +0.037 +0.038 =+0.057
a(T) ‘ -0.42 -0.38  -0.200 0.08 -0.15 0.47

+0.17 £0.22 £0.20 +£0.33 £0.18 +0.22

3.6 Conclusions

The ATLAS experiment has a ricB-physics program [42] based on clearly defined trigger
strategies for all luminosity phases of the LHC. These memsants will contribute t@'P vi-
olation studies withB,-mesons and its sensitivity to BSM as well in studies of rBrdecays
and quarkonia production. The precision measuremeBt-physics processes are an alternative
method to explore the presence of new physics at LHC in axidit the direct SUSY searches.

Two inclusive methods for beauty cross-section measurenerbe used mainly at the
early data taking period of ATLAS were presented. The firsthoe is using the//« signature
with detached vertices, while the second one is based orleggonicb — u decays. The two
methods are complementary and the plan is to apply them sinedusly since both signatures
will be available with early data. The two methods rely orfetént trigger algorithms and dif-
ferent physics processes and signatures, therefore the-seation results obtained from each
one can be used for cross checking calibrations of the triglg@rithms used in the measure-
ments. Combining these two methods, th@roduction cross-sections measurement is expected
to reach a statistical precision 6f(1 %) after one month of data taking, if the initial LHC lu-
minosity will be £ = 103! em?2s~!, whereas a systematic uncertainty®f12 %) is expected.
Furthermore, the reference chaniet — J/¢ K has been studied and it could be shown, that
a lifetime measurement is a good tool to confirm &lentent of the selected sample.

In the first data taking period ATLAS will also measure thé) and T cross-sections,
taking advantage of the favorable trigger situation in thdyedata. A method to determine the
level of polarization is also presented. We expect to mesthe./ /¢ polarization to within 0.02
- 0.06 in the first 1b !, dependent on the polarization itself.

4 Heavy flavour production in the CMS experiment at the LHC
Authors: M. Biasini and A. Starodumov

4.1 Introduction

There are several reasons why a general purpose deteet@MIS designed for highr physics
could be efficiently used to study heavy flavour physics. tKifsall, there will be aboutl0'!
bb pairs produced at the initial luminosity year 02 cm=2s~! thanks to the higlhb x-section
which iso,; ~ 500 ub at /s = 14TeV. So, very rare decays lik8? — ptp~andBY —
~vptu~ could be searched even with the Standard Model (SM) decay Iratifferent scenarios



of New Physics (NP) the branching fraction of these decaysdcbe enhanced by orders of
magnitude, which makes the observation of these channeisraere probable.

From the detector point of view heavy flavour physics is als@tractive field. Thanks
to the lowpr (di)-muon triggers, precise vertex detector and efficieatker system, the CMS
detector is capable of efficiently recognizing and recamsing specific topologies d@kdecays.
On the other hand, the study bfiets provides with an important knowledge which might be
crucial in searches for Higgs boson and supersymmetriccfesnt Also, one should not forget
thatb- and heavy onia-decay channels provide an excellent atiir opportunity for the vertex
and tracker systems.

And finally, at the low luminosity phase there are no expématto observe Higgs decays,
but as it is mentioned above there are plentylof So, first real physics results at LHC could
be obtained in the heavy flavour sector. Even at a high lunitindbanks to efficient (di)-muon
trigger, CMS is able to continue such studies.

4.2 The CMS detector

The complete description of the CMS detector can be fourelwisre [43]. Here only the main
characteristics are mentioned. The CMS detector is a stdrmgaeral purpose hadron collider
detector composed of the following subsystems: vertex eakér systems, electro-magnetic
and hadron calorimeters and muon system. The full leng2 i and outer diameter i m.
The total weight of the detector i2.5 kton. All subsystems but the muon detector are placed
inside a superconducting magnetic coil which is able tohveeg:8 T-field. In the following, the
most crucial subsystems for heavy flavour physics are britlgussed.

4.2.1 Muon system

The CMS muon system is composed of three types of gaseoudgddtectors for muon identi-
fication. Drift tubes (DT) chambers in a central barrel reggmd cathode strip chambers (CSC)
in two end-cap regions, thanks to a high spatial resolutioa used for position and momentum
measurements. Because of their fast response time, bddnsysre also provide the Level-1
trigger with good efficiency and high background rejectidrResistive plate chambers (RPC),
which are placed in both the barrel and end-cap regions, itedn adequate spatial resolu-
tion with an excellent{ 5 ns) time resolution. Along with the DT and CSC systems, th€RP
system provides the Level-1 trigger. It also capable totiiennambiguously the relevant bunch-
crossing to which a muon track is associated even in the pces# the high rate and background
at a full LHC luminosity.

Muon identification efficiency in the central regiogm|(< 1) is above 70% for muons with

pr > 5 GeV/e. In the endcap regiond (< |n| < 2.5) identification efficiency is above 70%
already for muons withp > 3 GeV/c.

4.2.2 Tracker system

The CMS tracker system based only on silicon detectors (220fr8i): micro-strip and pixel.
The strip detector consists of 10 barrel layers and 9 disk&ipoed both forward and backward.
Depending on rapidity the highy tracks leaves 10 to 14 hits. The hit resolutiomryi$0 pm in



r — ¢ direction and~ 500 pm in z-direction. The pixel system is placed closer to the intéoac
point and consists of 3 barrel layers and 2 disks positiorat forward and backward. Since
pixel dimension isl00 x 150 pm? the detector provides precise 2D information. The hit reso-
lution is~ 10 um inr — ¢ direction and~ 17 um in z-direction. Momentum resolution of the
CMS tracker system varies from 0.5 % in the central region%oi@ the endcaps for tracks with
pr = 1+ 10 GeV/e. The primary and secondary vertex resolution is event digren Ussually,

for b-decay channels the primary vertex resolution in the trarsgvplane is abo2t ym and the
secondary one 80 =+ 100 um.

4.3 Trigger strategies

Triggering in CMS is done in two steps. The Level-1 triggeb@sed on muon and calorimetry
information. It has a latency d.2 us with a goal to reduce an event rate from 40 MHz to
100 kHz. At the second step called High-Level Trigger (HLmjormation from all subsystems
are readout and used in the event reconstruction. The regotsn should be fast, therefore
it is done locally: topologically around Level-1 patternt IALT the event rate decreases from
100 kHz to 100 Hz.

B-physics events are relatively soft. Hence, Level-1 cadetry triggers having higltt
thresholds do not 'see’ such events. Only events with onevomtuons in the final state can be
triggered with high selection efficiency for sdéfi events (see, for example, the Level-1 trigger
menu in [44]). The transverse momentum thresholds of thigggets depend on an instantaneous
luminosity, but will be kept as low as possible in the rapge> 7 + 14 GeV/c for single and
pr > 3+ 7 GeV/c for di-muon triggers. At HLT, exclusive and inclusivetriggers, based on
partial reconstruction of searchédlecay channels, are used. For the final states with two muons
a selection procedure which is used the reconstructed dinsecondary vertex significantly
improves a signal over background ratio. The detailed gesmm of the trigger algorithms can
be found in [45].

4.4 Physics channels

The CMS heavy flavour menu could be subdivided into two categoThe first one is approved
results, which will be reported further. The second catggonot finished or not yet approved
by the Collaboration active studies. The last category lwalbnly mentioned below.

4.4.1 Inclusiveh production

Three different mechanisms contribute to the heavy flavoadiyction at hadron colliders: gluon
splitting, gluon/quark fusion and flavour excitation. Eadlthese production mechanism has its
own final state topology. It is important to measure the Brbagt spectra within a large range
to be able to disentangle the contributions of those meshami In CMS the measurement of
the inclusiveb production cross section will be done with events contginats and at least one
muon.

The measurement of the differential cross sections is etutbr B-hadrons ofpr >
50 GeV/c and within the rapidity region ofiy| < 2.4. The event selection requireshbdagged
jet to be present in the event. B tagging is based on inclseendary vertex reconstruction in



jets [46]. As the Level-1 trigger, the single muon one is usét the threshold ol9 GeV/c. At
HLT in addition to the muon &-jet with pp > 50 GeV/ ¢ is required.

The signal fraction is determined from a fit to the data disttion using the simulated
shapes for the signal and background. Each reconstructed mmassociated to the most ener-
geticb-tagged jet. The average efficiency of associating the mutinthe b-tagged jet is 75%.
The transverse momentum of the muon with respect téfeeaxis discriminates signal against
background.

Several sources of systematic uncertainties are condidierthe study [47]. The largest
uncertainty arises from the 3% error on a jet energy scaletwleads to a cross section error of
12% atpp > 50 GeV/ec.

1.6 million b-events forl fb~! of an integrated luminosity will be collected to investigat
the b production mechanism in CMS. The b purity of the selectedisvearies as function of
the transverse momentum in a range from 70% to 55%.bIgreduction cross-section gy =
1.2 TeV/c can be measured with 20% uncertainty.
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Fig. 21: Backgroundn,,, distribution after the application of all selection crite(with factorizing selection criteria)
for all channels that are left: &, decays, b)B; decays.

4.4.2 Bg — ,U+,U_

Purely leptonicB-decays are theoretically very clean, thus providing aali@gavironment for
seeking indirect hints of NP effects. The SM branching rafid3? — p*u~ is very small,
(3.4240.54) - 1077 [48], while in largetan 3 NP models it can be enhanced by orders of magni-
tude [49]. Up to now only the upper limit on the branchingeasi set by the CDF Collaboration:
4.7 x 1078 at the 90% C.L. [50].

The main challenge in the measurement of fe— 1™ 1.~ decay rate is background sup-
pression. Many background sources can mimic the signaldgpoFirst, non-resonarib events



Table 3: Background foB? — ;. ;u~samples used in the analysis. The visible cross-sectiahttencorresponding
number of events for 10fb' is given. The visible cross-sections include fragmentatlranching fractions, and
(fake) muonpr and|n| selection criteria. The numbers,;p do not yet include any selection criteria but hadron
misidentification probability.

Sample Generator cuts/channels ovis| O]

ph > 3GeVc, n*| < 24

N.rp (10 foh)

bb— ptu~+ X pht >5GeVc 1.74 x 107 1.74 x 108
0.3 < AR(pp) < 1.8
5 < my, < 6GeV/c?
B, decays B, — K K+t 2.74 x 10° 274
By — nnt 9.45 x 103 3
B, — K nt 3.08 x 10* 16
B, - K utv 2.80 x 10° 2.80 x 10*
By — ptuy 1.29 x 101 130
B, decays By — nnt 8.34 x 10* 21
B;— 1 KT 3.74 x 10° 187
By — mutv 1.25 x 108 6.25 x 10%
By — ptu—mg 3.77 x 10! 377
B, decay B, — ptu—pty 2.24 x 103 2.24 x 10*
B, decays B, — ptu—ptv 2.01 x 101 201
B, — J/¢Yutv 1.89 x 103 1.89 x 10*
A, decays Ay — pr~ 4.22 x 103 1
Ay — pK~ 8.45 x 103 1
CD hadrons 5 < M(hh) < 6GeV/c? 2.24 x 10! 1.12 x 108
Q

with eachb — pX decays. Second, non-resonant QCD events, where twoghighadrons
are misidentified as muons. And finally, rag, B+, B, andA, decays, comprising hadronic,
semileptonic, and radiative decays. Some of these decangtittie a resonant background, like
B, — KTK~, others have a continuum di-muon invariant mass distobutiPotentially, the
resonant background is the most dangerous one. But theleditn from such backgrounds
is negligible due to the excellent mass resolution providkethe CMS detector. Fig. 21 shows
backgroundn,,,, distribution after the application of all selection crigefor all channels that are
left.

The current background simulation does not include muorpsssdue to hadronic in-
flight decays or punch-through. It has been estimated tih#dronic component will increase
the background level by about 10% (see Fig. 5.10.9 in [513bl§ 3 summarizes studied so far
background samples. The probabilities for hadron misitieation used to calculate expected
number of background events in CMS are found tape- 0.5%, ex = 1.0%, ¢, = 0.1%.



As the Level-1 trigger the di-muon one with a thresholdhef> 3 GeV/c for each muon
is used. The HLT strategy relies critically on the tracketedtor for a fast and high-efficiency
reconstruction of the primary and secondary vertexes, d¢erighination of muon momenta and
the mass of the muon pair. Two muons are reconstructed wigttdrits per a track in the tracker
system and required to have transverse momentupyof 4 GeV/c, to be in the central part
of the detectoln| < 2.4 and to have opposite charges. Vertexing the two muons pewd
powerful handle in the rate reduction: the quality of theteeffit must bey? < 20. The three-
dimensional flight length is required to bg, > 150 um. The invariant mass of the muon pair is
required to be in a tight windowi §0 MeV/c?) around the3, meson mass.

For the offline analysis all tracks are reconstructed withdatector information. The
same as above but tighter (e.g? < 1) and additional selections are used to suppress back-
ground. The)¢ separation of the two muoiSR (i) = \/An? + A¢? a powerful discriminator
against gluon-gluon fusion background with béthadrons decaying semileptonically and must
be in the rang®.3 = 1.2. The transverse momentum vector of tHg candidate must be close
to the displacement of the secondary vertex from the primrartex: the cosine of the opening
angle between the two vectors must fulfifis(a)) > 0.9985. The isolation! is determined from
the B, candidate transverse momentum and charged trackgwith 0.9 GeV/c in a cone with
half-openingr = 1.0 around the di-muon direction as follows:= pi* /(p4" + >, |pr|) and
required to b > 0.85. The significance of the flight length is required tolhg/o3p > 18.0.
Mass separation between a di-muon candidate and the nodinatass should not exceed
100 MeV/c2.

For an integrated luminosity afd fo~!, the expected number of signal events:js =
6.1 £ 0.6501 & 1.555. The number of background eventsiig = (14.1)7373. An upper limit,
extracted using the Bayesian approachzi§BY — ptu~) < 1.4 - 1078 at the 90% CL [52].

4.4.3 By — J/po

Important properties oB? system can be studied with the decay chamgl— J /¢, such as
the width and mass difference of the two weak eigenstatds;, Am;. In addition, the decay
BY — J/1¢ is a golden channel for CP violation measurements. Thecpiatispin structure of
this decay allows to express its time dependence in a pltibasis, calledransversity basis
as the sum of 6 amplitudes where physical parameters effitereditly. The most important of
them is the weak phasg which is at present strongly constrained by CKM fits [53] andId
represent a clear hint of NP if found to be significantly diffiet from this prediction. At present
the flavour tagging tools required to extract the weak phesaat yet available in CMS and only
the mixing measurement is considered here.

The Level-1 trigger is based on di-muon selection with> 3 GeV/c each. HLT is the
same as the one fd8? — u*p~, with additional requirement for the di-muon invariant mas
to be within 150 MeV/c? of the J/+¢» mass. TheJ/y vertex is required to bed3away from
the primary vertex. The cosine of the angle between thevemss momentum vector and the
transverse decay length vector of th&) candidate is required to exceed O¢@candidates are
reconstructed from all oppositely charged track pairs dhgairs with invariant mass within
20 MeV/c? of the ¢ mass are retained. All four tracks are then usedicandidates, requiring
invariant mass withire00 MeV/c? of nominal one. The transverse momentumgoénd BY
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candidates are required to be greater than 1.Gan&eV/ ¢, respectively.

The offline analysis follows the same criteria of HLT, butlwitomplete information and
tighter cuts. The main backgrounds arise from promift and BY — J/1K*° events. Fig. 22
shows invariant mass aef and B, candidate distributions after all bgtmass selections applied.
From an untagged time-dependent analysigdfcandidates the mixing parameters can be ex-
tracted. The result of the analysis shows that a first meammeof AT, /T's can be made with
20% precision with an integrated luminosity of3 fb~!, while 5% precision can be reached with
10 b~ [54].

4.44 BE - Jjynt

The interest to thé3. meson relates to the uniqueness of the heavy-heavy quadasyghich
carries flavour. The&3. meson has been observed at Tevatron and its mass and lifletinee
been measured [55]. But available statistics does not athawake such measurements precise
enough and investigate properties of this system in details

In CMS a feasibility study has been performed in the decayiblaBr — J/yn* [56].
First.J /¢ candidates are composed by two muons with> 4 GeV/c and|n| < 2.2 with oppo-
site charge. The candidate invariant mass is required to theiregion from 3.0 t8.2 GeV/c?.
Then, pion candidates are selected by requiring a third waming from the same vertex as the
two muons withpp > 2 GeV/c and|n| < 2.4. The following selections are applied in addition: a
proper decay IengmffL > 60 pm, a significance.,, /0., > 2.5 and a opening angle between
the vector from primary to secondary vertex and the momentrtor of the reconstructel. :
cos) > 0.8.

For1 fb~! 120 signal and less than 3 background events are expectede@bnstructed
B. mass is6.4 GeV/c? and the width of the mass peaklis MeV/c%. To extract theB. meson



lifetime a binned likelihood fit was performed, resultingrin= 460 + 45 fs.

4.4.5 Additional heavy flavour decays

Although the following analysis are not yet finalized, it issth while to list them here to demon-
strate a future spectrum of heavy flavour activity in CMS.

Measurements dfb production cross-section and lifetimes of B-mesons wilkdoae in
the following decay channelsB* — J/YK* — putpu~K*, B — D°%uX, b — J/y +
X — putp~ + X. The correlation study of /+ vs p provides clean measurementsbofpro-
duction mechanisms. Searches for NP is also planned to be idoB;, — p*tp~v, B —
(¢, K*, Ks)ut ™ decay channels.

45 Conclusions

While designed for higlpr physics, the CMS has a broad heavy flavour program. Mainrestu
which allow this program are 1) higlib event rate even at a low@? — 103) initial luminosity,
2) the efficient lowpr di-muon trigger and 3) excellent tracking that provideshhigopmentum,
mass, vertex resolution. Expected results are competitittecurrent B-physics experiments.
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5 Top production in the CMS experiment at the LHC
Authors: C. Rosemann and R. Wolf

5.1 Top quark pair production in CMS

The LHC will provide proton proton collisions at centerofass energies df (10) TeV with a
specific luminosity ot 10 (0.1) nb~!s~1. This will allow the inclusive production of top anti-
top quark pairs at a rate ah0-(10) Hz (where the values in parenthesis are given for startup).
The cross section for the production of top anti-top quarikspa proton proton collisions at
these center-of-mass energies is expected fiRet 83 + 30pb (414 + 40 £ 20pb)) [57],
where the first error reflects scale uncertainties and thenseerror uncertainties in the choice
and parametrization of parton density functions (PDFs)thtnstandard model (SM) top anti-
top quark pair production is dominated by gluon gluon fuqith a fraction of~ 90%). As
top quark production at the reached center-of-mass eiseagie luminosities at HERA is unac-
cessible the obvious impact of the HERA experiments on topywstion at the LHC lies in the
determination of the most undefined gluon density functiat thus in the reduction of the sec-
ond uncertainty of the above cross section estimate. IndigBi(left) three sets of different PDFs
from the two HERA experiments H1 and ZEUS and from the CTE@bokation are shown at
a scale ofQ? = 10 GeV2. Due to kinematics and reconstruction requirements thexsesRvill
mostly be probed at large scales and medium to high protonentum fractionr > 0.01, where
these PDFs show smallest uncertainties and deviations.

In the beginning the emphazise will be put on the rediscoeéthe top quark within the
first (50-100) pb~1, followed by inclusive cross section measurements basedhurst selection



methods and first attempts to determine the top mass andetiiffal cross sections with target
luminosities of~ 1fb~!. An important aspect of top quark physics will be the cagaofttop
anti-top quark pair production of being a standard candimwhie SM to exploit and demonstrate
the detector understanding of the two major experimentsAgand CMS. The rediscovery of
the top quark in early data taken with the CMS detector anslgaats for first mass measurements
in ~ 1fb~—! will be discussed in the following.

5.2 Rediscovery of the top quark

As an example for the rediscovery potential of the top quatkiwthe first data a recent study in
the semi-leptonic decay channel with a muon in the final $¢gteesented [58]. It was performed
for a target luminosity ol0pb~! of data at a center-of-mass energyldfTeV taken with the
CMS detector. The conclusions may though be translatedeimtivalent conclusions for a lu-
minosity of 50 pb~! of data at a center-of-mass energyl6fTeV. Focus was put on robust and
simple selection methods with minimal dependency on deteximponents that may be least
understood during startup. Main backgrounds are congiderdelV or Z boson production
with additional hard jets and QCD mulitjet production wieptons fromb/c quark or in-flight
decays which are mis-interpreted as originating from &atlecays. Inclusive top anti-top pair
production and? and Z boson production were produced with the Alpgen event gémefar

2 — 4(5) processes in leading order and matched with parton showgerg Rythia (values in
parenthesis are given for inclusive top anti-top pair pobidm). QCD multijet events were pro-
duced in leading order using Pythia. All events were passamlijh the full simulation of the
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Fig. 23: (Left) Parton distribution functions (PDFs) froletHERA experiments H1 and ZEUS and from the CTEQ
collaboration at a scale @? = 10 GeV?2. Of relevance for top quark production at the LHC are the gldensity
functions at values > 0.01 of the fractional proton momentum (Right) Top mass reconstructed from top anti-top
quark pairs in the di-leptonic decay channel as expected fudl simulation with the CMS detector withfb~! of
integrated luminosity.



CMS detector including a simulation of the CMS L1 and High#leTrigger and mis-alignment
and mis-calibration of the track detector and calorimetesrgxpected for the firs0 pb~! were
taken into account. Top events are selected by requiringgdesisolated muon with transverse
momentunpr > 30 GeV in the pseudo-rapidity range pf| < 2.1, a leading jet with calibrated
pt > 65GeV and at least three further jets with calibrategd > 30 GeV in a pseudo-rapidity
range of|n| < 2.4 in addition to the trigger criteria. With this selection thigger efficiency
is estimated to be abow®%. The muon is considered isolated if the summedof all recon-
structed tracks within a cone &R = \/A¢? + An? < 0.3 in the vicinity of the muon does not
exceed GeV and the summed calorimeter entries in the same area do regdixGeV. Either
b-tag information nor information on missing transversergyeare taken into consideration for
the sake of a more robust event selection. In addition anpe@®tlected jets is required to be
seperated from the isolated muon by at léa3tunits in A R.

This selection leads to a total @28 events with top anti-top quark pairs in the semi-
leptonic decay channel with a muon in the final state (with stimeated overall efficiency of
10%), 25 events with top anti-top pairs in other decay modéslV +jets events7 Z+jets events
and11 multijet QCD events. Th&/B is estmiated to beé.5 : 1 and theS/B(QC D) is estimated
to bell : 1 with large uncertainties. As it is clear that the backgrofirmin QCD multijet
events will be the most difficult to control and to model methidor its estimation from data are
discussed. This is a process still ongoing within the caoltabon.

5.3 First measurements of the top mass

As an example for a measurement of the top quark mass withtrdfita a study in the di-leptonic
decay channel witifb~! of data taken with the CMS detector is presented [59]. Duésto i
clear event topology this channel is expected to have thiesigpsal to background ratio. Main
backgrounds are considered to Beand di-boson production associated with additional hard
jets and top events from other decay channels. All events werduced with the Pythia event
generator in leading order and passed through the full sitioul of the CMS detector including
a simulation of the CMS L1 and High-Level-Trigger. Top eweate selected by requiring two
isolated leptonse( or 1) of opposite sign with transverse momentws > 20 GeV, two jets
with pr > 30 GeV and missing transverse momentum larger thégzeV, in addition to the
trigger criteria. Leptons are considered isolated if thesed pr of all reconstructed tracks
within a cone of AR = \/A¢2 + An? < 0.2 in the vicinity of the lepton does not exceed
10% of the lepton’s momentum. Electrons are identified usingelihood method exploiting
shower shape characteristics and the matching of tracksalodmeter objects. For leptons of
the same type an additional veto on thenvariant mass is implied. The jets are required to
fulfill a b-tag requirement based on tpe and the invariant mass of the associated tracks and
the result of a combinetttag algorithm [60]. This selection is expected to providegmal over
background ratio ofl2 : 1 for a top mass estimate betwe&d) and 300 GeV the remaining
background mostly originating from other top decay chamn#i fig. 23 (right) the most likely
top mass determined from a parameter scan in the rang®@300) GeV is shown. Unknowns
are reduced imposing constraints on momentum conservatitime transverse plane, tH&
invariant mass and the equality of the top mass in both deyches. Remaining ambiguities
are taken into account by a weighting procedure based onkhexpectation of the neutrino



momentum spectrum. The fit of a Gaussian function yields antaps ofmi;, = 178.5 +

1.5 (stat.) £ 4 (syst.) GeV for an input mass ofnf’ = 175GeV. Systematic uncertainties

are expected to be dominated by the uncertainty of the Walidithe imposed constraints in the
presence of initial and final state radiation, and the una#st of the jet energy scale (JES). For
10 fb~! the uncertainties are expected to be reducediiq,, = 0.5 (stat.) + 1 (syst.) GeV.
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