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17 B-physics

17.1 Introduction

The rate of B-hadron production at the LHC is enormous thanks to the large hadronic cross-sec-

tion for b-quark production and the high luminosity of the machine (L = 1033 cm−2s−1 even at

so-called low luminosity). About one collision in every hundred will produce a b-quark pair,

which is a considerably better signal-to-noise ratio than at lower-energy hadron machines such

as the Tevatron. In ATLAS, an inclusive-muon trigger with a pT threshold of 6 GeV will make an

initial selection of B-events. Using this inclusive selection, about 25% of the muon-trigger events

will contain b-quarks. In the first year of operation, some 2.3x1010 b-quark pair events will be se-

lected for more detailed analysis in the LVL2 trigger and event filter, that are focused on the se-

lection of specific classes of final states. This event rate will be higher than in any accelerator

presently operating, or in any accelerator in operation before the start-up of the LHC.

Although the main focus of the ATLAS physics programme is the search for and study of phys-

ics beyond the Standard Model, through the production and decay of new types of particles, an

important range of B-physics studies is planned, as discussed in this Chapter. In fact, an impor-

tant aim of the B-physics work is to test the Standard Model through precision measurements of

B-hadron decays that together will over-constrain the CKM matrix, possibly giving indirect evi-

dence for new physics. This programme of work will include the following: precise measure-

ments of CP violation in B-meson decays, which in the Standard Model is due to a single phase

in the CKM matrix; precise measurements of the periods of flavour oscillations in B0
s as well as

B0
d mesons, and of relative decay rates – such measurements constrain the elements of the CKM

matrix; searches for and measurements of very rare decays which are strongly suppressed in the

Standard Model and where significant enhancements could provide indirect evidence for new

physics. Many of the ATLAS measurements will be more precise than those from experiments

at lower-energy machines, thanks to the greater available statistics.

At the LHC, the general-purpose experiments ATLAS and CMS will face stiff competition from

LHCb, which is a dedicated B-physics experiment. However, even though a dedicated experi-

ment can be better optimised for certain event types, ATLAS will be competitive in several

channels. ATLAS will thus play an important role in maximising the combined precision of B-

physics measurements from the LHC.

In the following, the B-physics potential of ATLAS is presented. The remainder of this section

introduces the framework concerning the production and triggering of B hadrons. Section 17.2

discusses CP-violation measurements in a number of channels, and also addresses the decay

channel →J⁄ψφ more generally, including a discussion on the measurement of ∆Γs. -oscilla-

tion measurements provide information complementary to the CP-violation measurements, and

the capabilities of measuring the oscillation parameter are described in Section 17.3. Rare de-

cays of the type are described in Section 17.4, and finally, other precision measure-

ments are briefly discussed in Section 17.5.

Bs
0 B0

s

B µµ X( )→
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17.1.1 General features of beauty production in ATLAS

ATLAS will observe decays of B hadrons, that are centrally produced in proton–proton colli-

sions at 14 TeV centre-of-mass energy. Events will be selected initially by an inclusive-muon

trigger with a pT threshold of 6 GeV in the pseudorapidity range |η| < 2.4. Further selections at

the trigger level focus on specific final states. For the selected events, the Bjorken x-variable of

the colliding partons will be between 10-4 and 10-1 – this range is an order of magnitude broader

than in collider experiments at the Tevatron. The mean value of the B-hadron transverse mo-

mentum with respect to the beam in the statistically dominant channels is 16 GeV or more,

which is high enough to justify the perturbative QCD approach [17-1]. At the phenomenologi-

cal level, the role of higher-order corrections to b-quark production may be understood in terms

of additional production mechanisms, such as flavour excitation and parton showering [17-2].

At the LHC, many studies can be made of B-hadron production. Measurements include b-jet

differential cross-sections, differential cross-sections of single particles in b-jets, production

asymmetries, production polarisation, b–b correlations, bbg final states, doubly-heavy-flavoured

hadrons, double b-quark-pair production, and prompt J/ψ production. The B-hadron produc-

tion features are discussed in more detail in Chapter 15. It is worth noting that the B-production

cross-section is not well understood at the phenomenological level, and that predictions are un-

certain to a factor of two or more.

17.1.2 Model used for simulation studies

About 1.5 million B-hadron events have been simulated using the PYTHIA 5.7 and JETSET 7.4

programs [17-3] for event generation. The flavour-creation, flavour-excitation and gluon-split-

ting production mechanisms of b-quarks were included. The simulations were performed with

the CTEQ2L set of parton-distribution functions and the default set of PYTHIA parameters, the

most important ones being the b-quark mass (mb = 5 GeV) and the factorisation scale

(µ = pT
hard). The fragmentation of b-quarks to B-hadrons was simulated according to the Peter-

son function with εb = 0.007, as supported by LEP measurements. The choice of parameters was

motivated by the fact that the corresponding simulation results reproduce the b-quark produc-

tion cross-section at the Tevatron [17-4].

The total bb cross-section is not well defined in PYTHIA when one includes processes other than

the lowest-order one for bb production, since PYTHIA takes the partons to be massless, and

therefore the cross-section diverges when the transverse momentum approaches to zero. How-

ever, what is relevant for ATLAS is the part of the cross-section that passes the trigger – this is

2.3 µb when the bb events are triggered requiring a muon with pT > 6 GeV and |η| < 2.4.

About 30% of all the generated events were processed with a detailed detector-simulation pro-

gram (the remaining events were used for larger-statistics studies using a parametrisation of the

detector performance). The simulation software, based on the GEANT 3 package and described

in [17-5], was used to simulate the detector response. For most of the events, only the Inner De-

tector was simulated, since the analyses rely mostly on charged particles reconstructed in the

Inner Detector. For the B-physics studies presented in this chapter, pile-up (average 2.3 events at

low luminosity) was not included in the simulation unless stated explicitly.
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Information about particles resulting from all types of secondary interactions inside the Inner

Detector was stored if the energy of the incident particle was above 300 MeV (10 MeV for

bremsstrahlung). Also, information was stored on particle decays anywhere in the ATLAS de-

tector for use in the study of background muons coming from decays of charged kaons and

pions.

Backgrounds which require large rejection factors in the analysis were simulated using a fast

Monte Carlo simulation program [17-6]. This included a parametrisation of the detector per-

formance, which was tuned to reproduce the results from reconstruction of fully simulated B-

physics events in the Inner Detector [17-7]. More detailed information about the production and

data samples is given in [17-8].

17.1.3 Trigger

The triggers for B-physics studies are described in Chapter 11 and more details can be found in

[17-9]; only a brief description is given here.

As indicated above, the LVL1 trigger for all B-physics studies in ATLAS will be an inclusive

muon trigger, with a transverse-momentum threshold of 6 GeV in the pseudorapidity range

|η| < 2.4. At LVL2, the LVL1 muon is first confirmed before proceeding to a track search in the

Inner Detector. The cross-section for bb events passing this initial stage of the LVL2 trigger is

2.3 µb. Note that the LVL1 trigger muon, which must be confirmed at LVL2, may come either

from the B-decay of interest, or from the decay of the other B-hadron in the event.

At LVL2, ATLAS expects to trigger on both and . In the case of ,

the LVL1 trigger muon may come from the J/ψ or from the decay of the other B-hadron in the

event. A trigger on may be achieved by requiring a second muon of pT > 3 GeV, us-

ing information from the muon chambers in the end-cap and from the Tile hadronic calorimeter

in the barrel. The feasibility of such a trigger over the full region is currently under

study. Using the muon chambers alone, it would be possible to trigger over the whole

region down to a pT threshold of 5 GeV. In the → analysis, results will be presented

for both trigger-threshold possibilities. The dimuon trigger covers rare B-decays, ,

in addition to the numerous final states containing J/ψ that are considered in the study of CP vi-

olation and other topics. With giving the LVL1 trigger muon, the event may be se-

lected if there is a pT > 5 GeV electron identified at LVL2, even if the second muon from the J/ψ
does not pass the LVL2 selection. Such events are useful for CP-violation studies with electron

tagging; the second muon from the J/ψ decay can be reconstructed in the event filter with re-

laxed cuts.

The trigger on is implemented at LVL2, using information from the Inner Detector

and, in particular, relying on the electron–hadron separation provided by the TRT (see

Chapter 10 of [17-9]). With this technique, it will be possible to use an electron pT threshold of

0.5 GeV (the minimum track reconstructible in the Inner Detector). The events

will always be required to contain the LVL1 trigger muon in addition to the J/ψ.

B0 → π+π− candidates are searched for at LVL2 by combining pairs of opposite-charge particles

with pT > 4 GeV, requiring the sum of pT moduli to be above 10 GeV and the invariant mass of

the pair to be in the range 4.5–6.5 GeV. The distance of both pions to the triggering muon should

satisfy ∆R > 0.4 to reject candidates with one or both pions belonging to the trigger B-jet. The

option of lowering the minimum pion pT to increase the event yield is being studied. With the

J ψ⁄ µµ→ J ψ⁄ ee→ J ψ⁄ µµ→

J ψ⁄ µµ→

η 2.5<
η 2.5<

B0
d J ψ⁄ K0

s
Bd s, µµ X( )→

J ψ⁄ µµ→

J ψ⁄ ee→

pT J ψ⁄ ee→
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minimum pion pT set to 1.5 GeV, the acceptance for signal events would triple. However, addi-

tional trigger requirements, such as a cut on the transverse impact parameter, would be needed

to maintain an acceptable trigger rate.

For all the channels considered for the measurement of ∆ms, the LVL2 trigger is a Ds
- mass trig-

ger. The baseline is to use the decay mode Ds
-→φ0π-. This is done by considering combinations

of oppositely charged tracks and applying kaon hypotheses to reconstruct the φ0. The Ds
- is sub-

sequently reconstructed from combinations of φ0 with another track, applying a pion hypothe-

sis. It would be possible to use the decay mode Ds
-→K*0K- as well, but since the K*0 is a much

wider resonance than the φ0, and pion–kaon separation is not available, the pT thresholds for the

particles would have to be raised to a point where the increase in statistics for the ∆ms measure-

ment would be marginal.

After the LVL2 trigger, more refined selections can be made in the event filter, relying on im-

proved track-reconstruction performance for making selections based, for example, on invari-

ant-mass and vertexing cuts.

17.2 CP-violation studies

17.2.1 Overview

Within the Standard Model, CP violation in weak decays is introduced by the phase of the CKM

quark-mixing matrix. The unitarity of the CKM matrix can be used to derive triangle relations

between the matrix elements. The unitarity relation,

provides the so-called unitarity triangle. The angle α is opposite to the side Vcb
*Vcd, β is oppo-

site to the side Vub
*Vud and γ is opposite to the side Vtb

*Vtd. These angles can be measured, for

example, in neutral B decays to final states f which can be reached by both B0 and B0. Due to CP
violation, the rates of B0 and B0 decays are different, resulting for some decay modes in a meas-

urable asymmetry A, defined as:

, 17-1

where a is the direct CP-violation amplitude, b is the mixing-induced CP-violation amplitude

and is the mass difference of the system. B0 and B0 refer to the B-flavours at produc-

tion, which must be determined using tagging techniques. In the simplified case of pure mix-

ing-induced CP violation, the asymmetry reduces to

.

An important consideration of many CP-violation studies, and also for B0-oscillation measure-

ments, is the determination of the flavour of a B-hadron at production; this is referred to as fla-

vour tagging and various methods are available as discussed below. Limitations in the tagging

purity, as well as the presence of background, dilute the observed asymmetry, and this must be

Vub
*

Vud Vcb
*

Vcd Vtb
*

Vtd+ + 0=

A t( ) N B
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taken into account in the analysis. Also, in proton–proton collisions, B and B hadrons are pro-

duced with different probabilities. This production asymmetry, which has been estimated to be

of the order of 1% or less, has to be subtracted from the measured asymmetry.

Considering the simplified example of pure mixing-induced CP violation in the case of de-

cays where the oscillation period is comparable with the lifetime, the time-integrated asymme-

try can also be used for CP-asymmetry measurements (‘event counting’). Starting from the

expression , the time-integrated asymmetry is , where

is the dilution factor due to integrating over time from t = 0 and .

Note that, in contrast to experiments at e+e- machines where B-mesons are produce via Υ(4S)

decays, the time-integrated asymmetry is non-zero. Taking into account the other dilution fac-

tors, the observable asymmetry is

,

where Dtag is the dilution factor from tagging ( , where ωtag is the wrong-tag

fraction), and Dback is the dilution factor from background (Dback = NS/(NS+NB), where NS and

NB are the numbers of signal and background events, respectively). AP is the production asym-

metry. Using the formula above, the statistical error on the CP-violation parameter b is:

17-2

17.2.2 Measurement of asymmetry in B0
d → J/ψK0

s

The measurement of the time-dependent CP-violating asymmetry in the decay → can

provide a clean measurement of the angle β of the unitarity triangle. To a very good approximation,

the Standard Model prediction for the asymmetry in this channel is given by:

where is the mass difference in the system. The predicted asymmetry is insensitive

to the contribution from penguin diagrams. This makes the → decay the so-called

gold-plated mode to measure the angle β.

The → decay, with or , and , is also experimentally

very clean, and data samples can be reconstructed with relatively low background. It is worth

noting that, recently, the CDF Collaboration has measured (stat+syst), using a

sample of about 400 events collected during the Run 1 Tevatron data-taking period [17-10]; the

error is dominated by the statistical contribution. This demonstrates the feasibility of analysing

this channel in the environment of a hadron collider. The current Standard Model best estimate

of the unitarity triangle gives [17-11]. Several experiments are expected to

make measurements of sin2β before LHC starts operation; for example BaBar expects to achieve

a precision of about 5% [17-12]. However, as discussed below, ATLAS should be able to make a

considerably more precise measurement of this parameter.

In the following, the analysis using various tagging methods for the and

samples is discussed. Due to the LVL1 trigger requirement, the events must also con-

tain a muon candidate with pT > 6 GeV and |η| < 2.4, as discussed in Section 17.1.3. This muon,

which usually comes from the decay of the second b-quark in the event, can be used to tag the

B0
d
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flavour of the at production. For , the trigger muon may come either from the de-

cay of the second b-quark in the event or from the J/ψ decay. In the former case, the muon may

be used to tag the flavour of the at production, as for . In the latter case, additional

tagging methods can be used to enhance the statistics and provide valuable cross-checks of sys-

tematics. As discussed in Section 17.2.2.4 below, the additional methods of tagging that can be

used are electron tag, B–π tag and jet-charge tag.

17.2.2.1  reconstruction

The reconstruction of J/ψ decays was investigated using samples of events, gener-

ated with PYTHIA in both J/ψ decay channels considered, and fully simulated with GEANT.

The events were generated as explained in Section 17.1.2 and include the underlying event as

simulated by PYTHIA; no additional pile-up events were added for this analysis. Studies have

not yet been performed to evaluate the feasibility of continuing the analysis of this channel after

the initial running at low luminosity, i.e. at luminosities above 1033 cm−2s−1. Offline cuts on the

transverse momenta of the leptons from the J/ψ decay are the same as those imposed by the

LVL1 and LVL2 thresholds described in detail above. Track reconstruction in the entire Inner

Detector was performed using the xKalman algorithm (see Section 3.1.2). For the

case, a special electron fit option was used in xKalman: for identified electrons, the reconstruc-

tion program included, directly in the track-fitting procedure, a correction for possible energy

losses due to bremsstrahlung.

Pairs of opposite-charge electrons or muons were fitted to a common vertex and their invariant

mass calculated. Successful fits (χ2/d.o.f.<6) were retained and, for the muon case, an invariant-

mass cut with a window around the nominal J/ψ mass was applied. For the electron

case, the window was set to be asymmetric in order to take into account the bremsstrahlung en-

ergy losses that create a long tail at small invariant masses. This energy loss depends on the

amount of material traversed by the electrons and is larger in the end-cap than in the barrel re-

gion of the Inner Detector. To take this into account, the mass window was set to

( ) if the J/ψ was produced within the range ( ). Finally, the transverse

decay length of the reconstructed J/ψ was required to be greater than 250 µm.

For events passing the LVL1 trigger requirement (muon with pT > 6 GeV in ), the J/ψ re-

construction efficiency is about 50% in the electron channel and 80% in the muon channel (LVL2

trigger muon threshold at 3 GeV). These figures do not include the lepton trigger and identifica-

tion efficiencies (see Section 17.2.2.3). The lower reconstruction efficiency in the electron channel

is due to bremsstrahlung energy-loss effects causing the electrons to be lost in the reconstruction

and causing the J/ψ to fail some of the cuts (mainly the mass-window cut). Further optimisa-

tion is needed, both in the track-reconstruction phase and in the selection cuts, to improve the

efficiency for reconstructing J/ψ.

The invariant-mass distributions for the electron and muon case are shown in Figures 17-1 and

17-2, respectively. The distributions include only events in which the two reconstructed leptons

have been successfully matched with the true generated leptons from J/ψ decay. The resolu-

tions were estimated to be about 40 MeV (muons) and 60 MeV (electrons). For the electron case,

the resolution was estimated by fitting only the symmetric core of the distribution.

B0
d J ψ⁄ µµ→

B0
d J ψ⁄ ee→

J/ψ

Bd
0 J ψ⁄ Ks

0→

J ψ⁄ ee→

3σ +3σ,–[ ]

5σ +3σ,–[ ]
7σ +3σ,–[ ] η 0.7< η 0.7>

η 2.4<
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The reconstructed resolution obtained for elec-

trons from full simulation was parametrised

as a function of |η| and pT in the fast simula-

tion program ATLFAST. This provides a fast

simulation description for background analy-

ses. Since the distributions are non-Gaussian

due to interactions in the Inner-Detector mate-

rial, they were parametrised based on the loca-

tion of a single hard bremsstrahlung, chosen at

random from the appropriate distribution.

The parametrisation gave the five fitted track

parameters and the correlation matrix. The

agreement between the full and the fast simu-

lation is good as can be seen from Figure 17-3.

A similar fast-simulation parametrisation as a

function of |η| and pT was made for muons.

However, here, the distributions are very close

to Gaussian, not having any significant tails in

the absence of pattern-recognition problems.

17.2.2.2  reconstruction

The reconstruction of the decay is described in detail in Section 3.6.2.1. The decay

vertex was reconstructed using three-dimensional vertexing, and the pair was chosen as a

candidate if a good vertex was found at a decay radius R between 1 cm and 37 cm and with

|z|< 210 cm, and if the invariant mass of the pair was compatible with the mass.

Figure 17-1 Invariant-mass distribution of
(signal only).

Figure 17-2 Invariant-mass distribution of
(signal only) for events with the LVL2 trig-

ger muon pT threshold at 3 GeV.
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For events in which a J/ψ has been successfully reconstructed, the total reconstruction effi-

ciency is about 41%. This figure includes the acceptance for a decay inside the fiducial vol-

ume delimited by the R and z cuts listed above, the tracking efficiency and the efficiency of the

selection cuts (cuts on fit probability, mass-window and transverse decay length from the pri-

mary vertex). The mass resolution is about 4.5 MeV for decays at low radii and increases

to up to 7 MeV towards the external border of the fiducial decay volume.

In order to be able to perform a reliable esti-

mation of the background to the

decay, using samples for which full GEANT

simulation was not available, a fast simulation

for charged pions, similar to the one for

muons and electrons briefly described in the

previous section, was developed. The parame-

trisation was established studying the resolu-

tions of the five track parameters for pions in

fully-simulated samples. The total sample was

divided into bins of pT, η and, in order to be

able to describe also the pions from , decay

radius. In each bin, the track parameter resolu-

tions were described as the sum of two Gaus-

sians in order to take into account also the

presence of tails. While an exponential de-

scription of the tails might have been more ap-

propriate in some cases, the two-Gaussian

description provides good results and allows

one to take into account correlations in a more

straightforward way. As discussed in [17-7], this method allows one to obtain a parametrisation

of the full covariance matrix (including the correlation terms) as a function of pT, η and R. This

parametrisation was used to smear the five generated pion-track parameters in the fast-simula-

tion program. The mass distribution obtained using this method is compared in Figure 17-4

to the one obtained with full simulation; reasonable agreement is observed between the two.

17.2.2.3  reconstruction

Leptons and pions coming from J/ψ and candidates which survived the selections described

above were used in reconstructing decays. The was reconstructed by perform-

ing a three-dimensional kinematic fit to the four tracks and applying vertex and mass con-

straints on both the and systems. At the same time, the momentum of the ( ) was

required to point to the J/ψ (primary) vertex. The proper decay time of the was required to

be greater than 0.5 ps and the transverse momentum was required to be greater than 5 GeV. A

mass resolution of 19 (26) MeV and a transverse decay-length resolution of 64 µm (68 µm) were

estimated for the reconstructed meson in events in which the J/ψ decayed to muons (elec-

trons).

After the first three years of running at low luminosity, corresponding to an integrated luminos-

ity of 30 fb-1, it is estimated that ATLAS will reconstruct 14400 decays in the

channel and 473 550 (219 690) events in the channel, assuming a LVL2 trigger threshold of

3 GeV (5 GeV) for the second muon. The relatively low number of events is due to the

requirement of an additional muon which provides the LVL1 trigger and can be used for tag-
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ging the flavour of the at production. Besides all the selection cuts described above, these

numbers also include the estimated efficiencies of the detector to identify electrons and muons:

ε = 85% for the LVL1 trigger muon, ε = 95% for other muons with pT > 5 GeV, ε = 90% for muons

with 3 GeV< pT<5 GeV, and ε = 75% for all electrons.

17.2.2.4 Flavour tagging

To perform a measurement of the CP-violating asymmetry, it is necessary to know the flavour of

the neutral B meson at production. Various methods have been developed for this purpose

along the years, mainly by the LEP experiments and by CDF. Flavour tagging can be divided in

two categories – Opposite-Side Tagging (OST) and Same-Side Tagging (SST) – depending on

whether the algorithm deduces the flavour by looking at the products of the other b-quark in

the event (the opposite side) or at the particles accompanying the B-meson under study (the

same side). In this section, a brief description of the tagging algorithms developed so far for this

analysis is given and the performance summarised. Each algorithm has been optimised by ad-

justing parameters to maximise the quality factor that determines the statistical pre-

cision on the asymmetry measurement. Here, is the tagging efficiency defined as the fraction

of reconstructed B candidates with a tag, and  is the dilution factor due to mistags.

In the lepton-tagging technique, an additional lepton is searched for in the event, with the as-

sumption that this tag lepton originates from a semi-leptonic decay of the other b-quark in the

event. This method is known to have low efficiency (due to the low semi-leptonic branching

ratio of about 10% and the kinematic cuts), but good purity. However, in the sample

this method is fully efficient due to the presence of the trigger muon. In the sample,

an additional lepton (muon or electron) with pT > 5 GeV is searched for. In case the tag lepton

was a muon (so that there are three muons in the event), the LVL1 trigger muon could be either

one of the J/ψ legs or the tag muon. The total lepton-tagging efficiency in the sample

is about 0.04 (electron or muon tag).

The mistag rate with lepton tagging was extensively studied in a large inclusive-muon sample

and double-checked, with smaller statistics, in samples of decays. The depend-

ence of the mistag rate on the tag lepton transverse-momentum threshold is shown in

Figures 17-5 and 17-6 for electrons and muons respectively. It can be seen that the wrong-tag

fraction decreases with increasing tag pT threshold. The mistag rate depends on pT of the signal

B-hadron as well as on the pT of the tag lepton. With increasing pT of the signal B-hadron, the

wrong-tag fraction increases for a fixed tag pT threshold. This is due to the fact that, as the pT of

the signal B-hadron increases, the pT of the other B tends to increase as well, resulting in a high-

er probability for the leptons from cascade decays to pass the pT threshold for the tag. This can

be seen in Figure 17-7, which shows the wrong-tag fraction as a function of the signal B-hadron

pT, when the tag pT was fixed to 6 GeV. For the hadronic channels B0
d → π+π− and

( ), the average pT of the signal B was about 20 GeV, and the wrong muon tag fraction

was taken to be 0.22.

Bd
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Q εDtag
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=
ε
Dtag
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J ψ⁄ µµ→
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For muon tagging of the sample, a

mistag rate of ωtag = 0.24 was applied in the

analysis. Here the average pT of the B0
d is

about 25 GeV. For muon tagging of the

sample, the wrong-tag fraction was

lower, ωtag = 0.21, due to the lower pT of the

signal-B (17 GeV on average). Contributions to

the mistag rate from hadrons misidentified as

muons and from decays in flight of pions and

kaons were found to be negligible. The mistag

rates are also given in the summary in

Table 17-1.

For electron tagging of the sample,

the fraction of wrong tags was 0.27 with a 5

GeV threshold. The contributions to the mis-

tag rate from misidentified hadrons (about

1%) and from conversions (about 2%) were es-

timated using fully simulated Monte Carlo

samples. The hadron rejection factor was

about 1800, corresponding to a 75% electron

efficiency. The electron was identified by using

both the e.m. calorimeter and the TRT (see Section 7.3.1). The conversion-removal algorithm,

similar to the one described in Section 7.5.1, has not yet been fully optimised for this analysis.

The mistag rates are summarised in Table 17-1.

Figure 17-5 Muon wrong-tag fraction as a function of
the tag pT threshold. This plot is made for the case
where the decay gives rise to a muon
with pT > 6 GeV. At tag pT > 6 GeV, the average pT of
the signal-B is 26 GeV.

Figure 17-6 Electron wrong-tag fraction as a function
of the tag pT threshold. This plot is made for the case
where the decay gives rise to a muon
with pT > 6 GeV. At tag pT > 5 GeV, the average pT of
the signal-B is 25 GeV.
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Figure 17-7 Muon wrong-tag fraction as a function of
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The B-π correlation tagging is an SST technique as it uses charged pions associated with the

that has decayed to . The algorithm exploits the correlation between the flavour of the b-

quark and the charge sign of a particle produced nearby in phase-space. Such charge–flavour

correlations are expected to come both from particles produced in the fragmentation and from

the decays of resonances [17-13]. No attempt was made to separate the two contributions.

In both cases, a positively-charged particle is correlated to a and a negatively-charged one to

a . This particle will be referred to as a ‘pion’ in the following discussion, although it is not

identified as such.

The algorithm selects charged-particle tracks contained in a cone around the recon-

structed B meson direction, with (where is the transverse impact parameter of

the pion) and with 0.5 GeV < pT < 4.0 GeV. If more than one particle survives this selection, the

one with the highest pL
rel (the momentum component along the reconstructed B direction) is se-

lected. This set of cuts provides the highest quality factor, although other choices provided sim-

ilar results within the statistical uncertainty. The results for the efficiency and the dilution factor

for this algorithm are presented in Table 17-1.

As in the B-π algorithm, jet-charge tagging exploits the correlation between the charge of a jet

(defined as a kinematically-weighted average of the charge of the particles in the jet) and the

charge of the quark producing the jet. Although jet-charge tagging can be applied to both the

jet and to the opposite jet, for the time-being it was applied only to the same-side jet. In the

analysis, the signal is tagged as a ( ) if the jet-charge tag has ( ), where c
is a tunable cut.

The algorithm included in the jet all tracks with pT > 0.5 GeV, cm and cm (where

∆z is the difference between the z0 of the track and the z-coordinate of the primary vertex), con-

tained inside a cone around the B direction. The four particles identified as the de-

cay products were excluded. This set of cuts, together with the definition of the weights

, where k = 1.25 (1.0) for the ( ) sample, and cut value c = 0.26 for

both J/ψ decay channels, were chosen to maximise the quality factor Q. Different sets of cuts

provided similar results within the statistical uncertainties. The results are summarised in

Table 17-1.

It is worth noting that the performance shown in Table 17-1 for the various tagging methods is

quite consistent with that achieved by CDF [17-10]. For example, for the SST methods, CDF ob-

tains a dilution factor of 0.166 ± 0.022 for SVX tagged events or 0.174 ± 0.036 for non-SVX

events, where SVX refers to the CDF Silicon Vertex Detector.

Table 17-1 Efficiencies and dilution factors for the tagging algorithms considered in the analysis (n/a = not avail-
able). The notation µ6µ3 (µ6µ5) means that in the corresponding sample, the LVL2 trigger threshold for the sec-
ond muon has been assumed to be 3 (5) GeV.

Tag

εtag Dtag εtag Dtag εtag Dtag

OST: electron tag n/a n/a 0.012 0.46 0.016 0.46

OST: muon tag 1.0 0.57 0.025 0.52 0.025 0.52

SST: B–π 0.80 0.14 0.82 0.16 0.84 0.17

SST: Jet-charge 0.71 0.12 0.64 0.17 0.66 0.18

Bd
0

J ψ⁄ Ks
0

B
**

Bd
0

Bd
0

∆R 0.7<
d0 σd0

⁄ 3< d0

Bd
0

Bd
0 Bd

0 Qjet +c> Qjet c–<

d0 1< ∆z 5<

∆R 0.8< Bd
0

wi pT
k= J ψ⁄ ee→ J ψ⁄ µµ→

B d
0 J ψ ee( )⁄ K s

0→ B d
0 J ψ µ6µ3( )⁄ K s

0→ B d
0 J ψ µ6µ5( )⁄ K s
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Note that there is scope to improve on the tagging performance by using an event-by-event like-

lihood analysis and including additional information such as measurements, although this

remains to be studied.

17.2.2.5 Event yields

The total number of events after tagging is summarised in Table 17-2 for each sample for an in-

tegrated luminosity of 30 fb-1.

Since the lepton tag purity is much higher than the B-π tag purity, the lepton tag was used

whenever it was available. The B-π tag was used only if there was no lepton tag. The highest

statistical tagging power would be achieved by combing all available tagging information on an

event-by-event basis. A study of the tag combination has not yet been performed. Jet-charge

tags are not listed in this table. Jet-charge tags have proven, as expected, to be highly correlated

with B-π tags, and since the B-π tag purity was higher that the jet-charge-tag purity, only B-π
tags were used.

17.2.2.6 Background estimate

The background to the decay was studied using large samples of J/ψ X and µ6X
events. The inclusive sample of J/ψ decays from B’s was produced with the same lepton-pT
thresholds as for the signal sample. This sample was used to give an estimate of the background

coming from B decays containing a true J/ψ in the final state. Background contributions come

from the combination of a true J/ψ with candidates from various sources: true from B-

hadron decays, true  from the fragmentation, and fake .

Table 17-2 Expected number of tagged events and relative background for each sample for an integrated lumi-
nosity of 30 fb-1. The notation µ6µ3 (µ6µ5) means that in the corresponding sample, the LVL2 trigger threshold
for the second muon has been assumed to be 3 (5) GeV. The e- and µ-tag samples are subclasses of the lep-
ton-tagged sample, and the sample ‘B-π tagged events with no lepton tags’ is a subclass of the sample ‘B-π
tagged events’. The lepton tagged sample and the B-π tagged sample with no lepton tags are independent and
can be combined in a straightforward way.

Event class

Signal Background Signal Background Signal Background

Lepton tagged

events

14 400 900 17 700 1 600 8800 500

e tags n/a n/a 5 800 500 3 500 210

µ tags 14 400 900 11 900 1 100 5 300 310

B-π tagged

events

11 600 900 390 700 15 300 184 100 5 000

B-π tagged

events with no

lepton tags

n/a n/a 376 100 13 700 176 700 4 500

pT
rel

B d
0 J ψ ee( )⁄ K s

0→ B d
0 J ψ µ6µ3( )⁄ K s

0→ B d
0 J ψ µ6µ5( )⁄ K s

0→

Bd
0 J ψ⁄ Ks

0→

Ks
0 Ks

0

Ks
0 Ks

0
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The µ6X sample contained events with muons from semileptonic B-hadron decays with a mini-

mum muon transverse momentum of 6 GeV. This sample was used to estimate the background

from fake J/ψ’s (arising from lepton–lepton, lepton–hadron and hadron–hadron pairs) recon-

structed in association with a true or a fake .

The background samples were processed us-

ing the fast simulation program. However,

good agreement was found with results ob-

tained from smaller-statistics samples of fully-

simulated background events. The total

number of background events is presented in

Table 17-2. Conservatively, a pessimistic 95%

B-π tagging efficiency has been assumed for

the background events. In all the samples, the

biggest background contribution comes from

true J/ψ background events. Background from

fake J/ψ’s was found to be about 5% of the to-

tal background. The background level under

the peak is rather small includ-

ing all samples (see Figure 17-8).

The background from prompt J/ψ’s has not

yet been studied for this channel. This is a po-

tential background source for the hadron-

tagged samples, while the lepton-tagged sam-

ples with three leptons per event are very un-

likely to be affected. However, the background

from prompt J/ψ production was studied for the untagged decay Bs → J/ψφ (see

Section 17.2.4.2), which is experimentally similar, and it was found to be negligible.

17.2.2.7 The statistical accuracy of the sin2 β measurement

The accuracy of the measurement was estimated with a fit to the time-dependent asym-

metry distribution with a function of the form , where D is the overall dilu-

tion factor. For this analysis time dependence of the dilution due to background has been neglected.

The time-dependent asymmetry was modelled including dilution factors from background and

from tagging. An input value of was assumed for the only free parameter of the fit. The

proper time of the B-decay was histogrammed using bins of width 0.83 ps (corresponding to

about 250 µm in decay length). Due to the cut on the decay proper time used in the selection, the

measurement was made for t(B) > 0.5 ps. The proper-time resolution, estimated using the fully-

simulated signal sample, is 0.073 ps.

The results of the fit using lepton tagging and B–π tagging in the various samples considered

are presented in Table 17-3, where the lepton-tagged events have been removed from the B-π
tagged samples, leaving statistically independent samples. Since in the class J/ψ(ee) all the

events have a muon tag, no events are left in the B-π tagged sample. Note that the statistical pre-

cision from a number of different samples and tagging methods is comparable, allowing mean-

ingful cross-checks to be made between them.

Ks
0

Figure 17-8 Invariant-mass distribution of the
peak in the muon-tagged channel (open
histogram) with superimposed the estimated back-
ground contribution (shaded histogram). Note that the
selection includes a decay-time cut on the .
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As the sample is statistically independent from the ones, re-

sults from the two samples can be combined in a straightforward way. Using lepton tagging

combined with B-π tagging, the estimated uncertainty on , with 30 fb-1 of data is

(stat) assuming a LVL2 trigger pT threshold of 3 GeV for the second muon or

 (stat) with a threshold of 5 GeV.

17.2.2.8 Systematic uncertainty

Previous studies have shown that the overall systematic error in the measurement is

small [17-14]. Contributions come from the production asymmetry of and mesons, from

asymmetries in the tagging efficiency and in the background, and from uncertainties in the de-

termination of the various dilution factors. All these uncertainties need to be controlled, in or-

der not to spoil the excellent statistical precision achievable on this measurement.

Many of the potential sources of systematic uncertainty can be controlled using the channels

and (where ). For the first channel the results

for charged B-mesons need to be extrapolated to the neutral case which may introduce some

model dependence. For the second channel, the results are obtained directly for particles, al-

lowing for the flavour oscillations. The reconstruction of these so-called control channels is dis-

cussed below before estimates of the systematic uncertainties are presented.

The availability of many tagging algorithms and the large statistics of tagged and untagged sig-

nal and control samples provide the flexibility to perform internal cross-checks of the analysis.

The and samples can be used to measure the wrong-tag

fraction for the various tagging methods and also the charge asymmetry in the tagging efficien-

cies. For all these studies, it is important to reconstruct large statistics of control samples, so that

the systematic errors will not appreciably degrade the statistical error on .

17.2.2.9 Reconstruction of

As discussed above, the decay channel can be used to measure parameters

that relate the observed asymmetry in decays (and other channels) to the true CP
asymmetry. The decay (as well as the decay described be-

low) was studied using a sample of events generated with PYTHIA and fully simulated inside

the Inner Detector. Only J/ψ decays to muon pairs were considered. Muon identification effi-

ciencies were included when calculating the expected number of signal events.

Table 17-3 Estimate of the error on sin2β using a time dependent analysis in each of the samples considered
for lepton tagging and B–π tagging with an integrated luminosity of 30 fb-1. Note that the J/ψ(µ6µ5) sample is a
subset of the J/ψ(µ6µ3) one.

Tag J/ψ(ee) sample J/ψ(µ6µ3) sample J/ψ(µ6µ5) sample

Lepton tags 0.018 0.023 0.030

B–π tag n/a 0.015 0.019

Bd
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The trigger selection for this channel was the

same as for the decay chan-

nel. The J/ψ vertex was fitted and selection

cuts were applied as described in

Section 17.2.2.1. Once a J/ψ was successfully

reconstructed, the event was searched for a

track (the ‘kaon’) with transverse momentum

greater than 1.5 GeV. The track was required

to be inconsistent with coming from the pri-

mary vertex at the one standard deviation lev-

el ( ). The two muons and the kaon

were then fitted to a common vertex applying

a mass constraint to the J/ψ and requiring the

total momentum at the B vertex to point to the

primary event vertex. The normalised χ2 of

the fit was required to be less than six. Finally,

a cut GeV was applied and the mass

was required to be within three standard devi-

ations of the nominal  mass.

The mass peak is shown in Figure 17-9; the

mass resolution is about 26 MeV. The number

of signal events expected for an integrated lu-

minosity of 30 fb-1 is given in Table 17-4 for both LVL2 trigger options. Also given in this table

are the numbers of untagged background events estimated using the inclusive J/ψX sample.

The backgrounds from fake J/ψ and prompt J/ψ have not yet been included in this study. How-

ever, in the background estimate for the signal , the dominant background

was found to originate from real J/ψ from B-decays. The selection cuts for this channel may need

further optimisation to improve the signal-to-background ratio; tighter cuts should be feasible

given the large statistics.

Also given in Table 17-4 are the numbers of tagged events and respective backgrounds, both for

lepton tagging and B–π tagging. As in the analysis, both muons and electrons

with pT > 5 GeV are used for tagging. A complete study of B–π tagging has not been performed

for these channels, and tagging efficiencies on both signal and background equal to those esti-

mated for the case have been used. In Table 17-4, lepton tagged events have

not been removed from the B–π tagged events. About 4% (5%) of the B–π tagged events in the

µ6µ3 (µ6µ5) class have a lepton tag in addition to the B–π tag.

Table 17-4 Total number of events expected in the control samples (30 fb-1).

Sample
Untagged

signal
Untagged

background

Lepton
tagged
signal

Lepton
tagged

background
B-π tagged

signal
B-π tagged
background

5 078 000 929 000 198 000 13 800 4189 000 882 000

2 471 000 509 000 122 000 8 500 2070 000 484 000

2 631 000 608 000 115 000 24 400 2170 000 578 000

1 292 000 311 000 63 600 12 200 1083 000 295 000

Figure 17-9 Invariant-mass distribution for the decay
(open histogram) with superim-

posed the estimated background contribution (shaded
histogram).
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17.2.2.10 Reconstruction of

Triggering of these channels and the J/ψ re-

construction were the same as for the

analysis. After the J/ψ was suc-

cessfully reconstructed, all track pairs with pT
> 0.5 GeV were fitted to a common vertex. The

normalised χ2 of the fit was required to be less

than 6 and the pT of the reconstructed was

required to be greater than 3 GeV. Candidates

inside a three standard deviation mass win-

dow around the nominal mass were re-

tained. In the fit, both pion and kaon mass

assignments were tried. If both combinations

passed all the selection cuts listed above,

only the combination yielding the mass closest

to the nominal  mass was retained.

The two muons and the two hadron tracks

were then fitted to a common vertex. Due to

the large width, a mass constraint was ap-

plied only to the J/ψ vertex. The final cuts on

the B vertex were similar to those described

for the analysis (χ2/dof < 6, three

standard deviation mass window and  GeV).

The mass peak is shown in Figure 17-10; the mass resolution is about 23 MeV. The number of ex-

pected signal events for an integrated luminosity of 30 fb-1 is given in Table 17-4. The back-

ground shown in the figure and in the table includes the contribution from the reflection of the

signal, where the π and K masses are wrongly assigned in the fit, as well as the contribution

from other B → J/ψX final states. Note that the peak in the background distribution near the

mass is due to the  reflection.

The numbers of tagged events (lepton tagging and B–π tagging) and the respective numbers of

background events are also given in Table 17-4. The signal and background B–π tagging effi-

ciencies have been deduced from the results obtained in the , as a complete

study of the algorithm for this sample has not been performed yet.

17.2.2.11 Uncertainty on the production asymmetry

The production asymmetry, AP, is not expected to exceed about 1% and it can be measured by

using the decay channels discussed above which are expected to have negligible CP violation. It

can be measured in the untagged control samples by counting the numbers of reconstructed B
and mesons, taking account of the flavour oscillations in the case of . The statistical uncer-

tainty on this measurement will be around δAP = 0.05% (0.07%) from the sam-

ple and about 0.07% (0.10%) from the sample, for a LVL2 trigger muon

threshold of 3 GeV (5 GeV). It is assumed that any CP-violation effects in the two control sam-

ples can be neglected. Note that the large numbers of events available in these channels would

be sufficient to study the pT dependence of any observed production asymmetry.

Bd
0 J ψ µµ( )⁄ K*0→

Figure 17-10 Invariant-mass distribution of the decay
(open histogram) with superim-

posed the estimated background contribution (shaded
histogram).
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Systematic effects due to small differences in the reconstruction efficiencies for K+ and K- remain

to be evaluated. A cross-check of corrections for such effects may be made by using the flavour

oscillations in the decays , for example.

17.2.2.12 Uncertainties from tagging

Systematic effects on the CP-violation asymmetry measurement related to tagging can be stud-

ied using the and events for lepton (electron and muons)

tagging, and for B–π tagging.

In all tagging methods, a fraction of the produced B mesons are mistagged, as discussed in

Section 17.2.2.4. The wrong-tag fraction can be measured by comparing the numbers of posi-

tive-charge and negative-charge tags associated with the decays and

, allowing for the oscillations in the case of . The wrong-tag fraction can be

measured separately for the tagging of B and mesons, and the average value can be comput-

ed. By using the numbers of tagged signal and background events listed in Table 17-4, the statis-

tical uncertainty on the measurement of the dilution due to tagging is estimated to be

δ(Dtag)⁄Dtag = 0.0038 (0.0048) for lepton tagging using the sample with a LVL2

trigger pT threshold of 3 GeV (5 GeV) for the second muon. For B–π tagging the result is

δ(Dtag)⁄Dtag = 0.0028 (0.0037) for a 3 GeV (5 GeV) trigger threshold. Slightly larger uncertainties

are obtained using the  sample.

17.2.2.13 Uncertainties from background

Another contribution to the systematic error on sin2β comes from the uncertainty on the back-

grounds to the signal and the control samples. Assuming conservatively a 5% uncertainty on

the normalisation of the signal background, this propagates to give an uncertainty on the dilu-

tion from background of about δ(Dback)⁄Dback = 0.0065 (0.0055) for the 3 GeV (5 GeV) trigger

threshold. The systematic uncertainty is smaller for the latter sample, because the signal-to-

background ratio is better with a 5 GeV cut on the second muon. Here it is assumed that there is

no CP-violation in the background. As in the case of the B0
d → π+π− analysis discussed in

Section 17.2.3, it should be possible to measure the background using sidebands.

17.2.2.14 Summary of the sin2 β measurement precision

Combining the various sources of uncertainty discussed above, one obtains an overall precision

for the measurement as follows. The statistical precision of the measurement is

δ( ) (stat.) = 0.010 (0.012) for a LVL2 muon-trigger threshold of 3 GeV (5 GeV). The total

systematic uncertainty is δ( ) (syst.) = 0.005, independent of the LVL2 muon-trigger thresh-

old. This level of precision is considerably better than at e+e- B-factories that will run before the

start-up of ATLAS. For example BaBar expects to achieve a precision of about 0.05 [17-12].

17.2.3 Measurement of asymmetry in B0
d → π+π−

The channel B0
d → π+π− is more complicated than the one, both from the theoreti-

cal and the experimental point of view.

Bd
0 J ψ µµ( )⁄ K *0→

B
+

J ψ µµ( )⁄ K
+→ Bd

0 J ψ µµ( )⁄ K *0→
Bd

0 J ψ µµ( )⁄ K *0→

B
+

J ψ µµ( )⁄ K
+→

Bd
0 J ψ µµ( )⁄ K *0→ B0

d

B

B
+

J ψ µµ( )⁄ K
+→

Bd
0 J ψ µµ( )⁄ K *0→

2βsin 2βsin
2βsin

2βsin

Bd
0 J ψ⁄ Ks

0→



ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999

578 17   B-physics

From the theoretical point of view, B0
d → π+π− is more complicated because of the interplay be-

tween CP-violation induced via tree-level and penguin diagrams, giving an observed time-de-

pendent asymmetry that depends on a total of three parameters. The asymmetry A(t) for

B0
d → π+π− is given by Equation 17-1. The two coefficients a and b that can be determined exper-

imentally are related to the angle α in the unitarity triangle (where α = π−β−γ is assumed) by

17-3

, 17-4

where AT and AP are the tree and penguin amplitudes, and δ is the phase difference between

them. In this decay mode, the direct CP-violation component a may be sizeable.

The parameters a and b can be extracted from a fit to the observed asymmetry as a function of

proper decay time. Since there are three unknowns, α, δ and AP/AT, and since δ is not believed

to be calculable AP/AT must be given by theory. The evaluation of this quantity is currently the

subject of intensive theoretical studies which will soon be aided by new measurements, for ex-

ample from the BaBar collaboration [17-12]. Fleischer and Mannel [17-15] estimate that, with the

help of measurements of the B+→ π+K0 and B+→ π+π0 branching ratios, the theoretical uncer-

tainty on the penguin contribution would yield an uncertainty on α of less than 3o. The current

best Standard Model fit of the unitarity triangle yields an estimate [17-11]. A

small value of could mean no observable CP asymmetry in this channel, but a tight

bound on  would nevertheless be a valuable constraint on the unitarity triangle.

Experimentally, the B0
d → π+π− signal must be extracted from the huge combinatorial back-

ground; this can be achieved using a combination of cuts, including vertexing. In the case of AT-

LAS, a more difficult physics background is other two- and three-body decays, which cannot be

removed given the poor K/π separation. A simple event-counting method would rely too much

on the background description, so an overall fit, using all available information, is necessary. It

is likely that some of the background channels will themselves exhibit CP-violation effects, re-

quiring a sophisticated analysis that fits the contribution to the observed asymmetry from the

different channels.

17.2.3.1 Reconstruction

To select B0
d candidates, the presence of a pair of oppositely-charged particles each with

pT > 4 GeV was required. The pair should form a vertex with a χ2 of the fit corresponding to a

probability of more than 5%, and the invariant mass of the pair must be in the range 4.6–6.0 GeV

[17-16]. The B0
d flight direction was required to be aligned in the transverse plane with the direc-

tion from the beam-line to the decay vertex. Tracks were not considered if they were consistent

with originating from a low-mass displaced vertex; a track is eliminated if it forms with any

other track a vertex where the two tracks had pT > 1 GeV, separation ∆R < 0.5, invariant mass

less than 2 GeV, the vertex of the pair had a χ2 probability of more than 1%, and the vertex was

separated from the beam-line by more than ten standard deviations. This requirement also re-

moved efficiently B decays with three or more prongs. The resolutions for the mass and decay

time are σm = 70 MeV and σt = 0.065 ps respectively.

a 2
AP

AT
------- δ αsinsin=

b 2α( ) 2
AP

AT
------- δ 2α( ) αsincoscos–sin–=

2αsin 0.26-0.28
+0.29

–=
2αsin

2αsin
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17.2.3.2 Backgrounds

The list of signal and background branching

ratios and yields is given in Table 17-5. As the

final results were obtained from an overall fit

of the mass histograms, the yields in the mass

histogram and in a ±1σm mass window

around the B0
d mass are listed separately. The

B0
d → Κ+π− branching ratio is a recent, still im-

precise, first measurement from CLEO [17-17].

The B0
d → π+π− branching ratio was inferred

from the CLEO upper limit. The other branch-

ing ratios were inferred from the first two with

a simple SU(3) symmetry assumption, except

for the Λb decays which were set to their ex-

perimental upper limits [17-18]. It should be

noted that these branching ratios are much

less favourable than the estimated ones used

in the ATLAS Technical Proposal [17-14].

Charmless decays to three-body final states

other than B→π+π−π and B→ρπ− involving

charged kaons were neglected. The most

abundant background is the decay B0
d → Κ+π−,

because of the absence of π/K separation, and

because the mass resolution (σm = 70 MeV) is

worse than the separation between the peaks

(~40 MeV).

The B combinatorial background is important

below 5 GeV but does not contribute to the

peak. It involves a variety of decays with three

or four particles in the final state, such as

B0
d → D+π− followed by D+→ K0π+, or

B0
d → π+π−ππ. Usually, in these cases, the

B0
d candidate does not fulfil the pointing re-

quirement, unless the additional particles

have low momentum. The truly combinatorial

background is the random coincidence of

high-impact-parameter tracks. The use of full

simulation and reconstruction was mandatory

to parametrise the tracking resolution, includ-

ing exponential tails in addition to the param-

etrisation described in Section 17.2.2.2. A high-

statistics sample was then simulated with fast

simulation to demonstrate the required great-

er than 107 rejection factor on the LVL1 trigger

output. About 50% of the combinatorial back-

ground involves a track from additional pri-

mary D mesons, 25% involves tracks from different B hadrons and the remainder involves a

Table 17-5 Branching ratios and yields in the π+π-

sample for an integrated luminosity of 30 fb-1. The
B Comb. component corresponds to cases not
explicitly listed when the pion candidates come from
the same B hadron, while the Comb. component is
the combinatorial background from all other sources
(see text).

Channel BR’s
(×10-5)

Yield
4.6–6.0

GeV
Yield
±1σm

B0
d → π+π− 0.7 9500 6500

B0
d → Κ+π− 1.5 19 800 12 100

B→ ρπ− 2.5 8100 200

B→ π+π−π 5.0 2100 0

B0
s → π+Κ− 0.7 2500 1400

B0
s → Κ+Κ− 1.5 5200 3400

Λb→ pπ− 8.0 15 900 1100

Λb→ pΚ− 8.0 16 700 2500

B Comb. - 36 400 200

Comb. - 19 500 2600

Figure 17-11 π+π− mass spectrum. The arrows indi-
cate a ±1σ window.
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track from a B hadron and a primary track. The shape of the combinatorial background is due to

a kinematic effect – tracks with pT > 4 GeV from different jets were combined. Figure 17-11

shows the final mass spectrum.

17.2.3.3 Results from event counting

Using Equation 17-2, results were first obtained using a simple event-counting method. The

number of signal events found in the one-standard-deviation mass window around the nominal

B0
d mass was 6500, and the background dilution was Dback = 0.22. Initial-state tagging was per-

formed with the triggering muon, yielding a tagging dilution of Dtag = 0.56 (see

Section 17.2.2.4). The time-integrated method yielded a dilution of Dint = 0.59. The statistical

sensitivity to was then, in the absence of penguin decays, δstat( ) = 0.080. Systematic

uncertainties arising from the lepton tagging are expected to be of order 0.01, as in the

B0
d →J/ψK0

s
 channel.

By the year 2005, the branching ratios of the two-body decay channels will have been measured

at the B factories and at the Tevatron. A 5% relative uncertainty on these branching ratios will

give a relative uncertainty on the asymmetry of less than 5% considering only the uncertainty

on dilution from the background. However, it is possible that these backgrounds will exhibit

some CP asymmetry themselves in which case the event-counting method will yield some line-

ar combination of the signal and background CP asymmetries.

17.2.3.4 Results from time-dependent fit, allowing for CP violation in the background and using
hadron identification

To be able to cope with the possible background CP asymmetry, and to use fully the time infor-

mation and the one-standard-deviation π/K separation (see Section 3.4.4), an unbinned maxi-

mum-likelihood fit was performed (see [17-16] for more details) for events with mass above

5 GeV. For each event, the likelihood is the sum of the likelihoods of each decay hypothesis (as

listed in Table 17-5 plus the charge-conjugated modes, three-body final states being neglected).

The likelihood of a given decay hypothesis is computed using the corresponding event fraction,

the proper-time and its uncertainty, and, for the corresponding particle-type assignment, the in-

variant mass of the pair and the measured specific ionisation, as well as the flavour at produc-

tion and decay time. The flavour information was used to distinguish decays of the Λb (which

does not oscillate) and the B0
s (which oscillates rapidly, with a period of about 0.4 ps for

∆ms = 15 ps-1) from those of the B0
d  (which oscillates slowly with a period of about 14 ps).

The CP asymmetry parameters for all of the decays modes were free parameters of the fit. The

time-dependent asymmetry for the non-flavour specific states (namely B0
d →π+π− and

B0
s →K+K-) are of the form given in Equation 17-1. CP asymmetry for decays to flavour-specific

states is time independent and can originate only from direct CP violation, since no interference

can occur through mixing. Other free parameters were the numbers of events for each decay

channel. The total number of events was constrained to the observed one using the Poisson like-

lihood. The number of events for each channel (except for the combinatorial background) was

constrained by the branching ratios given in Table 17-5, with a 5% uncertainty corresponding to

the expected uncertainty on these branching ratios in the year 2005. The validity of the fitting

method was checked by performing Monte-Carlo experiments with event statistics correspond-

ing to 30 fb-1, with randomised input CP asymmetry for signal and all backgrounds. The differ-

2αsin 2αsin
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ence between the fitted asymmetry and the input asymmetry divided by the fit uncertainty was

a normal Gaussian. The fit uncertainties on the CP parameters were almost independent of the

input CP asymmetries, and were symmetric to a very good approximation.

If only the b coefficient for the decay B0
d → π+π− was fitted (which equals to sin 2α in the absence

of penguin diagrams), fixing the other parameters at their true values, the uncertainty was

δb(B0
d → π+π−) = 0.059. This represents a 25% gain compared to the simple event counting meth-

od. If penguins were allowed (i.e. the a coefficient for B0
d → π+π− was also allowed to vary), the

precision on b degraded to 0.070. Fitting simultaneously all the background asymmetries de-

graded the precision on b to 0.083. Note that a good accuracy of about 0.02 can also be obtained

on the asymmetry in some of the background channels such as B0
d → Κ+π−, which could be in-

teresting in itself (the asymmetry in B0
d → Κ+π− could help in constraining the angle γ [17-19]).

If the numbers of events of each of the decay channels were also included in the fit, constraining

the branching ratios with fractional errors of 5%, the final statistical uncertainty obtained was

δb(B0
d → π+π−) = 0.085, showing that there is little dependence on the input branching ratios. In

fact, if no input branching ratio information was used, the uncertainty degraded only to 0.090,

and the number of events of the various channels can be obtained from the data (provided the

list of decays in Table 17-5 is complete).

The uncertainty on the CP parameters with

and without specific ionisation information is

shown on Table 17-6. If specific ionisation

were not used, the sensitivity would be

δb(B0
d → π+π−) = 0.117, i.e. 35% worse, mainly

because of the increased correlation of b with

the CP asymmetry in the backgrounds

B0
d → K+π- and B0

s → π+K−. Furthermore, in

this case, the fit did not converge unless the

branching ratio information was included.

The robustness of the fit was tested by degrad-

ing the assumed mass resolution, the proper-

time resolution or specific ionisation resolu-

tion by 10% (in reality, these resolutions would

be measured from reference samples with bet-

ter accuracy). In all cases, this induced a shift

of less than 0.01 in b(B0
d → π+π−).

The precision on b(B0
d → π+π−) quoted above

does not depend on the actual values of α,

AP/AT and δ, but the resulting sensitivities on

α and δ do. Figure 17-12 shows the precision on α for various input values of α and δ, and vari-

ous values of the uncertainty on AP /AT, when the fit was performed using the specific-ionisa-

tion information. A precision of better than 5° was obtained for α in most cases, except when α
was close to 45° or 135°, which corresponds to | |∼1 which is strongly disfavoured by the

Standard Model fit [17-11].

Table 17-6 Sensitivity to CP asymmetries using the
5% constraint on the branching ratios, with and with-
out using specific-ionisation (dE/dx) information.

Parameter Sensitivity
(with dE/dx )

Sensitivity
(no dE/dx )

a(B0
d → π+π-) 0.065 0.078

b(B0
d → π+π-) 0.085 0.117

a(B0
d → K+π-) 0.020 0.027

a(B0
s → π+K−) 0.150 0.251

a(B0
s → K+K-) 0.097 0.111

b(B0
s → K+K-) 0.097 0.111

a(Λb→ pπ−) 0.022 0.032

a(Λb→ pΚ−) 0.023 0.036

a(Comb.) 0.014 0.014

2αsin
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Due to the form of Equation 17-3 and

Equation 17-4, a four-fold ambiguity in the re-

sult is unavoidable. For example, for input

values α = 90°, δ = 30° and AP /AT = 0.2, the so-

lutions (α,δ) = (90°, 30°), (109°, 148°),

(270°, 210°) and (289°, 330°) have the same

χ2-minimum. Additional secondary χ2 mini-

ma sometimes cannot be excluded from the χ2

difference – in the above example, solutions

(167°, 79°) and (347°, 259°) have χ2 − χ2
min ∼ 3.

Only an overall CKM unitarity-triangle fit can

resolve these ambiguities.

Depending on the exact values of α and δ, and

provided that AP/AT can be theoretically calcu-

lated to within 10%, the analysis of the decay

B0
d → π+π− could provide a constraint on α

with a precision approaching 2° after three

years of low-luminosity running, with the

help of the specific-ionisation measurement in

the TRT.

17.2.4 Analysis of the decay B0
s → J/ψ φ

17.2.4.1 Introduction

The channel → J/ψφ can be used for various studies. Only a very small CP asymmetry is pre-

dicted in the Standard Model as discussed below, and the observation of a sizeable effect would

be a clear sign of new physics. Measurement in ATLAS of the CP asymmetry at the level pre-

dicted by the Standard Model for this channel is marginal. However, a number of other param-

eters can be determined within the Standard Model, for example the width difference ∆Γs.

Although these other measurements do not strictly belong in this section, they are covered here

since many aspects of the different analyses are coupled.

In the Standard Model, the interference term between the amplitudes for the direct weak decay

→ J/ψφ and the same decay via  mixing is proportional to

e-iξ = (V*
tsVtb V*

csVcb)/(VtsV*
tbVcsV*

cb).

This measures the weak-interaction-induced phase that is expected to give rise to a rather small

CP-violation asymmetry. The phase ξ is related to the angle γ of the unitarity triangle

( , where λ is the sine of the Cabibbo angle), but the small expected value of

ξ (0.024 – 0.054, see [17-20]) makes the extraction of γ via a measurement of ξ difficult. Larger

than expected CP violation in the decay → J/ψφ would indicate that processes beyond the

Standard Model are involved. Tagged samples of → J/ψφ decays are needed for the measure-

ment of ξ.

Figure 17-12 Precision for measuring α as a function
of α after three years of low-luminosity data-taking.
The three solid lines were obtained (from bottom to
top) with phase values δ = 0°,30° and 60°, and with
AP ⁄AT = 0.2±0.02. The dashed lined was obtained
with δ = 30° and no uncertainty on AP /AT and the
dotted line with 50% uncertainty on AP /AT. Note that
the precision in the [-180o–0o] range is symmetric to
the one shown.
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The decay → J/ψφ is also very useful for measuring several, as yet unmeasured, parameters

in the -meson system. The different masses of the CP-even (Bs
L) and CP-odd (Bs

H) mass ei-

genstates give rise to mixing between and mesons. The difference of widths,

∆Γs = ΓH − ΓL, could be as much as 20% of the average width Γs = (ΓH + ΓL)/2 [17-21]. The

angular distribution of the → J/ψφ decay products can be expressed in terms of the ampli-

tudes A|| and A0 for decays to CP-even, and A⊥ for decays to CP-odd J/ψφ configurations. The ex-

pression for the angular distribution contains time-dependent terms proportional to e-ΓHt or to

e-ΓLt, allowing ∆Γs to be determined experimentally. The phase differences between the ampli-

tudes A||, A0 and A⊥, caused by strong final-state interactions, are parametrised by δ1 and δ2,

and are measured through their effect on the interference between the amplitudes. Measure-

ments of these parameters require no tagging of the  flavour at production.

The decay proper time and the angular distributions of the secondary particles in the decay

channel → J/ψφ thus carry information about eight independent parameters of physics inter-

est:

• ∆Γs = ΓH − ΓL;

• Γs= (ΓH + ΓL)/2;

• two independent CP amplitudes A|| and A⊥ (A0 is constrained by a normalisation condi-

tion);

• the strong phase differences δ2, δ1;

• the weak phase difference ξ;

• the  mixing parameter xs = ∆ms/Γs.

Measurements exist at present only for the lifetime. A method is proposed, based on earlier

theoretical works [17-22], to measure some of these parameters, and estimate the expected pre-

cision.

The discussion of the → J/ψφ channel is arranged as follows. Firstly the experimental aspects

of reconstructing → J/ψφ decays are addressed in Section 17.2.4.2. Then, Section 17.2.4.3 de-

scribes how the flavour at production can be tagged for this channel; tagging is used for the ex-

traction of the weak phase difference, ξ, associated with CP-violation (Section 17.2.4.5). In

Section 17.2.4.4, the maximum-likelihood method that is used to determine the various parame-

ters from the measured angular distributions is described. This is followed in Section 17.2.4.5 by

a discussion of how the parameters are determined in two steps, first using the full sample

without tagging to determine Γs, ∆Γs, A||, A⊥ and δ2-δ1, and then using the subset of tagged

events to determined the additional parameter ξ. The conclusions for this channel are presented

in Section 17.2.4.6.

17.2.4.2 Reconstruction of B0
s →J/ψ φ

The decay → J/ψ(µµ)φ(KK) was used for this investigation. Simulated events were generated

with PYTHIA and fully simulated with GEANT. The expression µ6µ3 implies the presence of

one muon with pT of at least 6 GeV and one muon with pT of at least 3 GeV. All of the particles

were required to have |η|< 2.5, and the pT of each kaon from the φ decay was required to be

greater than 0.5 GeV. The selection procedure followed quite closely that for the → J/ψ
study, and, from the point of view of the experimental techniques, the channels are similar in

many ways.
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The reconstruction of the J/ψ proceeded as described for → J/ψ . Successful fits were re-

tained if the invariant mass was within three standard deviations of the nominal J/ψ mass

(σ = 39 MeV). In the φ reconstruction, pairs of oppositely-charged pT > 0.5 GeV particles were

fitted to a common vertex and their invariant mass was calculated assuming kaon hypotheses.

Successful fits were retained within the mass interval [1.0092–1.0296] GeV. The particles were

also required to be collimated within 15 degrees in ϕ and 10 degrees in θ.

The muons and kaons coming from the J/ψ and φ candidates were assumed to come from a

→ J/ψφ decay and a three-dimensional kinematic fit was performed. The four particles were

required to be consistent with coming from a common vertex (probability larger than 0.02), and

the momentum of the Bs was required to point to the primary vertex. Cuts on the pT of the

(greater than 10 GeV) and on the proper time (longer than 0.5 ps) were also applied. The resolu-

tion on the reconstructed mass was 27 MeV. The residual distribution of the proper lifetime

of the reconstructed was well described by a double Gaussian function (Figure 17-13). In the

modelling of the angular distributions, described below, a simplified parametrisation of the

proper-time resolution was used with a single-Gaussian of width 0.063 ps (see Figure 17-14).

The backgrounds from other processes were estimated using the following Monte Carlo sam-

ples: an inclusive sample of cc events containing a J/ψ produced by a direct colour-octet model

implemented in PYTHIA [17-23]; an inclusive sample of bb events giving rise to a J/ψ; and a

sample of → J/ψK*0 decays. The number of events selected for each sample is given in

Table 17-7. Essentially all the background came from events containing a b-quark, with the re-

constructed J/ψ being genuine and the φ being fake. The dominant channel giving rise to such

backgrounds is → J/ψK*0. Typically, the fake φ contains one genuine and one misassigned

charged kaon. The use of specific ionisation could help in controlling the K*0 reflection, but this

is still to be studied.

The background studies were mainly done with the fast-simulation program. A smaller sample

of inclusive bb→ J/ψX events was, however, studied with full simulation and reconstruction,

and the results obtained were found to be consistent with the fast-simulation study.

Figure 17-13 Residual distribution of the proper life-
time of the reconstructed , fitted with a double
Gaussian of widths 0.05 ps and 0.09 ps.

Figure 17-14 Residual distributions of the proper life-
time of the reconstructed , fitted with a single
Gaussian of width 0.063 ps.
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17.2.4.3 Tagging

Much of the analysis described below can be performed without tagging the flavour at produc-

tion of the that decayed to J/ψφ. However, the measurement of the weak phase, described at

the end of Section 17.2.4.5, requires tagging. Here some issues of tagging that are specific to the

→ J/ψφ analysis are addressed.

Events with an additional lepton can provide a subsample of tagged events. However, the effi-

ciency of lepton tagging is low due to the relatively small semileptonic branching ratios of B-

mesons and the effects of the pT and η cuts. The tagging efficiency can be increased by using the

jet charge to determine the flavour of the B at production. Note that the mass of the resonance

B**- is expected to be such that the decay to K is not kinematically possible [17-24], and there-

fore, the jet-charge tag can exploit only the fragmentation correlation in case of  mesons.

The jet charge Qjet is defined by:

where qi is the charge of the ith particle, and pi is a momentum measure. According to fragmen-

tation models, the particles are ordered in the momentum component parallel to the original

quark direction. On the other hand, maximising the momentum component transverse to the

beam-line would guarantee that no very hard forward particles are wrongly assigned to the jet.

Various options were considered, and the best results were obtained by using the momentum

component parallel to the reconstructed B-meson direction, which is used in the following. The

parameter κ controls the relative influence of the soft and hard tracks in the jet charge. Using

Monte Carlo models, the optimum performance was obtained with a value of κ near to 0.5,

though in principle additional information could be extracted by considering a range of κ val-

ues.

Only particles which satisfied the general acceptance requirements of pT > 0.5 GeV and

were considered. Particles were required to be in a cone with ∆R<0.8 of the reconstructed B-me-

son momentum vector, and particles from the → J/ψφ decay were excluded. Particles with

impact parameters |d0|> 1 cm were also excluded, as they probably originate from decays rath-

Table 17-7 Signal statistics and background composition after the acceptance cuts in |η| and pT (first two col-
umns), and after the reconstruction of simulated events (last column). Note that the Bd → J/ψ K*0 background is
included in the inclusive bb→J/ψX samples, and should not be double counted.

Process Cross-section [µb]
N events for 30

fb-1
Reconstruction

efficiency
N rec. events

for 30 fb -1

signal → J/ψφ 2.7 x 10-5 810 000 0.39 318 000

pp → J/ψ(µ6µ3)X 1 x 10-2 3 x 108 <3x10-5 <9400

bb → J/ψ(µ6µ3)X 4 x 10-3 12 x 107 4x10-4 47 000

→ J/ψ(µ6µ3)K0* 2.5 x 10-4  7.5 x 106 3x10-3 21 000
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er than the fragmentation process. After these selections, there were cases where there were no

particles remaining to form the jet charge, and also cases where the charge was based only on

one particle.

The algorithm was optimised by minimising the estimate of the statistical error on the CP-vio-

lating weak phase measurement by adjusting the square of the dilution factor Dtag and the tag

efficiency ε. This resulted in a lower efficiency (62%) and a higher purity (Dtag = 0.23) than for

jet-charge tagging in the analysis. In principle, the algorithm could be further opti-

mised by excluding cases where the estimated jet charge is near to zero where the chances of in-

correct assignment are high. Preliminary studies indicate that the performance is enhanced with

the exclusion of cases with . This will be optimised further using higher statistics.

17.2.4.4 Modelling of B0
s →J/ψ φ decays and the likelihood function

The precision of the experimental determination of the parameters describing the → J/ψφ de-

cay was estimated using a maximum-likelihood fit to Monte Carlo simulated data. The decay

→ J/ψφ was modelled according to a probability density function:

17-5

where the superscript +(-) indicates ( ) ,

the functions fi are bilinear combinations of

time-dependent decay amplitudes, and

Ω = (θ1,θ2,ϕ), where θ1,θ2 and ϕ are angles de-

scribing the direction of the secondary parti-

cles in the decay →J/ψ(µµ) φ(KK) as defined

in Figure 17-15. The functions Fi are trigono-

metric functions of the decay angles. The func-

tions fi and Fi are defined in [17-25]. In the

simulation, the values of the eight unknown

independent parameters (two amplitude val-

ues A|| and A⊥, two strong phase differences

δ2 and δ1, the mixing parameter xs, the weak

phase ξ and the two decay rates ΓH and ΓL)

were chosen based on the latest theoretical

and experimental results ([17-21], [17-22] and

[17-26]).

The simulation took into account the proper-time resolution approximated by a single Gaussian

function as obtained from the full detector simulation and reconstruction. The acceptance as a

function of proper time and the three angles was included. The background was also simulated,

and was taken to be flat in the decay angles. The time dependence of the background was as-

sumed to have a form e-Γt where Γ corresponds to the average neutral B-hadron lifetime. The

level of background, b, will be determined from the invariant-mass distribution, and was fixed

in the fit. The likelihood function had the form:
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Figure 17-15 Definition of the three angles: θ1 is the
angle of the muon momentum in the J/ψ rest frame
with the z-axis parallel to the J/ψ momentum in the

rest frame; θ2 is defined in a similar way for the φ
decay; ϕ is the angle between the J/ψ and the φ
decay planes.
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where for untagged events ε1 = ε2 = 0.5; for events with a tagged as a particle ε1 = 1-ω and

ε2 = ω, where ω is the wrong-tag fraction; for a tagged as an antiparticle ε1 = ω and ε2 = 1-ω.

The index i is running over the events. Finally, tmin is the minimum proper lifetime allowed in

the event selection.

17.2.4.5 Parameter determination and estimation of precision

The most complete analysis would include both tagged and untagged events in a single maxi-

mum-likelihood fit. It became clear, however, that the expected experimental precision was not

sufficient to allow the simultaneous determination of all eight unknown parameters. Instead,

the analysis was divided into two steps. In the first step, the full event statistics were used. In

the second step only the events with a tag were analysed. This allowed several useful approxi-

mations to be made.

The full event statistics, including both tagged and untagged events, were modelled according

to Equation 17-5. Five parameters, ∆Γs, Γs, A||, A⊥ and δ2-δ1, were determined in the fit assuming

ε1 = ε2 = 0.5, which leads to the cancellation of the oscillatory terms in the likelihood function.

With this assumption, the three other parameters ξ, xs and δ2+δ1 have a negligible influence on

the likelihood function, and so were fixed in the fit.

The rate difference ∆Γs = ΓH- ΓL could be de-

termined by this method with a relative statis-

tical error of less than 12% with 30 fb-1,

corresponding to 300 000 signal events (see

Figure 17-16). The result depends strongly on

the value of ∆Γs/Γs, while the decay-time reso-

lution is not critical here (see Figure 17-17).

The relative statistical errors on the other free

parameters are summarised in Table 17-8. The

statistical errors are typically a few percent, ex-

cept for the strong phase difference δ2 - δ1, for

which the probability density function is in-

sensitive if (δ2 − δ1) ~ π, as suggested by theo-

retical models (see Dighe, Dunietz and

Fleischer in [17-22], and references therein).

Several sources of systematic errors were con-

sidered. The mean lifetime in the background

sample must be known, and will be deter-

mined from sidebands in the reconstructed mass distribution. If this mean lifetime was overesti-

mated by 3% in the likelihood function, the measured value of ∆Γs was shifted downwards by

0.04, giving a 7% systematic error. The likelihood fit also used the measured proper decay time

and its error for each event. The error depends on the position uncertainty on the secondary
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Table 17-8 Summary of the analysis of the full sample
with 30 fb-1.

Number of signal

events

300 000

Number of background

events

45 000

δt/t 4.4%

Input parameters ∆Γs/Γs = 0.15, xs = 20,
ξ = 0.039, δ2+δ1= -π

δ(∆Γs)/∆Γs 12%(stat.)+7%(syst.)

δ(Γs)/Γs 0.7%(stat.)+0.3%(syst.)

δ(A||)/A|| 0.7%(stat.)+0.3%(syst.)

δ(A⊥)/A⊥ 3%(stat.)+1%(syst.)
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vertex and on the momentum error, and a mis-estimation of either can introduce a systematic

error on the ∆Γs. This effect was tested by assuming a proper decay-time uncertainty in the like-

lihood fit that was 5% larger than the uncertainty used in the simulation; this conservative esti-

mate resulted in a negligible systematic error.

The angular distribution of the background may have a complicated shape. Decay channels that

are flat in decay angle (e.g. the decay to non-resonant states B→ J/ψKπ) will gain apparent struc-

ture due to incorrect mass assignments. Background channels with polarisation (such as

→ J/ψK*0) will have an intrinsic angular structure and will also be deformed by incorrect

mass assignments. However, the actual background shape can be estimated from the side

bands. Also, if the background composition is well determined, the background shape can be

calculated from the measured distributions of the background channels. No estimate is includ-

ed as yet for the systematic effects of the non-flat background distributions.

Figure 17-16 The relative error of ∆Γs as a function of
signal statistics for three levels of background: 15%
(full line), 30% (dashed line) and no background (dot-
ted line). ∆Γs was determined by a maximum-likeli-
hood fit. The four other parameters of the fit were Γs,
A||, A⊥ and δ2-δ1.

Figure 17-17 The relative error of ∆Γs as a function of
the relative precision of the proper-lifetime measure-
ment for three values of the ratio ∆Γs/Γs. The full line
corresponds to ∆Γs/Γs = 15%, the dashed line to
∆Γs⁄Γs = 20%, and the dotted line to ∆Γs/Γs = 25%.
The statistics here is 300 000 signal events, and the
background is 15% of the signal.
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The second part of the analysis was done for

tagged events only, using the jet-charge-tag

method described in Section 17.2.4.3 (there is

scope to improve the measurement by using

other tagging methods in addition). In order

to give an estimate of the performance in a

simple case, seven of the eight parameters

were fixed, leaving only the weak phase ξ free.

This was based on the assumption that the

values of the other parameters can be deter-

mined in other measurements (using un-

tagged → J/ψφ, and → J⁄ψK*0, and

→Dsπ events). For this ideal case, where all

other parameters were measured with negligible

errors, the weak phase can be obtained with a

statistical precision δ(ξ) ~ 0.03, assuming the

Standard Model expected values: ξ = 0.039,

xs = 20 and ∆Γs⁄Γs = 0.15. The errors obtained

for different values of the mixing parameter and

proper decay-time resolutions are shown in

Figure 17-18. The results for the tagged analysis

are summarised in Table 17-9.

The results presented above are derived in the

context of the Standard Model. However, it is

possible to express the CP asymmetry purely

in terms of the helicity amplitudes, Γs, ∆Γs, xs
and the phase ξ. The precision of the asymme-

try measurement can be studied, independent

of the model, as a function of any triplet of

∆Γs, xs and ξ values, using the already-meas-

ured value of Γs. Table 17-10 shows results for

some examples of input parameters. The first

row in the Table shows the case of the Stand-

ard Model, with the input parameters based

on an overall fit to existing experimental data.

The second and third rows show two exam-

ples for non-standard models [17-27], [17-28].

As expected, there is some degradation of the precision on the measurement of ξ with increas-

ing xs, due to the difficulty in resolving the rapid oscillations. On the other hand, the precision

of the measurement of ξ is not strongly dependent on the value of ξ. For example, keeping

xs = 20, ∆Γs/Γs = 0.15 and using an input value ξ = 0.16 (instead of 0.04 in the Standard Model),

leaves the precision unchanged at δ(ξ) = 0.03. Thus, the analysis gives high sensitivity to any

new physics that significantly enhances the CP asymmetry in this channel over a wide range of

xs values.

Figure 17-18 The error on the weak phase ξ as a
function of the relative precision of proper-lifetime
measurement for three values of the mixing
parameter xs. The full line corresponds to xs = 20, the
dashed line to xs = 30 and dotted line to xs = 40. The
weak phase ξ was determined by a maximum-likeli-
hood fit, while all other seven parameters were fixed.
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Table 17-9 Summary of the tagged-sample analysis
with 30 fb-1 data.

Number of signal

events

180 000

Number of background

events

27 000

Proper-time resolution 4.4%

Input parameters ∆Γs/Γs = 0.15, xs = 20,

τBs = 1.61 ps,

δ2 = 0, δ1 = -π
|A|||/|A0|= 0.8;

|A⊥|⁄|A0|= 0.37

ξ = 0.039,τB = 1.58 ps.

δ(ξ) 0.03 (stat.)
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17.2.4.6 Conclusions

The main results of the → J⁄ψφ study are summarised in Tables 17-8 and 17-9. ATLAS can meas-

ure ∆Γs with a relative error δ(∆Γs)/∆Γs = 12% (stat.)+7% (syst.). The fit allows the simultaneous

determination of other parameters (the average width Γs and the amplitudes A|| and A⊥ for

the decays to CP-even and CP-odd J/ψφ configurations). Making use of events tagged using the

jet-charge technique, the CP-asymmetry parameter ξ can be measured with high precision

(δ(ξ) = 0.03 for xs = 20).

17.2.5 Analysis of the decay B0
d → D0K*0

The use of the decay amplitudes of several

neutral B0
d decays in determining the angle

γ = arg(-VudV*ub/VcdV*cb) was investigated.

The following relations hold between six de-

cay modes of the B0
d to neutrals:

,

,

,

when D0 and K*0 decay into Kπ, and D0
CP in-

dicates a decay to CP eigenstates (ππ, KK). Two

triangles can be constructed, which differ in

the length of one side only [17-29]. The angle

2γ is formed as shown in Figure 17-19. Thus,

by measuring the decay rates in the different

channels, the angle γ could be determined.

The assumed branching ratios used in the

study were agreed between the LHC experi-

ments (see [17-30]); some of the expected

branching ratios are very low, in particular that for B0
d → D0K*0, which is of the order of 10-6. Af-

ter the requirement that the events contained a trigger muon with pT > 6 GeV and that the four

final-state particles were within the detector acceptance, approximately 60 events were retained

per year in the rarest decay mode. Furthermore, the LVL2 trigger for this decay, based on the D0

and K*0 invariant masses, would have to operate with high pT thresholds for the hadrons in or-

Table 17-10 Precision on measurement of CP-violation parameter, ξ, as a function of ∆Γs/Γs, xs and the true
value of ξ.

xs ∆Γs/Γs Input value of ξ δ(ξ)

20 0.15 0.04 (SM) 0.03

33 0.15 0.08 ([17-27]) 0.05

39 0.15 0.17 ([17-28]) 0.07

Bs
0

Bs
0

Figure 17-19 The two triangles formed of decay
amplitudes of six possible decays of the form
B0

d→D0K*0.
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der to limit the rate from the combinatorial background. It can be concluded that the measure-

ment of all the six decay modes by ATLAS alone would not be feasible assuming Standard

Model branching ratios.

17.2.6 Conclusions on CP violation

The angle β of the unitarity triangle is expected to be measured with a precision of

 (stat.)

with an integrated luminosity of 30 fb-1, collected at low-luminosity data-taking. The precision

can be improved further to about 0.010, if triggering on muons with pT>3 GeV can be achieved

at LVL2. Systematic uncertainties arising from the production asymmetry, flavour tagging and

background are expected to be controlled to better than 1% by using the non-CP-violating de-

cays and (where ). Furthermore, the availabili-

ty of many tagging algorithms and the large statistics of tagged and untagged signal and

background samples provide the flexibility to perform internal cross-checks of the analysis.

Since the ATLAS Technical Proposal, significant progress has been made in the analysis of the

decay B0
d → π+π− to overcome problems associated with the large background. An effort has

been made to use the specific ionisation in the TRT to separate pions, kaons and protons on a

statistical basis. A sophisticated fitting method has been developed to use maximally the event-

by-event information: each event was assigned a probability to belong to any of the decay class-

es (signal and backgrounds), based on the probability distribution functions on proper time and

its uncertainty, the invariant mass, the specific ionisation of the two particles and the flavour at

production and at the decay time. Possible CP asymmetries in the background were taken into

account. With an integrated luminosity of 30 fb-1, the fit gave a statistical precision on the mix-

ing-induced CP-violation amplitude b of:

δb(B0
d → π+π−) = 0.085 (stat.).

The branching ratios of the signal and background channels were constrained to estimated val-

ues within 5% uncertainty, since the branching ratios are expected to be measured before AT-

LAS can proceed to the CP-violation measurement of this channel. However, if the branching

fractions were left completely free in the fit, the precision would degrade only to 0.090. On the

other hand, if no dE⁄dx information were used, the precision would degrade to 0.117. The sensi-

tivity to the direct CP-violation amplitude a was 0.065. If there were no penguin graphs contrib-

uting to this decay, the b coefficient would be equal to , which could be measured with a

precision of 0.059.

The sensitivity to the angle α of the unitarity triangle depends on the value of α, on the ratio of

the penguin and tree-level amplitudes, and on the strong phase δ. Nevertheless, over most of

the range, the precision on α approaches 2o after three years of low luminosity running.

The third angle of the unitarity triangle, γ, is difficult to measure. Using tagged → J ⁄ψφ de-

cays, the weak phase can be measured with a statistical precision of 3%

(xs = 20) using the 180 000 reconstructed events expected for an integrated luminosity of 30 fb-1.

Nevertheless, there is no sensitivity to the angle γ in the Standard Model. The use of the six de-

cays B0
d → D0K*0 does not seem feasible for γ measurement either. The unitarity triangle will,

however, already be overconstrained by the measurements of the two angles α and β, and the

-mixing measurement (see following section), which measures a side of the unitarity trian-
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gle. The current Standard Model best estimate for the angle γ yields )o [17-11]. Fur-

thermore, it has been proposed that the ratio of the branching fractions of charged and neutral B
mesons into Kπ final states would constrain sin2γ, but there are diverging views on the theoreti-

cal validity of the proposal (see [17-11] and references therein).

The → J/ψφ decays are also useful for various other measurements of the -meson system,

and an angular-analysis technique was developed. Since tagging is not needed, the statistics are

fairly large – 300 000 events for an integrated luminosity of 30 fb-1. The width difference of the

-meson eigenstates, ∆Γs, is expected to be measured with a relative statistical precision of

12%, and Γs can be measured with a relative statistical precision of 0.7%. In addition, the decay

amplitudes to CP-even and CP-odd final states can be measured with a relative precision of

0.7% and 3%, respectively.

17.3 Measurements of B0
s oscillations

17.3.1 Introduction

The observed and states are linear combinations of two mass eigenstates, denoted here

as H and L. Due to the non-conservation of flavour in charged weak-current interactions, transi-

tions between  and  states occur with a frequency proportional to .

Experimentally, these oscillations have not yet been observed directly. In the Standard

Model, their frequency is predicted in [17-11] to be between 12.0 ps−1 and 17.6 ps−1 with 68%

CL, and lower than 20 ps−1 at 95% CL, significantly larger than the corresponding value in

the system. From measurements done by the ALEPH, DELPHI and OPAL experiments

at LEP, by SLD at SLC, and by CDF at the Tevatron, a combined lower bound of > 12.4 ps−1

at 95% CL has been established [17-31]. In the system, the oscillations have been directly

observed and a rather precise value  ps−1 [17-32] has been measured.

The values for and predicted in the Standard Model by computing the corresponding

box diagrams, with the top-quark contribution assumed to be dominant, are proportional to

and respectively. The direct determination of Vtd and Vts from and is,

however, hampered by hadronic uncertainties. These uncertainties partially cancel in the ratio:

,

where MB are the B-meson masses, are the bag parameters, and fB are the B-meson form fac-

tors. Using the experimentally-measured masses and a value for the ratio

which can be computed in lattice QCD, a better constraint for

can be obtained, which can then be converted into a constraint of , the worst-

measured side of the unitarity triangle.

The probability density to observe an initial meson decaying at time t after its creation as a

 meson is given by:
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,

where , and . For an initial meson, the probability

density to decay as a meson at time t is given by the above expression with = +1.

The small effects of CP violation are neglected in the above relation. Unlike which can be

safely neglected, the width difference in the system could be as much as 20% of the

total width  [17-21].

Experimentally,  can be determined by measuring the asymmetry:

.

is tagged at the production point by the muon used for the LVL1 trigger; at the decay

vertex, the meson’s state is given by the charge-sign of one of the decay products. From the fit of

the measured asymmetry, the oscillation period can be determined.

17.3.2 Event reconstruction

The signal channels considered for the measurement of oscillations were

and , with followed by (called φ mode in the following). For

both Bs decay channels, the decay mode with (called mode in

the following) may also be considered in order to increase the signal statistics. The mode

analysis for decay channel is discussed in this report. However, since this mode is

not yet included in the LVL2 trigger, the maximum value of which can be measured by AT-

LAS was computed without the mode, and the effect of including this decay mode is

shown separately. Using a 3 GeV cut on the of the three tracks from and other

cuts similar to those for the φ-mode trigger, an increase of around 235 Hz would be expected in

the LVL2 trigger rate from adding the  mode.

The simulated events were generated using PYTHIA 5.7 in the framework of ATGEN-B (ATLAS

program for B-event generation), and then passed through the ATLAS simulation program

DICE (Inner Detector only). Details about the general physics parameters used in ATGEN-B

may be found in Section 17.1.2. In the simulation, the b-quark was forced to decay semileptoni-

cally giving a muon with GeV and . The b was forced to produce the required B-

decay channel. All the final-state particles from the B decay were required to have GeV

and . The simulated events were reconstructed using the xKalman package from

ATRECON.

17.3.2.1 Reconstruction of the  decay vertex in the decay mode

The reconstruction of the vertex in the decay mode proceeded via two steps

(here and in the following charge-conjugate states are implicitly included). The φ decay vertex

was first reconstructed by considering all combinations of pairs of oppositely-charged tracks

with GeV for both tracks. Kinematic cuts on the angles between the two tracks
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and were also imposed. The two-track vertex was then fitted assigning

the kaon mass to both tracks. Combinations passing a fit-probability cut of 1% with the invari-

ant mass within of the nominal φ mass were selected as φ candidates. To all accepted φ can-

didates, a third negative track with GeV from the remaining ones was added. The pion

mass was assigned to the third track and a three-track vertex was refitted. Combinations of

three tracks which had a fit probability greater than 1% and an invariant mass within of

the nominal mass were selected as candidates. Figure 17-20 and Figure 17-21 show the

reconstructed invariant-mass distributions for φ and , respectively, in the channel

. Similar distributions were obtained in the decay channel .

17.3.2.2 Reconstruction of the  decay vertex in the  decay mode

The reconstruction of the decay vertex in the decay mode was performed us-

ing similar techniques to those used in the case. First, candidates were recon-

structed from combinations of pairs of oppositely-charged tracks, with GeV for each

track, and and assuming that the positive-charge track was a kaon and

the negative-charge one was a pion. The two tracks were required to originate from the same

vertex (vertex fit probability greater than 1%) and have an invariant mass within one of the

nominal  mass.

Additional negative-charge tracks with GeV were combined with candidates, ap-

plying the kaon hypothesis for the additional tracks. The three tracks were then fitted as origi-

nating from a common vertex; no mass constraint was required for the tracks from , due to

the large natural width. Combinations with a fit probability greater than 1% and with an in-

variant mass within  of the nominal  mass were selected as  candidates.

Figure 17-20 Reconstructed φ invariant-mass distri-
bution in the channel . In the dark
histogram, the reconstructed φ matches a generated
φ. The distributions only include the contribution from
Monte Carlo events for the indicated signal channel.

Figure 17-21 Reconstructed invariant-mass dis-
tribution in the channel . In the
dark histogram, the reconstructed matches a
generated . The distributions only include the con-
tribution from Monte Carlo events for the indicated sig-
nal channel.
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The invariant-mass distributions of the reconstructed and candidates are shown in

Figure 17-22 and Figure 17-23, respectively.

17.3.2.3 Reconstruction of the  decay vertex

For each reconstructed meson, a search was made for candidates in three-particle combi-

nations of the remaining charged tracks. In a first step, ρ0 mesons were reconstructed from all

combinations of two tracks with opposite charges and with GeV for both tracks, each

particle in the combination being assumed to be a pion. Kinematic cuts and

were used to reduce the combinatorial background. The two selected tracks were

then fitted as originating from the same vertex; from the combinations passing a fit probability

cut of 1%, those with an invariant mass within 1.5 of the nominal ρ0 mass were selected as

ρ0 candidates.

Next, a positive track with GeV from the remaining charged tracks was added to the ρ0

candidate, assuming the pion hypothesis for the extra track. The three tracks were then fitted as

originating from a common vertex, without any mass constraints. Combinations with a fit prob-

ability greater than 1% and with an invariant mass within 300 MeV of the nominal mass

were selected as  candidates.

The invariant-mass distributions of the reconstructed ρ0 and candidates are shown in

Figure 17-24 and Figure 17-25, respectively.

Figure 17-22 Reconstructed invariant-mass dis-
tribution in the channel. In the
dark histogram, the reconstructed matches a
generated . The distributions only include the
contribution from Monte Carlo events for the indicated
signal channel.

Figure 17-23 Reconstructed invariant-mass dis-
tribution in the channel. In the
dark histogram, the reconstructed matches a
generated . The distributions only include the con-
tribution from Monte Carlo events for the indicated sig-
nal channel.
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17.3.2.4 Reconstruction of the decay vertex

For the channel, the decay vertex was reconstructed by considering all can-

didates and adding a fourth track from the remaining tracks in the event. This track was re-

quired to have opposite charge with respect to the pion track from the and GeV. The

four-track decay vertex was refitted including φ and mass constraints, and requiring that the

total momentum of the vertex pointed to the primary vertex and the momentum of ver-

tex pointed to the  vertex.

For the channel, the candidates were reconstructed combining the candi-

dates with the candidates. A six-track vertex fit was then performed with mass constraints

for the tracks from φ and ; due to the large natural width, the three tracks from the

were not constrained to mass. Similarly, for the mode, the tracks from were not con-

strained to the mass. As in the channel, the total momentum of the vertex

was required to point to the primary vertex and the momentum of vertex was required to

point to the  vertex.

In order to be selected as candidates, the four-track and six-track combinations were re-

quired to give a probability greater than 1% for the vertex fit. The signed separation between the

reconstructed vertex and the primary vertex, and between the and vertex were re-

quired to be positive (the momentum should not point backward to the parent vertex). To im-

prove the purity of the sample, further cuts were imposed: the accepted candidates were

required to have a proper decay time greater than 0.4 ps, an impact parameter smaller than

55 µm and pT > 10 GeV.

Figure 17-24 Reconstructed ρ0 invariant-mass distri-
bution in the channel . In
the dark histogram, the reconstructed ρ0 matches a
generated ρ0. The distributions only include the contri-
bution from Monte Carlo events for the indicated signal
channel.

Figure 17-25 Reconstructed invariant-mass dis-
tribution in the channel . In
the dark histogram, the reconstructed matches a
generated . The distributions only include the con-
tribution from Monte Carlo events for the indicated sig-
nal channel.
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17.3.3 Background analysis

Background to the channels being considered for the measurement of ∆ms can come from two

sources: from other four- or six-body B-hadron decay channels, and from combinatorial back-

ground (random combinations with some or all particles not originating from a B decay).

For , the following four-body decay channels were considered as potential sources of

background: , (with and ) and fol-

lowed by . The similar six-body decay channels considered as potential sources of

background for were: , (with , for the

φ mode and , for the mode) and followed by

. The simulated four- and six-body background events were passed through

the detailed detector-simulation program, reconstructed and analysed using the same pro-

grams, the same conditions and the same cuts as the signal events.

In order to study the combinatorial background, a very large sample of simulated inclusive-

muon events is needed. The results presented here are based on a sample of 1.1 million

events, with pT > 6 GeV and for the muon corresponding the trigger condi-

tions. Even with this large sample, the background estimate is based on very low statistics.

The sample was analysed in the framework of the fast-simulation program

ATLFAST++ (see Section 2.5), applying the same algorithms and the same cuts that were used

for the fully-simulated samples. A careful check was made of the performance of the fast-simu-

lation program by running it on signal and six-body background samples, and comparing the

results with those from the detailed simulation. Good agreement was obtained for the number

of reconstructed events and the widths of the mass peaks for the reconstructed particles.

17.3.4 Evaluation of signal and background statistics

The reconstructed invariant-mass distributions in the decay channels ,

and are shown in Figure 17-26, Figure 17-27

and Figure 17-28, respectively, for an integrated luminosity of 10 fb-1.
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For and

the results are from fully-simulated samples;

for they are from a fast-simu-

lation analysis. The reconstructed mass distri-

butions for the four- and six-body background

channels are also shown in the figures. The

combinatorial background, for which only

very limited statistics are available, is not

shown in these figures; its distribution is ex-

pected to be flat in the relevant mass range.

The mass resolutions of the reconstructed

mesons were obtained by fitting single-Gaus-

sian distributions. The results are 33.5 MeV for

, 32.2 MeV for

and 30.5 MeV for

.

Figure 17-26 Reconstructed invariant-mass dis-
tribution for decays. The open his-
togram shows the signal, the hatched histogram
shows the background from
decays and the dark histogram shows the fake recon-
structed decays from the signal sample. The com-
binatorial background is not shown here.

Figure 17-27 Reconstructed invariant-mass dis-
tribution for decays. The
open histogram shows the signal, the hatched histo-
gram shows the background from

decays and the dark histo-
gram shows the fake reconstructed decays from
the signal sample. The combinatorial background is
not shown here.
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Figure 17-28 Reconstructed invariant-mass dis-
tribution for decays.
The open histogram shows the signal, the hatched
histogram shows the background from

decays and the dark
histogram shows the fake reconstructed decays
from the signal sample. The combinatorial background
is not shown here.
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The numbers of events expected for the various signal and background channels that have been

analysed are given in Table 17-11 for an integrated luminosity of 30 fb-1. The cross-sections and

the numbers of events for 30 fb-1 are calculated after the following cuts: one b-quark is required

to decay semileptonically giving a muon with GeV and ; the other b-quark is re-

quired to give rise to the given B-hadron decay channel. In addition, in the simulated samples

the final-state particles from the given B-hadron decay channel are required to have

GeV and .

The events reconstructed from the samples for the exclusive decay modes were counted in a

window around the nominal mass. Using the fraction of events reconstructed in the

simulated sample and the number of events expected for an integrated luminosity of 30 fb-1, the

expected number of reconstructed events was estimated. The numbers or reconstructed events

given in the table have been corrected for the additional cuts imposed on the simulated sample

using the cross-section given by PYTHIA, for muon efficiency (on average 0.85) and for LVL2

trigger efficiency (0.85).

A total of 10370 reconstructed events is expected for the φ mode of the and

decay channels for an integrated luminosity of 30 fb-1. An increase of around 30% in

the number of events could be obtained by including the  mode for both Bs decay channels.

The only significant backgrounds come from the and channels, and

from the combinatorial background. Note that the number of reconstructed events from the two

decay channels is conservative since the branching-ratio values used are upper limits. As ex-

pected, due to the combination of the mass shift ( ) and mass shift

, very few events are reconstructed in a window

Table 17-11 Signal and background samples analysed for the study of oscillations. The numbers pre-
sented for the combinatorial background are for the sum of the and
analysis channels.

Process
Cross-section
[µb]

Events for
30 fb -1

Simulated
events Rec. events

Rec. events
for 30 fb -1

1.281x10−5 384 180 47 775 5 018 6 750

1.281x10−5 384 180 18 784 1 506 3 620

1.589x10-5 476 970 9 988 208 1 000

4.519x10−6 135 570 24 698 694 710

2.098x10−5 629 460 9 699 186 1 390

2.605x10−5 781 500 9 988 41 345

8.204x10−6 246 135 9 949 1 3

7.651x10−6 229 530 9 989 6 15

1.968x10−6 59 040 10 994 0 0

Comb. background

sum (φ mode only)

1.1x106 see text 14 500
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around nominal mass. Due to the different decay topology, the channel does

not give any contribution to the background. No contribution to the background for

is expected from  and  decays.

The statistics available for estimating the combinatorial background are very limited, despite

the large size (1.1 million events) of the µ6X sample. Each simulated event was therefore passed

20 times through the fast-simulation program, different random smearing of the track parame-

ters being applied each time. The number of background events was counted in an enlarged

mass window . On average, 0.4 events per pass were recon-

structed in the mass window summing the and channels for the φ mode.

Normalising to the number of µ6X events expected for an integrated luminosity of 30 fb-1, ap-

plying correction factors for the reconstruction and trigger efficiencies, and scaling for the size

of the mass window, the combinatorial background was estimated to be 14 500 events in a

window around the mass, and the range of variation was estimated to be between

9600 and 20 900 event at 90% CL. Correlations between the results from the 20 passes were tak-

en into account. The corresponding background for the mode of the is 5600

events.

17.3.5 Determination of the proper-time resolution

The proper time of the reconstructed candidates was computed from the reconstructed

transverse decay length, , and from the  transverse momentum, :

where .

The transverse decay length is the distance between the interaction point and the b-hadron de-

cay vertex, projected onto the transverse plane. Figure 17-29 shows, for the example of the

decay mode, the difference fitted with two Gaussian functions,

where is the true transverse decay length. For each event, the decay-length uncertainty,

, was estimated from the covariance matrices of the tracks associated with the vertices. The

pull of the transverse decay length, , was found to have a Gaussian shape with a

width of .

The distribution for , shown in Figure 17-30, also has a Gaussian shape, with a width

of . Here , with being the true proper time. The proper-time

resolution function was parametrised, in close analogy with [17-33], with a Gaussian

function:

,

with the width σ(t0) computed event-by-event as:
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Figure 17-31 shows, for the example of the

decay mode, the prop-

er-time resolution together with the parame-

trisation obtained from the function

given above. The parametrisation reproduces

well the tails seen in the distribution for recon-

structed events. The distribution has an

rms of 0.071 ps. To illustrate the deviations

from the Gaussian shape, when the distribu-

tion was fitted with two Gaussian functions,

the widths obtained were 0.050 ps for the nar-

row Gaussian function (60.5%) and 0.093 ps

for the broader one (39.5%). Similar distribu-

tions were obtained for the other two analysed

channels.

17.3.6 Extraction of  reach

The maximum value of measurable in

ATLAS was estimated using a simplified Mon-

te Carlo model. The input parameters of this

model were: the number of signal events, , the number of background events from de-

cays, , and the number of events for the combinatorial background, ; the characteris-

tics of the events involved in the computation of the proper-time resolution (see below); the

wrong-tag fraction. The wrong-tag fraction was assumed to be the same for both and

mesons: (see Section 17.2.2.4). The proper-time resolution obtained with detailed

simulation for the  decay channel was assumed for all signal events.

Figure 17-29 Decay-radius resolution for the decay
channel

Figure 17-30 Fractional resolution on g-factor for the
decay channel
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Figure 17-31 Proper-time resolution for the decay
channel . The curve dis-
plays the resolution as obtained from the
function given in the text.
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Monte Carlo experiments with signal events oscillating with a given frequency , to-

gether with background events oscillating with frequency and combinato-

rial events (no oscillations), were generated in the following way. For each event with an

oscillating b hadron, the true proper time was generated according to an exponential distri-

bution using the slope obtained from a fit of the true proper time of the simulated sample. The

uncertainty on the measurement of the transverse decay length, , and the true value of the

g-factor, , were generated at random according to the distributions obtained from the simu-

lated samples (the distributions were fitted with the sum of three and two Gaussian functions

for and , respectively). From the computed true decay length, , the corre-

sponding reconstructed decay length was generated as , with being a

random number distributed according to the normal distribution. The reconstructed g-factor

was generated as , with a random number distributed according to the nor-

mal distribution function. From the transverse decay length and g-factor, the reconstructed

proper time was then computed as . The probability for the event to be mixed or un-

mixed was determined from the and values ( value if the event was a event).

For a fraction of the events, selected at random, the state was changed between mixed and un-

mixed, according to the wrong-tag fraction, . For the combinatorial background, the recon-

structed proper time was generated assuming that it has the same distribution as the one for

mesons. Half of the combinatorial events were added to the mixed events and half to the un-

mixed events.

The asymmetry

was computed for the ‘generated events’ for , in agreement with the experimental cut

on the reconstructed proper time. Here n(++) is the number of events with the tagging muon

and the reconstructed having the same sign ( meson did not oscillate), and n(+−) is the

number of events in which they have unlike sign ( meson oscillated). The asymmetry distri-

bution was then analysed with a method based on the amplitude fit proposed in [17-34].

According to this method, was fitted with the function where

and were constant values and was the only free parameter. The fit was repeated

for different values of and an distribution was obtained ( was a constant pa-

rameter). The value of which gave the maximum was considered as the measured

in that experiment.

The experiment was performed for different true values. For each true value, the ex-

periment was repeated 1000 times. The fitted amplitude distribution was averaged over these

1000 experiments as a function of the value in the asymmetry fit function ; the av-

erage distribution was then fitted with a Gaussian function and the width σ of the distribution

was determined. An experiment was called ‘successful’ if the measured value was within

οf the true value, corresponding to a 95% probability that the measured value

would fall within of the true value given Gaussian errors. The maximum value of

for which 95% of the generated experiments were successful was taken as the maximum value

of which is expected to be measurable. For each experiment, the difference between the re-

constructed and the true was computed; this distribution was fitted with a Gaussian

function and its width was taken as the accuracy of the  measurement.
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With an integrated luminosity of 30 fb-1, the

maximum value of that is expected to be

measurable is 38.5 ps−1.The expected accuracy

of the measurement is 0.04 ps-1 for

= 12 ps-1, 0.05 ps-1 for = 20 ps-1,

0.10 ps-1 for = 30 ps-1, and 0.16 ps-1 for

= 38.5 ps-1. The time-dependent asymme-

try for a single ‘experiment’ with an integrated

luminosity of 30 fb-1 is shown in Figure 17-32,

when = 38.5 ps-1.

17.3.7 Dependence of reach on experimental quantities

The previous analysis was repeated for different values of the integrated luminosity 5 fb−1,

10 fb−1, 20 fb−1 and 30 fb−1. The proper-time resolution was also varied, by changing the widths

and by the same factor. The values of the scaling factors used were 0.75 and 1.5. For

these values, the proper-time resolution, fitted with two Gaussian functions with the same nor-

malisation ratio as for the nominal values, had the widths 0.033 ps (0.074 ps) and 0.064 ps

(0.138 ps), respectively, to be compared with the nominal 0.050 ps (0.093 ps); the value in paren-

thesis is the width of the second, broader Gaussian function. All combinations given by these

proper-time resolution values and integrated luminosity values were tried. The dependence of

the reach on the integrated luminosity is shown in Figure 17-33 for different values of the

proper-time resolution, and assuming that ∆Γ = 0.

The dependence of the maximum value of which can be measured on the fraction of signal

events in the sample of reconstructed events is shown in Figure 17-34 for the nominal proper-

time resolution. The values in the plot were obtained assuming that the number of signal events

remains constant at the values given in Table 17-11 and that the numbers of combinatorial back-

ground events and of background events coming from change with the same factor. The de-

pendence on the background is not very strong for the assumed conditions; however, this

dependence could change if the combinatorial background has some asymmetry or if it has a

different proper time dependence. If the combinatorial background was taken to be 20 900

events, which was estimated to be the 90% CL upper limit for the combinatorial background,

while the numbers of signal events and background events from other sources were as in

Table 17-11, the maximum value of that is expected to be measurable would be 36.0 ps−1

with an integrated luminosity of 30 fb-1.

Figure 17-32 The time-dependent asymmetry for
∆ms = 38.5 ps-1 in a single ‘experiment’ for an inte-
grated luminosity of 30 fb-1. The crosses correspond
to ‘simulated data’ and the line to the fit with a cosine
function.
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For values of no significant change in the sensitivity range was observed. If the

mode was also considered, the limit did not improve, mainly due to the decrease in the sig-

nal-to-background ratio resulting from the conservative estimate of the combinatorial back-

ground to be added to the sample.

17.3.8 Conclusions

The maximum value of which we expect to be able to measure with 30 fb-1 data, with the

performance of the detector presented in the previous sections and with the assumed cross-sec-

tions of the involved processes, is 38.5 ps-1. The expected accuracy of the measurement is

0.16 ps-1 for = 38.5 ps-1, and better for lower values of . The dependence of the sen-

sitivity range on various parameters shows that we should be able to measure over the

whole range predicted in the Standard Model.

17.4 Rare decays B → µµ(X)

17.4.1 Introduction

Certain rare decays, for which the decay products themselves provide a distinctive signature

that can be used in the LVL1 trigger, can be studied very effectively in ATLAS making use of the

high rate of B-hadron production. These so-called ‘self-triggering’ modes include decays of the

type . Such decays involve flavour-changing neutral currents (FCNC) and are

Figure 17-33 Sensitivity range of ATLAS for the
measurement as a function of the integrated luminos-
ity for various proper-time resolutions.

Figure 17-34 Sensitivity range of ATLAS for the
measurement as a function of the signal content of the
sample, for nominal proper-time resolution and inte-
grated luminosities of 10 fb−1 and 30 fb−1.
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strongly suppressed in the Standard Model, with predicted branching ratios typically in the

range 10-5–10-10. New physics might result in significant enhancements compared to the Stand-

ard Model predictions.

The potential to study rare decays of the type is discussed in the following. For

the purely muonic decays, ATLAS will be sensitive to branching ratios of order 10-9 and should

be able to measure the branching ratio for assuming the Standard Model prediction.

Large-statistics samples will be collected for decays of the type that give final states

such as , and . This will allow precise measurements to be

made of the decay dynamics, as well as of the branching ratios, giving significant constraints on

new physics.

These rare decay modes are forbidden at the tree level in the Standard Model, so the decays in-

volve loop diagrams. In non-standard models of electroweak interactions, FCNC processes can

be allowed at the tree level and thus, the branching ratios of these rare decays would not be so

suppressed. In addition, in the presence of new physics, additional particles may be present in

the loops again enhancing the decay probability. Due to the very low Standard Model predic-

tions for the branching fractions for purely muonic decays, a significant enhancement in meas-

ured branching fractions would clearly demonstrate the effects of new physics. The

measurement of the lepton forward–backward asymmetry in semimuonic B decays is another

promising tool to probe the new physics beyond the Standard Model.

In the context of Standard Model, the principal interest lies in the measurement of the branching

fractions of the channels. The measurement of the branching fractions of the decays

and allows the CKM matrix-element ratio to be determined.

The square of this ratio is useful also for the estimation of the ratio of the mass differences

in the and systems (see [17-35]), complementary to direct measure-

ments of the oscillation periods.

17.4.2 Theoretical approach

In the theoretical approach used here, the effective Hamiltonian which governs the tran-

sition has the following structure [17-36]:

where , GF is the universal Fermi constant, Ci(µ) are the Wilson coefficients which con-

tain the information on the short-distance dynamics of the theory, and Oi(µ) are the basis opera-

tors. The parameter µ in the equation is a typical scale which separates the long and short-

distance (LD and SD) physics. For B decays it is convenient to choose this scale . The con-

tributions of the LD effects are contained in the transition form factors that enter in the

calculation of the Wilson coefficients, where B is the B-meson and M is any other meson. These

form factors are the main source of uncertainties in the theoretical predictions for exclusive de-

cays (see, e.g. [17-37] and references therein).

Table 17-12 presents theoretical predictions for the branching ratios of and .

The columns ‘QM’ and ‘Lat’ present the results obtained with the two sets of transition form

factors taken from [17-37]. The column ‘Ali’ refers to the results in [17-38]. In order to estimate

Bd s, µµ X( )→

Bs µµ→
b s d,( )ll→

Bd
0

K
*0µµ→ Bd

0 ρ0µµ→ Bs
0 φ0µµ→

B µµ X( )→
Bd

0 ρ0µµ→ Bd
0

K*0µµ→ Vtd Vts⁄

ms∆ md∆⁄ Bd
0

Bd
0

– Bs
0

Bs
0

–

b q→

Heff

GF

2
-------VtbVtq

*
Ci

i
∑ µ( )Oi µ( )=

q d s,=

µ mb∼
B M→

B K∗γ→ B K∗µµ→
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the uncertainties in the CKM matrix elements Vtd and Vts, the uncertainty on the form factors is

required. One can see from the table that the results obtained with the different theoretical ap-

proaches agree within the errors and are consistent with the experimental data.

For studies of SD effects, information about the Wilson coefficient is important. The experi-

mental measurement of the lepton forward–backward asymmetry in semileptonic B-decays

caused by FCNC transitions will provide information on this coefficient. To illustrate the possi-

ble sensitivity to new physics, one can compare the Minimal Supersymmetric Standard Model

(MSSM) with the Standard Model. In each case, a range of allowed values of is provided by

CLEO results on rare radiative decays [17-39]. The quantity lies

in one of the following intervals

The shape of the differential forward–backward asymmetry distribution turns out to be qualita-

tively different for positive and negative values of [17-40]. The lepton forward–backward

asymmetry remains sensitive to the value of the Wilson coefficient after the experimental cuts,

and thus it will be possible for ATLAS to test the Standard Model in the exclusive

decays.

17.4.3 Simulation of rare B-decay events

17.4.3.1 Simulation of

Purely muonic B-decays are predicted to have

very low branching fractions within the Stand-

ard Model (10-9–10-10), whereas they may

have significantly higher ones in non-standard

models. The following Standard Model

branching ratios were assumed for the present

study [17-41]: Br( ) = ,

Br( ) = . Simulations were

made with the PYTHIA event generator. The

Inner-Detector response was simulated fully

and the particles were reconstructed in the In-

ner Detector. The muon reconstruction effi-

ciency was assumed to be 85% for the LVL1

trigger muon, and 95% for the other muon.

About 1500 signal events were simulated in

Table 17-12 Non-resonant branching fractions of radiative and rare B-decays.

Decay mode
QM

BR x |Vts/0.038|2
Lat

BR x |Vts/0.041|2
Ali

BR x |Vts/0.033|2 Experimental BR

[17-32]

< [17-32]

< [17-32]

B K∗γ→ 4.2 10
-5× 4.2 10

-5× 4.9 2.0±( ) 10
-5× 4.0 1.9±( ) 10

-5×

B K∗ee→ 1.50 10
-6× 1.45 10

-6× 2.3 0.9±( ) 10
-6× 2.9 10

-4×

B K∗µµ→ 1.15 10
-6× 1.10 10

-6× 1.5 0.6±( ) 10
-6× 2.3 10

-5×

C7γ

C7γ
R7γ C7γ

MSSM
MW( ) C7γ

SM⁄ MW( )=

4.2– R7γ 2.4–< < 0.4 R7γ 1.2< <

R7γ

B Ml
+
l
-→

Bd s, µµ→

Table 17-13 Efficiencies of selection cuts for

Cut Efficiency

Decay length of B0

> 0.7 mm, 2/dof < 3

0.70

Angle between pT of B0

and line joining pri-

mary and B0 decay ver-

tices α < 1o

0.94

Isolation:
nch(pT > 0.8 GeV) = 0 in

a cone θ < 20o

0.40

Bd s, µµ→

χ
Bd µµ→ 1.5 10

10–×
Bs µµ→ 3.5 10

9–×
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each channel, with GeV and for each muon. About 9000 background

events were simulated and reconstructed with the same criteria. The sensitivity of signal events

to cuts is shown in Table 17-13.

After applying all the cuts, the numbers of

events expected for 30 fb-1 at low luminosity

are shown in Table 17-14. The chan-

nel can be observed, assuming the branching

fraction predicted by the Standard Model. The

significance of the signal, however, is only

2.8σ.

The feasibility to reconstruct the purely muon-

ic decays at high luminosity was

also estimated. This estimation was based on

the assumption that the pixel B layer will be

operational at high luminosity, and that no

degradation of the impact-parameter and pT
resolutions will occur. For each channel, 1000

signal events with corresponding pile-up were

fully simulated and reconstructed in the Inner Detector. The background was studied at the par-

ticle level using the parametrisation for pT and impact parameter resolutions from ATLFAST. A

sample of 10 000 background events with pile-up was used for this study. The numbers of

events for both channels and the corresponding backgrounds expected for 100 fb-1 are given in

Table 17-15.

Combining the low- and high-luminosity samples, a 4.3σ significance can be obtained for the

channel . The 95% CL upper limit for the branching fraction for obtained with

the combined sample would be 3x10-10. It should be noted, however, that the B mass resolution

of 69 MeV is not good enough to separate Bs and Bd on an event-by-event basis, but their rela-

tive fractions would have to be fitted from the joint mass distribution. The study of rare muonic

B decays at high luminosity will significantly improve the results which can be obtained at low

luminosity, especially if data collection is continued for several years.

17.4.3.2 Simulation of ,  and

Studies have been performed for the rare-decay channels , , and

. In the future, the potential for studying and decays will also

be evaluated. The following predicted values for the branching ratios were assumed:

Br = , Br( ) = and Br( ) = . Events

were simulated fully and then reconstructed in the Inner Detector. For each channel, 1500 signal

events were analysed with the following experimental cuts: both muons were required to have

GeV and , and both hadrons were required to have GeV and

. The same reconstruction and trigger efficiencies for the muons were assumed as

above. The reconstruction efficiency for hadrons was found to be 90% averaged over the full

pseudorapidity region for pT > 1 GeV.

The uncertainty in the theoretical predictions for the transition form-factors influences strongly

the dimuon q2-distributions (where q2 is the invariant-mass squared of the muon pair) and the

branching ratios. Different analytical expressions for the matrix element for were

pT µ( ) 6> η µ( ) 2.5<

Table 17-14 Number of expected events after three
years of LHC running at low luminosity (30 fb-1)

Channel Signal Background

4 93

27 93

Bd
0 µµ→

Bs
0 µµ→

Bs µµ→

Table 17-15 Number of expected events after one
year of LHC running at high luminosity (100 fb-1).

Channel Signal Background

14 660

92 660

Bd
0 µµ→

Bs
0 µµ→

Bd s,
0 µµ→

Bs
0 µµ→ Bd

0 µµ→

Bd
0

K
*0µµ→ Bd

0 ρ0µµ→ Bs
0 φ0µµ→

Bd
0

K
*0µµ→ Bd

0 ρ0µµ→
Bs

0 φ0µµ→ Bs
0 K*0µµ→ Bd

0 ωµµ→

Bs
0 φ0µµ→( ) 1

6–×10 Bd
0 K*0µµ→ 1.5 10× 6–

Bd
0 ρ0µµ→ 1 10

7–×

pT µ( ) 6> η µ( ) 2.5< pT h( ) 1>
η h( ) 2.5<

Bd
0

K
*0µµ→
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implemented in PYTHIA and the results were compared. It was found that the individual-

muon distributions remain essentially unaffected by the choice of form factors. An impor-

tant conclusion from this study was that, although the -dependence of form factors affects

-dependence of the events, it does not influence the efficiency of triggering and reconstruct-

ing the signal events, or the rejection of the background [17-42].

The mass resolutions obtained by the Gaussian fit with the full reconstruction were:

MeV, MeV, MeV, MeV, and

MeV. In case of the resonance, requiring the mass to be in the interval

[0.60,0.94] MeV corresponded to 82% efficiency. In order to exclude the reflection of to ,

hadron pairs forming an invariant mass within two standard deviations around the nominal

mass using the K/π mass assignments were excluded. For the remaining pairs, both hadrons

were assumed to be pions and the effective mass of the pair was required to be within the

mass window. The possible reflections from to and were

found to be negligible.

For background studies, the following reactions were simulated by PYTHIA: -meson decays

, and , -meson decays and , semi-

muonic decays of one of the b-quarks, and semimuonic decays of both b-quarks. It was found

that the last reaction gave the main contribution to the background. Therefore, 13000 events of

this type were simulated and analysed similarly to the signal events.

The mass distributions for the signals are

shown, together with those for the back-

grounds, in Figure 17-35, Figure 17-36 and

Figure 17-37. The sensitivity of signal events

to the applied cuts is shown in Table 17-16.

The application of all cuts leaves about 9% of

the simulated signal events. The expected

numbers of signal and background events af-

ter three years of LHC running at low lumi-

nosity are presented in Table 17-17.

pT
q

2

q
2

σ φ0( ) 3= σ Bs
0 φ0µµ→( ) 52= σ K*0( ) 30= σ B( d

0
K*0µµ )→ 50=

σ B( d
0 ρ0µµ )→ 55= ρ0

K∗ ρ0

K∗
ρ0

Bs
0 φ0µµ→ Bd

0 ρ0µµ→ Bd
0

K
*0µµ→

B0
d

Bd
0

J ψ⁄ KS
0→ Bd

0 ρ0µµ→ Bd
0 ω0µµ→ B0

s Bs
0 K*0µµ→ Bs

0 φ0µµ→

Figure 17-35 Reconstructed signal (cross-hatched)
and background for  with 30 fb−1.
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Figure 17-36 Reconstructed signal (cross-hatched)
and background for with 30 fb−1.

Figure 17-37 Reconstructed signal (cross-hatched)
and background for with 30 fb−1. The
horizontally hatched histogram shows the
reflection from .

Table 17-16 Efficiencies of selection cuts for ,  and .

Cut

m(hh) = m OR

MeV

0.81 0.82 0.82

Decay length of B0
d > 0.8 mm,

2/d.o.f <10, angle between pT
of B0

d and line joining primary

and B0
d decay vertices α < 1o

0.45 0.40 0.43

, $ 0.85 0.86 0.85

nch(pT>0.8 GeV) = 0 in a cone θ<

5o

0.65 0.67 0.65

pT of K*0 > 5 GeV 0.71

0.74 0.75 0.75

Table 17-17 Number of events expected after 30 fb-1 of low-luminosity running.

Channel Br Signal Background

220 950

2000 290

410 140
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From the ratio of the branching fractions for the two decay modes and

, the ratio |Vtd|/|Vts| can be determined, since the decay rates are proportional to

the respective CKM matrix elements:

,

where κd is the ratio of form factors squared.

The theoretical uncertainty of the form factor for the decay is large due to the u-loop

matrix-element contribution to the b → dll process. It was shown in [17-43], that the |Vtd|/|Vts|
ratio can be determined experimentally with a small theoretical uncertainty arising from

hadronic form factors in the dimuon kinematic mass region 16.5 GeV2 < q2 < 19.25 GeV2. The

fraction of signal events in this kinematic region was estimated using the GI form factor param-

etrisation [17-42] and found to be 24% of the total number of events. With these events, the ratio

|Vtd|/|Vts| can be measured with a statistical accuracy of 14% for 30 fb-1 of low-luminosity da-

ta; the theoretical systematic uncertainty is about 7% [17-43].

Note that the reflection from to is sizeable (see Figure 17-37) due to the

large difference in the branching ratios assumed for the two channels. After assigning the

wrong mass hypotheses to the K*0 decay products, the decay , reconstructed as

, gives a mass peak below, but close to, the B0
d mass. In contrast, the combinatorial

background is approximately flat. Taking into account that the branching ratio for

can be measured with high accuracy, it is assumed that the signal can be extracted

from an overall fit.

17.4.4 The measurement of the forward–backward asymmetry

The forward–backward (FB) charge asymmetry in the decays is defined by

the following equation:

where θ is the angle between the lepton l+ and the B-meson direction in the rest frame of the lep-

ton pair, and = . In Figure 17-38 the theoretical curves for in the Standard Mod-

el and MSSM for [17-37] are presented. These curves include the resonant

contributions for  and .

The general trend of the behaviour of AFB for Standard Model is that the asymmetry is positive

at low q2, has a zero at , and then becomes negative, irrespective of the details of the

form-factor behaviour (except for the resonant region – for a detailed analysis of the behaviour

of FB asymmetry in this region, see [17-40]). The maximum of occurs at . For the
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MSSM, the shape of AFB is sensitive to the value of , or equivalently to the value of . For

> 0 the shape is similar to that in the Standard Model, but for < 0 the asymmetry is neg-

ative at low q2.

In the simulation, the resonant region was excluded from the analysis. To esti-

mate the experimental resolution of measurements in decays, the total num-

bers of signal and background events after three years of low-luminosity running were used

(see Table 17-17). The numbers of signal and background events for each -region were estimat-

ed assuming that the signal distribution is similar to the one presented in [17-44], and

that the background distribution is flat. The sensitivity to the asymmetry was then the calculat-

ed, and results are presented in Table 17-18 where it can be seen that three regions are useful for

measurements. If negative values of AFB are experimentally observed in the first -region, this

will demonstrate a clear signal of non-standard physics. The measurements in the second and

third -regions, which practically do not depend on the models, will show possible systematic

uncertainties in the experimental data.

In Figure 17-38, the average values of and

the expected errors on for three -regions

are shown. One can see that the expected

measurement accuracy is sufficient to separate

the Standard Model and the MSSM in the case

<0 using measurements in the first -re-

gion.

Table 17-18 Expected sensitivity for asymmetry measurements after three years at low luminosity (30 fb-1) and
theoretical predictions of the asymmetry. Here , where ml is the lepton mass and

.

Quantity

δAFB(stat.) 5% 4.5% 6.5%

SM AFB 10% -14% -29%

MSSM AFB % % %

C7γ R7γ
R7γ R7γ

0.33 ŝ 0.55< <
AFB Bd

0
K

*0µµ→

ŝ
dΓ dŝ⁄

ŝ

ŝ

Figure 17-38 Sensitivity of AFB to the Wilson coeffi-
cient . The three points are the simulation results.
The solid line shows the Standard Model prediction,
the dotted lines show the range predicted by the
MSSM for > 0 and the dashed lines show the
range predicted by the MSSM for < 0.
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ŝmin 0.14÷ 0.14 0.33÷ 0.55 ŝmax÷
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17.4.5 Conclusions

ATLAS will be able to study rare semi-muonic and muonic B-decays. It will be possible to meas-

ure branching ratios of the decay channels , and . From the

ratio of branching fractions for the two latter channels, it will be possible to determine the ratio

|Vtd|/|Vts| with a 14% statistical accuracy within the Standard Model. Measurements of the

forward–backward charge asymmetry in the decay will also be feasible and may

reveal new physics effects, for example in some parameter-space regions of the MSSM.

Combining three years of low-luminosity and one year of high-luminosity data taking, the de-

cay would be observed and a stringent upper limit for the decay would be

set, assuming Standard Model branching ratios. Given that these decays are highly suppressed

in the Standard Model, there are hopes that any non-standard physics effects would significant-

ly enhance the branching ratios, in which case the signals would be easier to detect.

17.5 Precision measurements of B hadrons

Precision measurements of B-hadrons are important to validate the Standard Model and to

search for new physics. As discussed above, ATLAS can make a significant contribution to the

study of CP-violation in B-meson decays. It will also be able to measure the oscillation parame-

ter of the Bs meson for values of ∆ms well beyond the range predicted in the Standard Model,

and the corresponding mass difference ∆Γs. In addition, measurements of very rare decays to fi-

nal states with muon pairs will be possible, testing and constraining parameters of the Standard

Model, and possibly revealing new physics. In this Section some additional physics topics are

presented that can be addressed by ATLAS.

Many precision measurements will be made in other experiments before 2005 when ATLAS is

expected to take its first data. For example, the BaBar, Belle and CLEO experiments at e+e- ma-

chines will address in detail the decays of the B0 and B+ mesons, while experiments at hadron

machines will also study Bs and Bc mesons and B-baryons. Nevertheless, given the large statis-

tics available in a variety of exclusive final states (see Table 17-19), ATLAS may be able to im-

prove the precision of mass, lifetime and other measurements in some cases. For example,

ATLAS is expected to measure the lifetime with a statistical accuracy of 0.7% after three

years at low luminosity with the channel.

In the following two examples of precision studies are discussed: the analysis of the Bc meson,

and measurements of Λb polarisation.

17.5.1 Measurements with the Bc meson

The meson exhibits some unique features regarding both its production and decay proper-

ties, due to its explicit double-heavy-flavour content. In addition, in hadronic spectroscopy the

properties of can be used in interpolating between charmonium and bottomonium reso-

nances, and QCD-inspired potential models can be scrutinised with different combinations of

charm and bottom constituent masses. Since mc /mb is small, the system enables testing the

heavy-quark symmetries and understanding better the next-to-leading terms in the heavy-

quark effective theory, and its application to heavy–light B mesons.

Bs
0 φ0µµ→ Bd

0 K*0µµ→ Bd
0 ρ0µµ→

Bd
0

K*0µµ→

Bs µµ→ Bd µµ→

Bs
Bs

0
J ψφ⁄→

Bc

Bc

Bc
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The expected large production rates should bring the possibility of detecting the non-leptonic

decay mode , or the semileptonic one , through charmonium decaying

into a muon pair [17-45]. With the foreseen statistics, the former channel would allow a very

precise determination of the mass. The latter one could be useful to extract the CKM matrix

element Vcb [17-46], provided that the production cross-section can be determined else-

where. Furthermore, the lifetime measurement is a very clean test of the interplay between

strong and weak interactions inside hadrons, as both quarks can undergo a weak decay inside

the same particle, in contrast to usual singly-heavy D or B mesons. Doubly-heavy baryons [17-

47] are potentially detectable at the LHC, completing the interesting panorama of heavy–heavy

systems.

17.5.2 Λb polarisation measurement

17.5.2.1 Introduction

Polarisation measurements of B-hadrons could clarify the problems of different polarisation

models [17-50] that failed to reproduce the existing data on strange-hyperon production [17-51].

In particular, information about the quark-mass dependence of polarisation effects could be ob-

tained. Hadrons with non-zero spin can be polarised perpendicularly to their production plane.

For symmetry reasons, in pp collisions this polarisation vanishes as the Feynman variable xF ap-

proaches zero, so that the expected observed polarisation in ATLAS is smaller than in experi-

ments covering more forward regions (for example LHCb). Thus, a polarisation measurement

in ATLAS will require very high precision.

Table 17-19 Number of reconstructed events with ATLAS with an integrated luminosity of 30 fb-1.

Decay mode Branching fraction N of events

0.7x10-5, estimated from limit in

[17-17]

6 500

4.45x10-4 [17-32] 630 000

3.0x10-3, same as for in

[17-32]

6 800

9.3x10-4 [17-32] 300 000

6.0x10-3, same as for

in [17-32]

3600

< 2.6x10-3 [17-32] 5 900

3.7x10-4 [17-49] 75 000

0.2x10-2 estimate based on [17-47]

and [17-48].

12 000

2x10-2 estimate based on[17-47]

and [17-48].

300 000 (inclusive

reconstruction)

Bc J ψπ⁄→ Bc J ψµν⁄→

Bc
Bc

Bc

Bd
0 ππ→

Bd
0

J ψ⁄ Ks
0→

Bs
0

Dsπ→ Bd
0

Dπ→

Bs
0

J ψφ⁄→

Bs
0

Dsa1→ Bd
0

Da1→

Bd
0

Dsa1→

Λb J ψΛ0⁄→

Bc J ψπ⁄→

Bc J ψµν⁄→
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17.5.2.2 Method of polarisation measurement

A polarisation measurement can be obtained with Λb baryons via the angular distributions of

the cascade decay Λb → J/ψΛ0, J/ψ → µµ, Λ0 → pπ. The decay is described by the Λb polarisa-

tion, Pb, four helicity amplitudes and the known asymmetry parameter for the Λ0 → pπ decay,

α(Λ0) = 0.646. The J/ψ → µµ decay depends only on one amplitude which is absorbed into the

normalisation.

The angular distribution function, ω, can be written in terms of five measurable angles that are

defined in Figure 17-39:

,

where the αi are bilinear combinations of the

four helicity amplitudes, the fi are combina-

tions of Pb and α(Λ0), and the Fi are functions

of the five angles θ, θ1, θ2, ϕ1 and ϕ2. The ex-

pressions for αi, fi and Fi can be found in [17-

52]. From the measured angular distributions,

19 independent moments <Fi> can be ob-

tained. Since the system of equations is over-

constrained, the polarisation, Pb, can be

determined.

17.5.2.3 Event selection, background and estimation of precision

The events were simulated within the Inner Detector only. Efficiency factors were applied for

muon reconstruction and identification. The LVL2 trigger will select J/ψ → µµ decays with pT
larger than 6 GeV for one muon and 3 GeV for the other muon. The muon tracks in the Inner

Detector were fitted requiring that they originate from a common point. A simultaneous J/ψ
mass and vertex constrained fit was performed. The transverse flight distance from the primary

vertex to the Λb decay point was required to be larger than 250 µm and, for the Λ0 candidate, a

transverse flight distance in the range 1 – 42 cm was required. A second fit then constrained the

J⁄ψ mass and Λ0 momentum to point to the dimuon vertex. The J/ψ–Λ0 invariant-mass spectrum

had a Gaussian core with σ = 22 MeV. The proper decay-time of the Λb candidate was required

to be larger than 0.5 ps. Within the mass region of three standard deviations around the Λb mass,

the background was ~2% and it was dominated by J/ψ’s from B-hadrons combined with Λ0’s

coming from the fragmentation. The Λb reconstruction properties and background composition

are summarised in Table 17-20. After three years of low-luminosity data-taking, the number of

reconstructed Λb → J/ψΛ0 events will be ~75 000. The branching ratio for Λb → J⁄ψΛ0 was taken to

be 3.7x10-4, as measured by CDF [17-49].

ω θ θ1 θ2 ϕ1 ϕ2, , , ,( ) 1

4π2
--------- αi f i

i 1=

19

∑ Fi× θ θ1 θ2 ϕ1 ϕ2, , , ,( )=

Figure 17-39 The definition of the five angles. θ is the
polar angle of the Λ0 momentum pΛ in the Λb rest
frame relative to the normal n to the production plane.
θ1 and ϕ1 are the angles of the proton in Λ0 rest
frame, with the z-axis being parallel with pΛ and the y-
axis being parallel to n x pΛ. θ2 and ϕ2 are defined for
the J/ψ decay in a similar way.

p p

p

n

n

e-
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The estimated statistical precision of the polarisation measurement using the above method of

moments was σ(Pb)~0.016. Some of the Λb baryons are produced indirectly through the decays

of heavier states Σb → Λb π, Σ∗
b → Λbπ. Thus, the observed Λb polarisation will be diluted and, accord-

ing to the present models, the dilution factor is expected to be in the range 0.34–0.67 [17-52]. The lower

value corresponds to the case in which the polarisations of the Λb, Σb and Σ∗
b are in the relation

Pb = P(Σb) = -P(Σ∗
b), and the upper limit corresponds to Pb = -P(Σb) = P(Σ∗

b).

The large Λb sample, characterised by a small background, can be used for a precise determina-

tion of the Λb lifetime. The maximum-likelihood fit, taking into account the proper decay time

resolution and assuming a single exponential for the background with mean decay time the

same as for the neutral B hadrons, gives a statistical precision of 0.3%.

17.6 Conclusions on the B-physics potential

The expected B-physics performance of ATLAS is summarised in the Table 17-21. High-statistics

studies of CP violation in various B-decay channels will give measurements of the unitarity-tri-

angle angles α and β, and will search for deviations from the Standard Model. These measure-

ments will be complemented by the measurement of the Bs-oscillation parameter . Several

other measurements will be made with the Bs and Λb, thus complementing the data from e+e-

B-factories. Finally, very rare B decays will be accessible as well.

Table 17-20 Summary of the Λb analysis with an integrated luminosity of 30 fb-1.

Number of reconstructed Λb → J/ψ Λ0 decays. 75 000

Number of background events, dominated by J/ψ +Λ0, where the J/ψ is

from a B-decay and the Λ0 is from fragmentation.

1 500

Reconstruction efficiency of J/ψ → µµ for decays with pT(µ1) > 6 GeV

and pT(µ2) > 3 GeV. Efficiency includes the trigger and the combined

muon identification, including calorimetry.

0.78

Reconstruction efficiency of Λ0 → pπ with pT(p) > 0.5 GeV and
pT(π) > 0.5 GeV. Reconstructed Λ0 candidate must have decay radius

1 < r < 42 cm and invariant mass within ±3σ from the Λb mass.

0.56

Efficiency of final cuts on Λb proper lifetime τ > 0.5 ps, invariant mass

within ±3σ from the Λb mass.

0.48

J/ψ mass resolution, σJ/ψ 39 MeV

Λ0 mass resolution, σ Λ0 2.5 MeV

Λb mass resolution, σΛb 22 MeV

Resolution on Λb proper decay-time τ, σt 0.073 ps

Statistical error on Λb polarisation Pb, σPb 0.016

∆ms
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