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Abstract. To do precise CP violation measurements, the best possible determination of the
flavour of the B-meson is necessary. This report summarizes the flavour tagging performances
for the LHCDb experiment. The flavour tagging is obtained through a combination of several
methods, based on different signatures. The use of control channels, which are decays to flavour-
specific final states, will allow to determine the wrong tag fraction w (the probability of a tag
to be wrong), which can be used as an input for the determination of CKM unitarity triangle
angles.

1. Introduction

The LHCb is a second generation precision B physics experiment coming after B-Factories and
Tevatron. It has been designed to study CP Violation and flavour oscillations in the B sector,
as well as rare B decays. For these studies one needs to determine the flavour at the production
of the reconstructed B mesons, in other words, it is necessary to establish whether the meson
contained a b or a b quark. This procedure is known as flavour tagging.

Tagging algorithms can be classified in two groups: same side (SS) and opposite side (OS)
algorithms. SS algorithms exploit the correlation of the charge of mesons produced in the
fragmentation chain with the original flavour of the signal B, i.e., the B decay of interest. OS
algorithms exploit the flavour anti-correlation between the B hadrons produced in the same
event, by doing partial reconstruction of a flavour-specific final state of the accompanying b-
hadron (the tagger B).

The LHCb has excellent tracking (dp/p = 0.35% to 0.55%) and vertexing (~ 10pm in
transverse plane and ~ 60um in z) systems, as well as a good particle identification (PID) which
is very important to distinguish between kaons and pions. It has by design a forward geometry,
with a 0.3 rad polar angle acceptance, as bb pairs are basically produced in the beam direction.
The LHCb will run at a lower luminosity than the other LHC experiments (2-10%2cm~=2s71), in
order to keep the number of primary interaction vertices close to one.

The statistical uncertainty on the measured CP asymmetries is directly related to the effective
tagging efficiency [1], defined as

Eeff = stagD2 = E1qq(1 — 2@))2 (1)

where €44 is the tagging efficiency (probability that the tagging algorithm gives an answer),
D the dilution term, and w is the wrong tag fraction (the probability of the tagging assignment
to be wrong), calculated as
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Nr + Nw o — Ny (2)
Nr+ Nw + Ny Ngr + Nw

with Ng, Ny and Ny being the number of correctly tagged, incorrectly tagged, and untagged
events, respectively.

Etag =

2. Flavour tagging algorithms in LHCb

The identification of the initial flavour of the reconstructed B meson, which is necessary for
the CP asymmetry measurement, is performed at LHCb by means of different flavour tagging
algorithms [2]. A brief description follows.

2.1. Opposite side tagging

Information from the tagger B meson in the event is obtained from the leptonic charge sign in
semileptonic decays, from the charge of a kaon from the b — ¢ — s decay chain, or from the
charge of the tracks from a secondary vertex reconstructed in the event.

The selection of tagging leptons and kaons is based on kinematical and topological cuts and
particle identification, all tuned to maximize €.f¢. Transverse momentum (pr) and momentum
(p) cuts are applied. In the case of kaons, also cuts on impact parameter significance (IPS) are
applied in order to reduce the large background from kaons from the primary vertex as seen in
table 1. If several tagger candidate tracks exist of the same type, the one with highest pr is
selected.

Table 1. Cuts for the opposite side B tagging candidate.
pr (GeV/c) p (GeV/e) IP/o

= >1.1
et >1.1 > 4
K+ > 0.4 >4 > 3.5

Particle identification algorithms provide an efficiency (purity) of 85% (756%), 75% (85%)
and 80% (80%) for muons, electrons and kaons, respectively [3]. Typical performances for the
opposite side taggers are shown in table 2 for two specific B mesons decay channels.

Table 2. Flavour tagging performance for two hadronic B decays.

Tagger BY (BY — 7F77) Bs (Bs — DsK)
Ctag (70) w (%) ey (N)  €tag () w (%)  ecqy (%)

OS p* 8.7 32 1.14£0.07 119 20.3  1.94+0.09
0S e* 3.6 33 039+£0.04 3.3 324 0.41+0.04
0S K* 28 36 209+£0.73  17.2 32.7  2.0540.10
OS vertex 22 39 1.01+£0.07 355 39.6  1.5340.09
SS nt/K* 15 39 0.73+£0.06 29.3 33.6  3.1440.12
Total 51 34 5.05+£022 626 312 883+0.18

The opposite side B is also examined by reconstructing an additional secondary vertex. The
algorithm finds a vertex in 45% of the triggered events. On average, 84% of the tracks in the
vertex correspond to the decay of the tagger B.
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This secondary vertex-finding algorithm uses charged tracks after kinematic and geometrical
cuts, to build all possible double vertices. Then, the combination with best two-seed vertex
likelihood value is selected. After this, other tracks are added to this seed vertex based on
their kinematical properties (IPS, pr). Finally a ”weighted charge” of the vertex is computed
by assigning to each track a normalized weight based on its ppr. Only if the summed weighted
vertex charge is significantly different from zero, a flavour tag is assigned by assuming that the
sign of the vertex charge corresponds to that of the b quark. The typical performance of the
tagger are €49 =~ 35.5%, w ~ 39.6% and e.rr ~ 1.5%, as shown in table 2.

2.2. Same side tagging

The charges of the hadrons which are close in momentum space to the signal B provide
information about the B flavour at production. In the fragmentation cascade, the accompanying
quark in the B meson gives rise to a quark with opposite charge conjugation, which tends to
form a pion (kaon) for B® (BY) with a definite charge sign. For example, if a BY is produced
in the fragmentation of a b quark, an extra 5 is available to form a hadron, which leads to a
charged K in about 50% of the cases. In the case of B?, around 10% of the mesons are expected
to be produced via the decay of a B** state, accompanied by a decay pion which has the same
charge sign as that of the B** meson.

The selection of pion and kaon candidates requires a pr (p) greater than 0.2 (2) and 0.6 (4)
GeV/c respectively. The IPS of the particle is required to be lower than 3 and 3.5 respectively,
to avoid candidates from secondary interactions. In addition, rapidity and azimuthal angle cuts
are applied in order to select pions or kaons which are produced close in momentum space to
the signal B? hadron (see Table 3).

Table 3. Cuts for the kinematical properties of the signal B and SS taggers (pion and kaon).
Here An is the rapidity difference and A¢ is the difference in azimuthal angle between the
candidates.

An  A¢ M(BrT(KT)) - M(B)
Tt  AR<1.2 <1 GeV/c?
K+t <1 <11 < 2.5 GeV/c?

The performance of the same side taggers pions and kaons for the By and B, channels
respectively are indicated in table 2.

3. Combination of taggers and tagging performance in LHCb

The final tagging decision on the production flavour of the reconstructed B candidate can be
taken following different strategies, combining all the taggers to obtain a final decision. The
combination method reported in [2] allows to obtain an w for each event from a neural net (NN)
output. For each event, a wrong tag probability is computed for each of the tagger candidates
present. The neural network has as input several properties of the tagger (for example its pr
and IPS) and it has been trained on independent MC samples. Each tagger gives an w; as a
function of the NN output, comparing right and wrong tags as it is shown in figure 1.

Then, the global tag of the event is obtained by the combination of the taggers using their
individual right-tag probabilities given by (1—w;). Finally, the overall w of the event is computed
by the combination of such probabilities. To calculate the final combined effective efficiency,
events with similar w, according to the NN output, are grouped together in 5 categories (which
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Figure 1. Mistag rate as a function of the NN output for the opposite side kaon tagger, for
Bt — J/YKt (left) and By — J/¢Y K, (right).

will be treated separately in the CP fits), in order to improve the global performance of tagging,
as shown in figure 2.

Another possibility is currently being investigated where the decision can be made by
examining all possible particle identification combinations, obtaining an w for each PID
combination. In the combined particle identification method, we can obtain an w for each event
according to the taggers which are present in a given event (either OS or SS). Each combination
will give an w as an output, as the combinations had been sorted previously with MC studies
in decreasing order of mistag rate. This method will be considered as a backup solution, as it
gives a lower performance. The global €. is about 20% lower than would be obtained through
the combination based on the neural net method.
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Figure 2. Probability of an event to contain a b quark. The light shaded histogram corresponds
to right tagged events, in dark the wrong tagged events. Arrows indicate the binning into 5
tagging categories.

The tagging performances for each individual tagger, as well as for the combination, are
shown in table 2 for two typical hadronic decays of B® and BY mesons. Note that the overall
€cff is significantly higher for By channels, as a consequence of the fact that the SS kaon selection
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is purer than that of SS pions. On the other hand, there are also some significant differences
between the performance of individual OS taggers for B® and B? due to the decay topology and
trigger effects.

4. Control channels

The wrong tag fraction w enters as a first order correction in the measurement of CP asymmetries
[1], so its uncertainty on w has to be kept as small as possible. MC simulation is not considered
fully reliable due to large uncertainties on parameters such as the relative contribution of bb
production mechanisms and the average event multiplicity, which strongly affect the tagging
performance. The calibration of w has therefore to be performed by studying real data on
control channels.

In the case of control channels with B™ /B~ decays, w can be directly extracted by comparison
of the tagging algorithm with self-tagging control channels, where the flavour is uniquely
determined from the charge sign of the decay products. For the case of BY and BY decays,
w must be extracted by fitting the known oscillation pattern.

Table 4. Performance expected from a selection of control channels in LHCb, for 2fb~! of
data, corresponding to one year of data taking.

Channel Yield / 2fb~1 B/S dw/w(2fb71)
BY = J/(uu) KO (K Tr) 0.7 M 0.2 0.2%

BY — Din— 0.12 M 0.4 1.2%
BT = J/(uu) KT Y 0.4 0.15%
Bt — DOt 1.0 M 0.1 0.20%
Bt — D)ty 2.4 M 0.7 0.12%
BY — Dty 2.0 M 0.6 1%

Table 4 shows the annual yield, the background to signal ratio (B/S), and the expected
relative statistical uncertainty on w for a number of control channels that have been considered
in LHCb. The reachable statistical accuracy on the determination of w from this list of control
channels is estimated to be sufficient for the CP fits requirements.

In the case of the BT — J/K™ channel, the measurement of w; for all opposite taggers
can be obtained directly from data, and those w; can be then used in other channels, such
as By — J/¥Ks. Figure 1 illustrates the dependence of w on the NN output for the above-
mentioned channels, which appears to be compatible within available statistics.

4.1. Mistag extraction in sin(23) measurement

One of the first measurements requiring flavour tagging in B mesons will be sin23 from BY —

J/Y(pp)Ks as a benchmark to demonstrate LHCD capability in CP asymmetry measurements.
For the evaluation of the mistag rate, the following strategy, using BT — J/¢(upu) K™ and

B — J/1(uu) K*° as control channels, is foreseen.

e With B* — J/¢(uu)K™ events, for each tagger, the dependence of the mistag rate on
the kinematical properties of the tagger will be determined, and combined into a single
probability function per event.

e This function will be used to subdivide B® — J/v(up)K*® and B® — J/v(up)Ks events
into 5 samples of decreasing mistag rate (tagging categories).
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e Flavour oscillations in the B® — .J/9K*° channel will be fitted as function of proper time,
in each of the 5 categories mentioned above, in order to measure the mistag rate in each
of them. These categories will then be used in the CP-violation fit for the B® — J/¢ K,

channel.
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Figure 3. Fit to flavour oscillation asymmetry of BY — J/¢ K for best and worst mistag
fraction categories. Only signal events are considered.

Figure 3 shows the flavour oscillations of BY — J/%K*Y in two of the 5 categories. The
two plots correspond to the best and the worse tagging category with a fitted omega value of
18.8% and 45.5% respectively. One can crosscheck the result of the fit using the MC truth
information, obtaining the mistag rates which are shown in table 5, which are also compatible
with the corresponding numbers obtained for the B® — J/¢ K, channel.

The expected precision in the measurement of sin(28) at LHCb is 0.02 for 2fb~! of data,
assuming an uncertainty on w of dw/w < 1% [4].

Table 5. Expected w for the 5 categories in B — J/¢K, and in its control channel
(BY — J/¢K*?). Results from proper time fit are compatible to MC results.

MC MC Proper time
Category BY — J/YK, B’ — J/YK*Y BY — J/¢yK*
w1 (%) 45.44+0.3 44.8 +£0.2 45.14+0.3
wa (%) 35.7+£0.7 36.8 0.5 36.8+0.7
w3 (%) 28.3+0.9 29.7+0.7 29.8+0.9
wy (%) 23.5+1.3 23.7+0.9 24.0+1.3
ws (%) 173+ 1.5 18.8+1.1 18.8+ 1.5

5. Conclusions

Flavour tagging is a fundamental ingredient for B physics measurements in LHCb. We briefly
described here the different algorithms and methods used in LHCb for flavour tagging, as well
as the strategy to measure w directly from data without MC simulation, with the required
statistical accuracy, taking into account many possible effects. The algorithms developed for
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flavour tagging in LHCD give an effective tagging efficiency which ranges from 6% to 9.5% and
from 4% to 5% for BY and B® decay channels respectively.
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