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Abstract

In this note is presented the systematic effect in the flavour tagging due to the trig-
ger selection. We present a possible way to correct for the different wrong tagging
rates for control and signal channels needed for the evaluation of some of the CP
asymmetries that will be measured in the experiment. This study is performed at the
generator level and uses as decays, B — Dy (K"K~ 7~ )n" as the control channel and
By — J/Y(ptp)p(KTK™) and By — KK~ as the signal channels.

1 Introduction

The LHCb experiment has as its main objective to make CP violation precise measure-
ments. For this it is mandatory to know if a B-decay originates as a B or its CP conju-
gate. Hence one of the indispensable ingredients to measure CP violation in LHCb is
the flavour tagging. It is also important to have a precise estimation of the wrong tag-
ging fraction (w) to know the probability of having a wrong answer from the tagging,
where w is defined as the ratio between the number of wrongly tagged events and the
overall number of tagged events. It turns out that it’s not possible to measure this ra-
tio directly on some of the CP violating channels because they are not flavour specific.
These channels will be treated as signal channels. The estimation of w has to be done
by measuring and studying the same fraction in flavour specific decays, or so-called
control channels.

A comparison of the tagging performance of the different control and signal channels
from the Reoptimization TDR [1] shows some striking differences. For instance using
By — D7 (KTK 7 )nt as control channel for extracting the wrong tagging fraction
of the By — J/¢(pn"p~)p(KTK™) or the B, — KTK™ considering the ratios as being
the same would imply a serious bias since the w obtained from MC truth data of the
channels are not in agreement, as is shown in table 1.

Bs — Dyt | Bs — J/¢¢ | B —» KTK™
30.0+1.6 33.4+0.4 33.0+£0.8

Table 1 w values obtained from MC truth on the Reoptimization TDR for the studied control and signal
channels.

In this study, in order to get the w values for the signal channels, unlike what will happen
when the experimental data comes, we have access and use the MC truth information
to know if the B-signal originated as a B or a B,.

In principle the tagging efficiency and correctness probability should be the same for
a given B meson independently of its decay products, providing there is no selection
which affects the phase space of the signal B-meson differently for different decays.
But for two distinct decays, for instance a signal and a control channels, the decay
products of the B will be unequally distributed in phase space. In applying the trigger
selection on these two channels the phase space of the B meson can be differently af-
tected. Hence, by changing the phase space of the signal B and due to the correlations
between this meson and other particles on the event, especially the other b quark from
the pair that originated the signal B, there is no reason to expect tagging performances
of a control and a signal channels to be the same after trigger selection. And we can
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expect this systematic effect to generate an even bigger difference after applying the
offline selections, which have different cuts for each channel. The overall differences
in the simulation of LHCDb can be verified in comparing the performance for different
channels in the Reoptimization TDR [1, 2].

The difference in the tagging efficiency, €;,,, which is the probability for a selected event
to have a tagging decision, can be directly measured in each channel individually and
can even be used as a hint that the bias in the samples are different.

It is then very important to verify the existence of and try to correct for the differences
in w, in order to be able to extract a correct value for the signal channel from the mea-
surement of w in the control channel. The goal of the present note is to show the studies
that were done in this direction suggesting a possible solution for the problem in cor-
recting for the phase space difference introduced by the trigger selection. For that the
decay used as control channel was By — D (K*K~77) 7t to compare with two signal
channels: By — J/¢ (utp™) ¢ (KTK™) and By — KTK™.

It was chosen to start this study at the generator level, using PYTHIA [3]. This in order
to be able to handle only the bias introduced by the trigger selection in the tagging
due to the kinematic correlations between the particles and verify that the method
intended for the correction is valid without too many complications. Only single pp
interactions are used but the settings are the same used in the Reoptimization TDR
studies. Being so it is not the objective of the present study to obtain accurate individual
numbers of ¢, and w that will match the measurements of LHCb but to correct for
discrepancies between channels. Other effects that can contribute to this bias in the
experiment, such as reconstruction inefficiency or particle identification and especially
the offline selection as well, can be studied later in the existing full simulation of the
experiment.

2 Trigger and tagging simulation

2.1 Trigger

Working at generator level a mimicking of the trigger decisions was needed. One of the
goals of the study being to avoid any unnecessary complication it was tried to mimic
the trigger levels L0 and L1 in a very simple way and all the kinematic variables used
for the cuts were the MC generated ones except for the impact parameter with respect
to the primary vertex, in which a smearing is applied as a function of the particle Pr.

I try to reproduce LO by searching for the highest P+ muon, electron or positron and
hadron within the geometrical acceptance of the experiment, which was taken to be
the straight line extrapolation of the tracks to the Trigger Tracker station TTb. The cuts
applied to these particles are similar to the ones actually used in the trigger software
as attests table 2.

For L1 is calculated the L1 global variable, without any bonus, using the two highest
Pt charged particles with Ip > 200xm with respect to the primary vertex in the spec-
trometer acceptance [4]. The cut is made such that 40 kHz of minimum bias events
are accepted. A smearing of the impact parameter is done to avoid the Ip = 0 of the
particles coming from the primary vertex since the Ip significance is used in the L1
variable calculation. The resolution used depends on the P, is shown in figure 1 and
is obtained with the formula [5]:
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[ Particle || Generator level Pt cut (GeV/c) | Full Simulation E1 cut (GeV) ||

1 >1.2 >1.1
e > 2.6 > 2.8
hadron > 3.5 > 3.6

Table 2 Minimum values for Py and E1 used as trigger in LO respectively in this generator level and in
the full simulation

I, Resolution (mm)

10"

4 _ 5 6 9 10
1/P, (c/GeV)

Figure 1 Impact parameter smearing with respect to the primary vertex resolution as a function of Py
applied to the true Monte Carlo value

o(Ip)/mm = 0.072 + (206In (Pr/MeV) — 1.27) (Pp/MeV) ™%

To take into account the effect of the bias brought by the di-muon trigger on channels
with di-muons, which is the case of one of the studied signal channels, any event hav-
ing two muons in the geometrical acceptance is considered to trigger L1 independently
of its variable value.

The trigger efficiencies obtained in this very simple simulation are compared with the
ones in the Trigger TDR [4] for the studied channels in table 3. Also in this table are
shown the total number of generated events and the geometrical acceptance efficiency,
which corresponds to have all the signal products inside the acceptance. The selection
is done in steps which means that only events inside the geometrical acceptance can
be triggered and only LO selected events are considered for L1 selection.

It's noticeable that the efficiency of the geometrical acceptance is already different be-
tween the channels and may also introduce a difference in the tagging ratios, in a sim-
ilar way as the offline selection. An important effect is the 100 % L1 efficiency for the

|| Channel || # Evt | €geo || €10 | TDR €L0 || €r1 | TDR €r1 ||
Bs — Dg7 17.8 M | 12.193 4+ 0.008 59.11+0.03 | 49.44+0.6 || 65.75£0.04 | 63.0£0.9
Bs — J/¢¢ 12M | 12.271£0.009 || 99.421 £ 0.006 | 89.7 £0.1 100+ 0 71.4+£0.2
Bs — KK 14.5M | 14.829 4+ 0.009 79.98 +0.03 51.8£0.3 || 60.21 £0.04 | 60.0+0.4

Table 3 Number of generated events, geometrical acceptance and trigger efficiencies for the studied
channels compared with Trigger TDR trigger efficiencies [4]. The uncertainties are statistical.
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| Selection | [ Bi—Dyr [ Bi—J/vg [ B > KK |
Geo | €tas || 39-96£0.03 [ 40.27+0.04 [| 39.03 +0.03
w || 26.69+0.05 | 27.07 £ 0.06 || 26.77 4+ 0.05
L0 Ctag || 45.14£0.04 || 40.33£0.04 || 41.72+0.04
w || 25.1040.06 | 27.05+0.06 || 26.10 4 0.05
€tag || 47.15£0.05 || 40.33+0.04 || 43.72£0.05
L1 w || 24.63+0.07 | 27.05+0.06 || 25.65 % 0.06
e || 1214 40.03 || 8.49£0.02 | 10.37+0.03

Table 4 Tagging efficiency and wrong tagging fraction for the geometrical accepted, LO and L1 selected
events for the signal and control channels. Also the effective tagging efficiency for the L1 selected events
is shown.

B — J/v¥¢ channel because of the di-muon implementation: all the geometrical ac-
cepted events will have both muons inside the acceptance and hence will be accepted
by the di-muon L1 trigger, if they passed L0. This effect will potentially enhance the
difference in the tagging bias between the two different samples as this means that the
By — J/¢¢ will pass L1 without any kinematic bias. Being so, and having in mind
that the purpose is to correct for such bias rather than have very accurate individual
numbers for the studied ratios, it is an acceptable and maybe even a wanted effect.

2.2 Tagging

The same kind of mimicking which was done for the trigger was needed to define the
tagging particles. The same cuts were used for the tagging as for the full simulation.
So for the opposite tags an electron or a muon having p > 5GeV/c, Pt > 1.2GeV /c or
a kaon having p > 3GeV/c, Pt > 0.4GeV/cand Ip /o > 3.7 in the acceptance was con-
sidered to be a tagging particle. Where the Ip is again with respect to the true primary
vertex. The resolution of the impact parameter used was the one already mentioned in
the previous section.

In the same way for the same-side tagging a kaon having p > 4GeV/c, Pt > 0.4GeV /c,
Ip/o < 2.5 (with respect to the primary vertex and the same resolution as before),
|An] < 1,]A¢| < 1.1 and |Am| < 1.5GeV/c? was considered as a tag (Ksame). Where
the difference in pseudo-rapidity and polar angle is between the kaon and the signal
B and the mass difference is between the signal B, and the combination B;K.

The only differences in this tagging algorithm and the one used in the full simulation
are the absence of the vertex charge tagging and also if more than one tagging particle
is present in an event. In this case the decision was taken according to the majority of
tags independently of the type of tagging. If there was an equal number of b and b tags
the event was considered as untagged.

The results obtained for the tagging efficiency €, and the wrong tagging fraction w in
the different steps of the selection are shown in tables 4 (for the overall tagging) and 5
(for each type of tagging particle) together with the effective tagging efficiency e.4 for
events accepted by all selections. Where e.g = €4a5 (1 — 2w)2.

From these tagging results it is possible to see that even before the trigger selection the
channels present slightly different tagging performances, which is introduced by the
same-side kaon. This can be understood looking at the different values for e, in ta-
ble 3 and remembering that the same-side tagging depends directly on the phase space
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i e

Selection Bs — Dgm || By — J/v¢ || Bs — KK Bs — Dgmr || Bs — J/vo || B, — KK
Geo €tag 4.77 £0.01 4.78 +0.02 4.77 £0.01 4.88 +£0.01 4.93 £0.02 4.89 £+ 0.01

w 25.6 £ 0.1 25.8 4+ 0.2 25.4+0.1 26.24+0.1 26.3 £ 0.2 26.1+0.1

Lo €tag 8.07 £0.02 4.81 £0.02 5.97 £+ 0.02 5.88 £0.02 4.94 +£0.02 5.21 £0.02

w 25.6 £ 0.1 25.84+0.2 25.4+0.1 25.8 4+ 0.2 26.3 £ 0.2 25.84+0.1

€tag 9.43 £0.03 4.81 +£0.02 7.23+0.03 6.74 £0.03 4.94 +£0.02 6.14 £0.02

L1 w 26.5+0.2 25.8 £0.2 26.5 £ 0.2 26.7 £ 0.2 26.3 £ 0.2 26.7 £ 0.2
€off 2.08 +£0.01 1.134+0.01 1.60 £ 0.01 1.46 £ 0.01 1.10£0.01 1.33 £ 0.01

Kopp Ksame

Selection Bs — Dy || By — J/v¢ || B — KK By — Dgmr Bs — J/vo | B, — KK
Geo €tag || 10.19£0.02 || 10.26 = 0.02 || 10.24+£0.02 || 29.09 £0.03 || 29.39 £0.04 || 27.79 = 0.03
w 19.89 £ 0.08 19.8 £0.1 19.83 £0.08 || 31.09 4+ 0.06 || 31.63 +0.07 || 31.42 £ 0.06
Lo €tag || 10.69+0.03 || 10.26 £0.03 || 10.30 £0.02 || 32.56 £0.04 || 29.43+£0.04 || 30.15+0.03
w 19.5+0.1 19.7+0.1 19.7+ 0.1 29.28 £ 0.07 || 31.61 £0.07 || 30.48 & 0.06
€tag || 12.83 £0.04 || 10.26 £ 0.03 || 12.94+£0.03 || 32.63£0.05 || 29.43 £0.04 || 29.73 +£0.04
L1 w 19.3+0.1 19.7+£0.1 19.6 £0.1 29.09 +0.09 || 31.614+0.07 || 30.58 = 0.08
€off 4.83 £0.02 3.78 £0.02 4.77 £0.02 5.70 £0.02 3.98 £0.02 4.47+0.02

Table 5 Tagging efficiency and wrong tagging fraction for the geometrical accepted, LO and L1 selected
events for the signal and control channels sorted according to the tagging particle. The effective tagging
efficiency is also shown for the L1 selected events.

of the signal B because of the cuts applied to it. But the striking effect can be noticed
following the values of €,, and w throughout the trigger selection and remarking how
the differences between the channels get bigger in the same-side and are introduced in
the opposite tagging. This of course makes the overall tagging performance completely
different between the B, — Dy and the signal channels for the majority of the cate-
gories. So it is clear that it would not be correct to measure the wrong tagging fraction
in the control sample and apply it blindly to the signal channels.

With a very simple mimicking of the trigger and tagging at the generator level it was
then possible to introduce a clear difference in the tagging bias between a signal and
a control channel due to the geometrical acceptance and trigger selection. Once more
it is worth saying that we are not interested in reproducing the Optimization TDR
numbers but in correcting the effect so that the tagging performance of the studied
signal channel can be correctly obtained from the control channel.

3 The correlation

As already mentioned the difference in the tagging performance between the channels
could be expected and should originate from a difference in the phase space of the
B hadrons, both for the signal and the tagging B-hadrons. Figures 2 and 3 show the
comparison of the Pt and the proper lifetime 7 for both the signal and the tagging B
between the control channel and the B, — J/v¢ after the trigger selection. One sees
that indeed the phase space of the signal B was transformed in a completely differ-
ent way in the two channels. This effect was foreseen but a less obvious consequence
observed is that the selection also created a difference in the tagging B phase space.

Correcting for these phase space differences should be enough to correct also the tag-
ging disagreements. But when the experiment is running we will not always recon-

page 5



Studies on Systematic Effects of the Trigger on Flavour Tagging at the Generator Level

Internal Note
3 The correlation

Ref: 2006-046 LHCb Trigger
Issue: 1
Date: August 17, 2006

x 102

Abitrary Units
8 23
o o
T T

I

o

o
T

1000 —
800

600

20 30

Signal B P

00
Sig B Pt (

P P R RE Bhrtonr o — —CEET S
5 10 15 20 25 30
GeV/c) for trigger sel events of B, =¥y /D,m

x 102

@
53
53

Arbitrary Units
2
8

2
o

1200 [f
1000 |-

800

Ty,

ety t
+

“10‘ = ‘20‘ - ‘30
Tag B Pt

P B M e — 22
15 20 25 30

L
[+] 5

L
10
Tag B Pt (GeV/c) for trigger sel events of B, —=> ¥¢p/D,v
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(dashed line) and the By, — J/v¢ (solid line) after trigger selection. The distributions are normalized to
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struct the tagging B so we cannot use the tagging B information for the correction.
The only informations that will always be available is what concerns the signal and its
products. The solution could be that in correcting only for the signal phase space, but
taking rightly into account the correlation between the bb pair produced, the wrong
tagging fraction would be also corrected for.

The main cuts applied by the trigger selection are on Pt so it should be expected that
this is the most affected variable after selection. The idea is then try to correct only for
these P distributions. But as shown in figure 3 we are dealing still with quite different
biased samples. Because of the di-muon trigger the B, — J/¢¢ sample will always
trigger in L1, while the control sample might be selected due to a tagging B with a
significant lifetime. This means that not knowing the tagging B phase space one is not
able to correct w by looking at the signal B only. So in order to proceed the events were
sorted according to the trigger selection in a way that will allow the wanted correction.

3.1 Trigger categories

The obvious difference in the trigger selection between the channels is introduced
when the signal products were responsible for the trigger. According to this it was
decided to sort each trigger step in to 3 categories:

e Trigger On Signal (TOS) - These are events that were or would be triggered only
by applying the cuts on the studied signal B decay products.

e Trigger Independent of Signal (TIS) - These are events that would be triggered
even if the signal B and its decay products were not present in the event at all.

e Trigger On Both (TOB) - These are the triggered events that do not fit in the other
categories. This means that they need both the signal products and the rest of the
event to be selected by the trigger.

The sorting in these categories is shown in a flow diagram as they are sorted in the
study in table 6. From the definitions and flow diagrams it is possible to verify that an
event can be at the same time both TOS and TIS but the TOB category is exclusive. From
this sorting structure we can expect that in the TOS events, where all the kinematic
requirements were applied to the signal only, the signal phase space is rather strongly
affected, possibly in a very different way for the channels. This will also affect the rest
of the event, but the change in the tagging part of the event is introduced only through
its correlation with the signal-B. Hence, comparing the tagging performance between
signal and control channels in an infinitesimal small volume of signal B phase space
should render the same tagging performance.

In a TIS event all the trigger requirements are made independently of the signal prod-
ucts so the phase space of the whole tagging part of the event should be dramatically
affected together with the tagging ratios. But since the signal part was ignored in the se-
lection the introduced difference should be the same both for the signal and the control
channels. In this sense TIS events are expected to give the same tagging performance
for any channel.
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‘ Mask all signal entries ‘ ‘ Get only tracks from signal B ‘
‘ Re-run the trigger code ‘ ‘ Apply trigger cuts on these tracks ‘ ‘ Has passed either TIS or TOS? ‘
O |
‘ Trigger Selected? ‘ ‘ Trigger Selected? ‘ ‘ Trigger Selected? ‘

YES YES YES
TIS TOS TOB

Table 6 Diagram showing how the sorting in trigger categories is done

In that way we sorted the events in two samples. The first in which the tagging depends
only on the signal phase space and can then be corrected using the signal part of the
event, to which we will have full access in the experiment. The other sample in which
the tagging part phase space to which we cannot have full access is heavily affected
but in the same way for all the channels.

The remaining events are classified as TOB. The treatment they should receive so that
the control channel can reproduce the signal channel is less straightforward. This be-
cause here the cuts are applied at the same time both in the signal and the tagging part
of the event so that the reasoning used to explain why the correction should not be
done directly without the sorting in trigger selection categories applies. For the mo-
ment there is still no solution for these events but we will show the results applying
the same correction mechanism as for the TIS and TOS events.

This division applies to each trigger level. So in principle there would be 9 different
categories: LO and L1 TOS, LO TOS and L1 TIS and etc. But our LO is a one particle
trigger so there is no way we have a trigger accepted event that is not TIS or TOS so
we have no TOB L0. Also since the di-muon trigger gives 100 % efficiency there will be
no L1 TOB for the By — J/v¢.

In order to make the phase space correction we need exclusive categories which is
not the case for TIS and TOS. To solve this one should keep in mind that before any
selection is done the tagging performance of the channels should be the same. After
applying a TIS selection it was already said that the change happens identically for
two different decays. In the same way the phase space of the events that were not TIS
selected should be equal as well. By applying now a TOS selection in these remaining
events the difference that arises in the tagging performance is due to the correlation
with the signal alone. That means that the signal phase space correction mentioned
before should be enough to obtain the right values. Hence by treating as exclusive cat-
egories TIS and “TOS and not TIS” the correction should work. From now on in this
note when we say TOS we mean “TOS and not TIS” to deal with the final categories.
And this reasoning applies for a sequence of selections so we will work with the fol-
lowing exclusive trigger categories in order of selection:

1. LOTIS & L1 TIS
2. LOTIS & L1 TOS
3. LOTIS & L1 TOB
4. LOTOS & L1 TIS
5. LO TOS & L1 TOS

page 8



Studies on Systematic Effects of the Trigger on Flavour Tagging at the Generator Level

Internal Note
4 Bs— J/¢¢

Ref: 2006-046 LHCDb Trigger
Issue: 1
Date: August 17, 2006

4 B, —

Channel €LoTOS €LOTIS

Bs — D7t || 64.54+0.06 | 35.46 & 0.05
Bs — J/vo 78.92+0.05 | 21.08 £0.07
Bs — KK* || 74.18 £0.05 | 25.82 4+0.04

Table 7 Contribution of the two LO exclusive categories for events inside the geometrical acceptance

for the signal and control channels.

LO TOS
L1 TOS L1TIS L1TOB
Bs — Dgm || 39.89 £0.05 | 13.04+£0.03 | 8.12+0.03
Bs — ¢o 64.89£0.04 | 14.03 £0.03 0=£0
Bs — KK || 32.19£0.04 | 16.93+£0.03 | 22.39 £ 0.03
LO TIS
L1 TOS L1 TIS L1TOB
Bs — Dgm || 20.19 £0.06 | 14.09+£0.05 | 4.67+0.03
Bs — ¢ 15.09 £0.06 | 5.99 +0.04 0£0
Bs — KK 9.22+04 11.41+0.05 | 7.86+0.04

Table 8 The percentage of events in each of the exclusive trigger categories for the signal and control
channels.

6. LO TOS & L1 TOB

The contribution of each of the exclusive categories is shown in tables 7 for L0 and 8 for
L1 selections. From these we can see very different contributions from the categories
for each of the channels. An important feature already mentioned is the lack of TOB
events for the By — J/1¢ channel.

J/bo

4.1 Phase Space Differences

To start with less categories and also because the TOB events are expected to be more
difficult to study I start trying to correct the bias in w between the B, — J/¢¢ and the
control channel.

From the reasoning given to explain why the sorting in trigger categories is needed we
should expect different behaviors for them. For instance in the sample that was entirely
TIS selected both the signal and the other B of the event should present the same phase
space distributions for different channels. Figure 4 shows the P distributions for the
signal and tagging B for both channels in events that passed the L0 and L1 TIS selection.

From these plots it is possible to see that the differences between channels is small but
exists. This happens because in every selection we have the geometrical acceptance re-
quirement which is a TOS selection itself as it is applied only in the signal products.
But looking at the efficiencies of this selection in table 4 we can expect the difference
brought by this selection to be small, especially for the B, — J/1¢. Also as the geomet-
rical acceptance cut is a TOS selection the signal B phase space should be more affected
by it than the tagging B. The distributions of the transverse momentum for these events
are shown in figure 5, where we can verify, especially in the ratio plots, both that the

page 9



Studies on Systematic Effects of the Trigger on Flavour Tagging at the Generator Level Ref: 2006-046 LHCb Trigger

Internal Note
4 Bs— J/¢¢

Issue: 1
Date: August 17, 2006

2 r 213 2 8
g 8000 s E 6000 CRERE
=1 12 1 2 o i
2‘ r 2‘ . 1
S 7000 |- o [ g tb"m" et Ly
F= 4 Hon TN i = 1r LT o i
5 RN 55000 [ E ) l
£ r oo | 5 09 B
6000 |- E I 5 {
08 f [ o8t L
I 07 | 4000 - 0.7
[ 06

I
0.60 10

S
Signal B Pt

6““10‘ L ‘20””30”
Tagging B Pt

3000 -

3000 |- r
2000 [}

2000 =

L 1000
1000 |- F

R - e T R L S [ T R R
Signal B Py (GeV/c) for LO and L1 TIS B, = ¢ /D Tag B P; (GeV/c) for LO and L1 TIS B, = v¢/D,r

Figure 4 P distributions of the signal B in the left and the tagging B in the right for the control channel
(dashed line) and the By — J/v¢ (solid line) after a LO and L1 TIS trigger selection. The distributions
are normalized to have the same area and the ratio of the distributions is shown on the top right corner.

differences in the distributions are there even before applying the trigger selection and
that the signal B is more affected by it.

On the other hand one should expect a quite bigger difference in the bias of the entirely
TOS selected sample. Figure 6 shows the transverse momentum distributions for the
LO and L1 TOS selected events for both channels. From these plots it becomes clear
that indeed the TOS selection makes these distributions completely different while this
effect is much milder in a TIS one. The plots for the two remaining categories are shown
in figures 7 and 8.

A clear conclusion one can arrive at from the distributions is that the LO selection is the
main responsible for creating an unequal bias in the P samples. This can be said as
in the two categories with a TOS selection in L0 the ratios of the plots are completely
different while in the LO TIS they look much more alike, even for the L1 TOS. Also
because of that in the signal B P distributions the differences are much more striking
than in the tagging B. This is a good indication that the opposite side tagging will be
less affected as will be shown later.

Another important variable for the tagging performance is the proper lifetime of the
tagging B. If the event was tagged by a particle coming from this meson, a bigger 7 will
translate into a larger probability of oscillation before the decay. We know that if the
tagging B oscillated before the decay it will most likely give a wrong tagging answer.
The difference of 7 between the channels was already shown in figure 3 for the whole
sample of trigger selected events. Just as for the Pt each of the categories will affect 7
in a way.

As 7 do not depend directly on the kinematic variables, the tagging B 7 should not be
affected through correlation by any TOS selection. Hence the completely TOS selection
should bring no differences in this variable. Meanwhile the cuts in Ip from the trigger
should create a difference to the signal B lifetime. Both predictions can be verified in
tigure 9. Only in L1 there are Ip requirements on the particles hence, following the same
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reasoning, one expects the L1 TOS samples to have the similar behavior even for the
LO TIS selection. The distributions for this category are presented in figure 10.

Concerning the L1 TIS selection the expectation would be that the bias in the tagging B
7 comes from other TOS selections that change the phase space before this selection is
applied. So by applying the Ip cuts in these events we end up with 7 distributions bi-
ased in different ways for each channel. In this sense the two channels L0 TOS samples
should have more distinct distributions as the only TOS selection of the whole trigger
TIS sample is the geometrical acceptance requirement. Both behaviors can be seen in
tigures 11 and 12.

So far together with the signal B phase space the tagging B distributions were shown.
This was done because the opposite taggers are expected to be mainly products from
this hadron. But this is not the case of the same side kaon tagged events. Of course the
same reasoning given to explain the tagging B distributions in each trigger category
applies to any particle correlated to the signal B. This means that also for the same
side kaon phase space we should expect to see clear differences for L0 TOS events and
similar distributions for the LO TIS events. These can be seen in the Pt distributions
shown in figures 13 and 14 for events with same side tagging.

4.2 Tagging results

To look for differences in tagging performance due to discrepancies in the phase space
the obvious choice of variable is the tagging B transverse momentum because the cuts
applied by the tagging algorithm are done also in the P of the particles. And in the
ideal case the tagging particles originate from this meson. The Pt of the tagging B was
shown to be different between channels after trigger selection in the previous section.
Therefore the tagging performance should also be expected to be unequal even in the
same trigger category. These numbers are shown in tables 9 for the overall tagging
and 10 for each of the tagging particles together with the numbers for the B; — K*K™.
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LO TIS L0 TOS
channel L1 TIS L1 TOS L1TOB L1 TIS L1 TOS L1TOB
€tag || 69.3£0.1 53.5£0.1 58.9+0.2 43.24+0.1 | 3849+0.08 | 41.9+0.2
Bs — Dgm w 227+£02 | 25.0+0.1 23.6+£0.3 22.8+£0.2 264+0.1 242+£03
€eff || 19.4£0.1 | 13.40£0.08 | 16.4£0.2 12.8 £0.1 8.54£0.05 | 11.1£0.1
€tag || 642£0.2 | 54.1+£0.1 - 36.8+0.1 | 35.68+0.05 -
By — J/v¢ w 23.2+£02 | 25.240.1 - 25.2+£0.2 | 28.76£0.08 -
€efr || 18.4£0.1 | 13.32+£0.07 - 9.056+0.06 | 6.44£0.03 -
€tag || 65.0£0.1 53.1£0.2 | 56.1£0.2 40.44+0.1 | 35.02+0.08 | 39.7+0.1
By — KTK~ w 23.0£02 | 25.7+£0.2 | 23.8+0.2 24.0£0.2 29.1+£0.1 25.7+£0.1
€eff || 19.0£0.1 12.6 £ 0.1 15.4+0.1 || 10.94+0.07 | 6.11+0.04 | 9.37£0.06

Table 9 Tagging efficiency, wrong tagging fraction and effective tagging efficiency for the studied chan-
nels for each trigger selection category.

It is worth saying that all the muon tagged events will be LO TIS. This happens because
the cut applied by this level for a muon to be triggered is the same as the one for a
muon to be considered as a tagging particle (table 2). So we have only 2 or 3 categories
for this type of tagging depending on the channel having or not the TOB category.

From table 9 we can see that the events in LO TIS categories have similar tagging perfor-
mance while the LO TOS selection creates a big difference between signal and control
channels. This behavior should be expected as it is the same observed for the phase
space differences shown in the previous section. From table 10 another clear effect is
that the same side tagging performance is much more affected by the selection than
the opposite side taggers. This is due to the kinematic cuts applied to this tag. They
are linked to the signal B variables. Being so, this type of tagging is more sensitive to
differences between channels. On the other hand the difference in the other taggers
comes only through the correlation making their performances more similar.
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L Tag | i |
Trigger Bs — Dgm Bs — J/v¢ Bs —» KTK~
LO | L1 €tag | w €tag | w €tag | w
TIS TIS 30.0£0.1 29.0+0.2 29.2+0.2 28.7+0.3 30.4+0.1 29.3+0.2
TIS | TOS 20.1 +£0.1 23.94+0.2 20.3 +£0.1 24.1+0.2 22.7+0.1 23.1+0.3
TIS | TOB 24.6 +£0.2 25.94+0.4 - - 21.3+£0.1 24.74+0.3
Total 9.43 +0.03 26.5+0.2 4.81 +0.02 25.8+0.2 7.23 £0.03 26.5+0.2
| Tag | e |
Trigger Bs — Dy Bs — J/uwo B — KTK~
LO | L1 €Etag | w €Etag | w €Etag | w
TIS TIS 14.7+ 0.1 28.94+0.3 14.3+0.1 29.4+04 14.9+0.1 28.7+0.3
TIS | TOS 8.97 + 0.07 22.8+0.3 9.10 £ 0.06 22.6 +£0.3 9.6 £0.1 22.4+0.4
TIS | TOB 10.8+0.2 25.3+0.7 - - 9.5+0.1 25.0+0.5
TOS | TIS 6.02 + 0.07 30.9+0.6 5.05 £ 0.05 29.8+0.4 5.87 £ 0.06 30.0£0.5
TOS | TOS || 2.97+0.03 26.5+0.4 3.08 +0.02 26.3+0.3 2.93 +0.03 25.7+04
TOS | TOB 4.67 £ 0.08 26.4 +0.8 - - 3.87+0.04 26.1+0.5
Total 6.74 +0.03 26.7+0.2 4.94 4+ 0.02 26.3 £0.2 6.14 4+ 0.02 26.7+0.2
L Tag | Kopp |
Trigger By — Dy Bs — J/vo B, — KtTK~
LO | L1 €Etag | w €Etag | w €Etag | w
TIS TIS 28.1+0.1 18.0+ 0.2 26.3£0.3 18.2+0.3 28.1£0.1 18.4+0.2
TIS | TOS 8.51 +0.07 19.04+0.3 8.78 +£0.06 19.34+0.3 8.73£0.09 18.84+0.4
TIS | TOB 126 +0.2 19.0+ 0.6 - - 11.2+0.1 18.8+ 04
TOS | TIS 18.34+0.1 19.84+0.3 14.39 4+ 0.08 19.54+0.2 17.73 +0.09 19.7+0.2
TOS | TOS || 7.984+0.05 20.6 +£0.2 8.23+0.03 20.4+0.1 8.06 +0.05 20.9+0.2
TOS | TOB 12.24+0.1 20.14+0.4 - - 10.94 + 0.06 20.2+0.3
Total 12.83 +£0.04 19.3+0.1 10.26 + 0.03 19.7+ 0.1 12.94 4+ 0.03 19.6 £ 0.1
L Tag | Koame |
Trigger By — Dy Bs — J/v¢ B, — KtTK~
LO | L1 €Etag | w €Etag | w €Etag | w
TIS TIS 32.1+0.1 30.24+0.2 32.04+0.2 30.6 0.3 30.4+0.1 30.3£0.2
TIS | TOS 34.2+0.1 31.8+0.2 34.6 £0.1 32.1+0.2 30.1+£0.1 35.2+0.3
TIS | TOB 35.5+0.2 29.44+04 - - 35.24+0.2 29.54+0.3
TOS | TIS 30.5+£0.1 26.0+0.2 25.5+0.1 29.7+0.2 27.2+0.1 28.3+0.2
TOS | TOS || 32.34 £ 0.08 28.6 £0.1 28.85+£0.05 | 31.94 £ 0.09 || 28.32+0.08 32.34+0.2
TOS | TOB 32.7+0.2 27.0+0.3 - - 31.3+£0.1 28.6 +£0.2
Total 32.63 £ 0.05 | 29.09 £+ 0.09 || 29.434+0.04 | 31.61 +0.07 || 29.73+0.04 | 30.58 + 0.08

Table 10 Tagging efficiency and w for the studied channels in the trigger selection categories for each

tagging particle used in the simulation.
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4.3 Wrong tagging fraction correction

It was argued previously in section 3.1 that w is expected to be the same for any channel
if one looks only inside an infinitesimal small volume of the signal B phase space, for
each trigger category. Being so, for every signal event one should use only the control
channel events with the same phase space to measure its w. The size of the volume in
phase space around a signal channel event in which one looks for a tagging answer has
to be a compromise between the precision wanted in w and the statistics we want to
throw away. This happens because if it is tried to look in a too small phase space region
around a given signal channel event it is very likely that there is no correspondence in
the control channel. And when this is the case the event has to be discarded. On the
other hand if one takes a too big volume for the correction there will be events that
are not representative for the signal being used to extract w. And the later case will of
course bring a systematic error in the measurement of w.

Some assumptions are made to simplify the problem. Having in mind that both trigger
and tagging cuts are done mainly on the P this is the only variable considered for the
correction. So for every J/1¢ event one has to take all control channel events around
a certain slice of the signal channel Py to get a w answer. What happens by doing so
is that instead of having an answer from the tagging that is either right or wrong for a
given signal event (as is the case for the control channels) we have a fractional value per
signal event, which gives the probability of having the wrong tagging answer assigned
to it from the D 7 sample.

It is also assumed that the error in this w assigned to each J/¢¢ event is the binomial
error of the ratio of wrongly tagged and the number of tagged events used from the
control sample to get to this w value. In practice instead of taking every J/¢¢ event
they are grouped into sufficiently small Pr-bins.

An important feature of the problem can be noticed from all the transverse momentum
plots shown before. It is clear that there are much more events with lower signal B P
than with higher values. So it is not sensible to use the same size of P slice in the
whole range. It would be a waste of bins in the higher region where there are fewer
events so the precision doesn’t need to be as good as in the small and highly populated
part of the P spectra.

To deal with these features of the problem the correction was done using different sizes
of Py slices in each trigger category. Following the argument given above the way to go
was to put the same amount of events in each phase space slice. As the B, — J/¢¢ pop-
ulates some parts of the spectrum in this variable that the control channel doesn'’t, the
choice was made to separate the bins by equally populating them with signal channel
events. By doing so we end up with variable bin sizes shown in figures 15 and 16.

In practice the arguments given above mean that we can expect that the wrong tagging
fraction distributions of the samples, as a function of P, should overlap within each
trigger category. Using the unequal sized binning explained previously this can be
verified for all categories in figures 17 and 18.

Another important characteristic of this method for these specific channels can be seen
by comparing the signal B distributions for the LO TOS selected events of figures 6
and 8. By doing so it is clear that there are small P signal events in the J/1¢ samples
that do not appear in the control channel sample. This means that we cannot look for

a correction for these events in this signal D,m phase space and hence they have to be
discarded.
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Figure 15 Bin number as a function of P for 150 equally populated bins with B — J/v4¢ events for LO
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Figure 16 Bin number as a function of P for 150 equally populated bins with By — J/4¢ events for LO
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Figure 18 Wrong tagging fraction as a function of transverse momentum bins of figure 16 for LO TIS
selected events. L1 TOS is shown in the left and L1 TIS in the right. The J/¢ is the solid and the control
the dashed line. The w ratios are shown in the top right corner in each case. The error bars were hidden
for the clarity of the plots.
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L0 TIS L0 TOS
L1TIS L1 TOS L1TIS L1 TOS
% Discarded - - 104 13.7
New w 22.7+0.2 | 25.04£0.1 || 24.7+£0.2 | 28.23 £0.08

Table 11 Amount of discarded events for not having a correspondence in the control channel phase
space and the wrong tagging fraction obtained with the remaining events. Only the LO TOS events are
affected. This translates into a total loss of 8.8%

The number of discarded events is shown for each category in table 11 together with
the new w values obtained without these events. In this particular case it meant dis-
carding 8.8% of the events. !

Then for every J/1¢¢ event in each of the trigger categories we look for an w answer
in the Dy sample only in events that fall into a certain Pr-interval around this event
signal By Py value. The w values obtained as a function of the Pp-interval size are
shown in figures 19 and 20 for each of the trigger categories present in the J/¢¢. In
these, the x-axis represents the number of bins around the signal B P that were looked
at in the control channel sample to assign the w value for each event. At the smallest P
interval every signal channel event was considered to have the w obtained only with
the events that fell into the same Pt bin of the D 7 distributions 17 and 18. The second
is where for every .J/1¢¢ event one takes also the D 7 events that fall into one P bin
to the left and one to the right of the same distributions to assign the w for each event
and so on. And the last point means we do no correction and assign the overall Dy7 w
value to every signal channel event.

In the same way as the w itself the error is assigned per event. It was explained how, for
a given P interval, the w is obtained using a certain number of control channel events.
The error is then given by the binomial error of these By — D¢ events. Therefore, for
smaller Py intervals the per event error in w is bigger as less events were used to obtain
the wrong tagging fraction value. Since the number of signal channel events is always
the same, the overall w error is also bigger in this region.

Another feature of this procedure is that the whole control sample is used in all inter-
vals. But for the smallest interval each control channel event is used only for the signal
channel events that fell into the same P bin as itself. By making the intervals bigger
they are also used for other events. Until arriving to the biggest interval where every
B; — D7 event is used to obtain w for all the By — J/¢¢ sample. This implies that
there is a big correlation both in w and in the error values between different P inter-
vals. This can be understood thinking of a single signal channel event. When going to
a bigger interval one is making the interval around the Pt value wider and therefore,
adding a few events to the same events used in the previous interval to obtain w.

Also in figures 19 and 20 are shown the w values obtained with MC-truth information
from the By — J/¢¢ sample. From these plots it is noticeable that for the L0 TIS cate-
gories the correction makes little (if any) difference as could be expected as both the P
spectra and the w values were similar between channels before the correction. On the
other hand in the L0 TOS categories there was originally disagreement in w. Looking at
the plots we can see that narrowing the Pr-interval reduces the discrepancy between

10n top of that for this study it was chosen to pick up an extreme case of difference in bias in very different kinematic channels
to prove the method to be valid. Hence it can be expected that in the real data the amount of rejected events to be smaller with
the choice of control channels which are more similar to the signal kinematics and trigger bias. For instance the B4 — J/¢K* isa
good candidate of having the same phase space as Bs — ¢¢, and could be used to obtain w for opposite-side tags.
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Figure 19 The points with error bars represent the wrong tagging fraction obtained from the By — Dy
for each P interval used. The solid line is the actual w of the signal channel sample considering only the
events that were not discarded and the dashed line replaces the error bars for this signal channel. The
x-axis represents each P interval used, expressed in number of bins in the w(Pr) distributions used to
obtain the w for each J /4 ¢ event (figure 17). The L1 TOS category is shown in the left and the L1 TIS in
the right for LO TOS selected events.
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Figure 20 The points with error bars represent the wrong tagging fraction obtained from the By — Dy
for each P interval used. The solid line is the actual w of the signal channel sample. The dashed line
replaces the error bars for the signal channel value. The x-axis represents each P interval expressed
in the number of bins in the w(P~) distributions used to obtain the w for every J/¢¢ event (figure 18).
The L1 TOS category is shown in the left and the L1 TIS in the right for LO TIS selected events.
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Figure 21 P distributions of the signal B in the left and the tagging B in the right for both the control
channel (dashed line) and the B, — KK~ (solid line) after a LO and L1 TOS trigger selection. The
distributions are normalized to have the same area and the ratio of the distributions is shown on the top
right corner.

the values of w obtained from the control and the MC signal samples. Eventually the w
obtained from the control sample gets into a small plateau that is compatible with the
true value.

The correction method is enough to extract a correct wrong tagging fraction value for
the By — J/v¢¢ using as control channel the By — Dy7. Considering the large disagree-
ment before any correction was done and the considerable difference in bias due to the
di-muon trigger it is a very good test for the method. This exaggerated difference in
the bias caused that a number of events had to be discarded.

5 By — K"K~

It was shown that the method works properly to extract w for the By — J/1¢. But this
channel has the convenience of not having any TOB events. It is not the case for every
signal channel and looking at table 8 we see that this kind of events represents a big
proportion of the By — K*K™. This happens because the L1 is a two particle trigger
and then it is more likely in a channel with only two tracks in the final state that the
event is triggered by one of these particles together with some track from elsewhere.

The same procedure followed in the correction of the By — J/v¢ is used for this signal
channel. The first noticeable difference appears by comparing the signal B P distribu-
tions of L0 TOS selected events of the control channel and the B, — K+tK™ in figures 21
and 22. In these one can verify that the phase space occupied by both channels is very
similar (considering only the transverse momentum as phase space variable). Being so
in this case only a very small quantity of signal events have to be discarded in these
categories. These numbers are shown in table 12 together with the new values for w,
obtained without these events.
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Figure 22 P distributions of the signal B in the left and the tagging B in the right for both the control
channel (dashed line) and the B, — K™K~ (solid line) after a LO TOS and L1 TIS trigger selection. The
distributions are normalized to have the same area and the ratio of the distributions is shown on the top

right corner.

LO TIS L0 TOS
L1TIS L1 TOS L1 TOB L1 TIS L1 TOS L1 TOB
% Discarded - - - 3.8 2.7 1.9
New w 23.0+£0.2 | 25.7£0.2 | 23.84+0.2 || 23.94+0.2 | 29.0+0.1 | 25.6 £0.1

Table 12 Amount of discarded events for not having a correspondence in the control channel phase
space and the wrong tagging fraction obtained with the remaining events. Only the LO TOS events are
affected. This numbers translate into discarding 1.7% of the events.
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Figure 23 The points with error bars represent the wrong tagging fraction obtained from the By — Dy
for each P interval used. The solid line is the actual w of the signal channel sample considering only the
events that were not discarded and the dashed line replaces the error bars for this signal channel. The
x-axis represents each P interval used, expressed in number of bins in the w(Pr) distributions used to
obtain the w for each KTK~ event. The L1 TOS category is shown in the left and the L1 TIS in the right
for LO TOS selected events.

The w correction method applied to this channel is shown in figures 23 and 24. For the
correction the binning was chosen by equally populating the spectra with By — KtK~
events. Table 9 attests that, unlike the J /¢ case, in the LO TIS, L1 TOS category w did
not have a compatible value before the correction.

The plots show that the correction works very well in all trigger categories where there
was a disagreement in w. The plateau reached at the small Pr-intervals attests that
applying the correction method would give us the right value for the wrong tagging
fraction of the B, — K"K~ looking only in the control channel.

5.1 TOB events

Nevertheless, the biggest difference between B, — J/9¢ and By — KK is the presence
of TOB events. It was argued in section 3 that categories with TOB events have more
complicated systematics to treat than the TIS and TOS ones. For lack of a better method
we apply the same method used previously and check the results. The P distributions
of the b hadrons are shown in figures 25 and 26 for the two L1 TOB categories.

One can notice the same behaviour as for the B, — J/v¢, where the LO TOS selection
is responsible for the major differences in the P distributions. This can also be seen in
the numbers for w from table 9. Following the correction method w is obtained from the
control channel and the results of the correction are shown in figure 27. The amount of
discarded events for LO TOS is shown, together with the value of w obtained without
these events, in table 12.

From the results of the correction we see that, even if a plateau is reached for LO TOS,
when it happens it does not overlap with the actual MC w value of the signal channel
as happened in the other categories. This only happens in the smallest P intervals but
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Figure 24 The points with error bars represent the wrong tagging fraction obtained from the By — Dym
for each P interval used. The solid line is the actual w of the signal channel and the dashed line replaces
the error bars for this signal channel value. The x-axis represents each Pt interval used, expressed in
number of bins in the w(Pt) distributions used to obtain the w for each K*K~ event. The L1 TOS
category is shown in the left and the L1 TIS in the right for LO TIS selected events.
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Figure 25 P distributions of the signal B in the left and the tagging B in the right for both the control
channel (dashed line) and the By — K™K~ (solid line) after a LO TOS and L1 TOB trigger selection. The
distributions are normalized to have the same area and the ratio of the distributions is shown on the top
right corner.
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Figure 27 The points with error bars represent the wrong tagging fraction obtained from the By — Dy
for each P interval used. The solid line is the actual w of the signal channel sample considering only the
events that were not discarded and the dashed line replaces the error bars for this signal channel. The
x-axis represents each P interval used, expressed in number of bins in the w(Pr) distributions used to
obtain the w for each K+K~ event. The LO TOS category is shown in the left and the LO TIS in the right
for L1 TOB selected events.
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just because the errors in w get higher. For LO TIS the values were compatible to start
with so, as expected, the correction does very little to w value.

With these results if one wants a correct value of w the TOB events have to be dis-
carded. In the case of two particles in the final state this would represent a major lost
of statistics. In this particular case it corresponds to 30% of the events. This difficulty
to treat the systematics of these events led to a new design of the trigger to avoid them
by creating a single particle trigger also at L1 [6]. B — hh channels are predominantly
triggered by this single hadron trigger, and hence cannot be classified as as TOB any-
more.

6 Conclusion

The effect of the trigger selection was shown to cause a systematic bias in the tagging
performance making that the wrong tagging fraction obtained from control channels
was different from the one in signal channels. This would introduce a serious system-
atic uncertainty for the measurements LHCb will make. The correction method used
to solve that has the big advantage of depending only on the data that will be avail-
able (the signal By phase space). The correlation between the signal B and the rest of
the event that caused the bias is also treated properly by sorting the events in trigger
categories.

The method to obtain the right w of the signal channels from the control sample works
tine for TIS and TOS selected events. In this generator level study, where some simpli-
tications were made, the kinematic bias between the channels was exaggerated to test
the method and this caused a significant loss of B; — J/1¢ events. In the real case this
should be diminished.

In the TOB events the systematics are more complicated to treat. The result of this study
was one of the reasons that led the trigger system to be redesigned to avoid this type
of events.
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