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Abstract

Master in Physics

Study of B — K*%y with conversions and B® — K*%¢te™ at very low g2
by Clotilde LEMETTAIS

Lepton Flavour Universality is a property of the Standard Model. In recent years,

several anomalies have been observed by LHCb in rare flavour changing neutral cur-
rent decays of B hadrons characterized by b — sf/ transition, where ¢ stands for
electrons or muons final states. In order to validate analysis and correction to simu-
lation methods used to measure the Rx ratios, i.e. the ratio of branching fraction of
b — sup with respect to b — see processes, the branching fraction B(B? — K*%¢e*e™)
is measured at very low invariant dielectron mass (> = m?2,) range. Fits to data
collected by the LHCb experiment between 2011 and 2018 are performed in two re-
gions of g% the gamma and very low ¢? bins, corresponding to 4> € [0,0.00098] and
7> € [0.00098,0.10160] GeV?/c*, respectively. The same fits to data are also used to
check and verify the stability of the observed yields over efficiency ratio under differ-
ent particle identification and multivariate selection criteria.
The branching fraction in the very low ¢?> B(B® — K*%¢*e~,vl) is measured to be be-
tween (1.5340.12)-10~7 and (1.5740.12)-10~7 in four different setups while the value
obtained from theoretical prediction is either (1.584-0.10)-10~7 or (1.504-0.08)-10~7 de-
pending on the assumptions made. The measured result is compatible with the pre-
diction, which demonstrates the validity of the analysis and correction to simulation
in the full 4> spectrum of b — see.



Contents

Abstract

1

Introduction

1.1 Study of the B — K*%*¢~ and BY — K*0y(— eTe™) decays . . . . . . .
1.2 Choiceofthe g?range . . . . . ... ..ot
1.3 RXframework . . . ... ... ... ... L
14 Analysisstrategy . .. ... ... ... ... .. L oo

Theory
2.1 The Standard Modeland beyond . . . ... .... ... ... .. ... ..
2.2 Effective field theory and Wilson coefficients . . . . ... ... ... ...

Technical aspects
31 LHCbdetector . . . .. .. .. ...
3.2 Events reconstruction and triggerlogic. . . . . ... ... ... .o L.

33 Samples . . ...
Selection
41 Trigger . . . . ... e

42 Preselection and particle identification . . . . . ... ... ... . ...
4.3 Background rejection and truth matching . . . ... ... ... ... ...

Participating backgrounds

51 Semi-leptonic background . . . . ... ... oo o000
52 BY = K¥qy(—efe )leakage . .. ... ... ...
53 BY — K*¥pand B® - K*%7% backgrounds . . . .. .............
5.4 Other specific backgrounds and misidentifications . . . . . ... ... ..
5.5 Partially reconstructed and combinatorial backgrounds . . . . . ... ..

Mass fits

6.1 Signalfits. . . . ... ... . .
6.2 Specificbackgrounds . . . . ... ... Lo Lo Lo
6.3 Partially reconstructed background . . . . . ... ... o000
6.4 Combinatorial background . ... ... ... ... ... ... .. ... ..

Angular fits
71 Signalshapes . .. ... ... ... . ... ... L
7.2 Specificbackgrounds . . . . ... ... o Lo oo

ii



7.3 Partially reconstructed background . . . . ... ... .. o 0L
74 Combinatorial background . .. ... ... ... ... ... ... .. ..
8 Efficiency and corrections to simulation
8.1 Particleidentification . . . . ... ... . o oo o
8.2 Electron track reconstruction . . ... ... ... ... .00 0L
8.3 B kinematics, multiplicity and reconstruction . . . . . .. ... ... ...
84 Trigger . . . . . . . e
9 Results
91 Totalmassfit. . ... ... ... .. ... .. .. .
9.2 Totalangular modelling . . . .. ... .. ........ ... .. .....
9.3 Cross-check of efficiency corrections . . . ... .. .............
9.4 Measurement of B(B" — K*%%*e¢™) in very low g% and comparison to
theory . . . . . . . L
9.5 Prospects . . . . ...

10 Conclusion
A Full selection

Mass fits

B.1 MCsignalfits . . ... ... ... ... .. ... ... .
B2 Totaldatafits . ... .. ... ... ... ...
B3 J/ymodedatafits. . . . ... ... ... .o o
B.4 Othersetupsdatafits . . . . ... ...... ... ... .. ... .. ..

C Angular fits
C1 MCsignalfits . . . .. ..o o
C2 Totaldatafits . ... ... .. ... . ... . . .

Bibliography

iii

50

52

56
56
60
63
64

66
66
68

72



1 Introduction

The Standard Model (SM) is the most accurate theory describing fundamental par-
ticles and their interaction. Despite this fact, it fails in predicting the observed asym-
metry of matter/anti-matter in the universe as well as provide candidates for the dark
matter and integrate gravity as fundamental force. Therefore, it is known that this
theory is not the ultimate theory and this motivates the search of New Physics (NP)
exploring the high-energy scale of processes. Rare processes of b hadrons, charac-
terised by flavour changing neutral current transition (b — s¢¥¢), are suppressed in the
Standard Model and can only happen at loop-level. Such characteristics of the process
allow to probe much higher energy scales observing indirect effects of possible NP
able to modify the rate of the process and properties of the decay such as the angular
distributions of final states. A theoretically clean test of the SM is the lepton flavour
universality of electro-weak interactions, property for which the coupling of W/Z/y
bosons to the three lepton families is predicted to be universal. Therefore, any devia-
tion from unity in the ratio of branching fractions B(b — supu) to B(b — see) has to be
interpreted as a clear sign of New Physics. In this context, hints and a coherent pattern
of anomalies of lepton flavour universality violation have been observed in rare b me-
son decays by the LHCb experiment [1, 2, 3, 4] and the various results from LHCb are
briefly sketched in figure 1.1.

LHCD only
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FIGURE 1.1: Deviation from SM in LHCb measurements of b — s¢¢ tran-
sitions [1, 2, 3, 4]
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1.1 Study of the B® — K*%¢te~ and B — K*'y(— ete™)
decays

The two decays studied in this thesis are B’ — K*%¢* e~ selected in a specific region
of the dielectron mass squared m2, (= g%) and B® — K* which are respectively called
very low and gamma g? bins throughout the document. The latter one takes benefit
of the interaction in material and conversion of the photon into a pair of electrons to
reconstruct the decay. The dominant Feynman diagrams of the B’ — K*%¢*e~ decay
are presented in figure 1.2. In the case of B — K*0y(— eTe™), the photon is real
and the conversion y — eTe™ happens in the detector material. The two decays have
a low branching fraction, as their world average which can be found in the PDG [5]
are B(B® — K*%te™) = (1.031077) - 107¢ and B(B® — K*0) = (4.18 £0.25) - 105,
where the branching fraction of B — K*¢*e~ is measured over the whole ¢? range

removing the resonances.

et
’)ﬂ’
W+ e
h— <+ —< S b ~ 3
B° u/c/t K0 RO W o0
d > d d > d

FIGURE 1.2: Dominant Feynman diagrams of the B’ — K*%¢*e~ decay [6]

In these two decays, the K** decays into (KT71~) and the geometry of the total
decay can be parameterised with the angles 6;, fx and ¢ as can be seen on figure 1.3

FIGURE 1.3: Geometry and parametrisation of the B — K*¢*e~ decay

(6]

As the branching fraction of the B — K*%¢*e~ decay varies with g2, different bins
of analysis are usually defined as can be seen on figure 1.4, which are sensitive to NP
in different manner. Sensitivity to NP in such decays is therefore achieved studying
the process as a function of ¢°.
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FIGURE 1.4: Variation of the BO — K*0¢te™ decay rate as a function of qz
and contribution of the dominant Wilson coefficients in the different bins

[7]

Tests of lepton flavour universality at LHCb in the Kt and K*" final states de-
cays are obtained using as normalisation and calibration channels the corresponding
B0 — K9]/ (1S)(— ¢¢) [2] decay. The ratio of branching fractions in different
% regions (low and central for R, i.e. g> € [0.045,1.1] GeV?/c* and ¢* € [1.1,6.0]
GeV?/c* [2]; central only for Ry, i.e. q2 € [1.1,6.0] GeV?/c* [1]) are expressed as a
double ratio (1.1) in order to cancel out most of the efficiency systematics arising from
the different reconstruction efficiencies of electrons and muons in LHCb.

I'(B— K¥utu=) T(B— KHJ/p(ete)

R = T (B = Kolerer) " T(B = KO /p(utpe) (D

The double ratio approach used by LHCb analyses is validated at the (2S) region
as well, which similarly to the /i channel is characterised by tree-level b — ccs. Since
J/¥ — €0 and (2S) — ¢{ are due to cc — ¢¢, any New Physics effect is totally negli-
gible leading the theory expectation of ratios of decay rates in those modes between u
and e to be unity. Such property is therefore used to validate the LFU analyses.

However, such analysis validation cross-check is performed at much higher g> than
the one of interest of rare decays, and the assumption that efficiencies and corrections
to them are portable from ]/ to lower ¢ is assumed.

In this context, the B® — K*0¢te~ decay can be studied in the very low qz (vl) re-
gion, which is a region in > where the branching ratio of b — see is enhanced by the
proximity of the dielectron mass m,, to the photon pole. Such enhancement allows to
have a clean and statistically significant sample to analyse and perform various checks
validating the efficiency calculations and corrections to simulation when electrons are
present in the final states. This check is complementary to what is done in the /¢ and
#(2S) region. The BY — K*%¢*e~ decay is chosen for this analysis as the spin 1 nature
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of K*¥ allows the existence of the photon pole. Indeed, according to the angular mo-
mentum conservation, the spin 0 K* in the BT — K*e'e™ decay prevents the photon
pole (and its shape is shown by the dotted line on figure 1.4).

The measurement of the B(B® — K*%e*e~,vl) branching fraction at very low g2
divided by the B(BY — K*v) branching fraction is theoretically predicted with a pre-
cision at the percent level even in presence of NP. Indeed, since all the bins are not
subject to the same Wilson coefficients (which are expressing the strength of the oper-
ators describing the point-like vertices in effective field theory, see section 2), one can
take advantage of it for the analyses. The gamma and the very low bins are dominated
by Cé/) contributions and the decay width in that region is almost unaffected by Cg(/)
and Cl(;)). Thus, the ratio of the branching fractions of B — K*%¢e™ and B® — K*y is
expected to be precisely predicted even in presence of NP as almost a full cancellation
of potential NP effects affecting only Cél) is expected. Moreover, residual interference
effects from Cé/) and Cl(g which would change the predictions in very low g2 are also
expected to be very small.

The goal of this work is to compare the experimental value obtained with LHCb
data with such prediction providing an extremely solid check of the calibration of effi-
ciencies of electron modes in a region of g2 which is smaller than the most sensitive to
NP one.

1.2 Choice of the g° range

In order to take advantage of the proximity to the photon pole, the very low g2
range has to be selected as low as possible. It is thus chosen to be g> € [0.0001, 0.1]
GeV?/c* corresponding to m,, € [10, 320] MeV/c?. The gamma bin is defined as > €
[0, 0.0001] GeV?/c*.

Lower boundary: The very low g2 range could be chosen to start at the threshold
value of m,, = 2m, ~ 1 MeV/c?. However, the angle between the two electrons gets
smaller as their invariant mass is getting lower, which leads to a worse definition of
the plane containing the dielectron pair, and thus, a worse definition of the angle ¢ be-
tween the plane containing the two leptons and the plane containing the two hadrons.
According to the analysis [6], the error on the measurement of the angle ¢ reaches more
than 1 rad below m,, = 10 MeV /c? while it is below 500 mrad above this m,, limit. Fol-
lowing the choice made in [6], the lower m,, limit is set to 10 MeV/ c?, corresponding
to a g2 limit of 0.0001 GeV?/c?.

Upper boundary: The upper boundary is chosen such that the disentanglement be-
()

tween the contributions of C;’ and Cg 19 is kept and to consider a statistically inde-
pendent g2 range to the one measured within the Ry measurement. Indeed, for the
angular analysis [6], the upper limit was chosen to be m/* = 500MeV/c?, but since
R+ will be measured in a region starting at g2 = 0.1 GeV?/c?, the upper limit for the
very low g2 is chosen to be 0.1 GeV?/c*. Furthermore, since the present study aims at
measuring the ratio of the branching fractions of B® — K*%e*e™ and B — K*09, the
predictions of this ratio are studied in the case of different contributions from Cy and
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C10- The extreme cases where the deviation from the Standard Model in the b — see
transition is AC919 = =£1 are shown on figure 1.5. The predictions were computed
using the Flavio package on the g2 range [0.0001, g3,,.].

P ’F: uj LILILILI I LU I LI | LI | LILILIL I LILILILI I LU |= . ’F‘ y | LI | LILILILI I LILILILI I LU rrrryrrrt LILILILI ' T
L2 00070 4 _phase SM ] &% 00070 b—}—base SM —]
c = S 4 =< B .
S+ - 1357 C ACyp=-1 .
- — =1 - - —_ 4
% E.S 0.0065 _—_|_ ACo=+1 ] % EE, 0.0065 ___|_ ACp=+1 —
£ C 123 - .
|, 0.0060 [~ - ', cooeo | —

+ [ - + [ .
- C m - .
k¢ 0.0055 [ — & oo0s5 | —

T n 1 - .

& N 1 n - ]
'EO'UosoI_III||IIIIIII||||||||||||||||||I|||I|_I 500050 |||||||||IIIIIIIIIIlIIIIlIIIIl|||||_
0.05 010 015 020 025 030 035 040 005 010 015 020 025 030 035 040

e [GEV?/C] e [GEVZ/C']

0 *0 —
FIGURE 1.5: Predictions for the %Iéx)) ratio for different upper limit

of the g2 range

As one can see, if the upper limit is set to g> = 0.1 GeV/c?, even a quite important
departure from the SM in Cy or Cy( should not affect the studied ratio.

Effective g2 range: When requiring events to be in a given reconstructed ¢* region
of interest, the effectively selected g*> which is relevant in theory prediction can suf-
fer from resolution and migration effects. The reconstructed ¢* resolution can be sig-
nificantly improved by using the reconstructed dielectron mass with the constraint
that the four body states m(K* 7 e*e™) mass is equal to the B® mass and using the
DecayTreeFitter tool [8] with such constraint to fit the BY kinematics [6]. However, q2
migration effects still need to be taken into account even after that. To do so, the ef-
fective g% range is measured in simulation, by studying the effect of the selection in
the reconstructed ¢> while looking at the true 2. The effective 4> boundaries are there-
fore determined convoluting the efficiency of the true ¢g> with the Flavio prediction
for dB(B® — K*%¢ete™)/dg?, i.e. such that in the rising and decreasing regions of the
efficiency curve, the same number of events is obtained in a uniform acceptance model
and in the MC. This measurement gives a resulting effective g> of [0.00098,0.10160]
GeVZ/c?, corresponding to m,, € [31.30,318.75] MeV/ c? and can be seen on tigure 1.6.

|II

0.08 —e— Efficiency from MC
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0.07

Efficiency

0.06
0.05

0.04

bl

0.03
0.02
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0.015

==
IIII|IIII|IIII|IIII|IIII|IIII|I

{*

L
0.2 0.4

o

true q [GeV/cA2]

FIGURE 1.6: Effective g% range for the very low bin
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1.3 RX framework

Efficiencies for LFU measurements are usually evaluated on simulated events after
having applied data-driven corrections to them. The motivation behind doing such
procedure is that few key properties such as the B hadron kinematics, particle identifi-
cation performances, track reconstruction and trigger reconstruction are not correctly
simulated. Therefore, efficiencies from those selections and reconstruction steps have
to be corrected for to assess an accurate efficiency estimation. This thesis has been
performed within the so called RX-framework, developed for the measurements of R x
ratios involving b — s¢/ transitions in LHCb. This framework has been designed to
provide the first simultaneous analysis of B* — K™ ¢¢ and B® — K*?¢¢ decay at LHCb.
For this coming measurement, both the low and central g? regions will be analysed,
where the low region is reevaluated to start at 0.1 GeV?/c* instead of 0.045 GeV?/c* as
in the previous measurements.

The framework has been expanded to perform the present work incorporating part
of the developments being done for the angular analysis of B — K*¢/ at very low g°
[9]. Indeed, for the case of the K*? analysis, the framework was already implemented
for the studies in the low, central, J /¢ and ¢(2S) g* regions. The work done in this
thesis allowed the inclusion of the gamma and very low g? within the framework.
Starting from the selection existing for the low g* region as a baseline, the framework
has been expanded for the very low g and for the gamma 42 in order to handle mass
tits, corrections to simulation and efficiency calculations.

1.4 Analysis strategy

The main goal of this thesis is to measure B(B? — K*%¢*e™) in the very low g% and
compare it with the theory expectations taking benefit of the precisely predicted ratio
of branching fraction of the decay of interest with respect to B(B? — K**v), which
has been experimentally measured in Belle [10]. To do so, the B — K*%¢*e~ decay is
studied in the very low ¢? region using all the available LHCb data collected from 2011
to 2018.

For the measurement of B(B? — K*%¢*e~), mass fits are performed on the B mass
obtained after having constrained the vertices of the decay in the very low g region
in order to extract the number of signal events. A validation of the yields obtained is
made by performing a template fit to the 0 angle (defined in figure 1.3) while fixing
the yields according to the ones obtained in the invariant mass fits. The corresponding
efficiencies are also computed and corrected, to take into account the mis-modelling of
relevant quantities following the correction method used for the R x analyses.

In order to cancel a part of the systematic uncertainties, the branching fraction of
interest is normalised to the | /¢ resonant mode (see figure 1.4) which has a well known
branching fraction and provides a clean and high statistics data sample to fit. The
mass fit for B — K*%*e~ and B — K*0J/¢(— ete™) is performed simultaneously.
Moreover, in order to have better handles on backgrounds (such as B; — K*°J/¢) in
the ]/ resonant mode, the muon mode B — K*0]/¢(— u*u~) is also included in
the simultaneous fit.
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The B — K*%*e¢~ branching fraction is therefore measured following the expres-
sion (1.2):

N(B® = K*%ete™) €poskoyy B(B” = K] /)
N(BO — K*Oj/lp) GBO—>K*0€+€7 1 - FS

B(B? — K*¥%te) =

(1.2)
where N are the yields obtained from the mass fits and € are the corresponding cor-
rected efficiencies.

The measured values of B(B® — K*0J/¢) = (1.27 £0.05) - 1073 and B(J/¢p —
ete”) = (5.971 £ 0.032) - 102 are used and taken from the PDG [5], while F; =
0.084 £ 0.01 is the fraction of the S-wave in the resonant channel measured in [11].
The F; parameter has to be included since the measured yields in K*] /¢ comprise
both the resonant K*¥ (P-wave) and the non-resonant (K7 ~) (S-wave) modes, while
the branching ratio value from the PDG for B(B® — K*'J/¢) only accounts for the
P-wave.

A second check that can be performed is to determine if at a relative level, the
efficiency corrections are controlled in the gamma and very low g2 bins. To do so, also
the gamma bin is fitted and yields are extracted. A study of the variation of yields and
efficiencies under different particle identification selections and multivariate classifier
requirement criteria is also performed. A good indication of the stability of the Rx
analysis procedure and correction to simulation is provided by studying whether the
ratio of the two (yields and efficiencies) is stable under different requirements. This
check is made in both the very low and the gamma g2 bins as one can take advantage
of the higher statistics of the gamma bin.

B(J/¥ —ete)



2 Theory

2.1 The Standard Model and beyond

The Standard Model (SM) is the theory describing the particles and their interac-
tions in the universe [12]. In addition to give a description of three of the four funda-
mental forces, it classifies the particles as can be seen on figure 2.1.

Standard Model of Elementary Particles

three generations of matter interactions [ force carriers
(fermions) (bosons)

124 97 GeVic?
H
higgs

ass | =2.2 MeVic? =128 GeVic? =173.1 GeV/c? o !
charge | % ¥ ¥ 0 (1]
0

s (2 (U U % t 1 &
uon

up charm top gl
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=0511 MeVic2 =105.66 MeV/c? =17768 GeV/c? o 2
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8 @ |- @

electron muon tau Z boson

¢

<1.0eVic? <0.17 MeVic? <18 2 MeVic? =B0.39 GeVic?
0 a (] +1

¥z Ve ¥z V I'l Y2 VT 1 W

o
electron muon tau
neutrino neutrino neutrino W boson

FIGURE 2.1: Standard Model classification of particles and interactions
[13]

In the SM, the electroweak interaction has the same coupling for the three gener-
ations of leptons. This property, called Lepton Flavour Universality (LFU), has been
verified in many experiments. However, some hints of a violation of this property has
been highlighted by the LHCb experiment in B meson decays [1, 14]. In particular, the
evidence of violation of the LFU has been measured in the Bt — K™¢t¢~ (¢ = ¢, )
decay with a significance of 3.1¢ [1].

This violation can arise in processes forbidden at tree-level, such as flavour chang-
ing neutral currents, thus letting possible New Physics (NP) to appear. This is the case
in the b — s¢/ transitions where the SM predicts a loop process involvinga W and a Z
or 7y bosons and a u/c/t quark, but where there could be a contribution of NP involv-
ing an hypothetical leptoquark or a new neutral boson which could have a different
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coupling with the different lepton flavours [1]. These two possibilities are shown on
tigure 2.2.

FIGURE 2.2: (Left) SM contribution for b — sl! transition, (Right) Possible
new physics contribution through a leptoquark interaction [14]

In order to corroborate LHCb results and provide the most sensitive experimental
input from LHCb data in this context, both the K* and K are analysed simultaneously
to update the current K** measurement (which used only 2011 and 2012 data from
LHCb) and validate at the same time the evidence of LFU violation measured in Rg.
One of the main method to study Lepton Flavour Universality (LFU) is to measure the
so-called Rx ratios (2.1) which are expected to be unity in the SM:

B(Byg — Xspp™)

Ry =
X B(B, s — Xsete™)

2.1)

For the processes BT — K™¢T¢~ and B® — K*%/*¢~ involving b — s¢/ transitions,
the SM predicts the corresponding Rx and Rg- ratios (2.2) (2.3) [7] to be equal to 1
over almost the whole ¢? range. Since all uncertainties due to hadronic terms cancel
out, on gets a very clean theory expectation with 1% uncertainty due to QED correction
factors. A departure from unity in these ratios is thus a clear sign of NP happening in
the b — s/ transitions.

Triax dT (BT =K ptp—) da?

2 a2 q
i q
Ry = —2== 2.2
K Toax dr(Bt—Ktete”) ;o (2.2)
fZ dag? q
qmin q
Tax dL(B KOy i) dg?
T dq
Rs — —min 2.3
K Fhiax dF(BOAK*OeW*)d 2 (2.3)
f 2 P a—
qﬂll?‘l q

2.2 Effective field theory and Wilson coefficients

The interactions happening in such loop processes can be described by an effective
tield theory (EFT) [15] where the interaction loop is reduced to a point-like interaction.
In this theory, the Hamiltonian of b — s/ or b — s7 transition is provided by the
expression (2.4) [16].

4G i}
Mgy = ——5VaViE L(GO; + GO (24)
1
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where Gr is the Fermi constant, V};, and V; the dominant elements of the CKM ma-

trix entering the loop-level process, Cl-( ) are the so-called Wilson coefficients encoding
the strength of the associated (91( ) local operator describing the point-like interactions
vertices. 0

In the very low ¢° the operator describing the process is O, ’ related to the b — sy

transition while Og) / (’)SO) are related to the b — sf/ transition mediated by a W/Z,
together with their corresponding Wilson coefficients for a total of six operators. These
operators are given by expression (2.5) [16].

Og o (57, PLb) (y7¢) O} o (57, Prb) (E70) (2.5)
O10 & (57uPLb)(Lytysl)  Ofy o< (57, Prb) (Ly"sL)

where my, is the mass of the b quark, 0, = %['yy, Y], F*¥ is the electromagnetic tensor
and Pr/p o (1% ys5) the right and left chirality projectors.

In the SM, the Wilson coefficients Oy and O}, are equal to zero, and the ratio % ~
Z:—; ~ 0.02, which leads to a heavy suppression of the b — sy with a right-handed
photon [16].
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3 Technical aspects

3.1 LHCDb detector

The data used in this thesis have been collected by the LHCb experiment at the
LHC between 2011 and 2018 for a total integrated luminosity of 9 fb~!. LHCb is one of
the four detectors located on the Large Hadron Collider (LHC) at CERN and aims at
detecting and study the decays of b and c hadrons produced in pp collisions at a center
of mass energy of /s = 14 TeV.! The LHCb detector has been primarily designed to
perform precise measurements on CP violation and the study of rare b hadron decays
and it is designed as a single-arm forward spectrometer covering the pseudo-rapidity
range 2 <17 < 5. As can be seen on figure 3.1, LHCb is composed of a tracking system,
two Cherenkov detectors (RICH1 and RICH2), an electromagnetic calorimeter (ECAL),
a hadronic calorimeter (HCAL) and a muon system (M1 - M5). The tracking system
consists of a vertex locator (VELO) and tracking stations located on both sides of the 4
Tm LHCb dipole magnet (TT, T1, T2, T3). This thesis presents a summarised descrip-
tion of the detector components, which are described in detail in ref. [17].

o \Q
/ / N

7 // \\
// N\

/ HCAL

Me M
/ M3 _ - \
RICH2 w1

FIGURE 3.1: LHCb detector [17]

n 2011(2012) /s = 7(8) TeV, while for 2015, 2016, 2017 and 2018 /s = 13 TeV.
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Vertex Locator (VELO): The VELO is surrounding the pp interaction point and its
closest detection active material sensor to the beam pipe is placed at a distance of 8 mm
from it. The detector aims at selecting and identify the primary and secondary vertices
of b hadron decays as well as measure the decay length of b hadrons. It is composed of
42 silicon detectors allowing to detect the position of the vertices corresponding to the
b hadron decays with a precision on the position measurement up to 4 um [18].

Magnet : By bending the trajectory of the charged particles in its magnetic field, the
magnet of the LHCb detector allows a precise measurement of the charged particle
momentum. The dipole magnet is made of two conical saddle shape coils placed face
to face along the beam axis and provides an integrated magnetic field of 4 Tm.

Ring Imaging Cherenkov detectors (RICH1, RICH2): The two RICH detectors are
placed upstream and downstream of the dipole magnet and they are responsible for
low/ high momentum particle identification in LHCDb, respectively. Hybrid Photon
Detectors (HPD) detect the light ring emitted by the charged particles travelling faster
than light in the gas contained in the detectors, thus allowing to measure their speed.
The RICH1 detector, placed before the magnet, contains silica aerogel (which has been
removed after 2012 data taking [19]) and C4F;o gas radiator whose properties allow to
achieve discrimination power in the low-momentum region (p ~ 1 - 60 GeV/c). The
RICH2, placed after the magnet, contains a CF4 gas radiator and it extends particle
identification power in the higher-momentum regions (p ~ 15100 GeV/c¢).

Tracking system (TT, T1, T2, T3): As the RICH detectors, the tracking system is
placed on either sides of the magnet. It records the trajectory of charged particles,
allowing to determine their momenta. It is composed of two trackers with different
technologies. The first one is a silicon tracker, composed of the Tracker Turicensis (IT),
located upstream of the magnet, and the inner tracker (IT) of the T1 to T3 stations, lo-
cated downstream of the magnet. The second tracker is the outer tracker (OT) of the
T1-T3 stations and uses straw tubes drift chambers.

Calorimeter system (SPD, PS, ECAL, HCAL) : The calorimeter system’s goal is to
identify electrons, photons and hadrons, and to measure their energy and position by
stopping the particles as they travel through the detector material. In particular, it is
essential for the reconstruction of neutral particles such as photons and neutral pions.
The first layer of this calorimeter system is the Scintillating Pad Detector (SPD), which
aims at differentiating charged and neutral particles. It is directly followed by a Pre-
Showering detector (PS), aiming at separating electro-magnetic and hadronic show-
ers. Then, the Electromagnetic Calorimeter (ECAL), made of lead plates interspaced
with scintillating tiles, measures the energy and position of the lighter particles such
as electrons and photons with an energy resolution ¢ /E = (8 — 10)%/+E & 0.9% (E
in GeV) [20] while the Hadronic Calorimeter (HCAL), made of iron plates interspaced
with scintillating tiles provides this information for hadrons with an energy resolu-
tion 0 /E = (69 +5)%/VE @ (98 +2)% (E in GeV) [20]. The different parts of the
calorimeter system and the detection logic is shown on figure 3.2.

The four subdetectors are designed to handle the difference of hit density along the
distance from the beam pipe. The SPD/PS and ECAL are composed of three sections
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FIGURE 3.2: LHCb calorimeter system and <y/e/hadrons identification
[21]

with different granularities, from high granularity closer to the beam axis to lower
granularity in the outer part. The HCAL follows the same design with only two sec-
tions.

Muon system (M1, M2, M3, M4, M5) : Muons are the most penetrating particles
among charged particles detectable in LHCD as stable particles. For this reason, the
muon system is located at the very end of the detector. It is composed of five stations
made of Multi Wired Proportional chambers. They are filled with a mixture of CO,, Ar
and CF,. The gas gets ionised by the muons travelling through the detector. The M1
station is located in front of the SPD/PS and the four other stations are located after
the calorimeter system and are separated by iron layers. As the calorimeter system,
the granularity of the stations changes along the distance to the beam axis in order to
maintain a constant occupancy over the detector.

3.2 [Events reconstruction and trigger logic

Reconstruction: In order to reconstruct the B — K*%¢te~ events, one looks for a K*°
candidate, composed of two tracks identified as Kt and 71, and two tracks identified
as electron and positron. All the tracks and vertices are required to fulfil and pass
several quality requirements as described in section 4.

Concerning the electron tracks, the bremsstrahlung photons emitted by the elec-
trons upstream the dipole magnet when traversing the detector material in the VELO
and the RICH1 are recovered and reconstructed in order to recover the missing energy
and improve the momentum measurement. The bremsstrahlung process in LHCb is
sketched on figure 3.3.

Since photons are neutral, their trajectory is not bent by the magnet. The photons
emitted before the magnet are thus recovered and reconstructed in the ECAL (E1).
However, photons emitted after the magnet will follow the same trajectory as the elec-
tron from which they come from. This will therefore result in a single cluster (E2) in
the calorimeter and the energy of these photons will be reconstructed together with the
electron [17]. Nonetheless, this recovery routine has only around 50% efficiency.
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Magnet

FIGURE 3.3: Bremsstrahlung process and reconstruction at LHCb [17]

The candidates reconstructed as K*Y¢*e™ are therefore categorised into three bremsstrahlung
categories depending on how many brem photons were recovered:

¢ 0G: no brem photons have been recovered in the dielectron pair
* 1G: only one brem photon has been recovered

¢ 2G: more than one brem photon has been recovered

Triggerlogic: Events are required to pass two types of trigger: L0, which is a hardware-
based trigger relying on detector information available at the read-out level; and HLT,
which is a software-based trigger relying on reconstructed tracks and vertices.

The analysis is performed on two different L0 trigger categories : LOI and LOL. LOI
is the primary trigger, which is fired when any particle in the event which is not a
tinal state is firing the LOMuon or LOHadron or LOElectron hardware trigger (i.e. having
a cluster in the muon system, the HCAL or the ECAL with a positive decision) as
outlined in section 4. LOL is the secondary trigger and is fired when the electron final
states in the reconstructed K*%¢*e~ have the ECAL clusters associated to a positive
decision of the LOElectron trigger.

3.3 Samples

The dataset used for this thesis consists in the full available data to date collected
by the LHCb experiment during the LHC Run 1 (2011 and 2012) and Run 2 (2015, 2016,
2017, 2018), corresponding to a total integrated luminosity of 9 fb~!. The center of
mass energy at which the data has been collected is 7 TeV in 2011, 8 TeV in 2012 and 13
TeV from 2015 to 2018. For this study, the data is divided into three sets corresponding
to the LHC Run 1 (R1 : 2011-2012), Run 2 part 1 (R2p1 : 2015-2016) and Run 2 part
2 (R2p2 : 2017-2018). Each run period subset is also divided into the two trigger cat-
egories LOI and LOL. Among the samples, the data corresponding to the two magnet
polarity data taking conditions (up and down) is merged. Indeed, in order to cancel
detector asymmetry effects, data is taken each year with both up and down polarities
in approximately 50%-50% fractions.
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Monte-Carlo simulated samples are used for the modelling of the components of
data and for efficiency estimation. They are divided in samples of run period and
trigger following the same logic as for data. For the simulation of signal, a sample
BA2KstEE is used for the very low g2 region, and a sample Bd2kstGEE is used for the
gamma g region. The decay models used to create the MC simulation samples are
the ones predicted by the SM. This means that the g4°> and decay angles distributions
in simulation are the ones expected by SM predictions. MC simulations are also used
in order to model the specific and partially reconstructed backgrounds discussed in
section 5.
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4 Selection

The first step of this project is to define a selection for the analysis. The RX frame-
work being already implemented for the low g2 region, one can take the selection ap-
plied in this region as a baseline and adapt it for the very low and gamma g° bins.
Some selection cuts are also chosen in agreement with what has been done in the an-
gular analysis [6] in order to allow comparisons with their results along the study.

The main selection cuts are presented in this section, and a table with the list of all
cuts depending on the sample and g2 bin is shown in appendix A.

4.1 Trigger

As specified before, the analysis is performed on LOI and LOL samples separately.
For the LOI sample, the requirement is to have a positive decision on LOHadron or
LOElectron or LOMuon but triggered by a particle which is not in the candidate final
states. The event is triggered if a cluster with minimum transverse energy between 2.4
and 3.0 GeV depending on the data period is observed in the HCAL, the ECAL or the
muon system by such particle. For the LOL sample, the LOElectron should be fired, i.e.
a cluster with minimum transverse energy between 2.4 and 3.0 GeV depending on the
data period should be observed in the ECAL, by an electron from the signal final state
candidates.

Then the events should trigger the High Level Triggers (HLT1, HLT2) with different
requirements depending on the run period (see appendix A).

4.2 Preselection and particle identification

After the trigger requirements are passed, the reconstructed candidates are selected
according to their track and vertex quality as well as according to their kinematics. The
kaon and pion tracks should be of good quality and shouldn’t originate from a primary
vertex. The two particles are required to have a transverse momentum larger than 250
MeV/c and are identified thanks to the RICH detector. The reconstructed K** can-
didate should have a mass within 100 MeV/c? around the K* mass. The dielectron
candidate is required to have a good quality vertex and to have a transverse momen-
tum larger than 500 MeV /c. Moreover, one requires the vertex formed by the electron,
positron, kaon and pion tracks to be of a good quality and to be displaced from any
primary vertex. Finally, the opening angles between any two particles is required to
be bigger than 0.5 mrad to avoid clone tracks in the decay. An exception is made for
the angle between the two electrons in the gamma g7 since in this region the dielectron
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system is expected to share the same VELO segment and have a zero opening angle.
Indeed, for the gamma g selection the opening angle cut between the two electrons is
not applied, while the selection is kept in the very low g2 bin. A global event cut is also
applied, based on the number of hits detected by the SPD detector.

Finally, the particle identification (PID) selection is made using a neural network
based response called ProbNN and the PID variables. The ProbNN variables consist
in a probability of a track to be of a given species, determined by combining all sub-
detectors and tracking information. The PID variables are obtained as a sum of differ-
ences between the log likelihood of being of a given species and of being a pion, where
the log likelihoods come from the RICH and calorimeter systems. In this analysis, two
different electron identification selections are studied.

4.3 Background rejection and truth matching
In order to reduce background, a selection is applied based on possible misidenti-

fications and kinematics. An additional cut is applied in the very low g2 bin requiring
the significance oy o (4.1) of the distance of the dielectron vertex from the VELO ma-

terial to be below 0.3.
B 5x 2 5]/ 2 52 2
OVELO = \/(U_x) + (U—y + o (4.1)

where J are the real distances between the closest VELO point and the dielectron ver-
tices, and ¢ are the uncertainties of the vertices positions [6].

In addition to this, the HOP mass [22] of the B? candidate is required to be larger
than 4800 MeV/c?. The HOP mass is used to take into account the missing energy
due to bremsstrahlung emission and reject partially reconstructed and combinatorial
background. Indeed, one can define ayop = pr(K*?)/pr(eTe™) (where pr is the trans-
verse momentum with respect to the B direction) and peorr(eTe™) = agop - pete™)
and use the pcyr to compute the corrected invariant mass myop(Ktwete™) [6]. If
apop differs from unity, some energy is missing in the final state. In case of the signal
BY — K*%¢T¢~, the missing energy is mainly due to bremsstrahlung photons emitted in
the same direction as the electron pair. However, in the case of partially reconstructed
or combinatorial background, there is no reason for the missing particles to be emitted
in the same direction as the electron pair.

Another powerful variable in rejecting background is the MVA resulting from a
MultiVariate Analysis. Within the Rx analysis two multivariate classifiers are avail-
able, one that aims to fight the combinatorial (MVA) and another one aiming at fight-
ing the partially reconstructed backgrounds (PRMVA). The same requirement of the
low ¢? analysis is kept in very low and gamma g2, being that MVA > 0.5 and PRMVA
> 0.5. The case for which no requirement is asked on the PRMVA is also studied to
simplify comparisons with [6] where only combinatorial MVA was used.
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For the Monte-Carlo simulations, truthmatching requirements are also applied and
background categories are selected depending on the signal or background nature of
the sample.
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5 Participating backgrounds

Several backgrounds can pollute and mimic the signal looked for in B® — K*%¢Te~
reconstructed candidates. Indeed, the rare-nature of such decay (i.e. its very small
branching fraction) allows several other decays to enter and mimic the same final
states. The backgrounds considered in this study are discussed here following what
has been done in [6].

5.1 Semi-leptonic background

The most important background for B — K*%¢*e~ is the semi-leptonic B’ —
D~ (— K*(— K*7m~)e ¥)etv,, which has the same final state as the signal (due to
the non reconstruction of the neutrinos) and has a branching ratio four times larger
than the signal one. In the analysis [6], the contribution of semi-leptonic background is
reduced from ~ 200% to ~ 6% by a cut on | cos(01)| < 0.8. In this study, in order to be
consistent with the RX framework, this cut is replaced by m(K* 7w~ e~) > 1880, which
is similar to cos(f.) < 0.8 and have the same rejection power of a cut on | cos(8y )| for
semileptonic backgrounds. This cut is thus asymmetric in this work compared to [6].
However, given the combinatorial-like shape nature of the semi-leptonic backgrounds
and the high rejection power of multi-variate classifier selections, the expected shape
of this background is the same as the combinatorial one which is modelled accord-
ing to what is described later in the document. Indeed, the combinatorial background
and semileptonic one are very difficult to disentangle, therefore they are fitted together
under the combinatorial background label.

52 B% — K*y(— eTe™) leakage

The leakage of the B® — K*Yy(— e*e™) decay in the very low 42 bin is estimated by
the analysis [6] to reach 25% of the signal channel when no specific cut is applied. How-
ever, as the majority of the photon conversion happens in the material of the VELO
detector, applying a cut on the distance between the dielectron vertex position and the
VELO material should remove a large part of this contamination. In the analysis, the
optimal cut is measured to be oyg o = JPsi_VMI_D > 0.3, which is applied to the data
samples in the very low g2 region. With this veto, they estimated the contribution of the
BY — K*09(— eTe™) to be about 2%. Adapting this number to the very low g2 range
of this study, it corresponds to a ~ 2.5% contamination of the signal channel. This
background is not modelled and included in the mass fit for this study and in order to
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finalise the measurement in the very low g2 region, either a systematic or inclusion of
such component will be required.

53 B — K*% and B° — K*°7t° backgrounds

Another source of backgrounds is the B — K*y and B® — K*97° decays. In both
cases, the 17/ 71" decays into e*e~ <y and either the photon is not recovered but has a
small enough energy so that m (K7t~ e*e™) still peaks at the BY mass, or it is recovered
but wrongly associated to a bremsstrahlung photon. Even though these decay have a
lower branching fraction than the signal one, their contribution needs to be evaluated,
as their phase space is mostly located in the g° region studied. In the analysis [6], the
contribution of the B’ — K*7Y decay is estimated to be between 1 and 4 % of the
signal channel depending on the run period and trigger category, and the contribution
of the B® — K*y is estimated to be between 6 and 12%. Since the very low g range is
narrower in this study as well as the selection being slightly different than in [6], these
numbers and constraints have been recomputed.

For the B — K*% decay, the MC simulation for the 7 — e*e~ 7y decay is generated
without any physics model except for the momentum conservation and two samples
are generated to boost statistics in the g> region of interests (see step-like behaviour
in 5.1). The resulting dielectron mass distribution is thus very different from the ex-
pected one. To correct this, two MC samples of Bd2KstEtaEEG are added together and
reweighted. The first one is the one generated with a simple phase space model and
the second one is generated imposing m(ete™) < 60 MeV/c?. After reweighting, the
sample matches the theoretical shape as can be seen on figure 5.1.
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(a) Theoretical shape (taken from [6]) (b) MC samples before and after reweighting
(all years and polarities)

FIGURE 5.1: Correction of the B — K*; MC sample to match theory

The case where the 77/ 7° decays into two photons can be a source of background
for the B — K*07(— eTe™) signal in the gamma g2 bin. In this case, one of the two
photons is missed, or more likely, recovered as a bremsstrahlung photon.

For both the very low and the gamma g2 bins, the corresponding BY — K*%;(—
ete”v)/B% — K*%(— v7v) and B — K*7%(— eTe ) /B® — K*7%(— ) decays
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are modelled and added to the total data fits and their contribution is constrained
according to the efficiency ratios estimation and branching ratios.

5.4 Other specific backgrounds and misidentifications

Other decay channels can contribute to the total data. Most of them are due to a
misidentification of one or more particles. From the analysis [6], one can consider the
following ones.

BY — ¢ete™ : In this decay, the ¢ decays into K"K~ and one of the kaons can be
misidentified as a pion. The ¢ is thus reconstructed as a K** with a low m(K*71~) mass.
These events are rejected by applying a veto cut m(K* (7~ — K~)) > 1040 MeV /2.

BT — Ktete™: Ifarandom pion observed in the event is wrongly taken as coming
from the signal decay or if the kaon is misidentified as a pion and a random kaon
is wrongly associated to the signal, this decay may pollute the signal. However, the
dielectron pair is not coming from a virtual photon in this case, so the decay do not
have a photon pole and this background shouldn’t be present at very low g°. The
analysis [6] estimated the participation of this background to less than 0.03%. It is thus
neglected for the very low g2 study.

A) — pK~ete™ : Events from this decay can pass the selection if the proton is
misidentified as a pion or if there is a double misidentification of the proton as a kaon
and the kaon as a pion. Although some elements of this decay are not well known,
the analysis [6] estimated the participation of the background to be between 0.45 and
0.8 % depending on the run period. These numbers being below the percent level, this
background is neglected too.

Semi-leptonic cascades: A contamination from semi-leptonic cascades such as B® —
D~ (— K*(— K+t~ ) )et v, B — D(— Kt~ ) etv, or B® — D*~(— DY(—
Kt )™ )et v, can pollute the signal if a pion is misidentified as an electron. Since no
peaking behaviour is observed by the analysis [6] around the D~ /D° masses when
looking at m(K™ (e~ — m~) and m(KT7~ (e~ — 7mt~), these backgrounds are ne-
glected.

BY — K*®7rtr~: If the two pions of this decay are misidentified as electron/positron,
a contamination from B® — K*Y7t" 77~ can appear. By studying the m(ete™ — n7™)
spectrum, the analysis [6] estimated the contamination of this decay to be below the
percent level in the very low ¢? region, and this background is thus neglected for the
present study:.
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5.5 Partially reconstructed and combinatorial backgrounds

The last remaining backgrounds are the partially reconstructed and the combinato-
rial backgrounds, which are briefly summarised in the following. As discussed in sec-
tion 4, several cuts are implemented in order to reduce their contribution. In particular,
a veto cut on the HOP mass is applied to reduce the partially reconstructed background
contamination, and a MultiVariate Analysis (MVA) classifier is used to reduce the com-
binatorial background contamination. Also, another dedicated partially reconstructed
MVA is used specifically aiming to suppress partially reconstructed background. What
remains after those selections however is modelled and added to the mass fit.

Partially reconstructed background: The partially reconstructed background is com-
ing mostly from B — K;(1270)(— K"~ X)eTe™ and Bt — K;(1270)(— Kt~ X)y(—
ete™) where the X is not reconstructed, it is modelled using an MC sample of B™ —
K1(1270)(— KTt~ X)eTe™ events. The relative abundance to signal of partially recon-
structed is fitted so that it is shared between gamma and very low g°.

Combinatorial background: For the combinatorial background a sample of real data
where same sign electrons are reconstructed together with a K*¥ is used. Same sign
data corresponds to reconstructed K*’eTe™ and K*%¢~e~ candidates and is used to
model the shaping of combinatoric induced by the HOP and MVA requirements. Such
data are generally found to be a good proxy for the combinatorial modelling and in
particular in the understanding of sculpting effects of combinatoric due to the selec-
tions applied.
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6 Mass fits

In order to perform the data fit for each trigger and run period, one has to first
tit the different expected components. The fits of signals and partially reconstructed
backgrounds are performed on simulated samples for both very low and gamma 42.

All the fits are performed and presented here on the 4200-6200 MeV /c? mass range
but depending on the various cases tested, the final fits on data can be performed in a
narrower mass range.

6.1 Signal fits

The very low B? — K*%¢te™ and the gamma B® — K*0y(— ete™) signals are
respectively fitted using Bd2KstEE and Bd2KstGEE MC samples. The signal shapes are
modelled by double-sided crystal ball PDFs (6.1).

Fasen (%, 1, 0,00, ap,np,ng) = N x { Ar(Br — “E)™"®  for £ > |ag|

Due to low statistics in the bremsstrahlung (brem) category corresponding to two
or more photons emitted, this category is merged with the category corresponding to
one brem photon emitted.

The categories 0G (zero brem photon emitted) and 1G (one or more brem photons
emitted) are fitted separately and then added together in the total data fit with their
respective fractions, extracted from the simulation. The consideration of a systematic
effect could be required on this distribution between the 0G and 1G categories, but
it should be a small effect as verified in many other analyses in LHCb. The fits are
performed for a total of 6 categories: LOI and LOL and the three different run periods
R1, R2p1 and R2p2.
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The results for R2p2 are shown on figure 6.1 for the very low g% and on figure 6.2
for the gamma g2. The bremsstrahlung fractions, taken directly from their distribution
in simulation are presented in table 6.1 for R2p2. The results for other run periods are
shown in appendix B.
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FIGURE 6.1: Signal MC fit of B — K*%¢*e~ candidates in the very low ¢°

for R2p2
0G 1G
LOI, very low | 0.271 | 0.729
LOL, very low | 0.334 | 0.666
LOI, gamma 0.278 | 0.722
LOL, gamma | 0.340 | 0.660

TABLE 6.1: MC fraction of events with 0 brem photon emitted (0G) and 1
or more brem photon emitted (1G) for R2p2
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FIGURE 6.2: Signal MC fit of B® — K*0y(— e*e™) candidates in the
gamma g for R2p2

6.2 Specific backgrounds

The specific backgrounds that cannot be neglected and thus taken into account in
the mass fit are the B — K*%y and B® — K*970 decays. The case where the 7 /7°
decays into e*e~ 7y is modelled for the fit in the very low g% bin. For the fit in the gamma
g%, one can consider the contribution of the B — K*% and B® — K*°7¥ decays, but
with the 77/ 71° decaying into two photons, where one of them converts into a dielectron
pair.

For the very low g? bin, the reweighted Bd2KstEtaEEG and the Bd2KstPi0EEG MC
samples are used and the shapes are fitted with double-sided crystal ball PDFs (6.1).
For the gamma g2 bin, the MC samples Bd2KstEtaGGEE and Bd2KstPiOGGEE are used
and the shapes are fitted with a RooKeysPdf. This function is a kernel density estima-
tion [23] which uses an adaptative algorithm to model empirically the distribution of
an arbitrary dataset with a superposition of Gaussian kernels (one for each data point).
In the very low region, the samples are fitted separately for the LOI and LOL trigger
categories while the two categories are fitted together in the gamma region due to the
limited statistic in the corresponding samples. For the same reason, all run periods are
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fitted together for the two g regions.

The results for B — K*3 are shown in figures 6.3 and 6.4 for respectively the very
low and the gamma g2 bins, and the results for B — K*07¥ are shown in figures 6.5
and 6.6.
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6.3 Partially reconstructed background

For the partially reconstructed background modelling, the decay BT — KjeTe™ is
used as a proxy and the Bu2K1EE MC sample is fitted in both very low and gamma g?
regions using a double-sided crystal ball PDF. As for the specific backgrounds, the LOI
and LOL trigger categories are fitted separately but the R1, R2p1 and R2p2 run periods

are fitted together.

The results are respectively shown on figures 6.7 and 6.8 for the very low and

gamma g? bins.
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6.4 Combinatorial background

The last component that needs to be taken into account into the total data fit is the
combinatorial background. The PRMVA cut removing a part of background in the left
tail, the combinatorial background is modelled with an ExpTurnOn PDF (6.2) directly
in the total data fit.

The parameters of the PDF which are in charge of the shaping of a pure combina-
torial shape (myg, sg) are expected to match the parameters found by fitting the LPTSS
sample, corresponding to data with same sign dielectron final states.

ebx

14 e—se—mg)

fExpTurnOn (x,mo, sE, b) = (6.2)

The distributions obtained in same sign data after the full selection for the gamma
and very low ¢? regions are shown on figure 6.9 for all run periods merged. The values
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obtained fitting them to parameterise the sculpting effect (g, sg) with an ExpTurnOn
shape are displayed in table 6.2. The b parameter of the ExpTurnOn is left free in the
total data fit.
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FIGURE 6.9: Fits of the same sign lepton data used as a proxy for the
combinatorial background shapes for all run periods merged

my SE
very low g2 | 48304225 | 0.0049+0.0011
gamma g2 | 50694118 | 0.0048--0.0004

TABLE 6.2: Combinatorial background ExpTurnOn parameters extracted
from same sign data fit
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7 Angular fits

In order to have a validation of the yields of the different components found with
the mass fits, an angular fit of cos 6k is performed. As described in section 1, 0k is the
angle between the B? and the K* directions in the K*¥ rest frame. As for the mass fits,
the different components are fitted for each run period and trigger categories using
MC simulation samples in very low and gamma ¢? regions. The same samples as the
ones for the mass fits are used for the angular fits.

7.1 Signal shapes

The signal B — K*%¢*e™ for the very low g2 bin and B® — K*9y(— eTe™) for the
gamma g2 bin are modelled by order 4 polynomials. The shapes being the same for
the 0G and 1G bremsstrahlung categories, the two are fitted together for each trigger
category and for each run period separately. Moreover, the PDFs are required to be
positively defined on the fitting range [-1,1].

The results for R2p2 are shown on figure 7.1 for the very low 4* bin and on figure
7.2 for the gamma g2 bin. The results for other run periods are shown in appendix C.
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FIGURE 7.1: Signal MC fit of B — K*%¢*e~ candidates in the very low ¢?
for R2p2
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7.2 Specific backgrounds

The B — K**y and BY — K*7Y backgrounds are fitted using the respective MC
samples corresponding to B — K*0(— eTe™ ) for the very low g% and B® — K*5j(—
v(— e*e™)7) for the gamma g2. For the very low g? case, the shapes are fitted with or-
der 5 Chebychev polynomials defined in equation (7.1), and constrained to be positive
in the whole fit range. The backgrounds are fitted for LOI and LOL categories separately
but for all run periods merged. For the gamma g7 case, due to very low statistics in the
sample, the shapes are fitted with RooKeysPdf for all triggers and run periods merged.

T(x) = To(x) + 1Ty (x) + ... +c5T5(x)
To(x) =1 ; Ti(x)=x ; Tyiq(x) =2xT,(x)— Ty_1(x) (7.1)
The fits for B® — K*Oiy are shown in figures 7.3 and 7.4 for respectively the very low

and the gamma g2 bins, and the results for B® — K*7% are shown in figures 7.5 and
7.6.
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7.3 Partially reconstructed background

The BT — KjeTe™ decay, which is used as a proxy for the partially reconstructed
background, is fitted using a RooKeysPdf for both the very low and the gamma g2. As
for the mass fits, the LOI and LOL samples are fitted separately but the three run periods

are merged together.

The results can be seen on figures 7.7 and 7.8 for the very low and gamma 42 bins

respectively.
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7.4 Combinatorial background
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Contrary to the mass fits, the combinatorial background is fitted individually and
the PDF is included in the total angular fit instead of being directly fitted with the
total data. The same sign data sample with the two leptons required to have the same
sign is thus fitted with a RooKeysPdf for each trigger category but with all run periods

merged as for the other backgrounds.

The results are shown on figure 7.9 for the very low g% bin and on figure 7.10 for the

gamma g2 bin.



Chapter 7. Angular fits

35

Events/ (0.04)

Events/ (0.04)

Events/ (0.04)

ZiJ T T T T T T T T T j

1.5(H H
U+ ]

0.5 H
-1 -0.8-0.6-0.4-02 0 02 04 06 08 1

cos(thetaK)

= E

S — E

-5 3

(b) LOL

FIGURE 7.9: Fit of the same sign lepton data used as a proxy for the com-
binatorial background in the very low g for all run periods merged

074“1“‘1‘ ‘XLHX‘A‘XH‘1‘141‘1‘1“A1L17
-1 -0.8-0.6-0.4-02 0 02 04 06 08 1
cos(thetaK)
5 E
e E
_gi 3
(a) LOI
15 T T T T T T T T T ]
10 .
o
0 PRI B | A+A ) I NI ST S S SR I R A'% PRI R R ]
-1 -0.8-06-04-02 0 02 04 06 08 1
cos(thetaK)
5F E
O — e .
_Bi =

(a) LOI

Events/ (0.04)

10 I %
: ]
6 :
1 ;
2 =
O PR +4 1 + ‘+l PN B N | e J-‘ I V) PR | I B § ]
-1 -0.8-0.6-04-0.2 0 02 04 06 08 1

cos(thetaK)
5? —
O fme o
_L',; |

(b) LOL

FIGURE 7.10: Fit of the same sign lepton data used as a proxy for the
combinatorial background in the gamma g2 for all run periods merged



36

8 Efficiency and corrections to simula-
tion

The efficiency of a selection is defined as the number of events passing the selection
divided by the total number of generated events. The efficiency computation relies
thus directly on the MC simulations, and so does the modelling of the fits components.
One must therefore make sure that they reproduce well the data. For the MC samples
of LHCb this is however not the case, leading to the necessity of correcting them. The
corrections performed are the ones developed in the RX framework [7] and are speci-
fied in this section as they are handled in the efficiency calculations.

First, one has to take into account the LHCb acceptance. In the case of the K*%¢*e~
decay, the dependency of it as a function of the g2 is studied and the €, is evaluated
in the effective g2 region of interest. To do so, a sample with a 47t angular distribution
is produced and cuts corresponding to the LHCb angular acceptance are applied by
hand to evaluate the corresponding efficiency. The geometrical efficiency on the signal
MC sample is therefore measured as the number of events [in the very low ¢? bin and
in the LHCb acceptance] divided by the number of events [in the very low 4% bin]. The
total efficiency is the product of the geometrical efficiency and the efficiency of selec-
tion.

The efficiency of the selection is then corrected accounting for the different mis-
reproduced quantities in the MC samples. The corrections, consisting of applying
weights, are performed on the particle identification, the number of reconstructed
tracks in the events parameterising the detector occupancy, the B kinematics, the trig-
gers, and the tracking reconstruction. They are applied one on top of each other in the
order listed above and are described in the following.

8.1 Particle identification

The measurement of the PID efficiency is performed in a data-driven way for the
kaons and pions and with a ratio of data over simulation for the electrons. In the
tirst case, the calibration samples are provided by the PIDCalib package. The weights
resulting from the PID maps act as efficiencies and are used in replacement of the PID

selection cut for the estimation of the total efficiency of selection. In the case of electron

€pPID (data)

ep1y (MC which allows to use

tinal states, a weight ratio map is used parameterising
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the weight given the simulated sample being selected in PID for the determination of
efficiencies with PID corrections in.

The efficiency maps are computed as a function of the kinematics of the final states:
particle momentum p (transverse momentum pr for electrons), the pseudo-rapidity 1
and the multiplicity nTracks. Two types of maps are computed: ID maps, consisting
in measuring the rate of correctly identified particles; and mis-ID maps, consisting in
measuring the rate of misidentification of a given particle to another given particle. The
calibration samples for the kaons and pions are samples of D’ — K~ 71" events coming
from a D** — D7t and the calibration samples for electrons is a sample of BT —
K*J/¢(— ete™) events. The total PID correction to simulation is therefore obtained
multiplying the single track final state weight obtained convoluting the efficiency (or
efficiency ratio) maps in the simulated samples.

8.2 Electron track reconstruction

The efficiency correction of the electron tracks reconstruction [24] is performed as
an efficiency ratio of data over simulation. Both data and MC efficiency maps are
measured as the rate of electron tracks reconstructed as traversing the whole detector
(long tracks) given that they are reconstructed in the VELO. They are computed as a
function of the particles transverse momentum pr, the pseudo-rapidity #, and ¢ which
is a track angular information. The final weight applied to the corresponding efficiency
is the product of the weights of each of the two electron tracks.

8.3 B kinematics, multiplicity and reconstruction

For these corrections to simulation, the muonic final state channel B — KJ/¢(—
utu~) is used and the corrections to apply to simulation are estimated training a mul-
tivariate classifier which parameterises the data over simulation discrepancy in the
pt, p, 11 of the reconstructed B candidates and n 5. Such corrections are then ported
to the electron mode final states. The reason behind such approach is that the bet-
ter resolution in the measured kinematics of the B candidates obtained using muons
in the final states in data allow to access, when comparing them to the simulation,
an excellent proxy parameterising the data/simulation mis-modelling of the B hadron
kinematic.

This mis-modelling effect, obtained in simulation, is induced by the poorly known
Parton distribution functions which are responsible of bb production in pp collision
in the LHCb acceptance. In order to access in an unbiased way the data/simulation
discrepancies for generator level quantities, the muon final states simulated samples
is previously corrected for the PID, LO and HLT triggers effect which can cause addi-
tional data/MC discrepancies in the B kinematics.

The differences in track multiplicity in the event between MC and data are mainly
coming from: the wrong simulation of low momentum particles; back-splash from
particle showers (which ends up being still reconstructed in the trackers); secondary
interactions such as photon conversions (which ultimately depend on the simulation
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of the detector material budget and the interaction of particles with material); and the
simulation of soft QCD processes in pp collision.

For what concern the B kinematics differences between data and simulation, such
discrepancy is originating from both the way bb are generated in simulation and the
mis-modelling of reconstruction effects.

For the multiplicity and the generation corrections to simulation, the data/MC dif-
ferences in nTracks and on the B meson momentum p, transverse momentum pr and
pseudo-rapidity 1 observed in muon mode are used.

For reconstruction related effects, the relevant data/simulation discrepancies de-
pends on the final states of the reconstructed candidates. For this reason, such correc-
tions are obtained comparing data and simulation in the K**] /¢(— ee) decays after
having applied also the trigger, PID, kinematics and multiplicity, and HLT corrections
to the calibration samples K**°] /¢(— ee) as described in the next section.

8.4 Trigger

The efficiencies of selecting candidates based on the trigger decisions either at hard-
ware (LO) and software reconstruction (HLT) level should also be correctly determined.
Corrections are therefore applied for effects due to mis-modelling of detector, trigger
thresholds values used in real data compared to simulation as well as ageing effects
which are particularly relevant for the ECAL system. For both the L0 and the HLT re-
quirements, the efficiency on data €;,¢, and on the simulation €);c are computed using
the TISTOS method and the weights are obtained as the data/MC ratio of efficiencies.
Per-particle information quantities are used to correct the trigger efficiency of the LOL
category and B hadron kinematic information for the LOI category. The TISTOS method
consists in computing the efficiencies for data and simulation as follows:

_ NrisgTos (8.1)

€
Nris

where TIS and TOS correspond respectively to "Trigger Independent of signal" and
"Trigger On Signal" and are defined differently for the different triggers considered.

LO trigger: Data is analysed in the two trigger categories LOI and LOL exclusive. The
efficiencies for these two triggers must thus be accurate. The TIS and TOS categories
are described as follows:

¢ LOI category:

- TIS tag: Events triggered on LO by non-signal particle: B_LOMuon_TIS or
B_LOHadronTIS or B_LOElectronTIS
- TOS tag: Events triggered on LO level by either a signal lepton or hadron:
E1_LOElectron_TOS or E2_LOElectron_TOS or B_LOHadron_T0S
* LOL exclusive category:

- TIS tag: Events triggered on L0 by non-signal hadron or muon: B_LOHadron_TIS
or B_LOMuon_TIS
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- TOS tag: Events triggered on L0 by a signal hadron: B_LOHadron_T0S

For each trigger category LOI, LOL and for each sample data, MC, a per-event weight
parameterising the data/simulation efficiency correction factor is evaluated following
equation (8.1) and the corresponding per-event weight is computed as:

data

o etrig
wtrzg— MC
trig

(8.2)

where trig = LOI, LOL.

In the case of the LOL trigger, the category contains the combination of the two
electrons, one should thus combine the weights for the two electrons, as can be seen in
equation (8.3).

1— (1 —ef%a(E1) - E1TOS) - (1 — €42 (E2) - E2TOS)
1—(1—€eMC(E1)-E1TOS) - (1 — eMC(E2) - E2TOS)
where the property P(A||B) = P(A) + P(B) — P(A&B) is used and EiT0S is 1 if the

electron Ei is above threshold and 0 otherwise.
For an exclusive category, the exclusive weight is defined as:

WroL = (8.3)

1— €data data 1— edata

€

trig’ trig trig’
Wrrigexclu = Wtrig * 1 _ eMC = eMC ) 1 — eMC (8:4)
trig’ trig trig’

where trig = LOI, LOL and tri¢’ = LOL, LOI ; trig # trig’.

HLT trigger: The High Level Trigger efficiency should also account for the differences
between data and simulation. For this trigger category, the TIS and TOS tags are
defined as follows:

- TIS tag: logical OR condition of HLT1 and HLT?2 trigger lines fired independently
of the signal

- TOS tag: logical AND condition of HLT1 and HLT?2 trigger lines defined in table
A2.

The efficiencies for data and MC are then computed using equation (8.1) and the weight
is defined as the ratio of the efficiency on data and the efficiency on simulation.
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9 Results

9.1 Total mass fit

The total mass fits are performed adapting the fitter used for the Rx analysis. The
mass fit is obtained fitting simultaneously the K*0] /(— ee), K*O] /(= uu), K*%*e~, vl
and K*v final states candidates.

The shapes of the different components in very low and gamma g° obtained from
simulation are fixed, except for the exponential slope parameter (b) for the combinato-
rial background. The signal line shape width, parameterised with sy, encoding the
fact that 0ysta = Sscale - Omc) and the mean mass value, parameterised by mgy; ¢ encod-
iNg Mga, = Mpic + Mgpigt are also free to float but their values are shared between the

very low g2 and the J/¢ mode. For the gamma 42, those parameters are fully free to
float independently of /1 mode since the origin of residual mass shape mis-modelling
in simulation for converted photons are not of the same nature as in very low and | /¢
channels.

All signal and combinatorial yields are free to float while the K**; and K*t° back-
ground yields are Gaussian constrained according to their expected values obtained
via efficiencies and branching ratios consideration in the very-low g% (9.1) and gamma
7% (9.2). The partially reconstructed background in gamma and very-low g2 ratio to
signal yield is shared between gamma and very-low, an additional reason for which
the fit is performed in a simultaneous manner.

N(B? = K% (= ete ™)) = N (B = K /p(— eTe™))
) €B0 K0y (—ete )

€BO K0 /yp(—ete)
B(B® — K*%(— ete 7))
B(BY — K*¥0] /(— ete™))

9.1)
N(B® = K7%(— ete™)) = N (B = K] /pp(— eTe))

€BO K070 (—etery)

EBOK0] /yp(—ete)
. B(B® — K*¥07r%(— eTe 1))
B(BY — K*0] /p(— ete™))
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N(B® = K*%y(—= v7)) = N(B” = K*)
EBOK 0y (=)

GBO%K*O’)/
B(BY = K*% (= 7))
B(BY — K*0)

(9.2)
N(BY = K*¥7%(— 7)) = N(BY = K*09)
' eBoﬁK*OTL’O(%’)/’y)

€BO—>K*07
B(B® — K*¥07%(— 49))
B(BY — K*0+)

where the branching fraction used are summarized in table 9.1.

Branching fraction from PDG [5]
B(BY — K*'y) (1.59+£0.10)-10—°
By — ete ) (6.9+£0.4)-1073
B(B® — K*07Y) (3.34:0.6)-107°
B(n — ete ) (1.17440.035)-10~2
B(BY — K*0] /) (1.274-0.05)-1073
B(J/p —eTe) (5.9714+0.032)-102
B(BY — K*0) (4.184-0.25)-10°

TABLE 9.1: Branching fractions used in the background constraints calcu-
lations

Simultaneously to the very low and gamma region fit with electron final states, also
the K*°] /1 mode is fitted in order to constraint the mass shape parameters of very low
g% and provide yields used to constraint the expected backgrounds in very low and
gamma g2. This simultaneous fit is performed for each run period and trigger category
independently.

The results combining all run periods and triggers are presented here for the very
low (figure 9.1) and gamma (figure 9.2) g> bins. The results for the individual run
periods and trigger categories can be found in appendix B together with the fits for
the J /1 mode. The yields of the signal components are presented in table 9.2 and the
contributions of the different backgrounds are displayed in table 9.3.
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FIGURE 9.1: Total data fit of B — K*%¢*e~ candidates in the very low ¢?
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FIGURE 9.2: Total data fit of B — K*%y(— e'e™) candidates in the
gamma g2 for all run periods and trigger categories merged
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Sample Signal yield, very low q2 Signal yield, gamma q2

R1 - LOI 3447 404425

R1-LOL 3546 459419

R2p1 - LOI 45+8 392428

R2p1 - LOL 5047 376423

R2p2 - LOI 75410 751435

R2p2 - LOL 86410 664+31

TABLE 9.2: Signal yields for each run period and trigger category in the
total data mass fit

Sample fpo_, K0y fRo_y k070 fPartReco Ncomp
R1 - LOI, viow (6.0£0.9)-107° | (2.840.7)-107° | (0.8+0.4)-10~! | 545
R1 - LOL, vlow (2.740.5)-107° | (1.3£0.4)-107° | 1.54+0.5)-10" | 041
R2p1 - LOI, viow (7.3+£0.8)-10~° | (3.54+0.8)-107° | (0.8+0.5)-101 | 2147
R2p1 - LOL, vlow (3.14£0.4)-10~° | (1.3+£0.3)-107° | (0.6+0.4)-10~1 | 342
R2p2 - LOI, vilow (6.740.8)-107° | (3.240.7)-107° | (1.340.4)-10~! | 41410
R2p2 - LOL, vlow (3.240.4)-10~° | (1.1£0.3)-107° | (0.840.3)-10~1 | 1646
R1 - LOI, gamma (3.0£0.9)-1072 | (1.5£0.1)-10~2 | (0.840.4)-10~1 | 57+17
R1- LOL, gamma (2.841.4)-1072 | (1.5+0.1)-10~2 | (1.540.5)-10~1 | 24411
R2p1 - LOI, gamma | (4.94129)-1072 | (2.640.1)-10~2 | (0.840.5)-10~! | 96421
R2p1 - LOL, gamma | (1.94£0.8)-10~2 | (1.0£0.1)-10~2 | (0.60.4)-10~! | 19+£12
R2p2 - LOI, gamma | (4.9+1.2)-1072 | (2.6£0.1)-1072 | (1.3+£0.4)-10~1 | 188+25
R2p2 - LOL, gamma | (1.940.8)-10~2 | (1.0£0.1)-10~2 | (0.840.3)-10~1 | 83+17

TABLE 9.3: Contributions of the different backgrounds in the total data
mass fit for each run period and trigger category. The fractions fy, are ex-
pressed as fractions of signal; NVcy,p is the number of combinatorial events

9.2 Total angular modelling

For the total angular modelling, the shapes are fixed to the ones determined inde-
pendently for each component, and for each run period and trigger category, the yields
of the different components are fixed to the ones measured with the mass fits.

The resulting plots are shown on figures 9.3 and 9.4 respectively for the very low
and the gamma g2 bins. The final total shapes match well the data, indicating that the

results found in the mass fit are trustworthy and that the components used are well
describing the data. The plots for each run period and trigger separately are shown in

appendix C.
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9.3 Cross-check of efficiency corrections

A way to verify that the efficiency corrections strategy applied is valid is to take ad-
vantage of the high statistics obtained in y and very low g2 to measure the variation of
yields and efficiency under different selections. In this thesis the PID selection and the
multivariate classifier requirement is varied and the variation of yields and efficiencies
are compared. The results of such comparison are used as an indicator of the goodness
of the correction to simulation and efficiency estimation procedure.

Therefore, the fits to the invariant mass of the B candidates are also performed
applying a tighter PID cut than the nominal one, as specified in table 9.4. The check
is also performed removing from the selection the PRMVA cut, responsible for the
reduction of the partially reconstructed background in the nominal selection scenario.
This case is labelled with "noPRMVA" in the following. The mass fits for the tight and
noPRMVA setups are shown in appendix B.

Nominal Tight

Min(E1_ProbNNe,E2_ProbNNe)
> 0.2 &&
Min(E1_PIDe, E2_PIDe) > 2

Min(E1_ProbNNe,E2_ProbNNe)
> 0.4 &&
Min(E1_PIDe, E2_PIDe) > 3

electron
PID cut

TABLE 9.4: PID cut setups for the study of the yields and efficiency varia-
tions

The resulting yields and efficiency are presented in table 9.5 for the fits with the
PRMVA applied, and in table 9.6 for the fits without the PRMVA cut.

Category N (nominal) | NV (tight) /;\1[:::”1 Ji_gl;;ﬂ;
R1 - LOI, gamma 404+25 | 39125 | 96.6750 % | 97.2103 %
R1-LOL, gamma 259419 | 244+19 | 942718 % | 97.671% %
R2pl-L0L gamma | 392428 | 314427 | 80.2%3§ % | 85.0717 %
R2pl-LOL, gamma | 376423 | 323+21 | 86.07}7 % | 83.711% %
R2p2-L0I, gamma | 751435 | 612431 | 81.57}3 % | 82.8712 %
R2p2-LOL, gamma | 664+31 538+27 | 81.171% % | 826115 %
R1 - LOL, viow 3447 30+6 | 882150 % | 93.675% %
R1-LOL, vlow 3546 29+5 | 84.8%79% | 954707 %
R2p1 - LOI, viow 4548 4348 | 96.0739 % | 87.870¢ %
R2p1 - LOL, vlow 50+7 4447 | 87.9733 % | 87.270¢ %
R2p2 - LOI, vlow 75+10 64+9 | 855132 % | 86.8702 %
R2p2 - LOL, vlow 86+10 7149 | 821735 % | 85.7708 %

TABLE 9.5: Yields and efficiency variations under PID cut
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Category N (nominal) | N (tight) j:giff’;al %
R1 - LOI, gamma 445429 | 430+27 | 96.6109 % | 97.1757 %
R1 - LOL, gamma 29821 | 282420 | 944773 % | 97.9710 %
R2pl-L0L gamma | 449+31 | 363427 | 80.8%15 % |85.0M13 %
R2pl-LOL, gamma | 433+26 | 361422 | 834119 % |83.3M1° %
R2p2-L0L gamma | 830+40 | 677+33 | 81.2+14 9 | 82.7+11 9
R2p2-LOL, gamma | 736+33 | 594429 | 80.8117 % |82.471% %
R1 - LOI, vlow 33+7 35+6 | 1055727 % | 93.5707 %
R1 - LOL, vlow 3646 315 | 855757 % | 952702 %
R2p1 - LOI, viow 5049 48+8 | 955737 % | 87.770¢ %
R2p1 - LOL, viow 54+7 46+7 | 852735 % | 87.010% %
R2p2 - LOL, viow 80+11 69+10 | 86.1733 % | 86.7702 %
R2p2 - LOL, vlow 93+11 79410 | 845731 % | 85.8702 %

TABLE 9.6: Yields and efficiency variations under PID cut for the no-
PRMVA samples

For both with and without PRMVA cases, the yields and efficiency variations are
compatible regarding the errors. This relative verification is thus a good indication that
the corrections to simulation applied here are controlled in the very low and gamma
q* regions.

9.4 Measurement of B(B? — K*’eTe™) in very low g¢°
and comparison to theory

Using the measured yields and the estimated efficiencies in the very low g% and in
the |/ mode, one can measure the branching fraction of the BY — K*0¢te~ decay in
the very low ¢? bin according to expression (1.2). The branching fractions are firstly
computed for each year and trigger independently and are presented in table 9.7. The
single category result is then combined using the blue-combine package in order to ac-
count for the correlation or not of the different uncertainties. For example, the external
measurement value of B(B® — K*] /1) is taken fully correlated among the various
categories for the final averaging, while simulated events statistic uncertainties affect-
ing the efficiency evaluation are taken fully uncorrelated.

B(BY—=K*%ete,vl)
B(BY—K*0)
considering the effective g? range determined in 1.6 is found to be (3.778+0.025)-1073.
To perform this measurement, the dBB/dg?(BY — K*%eTe™) prediction from Flavio
which can be seen on figure 9.5 is integrated over the effective g range [0.00098,
0.10160] GeV*/c?. By measuring directly the ratio B(B® — K*%ete~,vl)/B(B® —

Considering the theoretical side, the Flavio prediction for the ratio
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K*%9), one can benefit from the fully correlated aspect of the branching fractions and
the cancellation of uncertainties in the ratio.

B(BY — K*%Te™,vl) R1 R2p1 R2p2
LOI (1.4540.30)-10~7 | (1.564-0.29)-10~7 | (1.31£0.19)-10~7
LOL (1.8540.31)-10~7 | (1.8740.28)-10~7 | (1.70+0.21)-10~7
All runs and triggers (1.5740.12)-10~7

TABLE 9.7: Measured value of the B(B® — K*%eTe™, vl)

LI I LI I LI I LI I LI I LI I LI I LI
—— Effective ¢?
——dB/dg*(B* — K% e )
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") o

dB/dg*(B° - K*%¢ e ™)
)
o
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|
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FIGURE 9.5: Flavio prediction for dB/dg?(B® — K*%eTe™)

By multiplying this ratio value by the world average value from PDG B(B? —
K*%) = (4.18 £0.25) - 10>, one can get the expected B(B? — K*%¢*e~,0l), which
is equal to (1.58+0.10)-10~7. If one uses the slightly more precise value from Belle
B(BY — K*%) = (3.96 +- 0.07 4+ 0.14) - 1072 [10], the expected B(B? — K*%eTe~,vl) is
(1.504-0.08)-10~7. The measured and the expected values are thus totally compatible
regarding the uncertainties, which means that the efficiency correction method is valid
in the very low ¢?. Using the other setups where the PRMVA cut is removed and/or
with the tight PID cut from table 9.4, one finds branching fractions which are also to-
tally compatible with the theory expectation. The experimental results for the different
setups compared to the predicted value of the branching fraction are summarised in
table 9.8 and figure 9.6.
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B(BY — K*0ete~,vl)
Nominal setup (1.5740.12)-10~7
Nominal, noPRMVA setup (1.5440.12)-10~7
Tight setup (1.53+0.12)-10~7
Tight, noPRMVA setup (1.54+0.12)-1077
Predicted value (PDG) (1.58+0.10)-10~7
Predicted value (Belle) (1.50+0.08)-10~7

TABLE 9.8: Measured and predicted values for B(B® — K*%e*e~,vl). The
label "PDG/Belle" denotes which value of B(BY — K*v) is used for the
prediction.

T I T 17T I LI B B | L I LI B B | I T 1T I T 1T I T 1T I T 1T
—— Flavio prediction (PDG)
—— Flavio prediction (Belle)

Nominal

. Nominal, noPRMVA

Tight

. Tight, noPRMVA
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BB = K*¥%te™) le=7

FIGURE 9.6: Measured and predicted values for B(B® — K*%e*e~,vl). The
label "PDG/Belle" denotes which value of B(B® — K**7) is used for the
prediction.

9.5 Prospects

The precision of this result and the procedure of validating efficiencies corrections
in electron samples at very low ¢* will be significantly improved by amelioration in
both the statistical yields from LHCb with Run 3 data taking and the reduction of the
errors in the B(B? — K**) from Belle II.

Indeed, the LHC Run 3 will provide much more statistics with an expected inte-
grated luminosity of 50 fb~! by the end of Run 3. Moreover, the B’ — K*9 branching
fraction value measured by the Belle IT experiment is currently B(B® — K*[K* 7t~ ]y) =
(4.540.3+£0.2) - 107>, where the first uncertainty is statistical and the second is sys-
tematic [25], and it is expected to significantly improve in precision in the coming years
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with the ramping up data-taking at Belle II. The work performed in this thesis is ex-
pected to be a milestone check to be performed in any future LFU analysis in LHCb
validating the efficiency correction and providing a stringent validation of the analysis
method in the future.

For such reason, the same approach and strategy can be applied in other decay
modes analysed at LHCb, such as BY — ¢e*e™ providing an equally valid cross-check
in the Ry measurements and any LFU measurements using BY hadrons.

In the measurement performed in this study, the systematic uncertainty on effi-
ciency is neglected as the uncertainty is widely dominated by statistical uncertainties.
However, with the statistics improvement from LHC Run 3, these systematics will be-
come more important to control and must be included in the measurements. To do so,
a first step, which would allow to directly account for the systematics budget and their
correlations, is to allow the fitter to directly fit for the branching ratio value, reparame-
terising the yields as a function of efficiencies and a single branching ratio value. Then
the systematics affecting the efficiency estimation as well as the fit systematics and their
correlations can be directly embedded in the fitter by applying multi-variate Gaussian
constraints on the efficiency ratio factors entering the yields parameterisation. Doing
so, the branching ratio parameter of interest will be one of the free parameters in the
titter and the errors arising from the efficiencies and the Gaussian constraints from the
systematics will propagate directly on the fitted value and its error determination.

Finally, the fits performed in the gamma g2 bin can be used to measure the B’ —
K*0 branching fraction at LHCb. However, no calibration sample exists for now to
calibrate photon conversion in LHCb, therefore the result is not expected to be excel-
lent, but it is still found to be not too far from the world average ((3.61+0.17)-10~°
vs (4.1840.25)-10~° in PDG) without accounting for any dedicated correction in the
conversion. It is also important to note that the absolute efficiencies estimation in this
bin suffer from different issues such as consistency in simulation versions compared
to J /¢ mode as well as lack in statistics and several assumptions of portability of 2016
efficiencies for 2017/2018. To be noted however that for relative efficiency variation,
and particularly the PID test, those effects are expected to be irrelevant.

An analysis dedicated to this decay in LHCb using conversion would be a nice
follow-up. To perform such analysis (measure the B(B? — K*’ with converted pho-
tons) would require the development of a calibration sample for electrons originating
from photon conversions. If this would be feasible in LHCb, the result could become
competitive and open up a variety of measurements in LHCb using converted pho-
tons which are not possible nowadays, being all affected by the lack of a calibration
sample to correct material interaction and conversion in material at LHCb. For this,
a sample of (cc — x. — J/¢ ), with ci = c1,c2, could be used as it is well-defined
and provides high statistics. The idea would be to use the mass difference between
Xci and ]/ to have a sharp and narrow mass peak, where the J/¢ — u*u~ is used.
The reconstruction through a /¢ — up channel in fact, benefits of an excellent mass
resolution and very high reconstruction efficiency as well as the possibility to be di-
rectly available in the very first stages of the trigger selection chain. This ultimately
would motivate the need of developing a dedicated trigger reconstruction/selection
of J/py(— ee) calibration line for converted electron calibration.
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10 Conclusion

This master project aimed at validating the analysis methods used to measure the
Rx ratios, which is a measurement performed in LHCb to test the lepton flavour uni-
versality in the SM in rare b hadron decays.

This is made by measuring the branching fraction of the B — K*%¢Te™ decay in
the very low g2 bin. Such validation allows to verify two key ingredients of the Ry
analysis: the corrections to simulation for electrons and the associated efficiency cal-
culation, as well as the validity of the analysis and corrections to simulation across the
full 42 region.

In parallel to the very low ¢, the B — K*Y¢(— e*e™) is studied to provide con-
straints for the very low g2 mass fit and to perform complementary studies able to
validate the selection and the correction to simulation under different final states se-
lection requirements.

After the definition of a cut-based selection, for both the B — K*%¢te¢~ and B? —
K*%y(— eTe™) decays, the reconstructed BY invariant mass is fitted in the very low
and gamma g2 bins. The fits are performed simultaneously in three data taking peri-
ods Run 1 (2011-2012), Run 2 part 1 (2015-2016) and Run 2 part 2 (2017-2018), and in
each of them in the two trigger categories (LOI and LOL). The fits are performed under
different setups to study both the impact of the partially reconstructed MVA (PRMVA)
selection and the stability of the ratio of yields and efficiency under different electron
PID cut. For each bin, the participating backgrounds are identified and fitted using
Monte-Carlo simulation samples. A Monte-Carlo sample of the decay of interest is also
titted as the signal component. Once the shapes are defined, they are implemented in
the RX framework in which the total data fits are performed, simultaneously with the
normalisation channel BY — K*J/¢(— ete™).

Besides that, angular fits of the 6 angle are performed for the same signal and
backgrounds components in the two bins. For the total data modelling, the yields
determined in the mass fits are assigned to the components and it is found that they
are compatible with the angular data and that they don’t suffer from any large mis-
modelling.

In order to account for mis-simulated effects, corrections are applied on the effi-
ciencies following the strategy developed in the R x analysis. A check on the variation
of the efficiencies compared to yield variation is performed using both the very low
and the gamma g2 bins applying different PID selections to the electrons. It is found
that the ratio of yield and efficiency is stable, which is a good hint that the correction
to simulation method is valid at such low g% and that the results are invariant under
different PID requirements.
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Then, the correction to simulation is applied in order to measure the branching
fraction B(B? — K*%ee™) in the very low g% and comparing it to the predicted value
from theory scaled by the externally provided B(B® — K*v). In fact, using the ratio
of the branching fraction in the very low ¢? to the B(B® — K*%) allows to cancel a
large part of the theoretical uncertainties. Therefore, an expectation from theory for
Bpred(BO — K*%%e~,vl) can be computed and is found to be (1.580.10)-10~7 when

using the world average value of B(B? — K**7) from PDG, and (1.504-0.08)-10~7 when
using the Belle measurement of B(B? — K*V7).

With the nominal selection setup (PRMVA applied, loose PID cut), the measured
Bineas(B® — K*%ete,vl) is found to be (1.57+0.12)-10~7, while for the setup where the
PRMVA is not applied and /or with a tighter electron PID selection, the measured value
Bineas(BY — K*9%*e~,0l) is found to be between (1.534-0.12)-10~7 and(1.54+0.12)-10~7
depending on the case.

In all cases, the measured and predicted values are totally compatible, indicating
that the analysis method and in particular the efficiency corrections are valid in the
very low g%. One can thus assume its validity over the whole g* range up to the
J/¥ (1S) and ¢ (2S) resonant modes.



52

A Full selection

The full selection applied to data is presented in tables A.1, A.2 and A.3. For the PID
cut, the one presented here is the nominal one, the tighter cut studied is specified in
section 9. For the MVA cut, this is the most restrictive cut studied. For the case without
constraint on the partially reconstructed MVA the part cat_wMVA_PR_lowcen > 0.50is
simply removed.

For the MC samples, an additional selection with truthmatching is applied. It con-
sists in requiring the events to be in certain background categories defines as follows:

® BKGCAT == 0: signal

* BKGCAT == 10: signal but with all intermediate states not fully reconstructed
® BKGCAT == 20 : fully reconstructed physics background

® BKGCAT == 30 : misidentifications

® BKGCAT == 40 : partially reconstructed physics background

* BKGCAT == 50 : signal with radiative losses

® BKGCAT == 60 : ghosts

The cuts applied for signal and background MC samples for all run periods are
thus:

e Signal: ((((BO_BKGCAT == 0 || BO_BKGCAT == 10) || (BO_BKGCAT == 50)) ||
(BO_BKGCAT == 60))&& ((((E1_TRUEID==0) + (E2_TRUEID==0) + (K_TRUEID==0)
+ (Pi_TRUEID==0) <=1 ))))&& (SignalLikeness>=3)

e Backgrounds : ((((((BO_BKGCAT == 20) || (BO_BKGCAT == 30)) ||
(BO_BKGCAT == 40)) || (BO_BKGCAT == 50)) || (BO_BKGCAT == 60)) ||
(BO_BKGCAT == 0 || BO_BKGCAT == 10))&& ((((E1_TRUEID==0) + (E2_TRUEID==0)
+ (K_TRUEID==0) + (Pi_TRUEID==0) <=1 )))
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Category ple{rl;(r: d Cut

(((((TMath: :Max (BO_M012,B0_M013_Subst3_pi2K)
< 5100)&& (! (BO_M23_Subst3_pi2K < 1040 &&
Pi_MC15TuneV1_ProbNNpi < 0.8)))&&

(' ((TMath: : Abs (BO_TRACK_M_Subst_K121K_DTF_JPs
- 5279.580000) < 60 &&
E1_MC15TuneV1_ProbNNe < 0.8) ||
(TMath: : Abs (BO_TRACK_M_Subst_lpi2pil _DTF_JPs
- 5279.580000) < 60 &&
E2_MC15TuneV1_ProbNNe < 0.8))))&&

(! ((TMath: : Abs (BO_TRACK_M_Subst_K121K_DTF_Psi
- 5279.580000) < 60 &&
E1_MC15TuneV1_ProbNNe < 0.8) ||
(TMath: : Abs (BO_TRACK_M_Subst_lpi2pil DTF_Psi
- 5279.580000) < 60 &&
E2_MC15TuneV1_ProbNNe < 0.8))))&&
(('(TMath: :Abs(TMath: :Sqrt (TMath: : Sq(K_PE+Pi_PE+
TMath: :Sqrt (TMath: :Sq(139.570180) +
TMath: :Sq(E2_TRACK_PX)+ TMath: : Sq(E2_TRACK_PY)+
TMath: :Sq(E2_TRACK_PZ))) -

TMath: :Sq(K_PX+Pi_PX+E2_TRACK_PX) -

TMath: :Sq(K_PY+Pi_PY+E2_TRACK_PY) -

TMath: :Sq(K_PZ+Pi_PZ+E2_TRACK_PZ)) - 1869.650000)
< 30 & E2_MC15TuneV1_ProbNNe < 0.8))&&

(! (TMath: : Abs (BO_TRACK_M12_Subst1_e2pi - 1864.830000)
< 30 & E2_MC15TuneV1_ProbNNe < 0.8))))&&
(JPs_VMI_D > 0.3)**

HOP All BO_HOP_M > 4800
MVA All cat_wMVA_lowcen > 0.50 && cat_wMVA_PR_lowcen > 0.50

BKG All*

TABLE A.1: Selection cuts for rejection of background ; * for Run 1,
V15TuneV1 is replaced by V12TuneV3 ; ** only in the very low g bin
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Run
Category period Cut
Lo All BO_LOMuonDecision_TIS || BO_LOHadronDecision_TIS ||

BO_LOElectronDecision_TIS

((Year == 11)&& ((E1_LOElectronDecision_T0S &&
E1_LOCalo_ECAL_realET > 2500) ||
(E2_LOElectronDecision_TO0S &&

Runl E2_LOCalo_ECAL_realET > 2500))) || ((Year == 12)&&

((E1_LOElectronDecision_TO0S &&

LPET E1_LOCalo_ECAL_realET > 3000) |
(E2_LOElectronDecision_TO0S &&
E2_LOCalo_ECAL_realET > 3000)))

((Year == 15)&&((E1_LOElectronDecision_TO0S &&
E1_LOCalo_ECAL_realET > 3000) ||
(E2_LOElectronDecision_T0S &&
E2_L0Calo_ECAL_realET > 3000))) || ((Year == 16)&&
((E1_LOElectronDecision_T0S &&
E1_L0Calo_ECAL_realET > 2700) ||
(E2_LOElectronDecision_T0S &&
E2_L0Calo_ECAL_realET > 2700)))

((Year == 17)&& ((E1_LOElectronDecision_TO0S &&
E1_LOCalo_ECAL_realET > 2700) ||
(E2_LOElectronDecision_TO0S &&
E2_LOCalo_ECAL_realET > 2700))) || ((Year == 18)&&
((E1_LOElectronDecision_TO0S &&
E1_LOCalo_ECAL_realET > 2400) ||
(E2_LOElectronDecision_TO0S &&
E2_LOCalo_ECAL_realET > 2400)))

Run2pl

Run2p?2

HLT1 All BO_Hlt1TrackMVADecision_TOS

(BO_H1t2Topo2BodyDecision_TOS ||
BO_H1t2Topo3BodyDecision_TOS) | |

HLT? Runl and (BO_H1t2TopoE2BodyDecision_TOS ||
Run2p2 BO_H1t2TopoE3BodyDecision_TO0S ||
BO_H1t2TopoEE2BodyDecision_TOS ||
BO_H1t2TopoEE3BodyDecision_TOS)

((BO_LOMuonDecision_TIS ||

TRG All BO_LOHadronDecision_TIS ||

BO_LOElectronDecision_TIS))&&
(BO_H1t1TrackMVADecision_T0S)

TABLE A.2: Selection cuts for trigger requirements



Appendix A. Full selection 55

Category

Run
period

Cut

PS

All

(CCCCCCC(((E1_InAccEcal==1 && E2_InAccEcal==1)&&
(TMath: :Min(E1_LOCalo_ECAL_region,
E2_LOCalo_ECAL_region) >= 0))&&

(1 ((TMath: :Abs(E1_LOCalo_ECAL_xProjection) < 363.6 &&
TMath: :Abs(E1_LOCalo_ECAL_yProjection) < 282.6) ||
(TMath: :Abs(E2_LOCalo_ECAL_xProjection) < 363. &&
TMath: :Abs (E2_LOCalo_ECAL_yProjection) < 282.6))))&&

(K_hasRich==1 && Pi_hasRich==1 &&
K_InAccMuon==1 && Pi_InAccMuon==1))&&
(E1_hasRich==1 && E2_hasRich==1 &&
E1_hasCalo==1 && E2_hasCalo==1))&&

(K_PT > 250 && Pi_PT > 250 && Pi_P > 2000 &&
K_P > 2000))&& (TMath::Min(E1_PT,E2_PT) > 500 &&
TMath::Min(E1_P,E2_P) > 3000))&& (Kst_PT > 500

&& TMath: :Min(K_IPCHI2_0OWNPV,Pi_IPCHI2_OWNPV) > 9 ))&&

(TMath: :Min(E1_PT,E2_PT) > 300 &&
TMath: :Min(E1_IPCHI2_OWNPV,E2_IPCHI2_OWNPV) > 9 &&
TMath: :Min(TMath: :Sqrt (TMath: : Sq(E1_TRACK_PX)+
TMath: : Sq(E1_TRACK_PY)),
TMath: :Sqrt (TMath: : Sq(E2_TRACK_PX)+

TMath: :Sq(E2_TRACK_PY))) > 200 && JPs_PT > 500))&&

(TMath: :Max (K_TRACK_CHI2NDOF,Pi_TRACK_CHI2NDOF) < 3 &&
TMath: :Max (K_TRACK_GhostProb,Pi_TRACK_GhostProb)

< 0.4)&&

(TMath: :Max(E1_TRACK_CHI2NDOF,E2_TRACK_CHI2NDOF) < 3 &&

TMath: :Max(E1_TRACK_GhostProb,E2_TRACK_GhostProb)
< 0.4))&& (1 &% H1H2_0A > 0.0005 &&
L1H1_0A > 0.0005 && L1H2_0A > 0.0005 &

& L2H1_0A > 0.0005 && L2H2_0A > 0.0005)

PID

All*

((((K_PIDK > -5)&&
(K_MC15TuneV1_ProbNNk * (1 - K_MC15TuneV1_ProbNNp)
> 0.05))&& (K_PIDK > 0))&&

(Pi_MC15TuneV1_ProbNNpi * (1 - Pi_MC15TuneV1_ProbNNk)

* (1 - Pi_MC15TuneV1_ProbNNp) > 0.1))&&

(((TMath: :Min(E1_PIDe,E2_PIDe) > 0)&&
(TMath: :Min(E1_MC15TuneV1_ProbNNe,E2_MC15TuneV1_ProbNNe)

> 0.2))&& (TMath: :Min(E1_PIDe, E2_PIDe) > 2))

KSTMASS All

TMath: :Abs(Kst_M - 895.810000) < 100

SrD

Runl
Run2

nSPDHits < 600
nSPDHits < 450

TABLE A.3: Selection cuts for preselection and particle identification; * for
Run 1, V15TuneV1 is replaced by V12TuneV3
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0G 1G
Runl - LOI, very low 0.271 | 0.729
Runl - LOL, very low 0.330 | 0.670
Run2pl - LOI, very low | 0.267 | 0.733
Run2p1l - LOL, very low | 0.337 | 0.663
Runl - LOI, gamma 0.283 | 0.717
Runl - LOL, gamma 0.327 | 0.673
Run2pl - LOI, gamma | 0.298 | 0.702
Run2pl - LOL, gamma | 0.369 | 0.631

TABLE B.1: MC fraction of events with 0 bremsstrahlung photon emitted
(0G) and 1 or more bremsstrahlung photon emitted (1G) for R1 and R2p1
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B.3 ]/ mode data fits
—~  x10° = ol
I\Q § ‘ ‘ ‘ ‘ R;al Data Tm ZS‘grlal . % [ ‘ ‘ " TReal De;Ia r—r;Sgna;
% 30¢ B:comb [z Patreco ] = 06 B:cov Psraten
= E P:w sBoP go| L B:w IBoPh
% 20r 5Bs % HadSwap ] Q 0.4 sBs = HadSwap
~ C g % r
@ 10F = < 02F a
= _.-;:",‘ . B ?J [ ]
L% Oh; — L . ! ! ] X].O3 g 07 ! L | 1 | ! ! i X103
46 48 5 52 54 56 58 6 62 S 515253545556 575859 6 61
m(B%) (MeV/c?) o m(B% (MeV/c?)
5 E 5 E
O™ “mr™ = ey E e e e . E
_5i ; _r,d; 3

(a) ete” mode

(b) "y~ mode

FIGURE B.11: Total data fit of B — K*°J/¢(— ¢*¢~) candidates for all
run periods and triggers

Sample Signal yield, e"e™ mode | Signal yield, u™u~ mode
Runl - LOI (2.50340.013)-10% 66224+258
Runl - LOL (2.74740.012)-10% 17368+429
Run2pl1 - LOI (3.145+0.016)-10% 729524265
Run2pl - LOL (3.7434+0.016)-10% 169731414
Run2p2 - LOL (6.050-£0.027)-10° 139324369
Run2p2 - LOL (6.993+0.028)-10% 351374601

TABLE B.2: Signal yields for each run period and trigger category in the
total J /1 mass fit
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