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Abstract

In this thesis we have studied the semileptonic b — c¢7v, decays which is found to be a
sensitive probe of physics beyond standard model. Over the last few years, data for the
semitaunic decays of B meson from different experimental collaborations have provided
an excellent environment for testing the standard model in this sector. In particular, the
measurements on R(D®)) = B(B — D% rv.)/B(B — D™ {y;) by BABAR, Belle and
LHCb have shown some significant deviations from their SM predictions, indicating an
indirect hint of new physics in b — crv; transitions. This thesis mainly focuses on two
important aspects in the search of new physics via the above mentioned decays. First, the
test of the new physics sensitivities of different observables associated with these decays
in the future high luminosity experiments. In this regard, we have used the Optimal
Observable technique which has been proven to be an useful tool in the collider searches.
Here, for the first time we have applied this technique in the context of flavour physics
observables. We have compared the sensitivities of different observables in B — D® 7y,
decays towards various new interactions. It has been also shown that the decay rate
distributions could be an useful probe in discriminating different new interactions, in
particular at very high luminosity. Secondly, we look for possible new physics scenarios
in b — crv; decays that are most compatible with the available data using the Akaike
Information Criterion. We have also updated the standard model predictions of the
asymmetric and angular observables in b — ¢7v; decays using the results of the recent
up-to-date analysis in B — D® ¢y, . Furthermore, in the selected scenarios with Akaike
Information Criterion, best-fit values and correlations of the new parameters are extracted.
Using these results, predictions are made on various observables in the exclusive and
inclusive semitaunic b — ¢ decays which can then be further checked for consistency with
the future measurements. The graphical correlations among these observables are shown

as well. These are found to be useful in discriminating various new physics scenarios.

xi

TH-1933_136121011



TH-1933_136121011



xiii

List of Publications Included in the Thesis:

1. “b — crv; Decays: A Catalogue to Compare, Constrain, and Correlate
New Physics Effects”
S. Bhattacharya, S. Nandi and S. Kumar Patra.
arXiv:1805.08222 [hep-ph]

2. “Looking for possible new physics in B — D®7u_ in light of recent data”
S. Bhattacharya, S. Nandi and S. K. Patra.
arXiv:1611.04605 [hep-ph]
DOI:10.1103/PhysRevD.95.075012
Phys. Rev. D 95, no. 7, 075012 (2017)

3. “Optimal-observable analysis of possible new physics in B — D®) 7y,
S. Bhattacharya, S. Nandi and S. K. Patra.
arXiv:1509.07259 [hep-ph]
DOI:10.1103/PhysRevD.93.034011
Phys. Rev. D 93, no. 3, 034011 (2016)

TH-1933_136121011



TH-1933_136121011



Contents

Abstract
List of Figures

List of Tables

1 Introduction

1.1 Flavor in the standard model . . . . . . . . . ... ... ... ... ....
1.1.1 Cabibbo-Kobayashi-Maskawa Matrix . . . . . . .. .. .. .. ...

1.1.2  Unitarity Triangle . . . . . . . . . . ... ... ... ... ...,

1.1.3 Determination of CKM parameters . . . . . . . .. .. ... ....

1.2 New Physics and the Observables . . . . .. ... ... . .........
1.2.1 New Operators . . . . . . . . . . ot i ittt
1.2.2 Observables . . . . . . . .. ..
1221 B—=oDWru, o e

ho 27NN AT . e A e

1.2.2.3 Ab — ACEVZ ..........................

1224 B — XeTUr « o 0 0 0 o e e e e

1.225 B.—=TUr . . . o e

1.3 Experimental status . . . . . . . ... ...

2 Methodology

2.1 Introduction . . . . . . . . . . . . . e
2.2 Optimal Observable Technique . . . . .. ... ... ... ... ......
2.3 xZAnalysis . . .. ...
2.4 Goodness-of-Fit . . . . . . . . ...
2.5 Model Selection . . . . . . . . ...

251 AXZtest. . ...

2.5.2 Introduction to AIC. . . . . . . . . . . ...

XV

TH-1933_136121011

xi

xix

xx1

10
11
14
15
15
16
23
24
27
28
28



xvi Contents

3 Test of new physics sensitivity of the observables in B — D®) v, decay

using Optimal-observable technique 41
3.1 Introduction . . . . . . . . .. e 41
3.2 Formalism . . . . . . . .. 42
3.3 Analysis . . . .. 46

3.3.1 Discussions . . . . . . ... e 51

3.3.2  Bin-by-bin analysis . . . .. .. ... .. 0oL 53
3.4 Summary ... .o e e e e 59

4 Looking for new physics in B — D®7u,. decay from the available data 61

4.1 Imtroduction . . . . . . . . . . . e e 61
4.2 Form-factors from B — DMy, . .. 63
4.2.1 Formalism . . . . . . . . . . . 63
422 x%analysis . . ... 64
423 FitResults . . . . .. . 66
4.3 New Physics Analysis . . . . . . . . . . 72
4.3.1 Methodology . . . . . . . . . ... 72
4.3.1.1 Numerical Multi-parameter Optimization . . . . . . . . . 74

4.3.2 Results . . .. .. 76
4.32.1 Fit-1 . . ..o 76

AR 22 L . AR A % N 84

4.4 SUMmMAary . . . .. .o e e e e e 84

5 b — crvy Decays: A Catalogue to Compare, Constrain, and Correlate

New Physics Effects 87
5.1 Introduction . . . . . . . . . .. . L 87
5.2 Observables in b — ¢ty decays : Standard Model revisited . . . . .. .. 89
5.2.1 Exclusive Decay Channels : . . . ... ... ... .. ...... 89

5.2.2 Inclusive Decay : . . . . . . . .. .. 89

5.3 New Physics Analysis . . . . . . ... .. o 91
5.3.1 Numerical Optimization and Model Selection . . . . ... ... .. 91

54 Results. . . . . . e 96
5.4.1 Model selection . . . . . . . ... 96

5.4.2 Prediction of observables and correlations amongst them . . . . . . 103

5.5 Summary ... .o 110

6 Summary and Conclusions 113
A Decay distributions for angular observables in B — D®rv. decays: 119

TH-1933_136121011



Contents

xvii

B Helicity amplitudes for A, — A.7v,; decay

C fi(¢?) for different observables used in Chapter 3:

Bibliography

TH-1933_136121011

123

127

129



TH-1933_136121011



List of Figures

1.1
1.2
1.3

3.1
3.2

3.3
3.4
3.5

4.1

4.2

4.3

4.4

TH-1933_136121011

Graphical representation of Eq.(1.16) as a UT in complex plane. . . . . .
p — 71 plane showing the result of the SM fit by UTfit collaboration.
Current Experimental Status of R(D*) by HFLAV. . . . . .. ... .. ..

Surfaces of constant x? = 1 for a few selected cases of different observables
B = D7urs . oo
Surfaces of constant x? = 1 for a few selected cases of different observables
shown in B — D*Tur,. . . . 0 . e e e e
Selected cases in B — D7v;, here, C; = [0Ci|/Nuorm- - « + « v« o o o ..
Selected cases in B — D*7v;, here, C; = [0Ci|/Nporm- -+« « « v v o oo
Measured ¢? distribution of the events in B — Dv, (left) and B — D*7u;,
(right) decays [118]. The black lines represent the ¢? distribution predicted
in the SM, obtained from the respective differential branching fractions.

Fig.s 4.1a and 4.1b are the measured background subtracted ¢*-distributions
for B — D77, and B — D*77, events, extracted from the BABAR data
[118]. Fig. 4.1c is the background subtracted and normalized momentum
distribution of D* extracted from the Belle data [157] . . ... ... ...
Results obtained from ‘Fit-1’. Fig.s 4.2a and 4.2b are the ¢ dependence
of form-factors for semileptonic b — ¢ transitions. Red (dotted) and blue
(dot-dashed) lines enclose +10 regions for the form-factors with parameters
fitted from B — Dev, (world average) and B — D77, decays (BABAR)
respectively. The rest of the figures are for form-factors for B — D*(7,
and B — D*rv, decays. Here green (solid) lines enclose the region for
B — D*1v, decays (Belle). . . . ... .. ... ... ...
Similar figures of ¢ dependence of form-factors as figure 4.2. These are
obtained from ‘Fit-2’. . . . . . ... oo
Q-Q Plot of the residuals of the best fits. Each plot compares the quantiles
of the distribution of the residuals with a Gaussian with = 0 and o2 = 1.
The closer the distribution o the points are to the corresponding dotted
lines, the better they fit to the Gaussian. Here we show the best NP cases
for data-set ‘3’ from table 4.7 . . . . . . ... L

xix

49

50
95
56

o7

63

67

71



XX List of Figures

4.5 The ‘cases’ for different datasets listed in table 4.7, which pass the goodness-
of-fit hypothesis tests but could not be listed in table 4.8 as for these cases,
the minimum, instead of being an isolated point, is actually a contour
in the parameter-space. Though this is true for all plots listed here, some
cases have four parameters and we are only able to show the two-parameter
cross-sections of these.(e.g. plots 4.5d and 4.5e are actually cross-sections
of a single four-dimensional plot. Same is true for 4.5g and 4.5h). . . . . . 79
4.6 Array-plots showcasing the correlations between the fitted parameters of
separate ‘cases’ for different datasets listed in table 4.8. The color-coding
is explained in the horizontal legend. As can be seen, for the cases with
only two independent parameters, the parameters are strongly (negatively)
correlated, compared to other cases, as expected. . . . . . .. .. ... .. 80

5.1  The allowed parameter space of NP Wilson coefficients and their correlations con-

sidered in different scenarios for the dataset with all data, where R ;g is calculated

in PQCD (last dataset of tables 5.4 and 5.9). Red (solid) and blue (dashed) con-

tours enclose respectively 1o and 30 confidence levels(C.L.), as defined in section

5.4.1. Shaded and diagonally hatched overlay regions represents parameter space

disallowed by constraints B(B. — 7v,) < 30% and 10% respectively. These plots

are continued to the next figure 5.2. . . . . . . . .. ..o 94
5.2 Plots for the remaining scenarios, continued from figure 5.1. . . . . . . . . . .. 95
5.3 Correlation plots among different observables for one-operator scenar-

ios listed in the first column of Table 5.9. Blue (solid), Orange(dashed),

and Red(dotted) contours correspond to the scenarios with Re(Cr),

Re(Cy, ), and complex CYy, respectively. For each of these scenarios,

lo (filled region) and 3o contours are given. . ... .......... 104
5.4 Correlation plots among different observables for all one-operator sce-

narios listed in the first column of Table 5.11. Blue (solid), Orange

(dashed), Red(dotted), and Green (dot-dashed) contours correspond

to the scenarios with Re(Cr), Re(Cy, ), Re(Cy, ), and Re(Cy, ) respec-

tively. For each of these scenarios, 1o (filled region) and 3¢ contours

are given. . € #, . WAL . . . . . ... . g | 105
5.5 Correlation plots among different observables for some of the two-

operator scenarios listed in the first column of Table 5.9. Green (dot-

dashed), Magenta (dashed) and Brown (non-uniform dot-dashed) con-

tours correspond to the scenarios with [Re(Cr), Re(Cy,)], [Re(Cy,), Re(Chys)]

and [Re(Cr), Re(Cy,)] respectively. For each of these scenarios, lo

(filled region) and 30 contours are given. . ... ... ... ... ... 106
5.6 Correlation plots among different observables for two-operator sce-

narios listed in the first column of Table 5.11. Blue (solid), Or-

ange (dashed), Red(dotted) and Green (dot-dashed) contours corre-

spond to the scenarios with [Re(Cyg,), Re(Cy,)], [Re(Cs,), Re(Cr)],

[Re(Cs,), Re(Ch,)] and [Re(Cr), Re(Ch,)] respectively. For each of

these scenarios, 1o (filled region) and 30 contours are given. . . . .. 107

TH-1933_136121011



List of Tables

1.1
1.2

1.3

1.4

2l

3.1

3.2
3.3

3.4
3.5
3.6
3.7
3.8
3.9

3.10

3.11

TH-1933_136121011

The fermion fields of the standard model and their gauge quantum numbers.

A partial list of measurements generally used to determine the CKM pa-
rameters. The measurements are classified according to the dominant type
of uncertainties (experimental or theoretical) and the type of processes in-
volved (tree or loop). Abbreviation: OPE, operator product expansion. . .
Lattice QCD results of f and fj for different values of w. The upper half
of the table have been obtained using the fit results from the HPQCD col-
laboration [73], and the lower half are the results obtained by the Fermilab
MILC collaboration [71]. . . . . . . ... ... ..
Present experimental status of the observables used in this analysis. First
uncertainty is statistical and the second one is systematic. . .. ... ..

Rough rule-of-thumb values of A;‘” C for analysis of nested models. . . . .

Cys as defined in eq.(3.1). The observable PZ(¢?) contains the same set of
C,‘S. .......................................
Expressions of C;s for different observables. . . . . . ... ... ... ...
Cases relevant for Rp(¢?), Pf(¢%) and AZ;(¢?). Here Cs = Cg, + Cs,,
and in all the cases Cy; +Cy, =0. . . . . . ... ... ...
Different cases related to Rp«(¢?) and P (¢?) in B — D*1v,. Here Cg =
Cs, —Cg,, and in all the cases Cy, =0. . . . . . ... ... ... ... ..
Cases relevant in AR5 (q?) with Cy, =0. . . . . . . ... ... ... ...

NP cases relevant in D* polarisation asymmetry. Here, Cy = Cy, — Cy, = 0.

Numerical values of the 1o error on C;s extracted from R(D) and PE. For
the cases Re(C;) =0, 0|C;|2 = 6(Im2(Cy)). . - o o o o oo oo
Numerical values of the 1o error on C;s extracted from R(D*) and PF".
For the cases Re(C;) = 0, 0|Cy|> = 6(Im2(Cy)). « . o o o oo oo
Numerical values of [0C;| extracted from the 7 forward-backward asymme-
tryin B—= DTUr. .« 0 0000 e
Numerical values of |§C;| extracted from 7 forward backward asymmetry
inB— D*Tur. . . o e e e e e e
The results obtained from the analysis of the D* polarisation asymmetry
inthedecay B — D*Tv,. . . o o Lo

xxi

12

20

29

39

43
45

46

47

47

47

48

48

51

02



xxii List of Tables

3.12 Numerical values of §C;s, and §C;* (§C; ™) considering +10% (-10%) errors

in f;(¢®) for few cases of R(D). The % error is given by (6C; — 6C;)/6C;. 58
3.13 Numerical values of §C;s, and §C;* (§C; ™) considering +10% (-10%) errors

in f;(¢%) for few cases of R(D*). The % error is given by (6C; — 6C;*)/6C;. 59

4.1 Experimental inputs for fits. Only statistical uncertainties are supplied for
'r(zz)rm(sig)' Whenever two uncertainties are quoted, they are the statistical

and systematic ones respectively. . . . . ... ..o 64
4.2  Fit-I Results of parameters parameterizing the form-factors in HQET. The

last column lists the results of the hypothesis test (Shapiro-Wilk) for as-

sessment of goodness-of-fit. . . . . . ... 68
4.3 Correlations between the fitted form-factor parameters from Fit-I. . . .. 68
4.4 Fit-IT Results of parameters parameterizing the form-factors in HQET. . . 69
4.5 Correlations between the fitted form-factor parameters from Fit-1I. . . . . 69

4.6 Inputs used in the fitting of new Wilson coefficients. All Masses are in
GeV. Correlations between a few form-factor parameters are listed in Eq.
(1.37) . . ... . I . . .. ... ... W 73

4.7 The best selected scearios for “Fit-1” (section 4.3.2.1). The cases listed in
order in the fourth column for each dataset have passed through the selec-
tion criteria 0 < AAC < 4, where A1 = 0 in each dataset. Note that the
case-index values represent a specific set of parameters and each parame-
ter listed here is considered to be complex, so the number of parameters
is actually double. w; in the eighth column is defined in eq.(2.18). The
next column lists the results of the S-W normality test for the assessment
of goodness-of-fit. The last column lists the x? value corresponding to the
SM for each dataset. Note that AIC, value for SM is same as the y? as no.
of fit parameters K =0for SM. . . . . . . . . ... ... ... ....... 75

4.8 Best-fit values and Gaussian errors of all parameters for the selected ‘best’
cases for ‘Fit-1’, listed in table 4.7. Some cases are omitted due to the
reason explained in section 2.4 and corresponding plots are tabulated in

fig. 45. . 8 . "Nl . ... ... ... ..l =% 7
4.9 The best selected scenarios for “Fit-2” (section 4.3.2.2). Here we compare

the performance of AIC, with BIC in model selection. . . . . .. ... .. 78
4.10 The best selected scearios for “Fit-2” (section 4.3.2.2). For clarification of

columns, please see the caption of table 4.7 . . . . ... ... ... .... 81

4.11 Best-fit values and Gaussian errors of all parameters for the selected ‘best’
cases for ‘Fit-2’, listed in table 4.10. Some cases are omitted due to the
reason explained in section 2.4 . . . .. ... L Lo oo 82

5.1 SM values of observables obtained and/or used in this chapter, with cor-
relations, wherever relevant. Due to considerable uncertainty and differ-
ence in central values, value of R j/y is quoted for both LFCQ and PQCD
parametrizations. They are treated separately throughout the NP analysis
aswell. *Basedon [26] . . . . . .. ... L 90

TH-1933_136121011



List of Tables

xxiil

5.2
5.3

5.4

5.5
5.6

5.7
5.8

5.9

5.10
5.11
5.12

5.13

5.14

TH-1933_136121011

The correlations between various non-perturbative parameters and the masses.
These were all obtained in the analysis of inclusive B — X fv; decays in [99]. 90

SM Predictions for Rx_. Other relevant inputs are taken from table 5.2 in the

kinetic scheme, while those for the M .S scheme are taken from table II of ref. [99].

Scenarios selected after passing the normality check and the criterion AAIC, < 4,
for all data available (with or without R ;/y). First and second columns of each
dataset represent the reduced x? and corresponding p-value. Third, fourth and last
columns represent the independent fit parameters, Akaike weights, and whether
or not the fit results satisfy the constraint B(B. — 7v,) < 30% respectively. ‘v'V’
means that only some of the multiple minima satisfy this limit for the scenario in
question. % M. ¥, . ki L . L L e L L L L L
Results similar to table 5.4, but with P, (D*) dropped (with or without R/ g). .
Results similar to table 5.4, but with data from BaBaR dropped (i.e., only with
Belle and LHCb data; with or without Ry/g). . . . . . . . . .. ... ... ..
Results similar to table 5.4, but only with all Rp- data (with or without R ¢).
Nuisance inputs to create Xfwi& defined in eq. 5.4. These are obtained
from the analysis in ref. [26]. . . . .. ... ... ... .. L.,
Best fit results and correlations of the scenarios listed in table 5.4. We omit the
scenarios disallowed by the constraint B(B. — 7v,) < 30%. For the cases where
only some of the minima are allowed by the constraint, we quote only those of
them allowed by the constraint and closest to the SM point at the same time.
Elaboration is in section 5.4.2. For scenarios where the best fit, instead of being
an isolated point, is actually a contour in the parameter-space, we ask the reader
to check the corresponding plot. Figure 5.2g is the plot for scenario 16 in the last
dataset of this table. . . . . . . . . . . ..o
Results for the scenarios listed in table 5.5, following the convention of
tablefBly). WP @ _SENSIURRY U . A s .
Results for the scenarios listed in table 5.6, following the convention of
table 5. NN . . . . . . .. ... s
Results for the scenarios listed in table 5.7, following the convention of
table'5¢94 . . ML . . . ... L L L gl el
Predictions for observables listed in table 5.1, for different scenarios listed in the
first dataset of table 5.9. We have omitted the scenario where the best fit is a
contour instead of a curve (scenario 17). Each result contains two uncertainties:
the first one for uncertainties in form factors and the second one for uncertainties
of the fitted NP Wilson coefficients. Though in most cases the NP error is pre-
dominant compared to the form factor ones, we quote both of them. These results
continue in the next table 5.14. . . . . . . . . .. ..o

Prediction of observables, continued from table 5.13. . . . . . . . . ... .. ..

91

92
92

93
93

93

97

98

98

99



XX1v List of Tables

5.15 Predictions for Ry, in different NP scenarios (same as table 5.13). Here, the
mentioned accuracy levels are for the SM predictions. Two sets of calculations are
done with m,. in either M S or kinetic scheme. The corresponding SM predictions
are given in table 5.3. Quoted uncertainties are for NP only. The SM uncertainties

are to be added in quadrature to respective cases. . . . . . . . . . . ... ... 102
C.1 f;sfor R(D) and 7 polarisation asymmetry in B — D71y, . . . . . .. .. 127
C.2 fis for Rp~ and 7 polarisation asymmetry in B — D*rv,. . . . .. .. .. 128
C.3 f;s for 7 forward-backward asymmetries in B — D® v, decays, and D*

polarisation asymmetry in B — D*7Tv,. . . 0 .00 128

TH-1933_136121011



Chapter 1

Introduction

A major endeavor of human civilization is to understand the laws of nature at their
most fundamental level. In this process, practice of science enables us to dig into the
very minute details of the universe both at microscopic and macroscopic levels. With
the constant evolution in modern science, experimental discoveries and theoretical ideas
have moved forward together. Today’s tens of kilometers long particle accelerators in
underground tunnels, that speed protons, antiprotons, electrons to near the speed of light
and make them collide head-on with each other or with stationary targets are the modern
versions of Rutherford’s table-top experiment on the scattering of alpha particles. Over
the years we have achieved several breakthroughs in understanding the nature but still
there are some unsolved puzzles to be understood. Hence the purpose of constructing a
successful theory is such that it can explain the observed phenomenon or make predictions

which can be tested by future experiments to answer these open puzzles.

The Standard Model (SM) of particle physics, proposed and developed in 70’s [1-3], is
one of the most successful accomplishments of high energy physics to date. This is essen-
tially considered as the mathematical compactification of our theoretical knowledge about
elementary particles and their interactions. Over the last few decades, it has withstood
rigorous experimental tests and all its predictions and parameters have been substantiated
to an appreciable degree of accuracy. As an instance, for the muon’s gyromagnetic ratio
‘g’, the standard model prediction of muon g — 2 is accurate to 400 parts per billion. The
Fermilab muon g — 2 experiment tries to make a measurement of it with the precision

of 140 parts per billion. The latest achievement of SM came from the evidence of the

1
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2 Chapter 1. Introduction

Brout-Englert-Higgs field at CERN’s Large Hadron Collider (LHC). In 2012, almost half
a century after the prediction of Higgs boson [4, 5], the ATLAS [6] and CMS [7] collabo-
ration discovered the Higgs. With this disclosure of the last missing piece of fundamental

particles, the experimental validation of the SM was complete.

Keeping all these in mind and considering the standard model to be the most flour-
ishing theory so far [8], there do exist some clear indications that this is not the ultimate
theory to explain all the observed phenomena in nature. There are experimentally ob-
served phenomenon which are unexplained and hence cannot be regarded as a complete
theory of fundamental interactions. For example, the phenomenon of neutrino oscillations
[9], the evidence the accelerating expansion of the universe [10], presence of dark matter
[11] and the matter-antimatter asymmetry [12] cannot be explained within the framework
of the SM. This model is also affected by some theoretical issues even within the Higgs
sector, termed as Higgs mass hierarchy problem [13]. As we all know that Higgs is the
only scaler candidate of SM due to which all the elementary particle posses their masses.
But the first order radiative correction to the squared Higgs mass exhibits a quadratically
divergent expression arising from the SM fermions in the loops, while considering the va-
lidity of the theory up to Planck scale (10'? GeV). There is no parameter within SM with
which one can control this quadratic divergence of Higgs mass, unless some unnatural fine
tuning is done order by order in the perturbation theory. The quadratic divergence in the
mass renormalization of Higgs boson is related to the hierarchy problem which refers to
the large gap (~ 10716) between the two fundamental energy scales, electroweak (mgy)
and Planck (Mp; ). Another very striking feature of the charged fermion spectrum is the
hierarchy of quark-lepton masses. Fermions in SM have different masses ranging from 0.5
MeV to 170 GeV. The origin of this hierarchical masses also cannot be explained within

the framework of SM.

These puzzles suggest the necessity to extend the theory further. Any new physics
(NP) search can follow one of two tracks : direct detection of new particles at the collider
or indirect probes for new physics from precision measurements. As far as direct detection
is concerned, so far, there are no evidences of beyond standard model (BSM) particles at
the collider. In the second approach, the NP will be identified by their virtual effects.
Hence, one needs to define various observables which could be predicted in the SM very
precisely, and the NP can show up as tiny deviations in the measured values of one or

many of those observables from their respecitve SM predictions.
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It is well established that the B-meson system is one of the ideal scenarios to look
for indirect effects of physics, both CP-conserving and CP-violating, beyond the standard
model [14, 15]. Briefly the reasons are following:

e b-quark is heavier than charm, lighter than top. Top will not produce any hadrons.
This heavy mass of b-quark corresponds to many theoretical niceties : Heavy Quark
Symmetries (HQS), validity of parton model, etc. This also indicates that there are

many final states and thus a scope of rich phenomenology.

e b-quark is quite stable. According to the Wolfenstein’s parameterization the cou-
pling of b-quark with the other two generations are small O(A\?). Initially this
feature indicated the measurement of CP violation in B decay. This was essentially

the main reason of the widely spread enthusiasm for B physics.

e The short-distance box diagram with the top quark running inside the loop dom-
inates the B — B mixing. Hence, CP-violation is large and this is calculable to a
good precision. The long-distance part is anyway negligible in B decays. This can

be compared with D decays where it is the dominant one.

e Dut to the m./my suppression, the soft QCD effects are less pronounced for B

decays than for D.

e As the lifetime of B meson is sufficiently large, it can be accurately measured.

In early nineties, the least known CKM parameters concerned the third generation of
quarks. Back then these parameters were indispensable to test the CKM sector of SM and
imperative for venturing into the unchartered territories of said theory. In this context,
semileptonic decays of B meson had played very important role in the extractions of the
CKM elements and to understand the origin of CP violation in SM. Apart from |Vys|, |Ves|,
|Via| and |Vis| most of the other CKM elements are measured with an accuracy less then
0.1%. Currently intensive research work is concentrated on studies of the semileptonic
decays of B meson from both theoretical and experimental sides. In the SM, these decays
are tree level processes so NP effects are expected to be small. Hence, the B — 7wfy,
and B — D™y, (¢ = e or u) decays are analyzed for the extractions of Vi, and Vi,
respectively [16-26]. However, the B — D™ 1y, decays could be sensitive to NP because
of the large 7 mass. Several collaborations like BABAR, Belle and LHCb have observed
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4 Chapter 1. Introduction

these decays, and they have measured the ratios of the branching fractions like R(D(*)) =
B(B — DWrv,)/B(B — D™Iy;). One of the motivations for defining such observables is
to test the Lepton Flavor Universality (LFU) of weak interactions, which is an important

ingredient of the SM.

As an example, let us consider the decay of Z boson, the carrier for the neutral weak
interaction, into two leptons. In the process of electron positron annihilation ete™ —
¢T¢~, we can observe this decay. SM prediction of the partial width FEZM for the decay
Z — 04~ (at my — 0) is 83.42 MeV. The experimental measurements of this leptonic

decay width for different leptons results [27] :

Tee = (83.96 £ 0.15) MeV,
T, = (83.79 + 0.22) MeV,
T, = (83.72 £ 0.26) MeV.

The measurement give similar values for all three final states. Hence, these numbers
substantiate the LFU. However, over the past several years, data for the semitaunic de-
cays of B meson from different experimental collaborations tell us a different story. In
particular, the measurements on R(D(*) ) by BABAR, Belle and LHCb collaborations
have shown some significant deviations from their SM predictions, indicating a possible
signature of NP in b — c7v;. This thesis focuses on the indirect detections of NP via the
virtual effects of the new particle(s) in the semi-leptonic decay of B meson, in particular,
we have studied b — c7v, decays in a model independent framework of NP. The possible

signature of NP can be identified from the mismatch of experimental data with SM.

Theoretically, these hadronic decays are studied in an effective theory approach at an
energy scale of b quark mass. In this approach, the effects of all the heavy degrees of
freedom are encapsulated in the Wilson Coefficients (WC). These WCs are perturbatively
calculable, and depend on the cut off scale of the respective theory. The WC relevant
at the scale my could be obtained from those calculated at the high scale theory by
an appropriate renormalization-group (RG) running. The main sources of uncertainties
in hadronic decays or mixing are the non-perturbative matrix elements of the low energy

effective operators. So far, methods are not available which will allow us to calculate those
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1.1. Flavor in the standard model 5

elements using the principles of QCD. As for example, in the semileptonic decays the main
source of uncertainty is the form-factor. Therefore, in such decays the inputs from lattice
QCD play an important role for a reliable predictions of the decay rate distributions, and
many other observables like branching fraction, helicity fraction, asymmetries etc. At
the moment, the SM accuracy is limited by the errors in the hadronic inputs. Hence, in
order to identify the presence of BSM physics from the excess in the experimental data,

accurate knowledge of hadronic inputs are crucial.

In the remaining part of chapter 1, after presenting a brief overview on flavor physics in
SM (For detailed and involved reviews Ref.[28-32] can be useful.), a discussion on several
observables which are important for b — crv; is provided. The current experimental

status of these observables is presented thereafter.

1.1 Flavor in the standard model

Any discussion on particle physics will be incomplete without the knowledge of SM. It
is the quantum field theory of fundamental interactions that accommodates the three
fundamental forces of nature namely, strong, weak and electromagnetic forces. SM gauge

theory is developed through the following steps :

e The gauge symmetry of the model : Ggpr = SU(3). x SU(2)r x U(1)y. Here SU(3)
illustrates the strong interactions of colored quarks and gluons. SU(2)x U (1) models

the electroweak interactions.

e The representation of the gauge fields :

Here QiL and LiL are the left-handed quark and lepton doublets respectively. u}l,
d% are the right handed up-type and down-type quark doublets and e% are the
right-handed lepton doublets. The only scaler ingredient of the SM is the Brout-
Englert-Higgs (BEH) field, ®.

e The non-zero vacuum expectation value of Higgs field ® breaks the SU(2)y, x U(1)y

symmetry spontaneously to U(1)gas.

The most general renormalizable Lagrangian in SM can be split into three parts.
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SU@B)e SUR)L Uy

u’é: UR CR tr 3 1 %
diy = dr SR br 3 1 —%
= (G G ) Lol
e%: eRr UR TR 1 1 -1
d = <z$> 1 2 1/2

TABLE 1.1: The fermion fields of the standard model and their gauge quantum numbers.

ESM = Ekm + £Higgs + £Yukawa (1'1)

The kinetic part of the lagrangian, L;, contains the gauge interactions through the
covarient derivative and non-Abelian field strengths. Here, the covarient derivative is

defined as :
DM = M +igsGH L, + igW}'T, + ig' B'Y (1.2)

Here G% are the eight gluon fields, W}' the three weak interaction bosons and B* the
single hypercharge boson. The L,s are SU(3)¢ generators, the Tys are SU(2)[, generators

, and the Y's are the U(1)y charges. The kinetic part of lagrangian has three parameters

g, 9’ and g,.

The Higgs lagrangian (Lpiqgs) brings the Maxican hat potential

LHiggs = p?|9|* — Alo|* (1.3)

Luiggs involves two parameters, A and p. Vacuum stability condition needs A > 0.

The pattern of sponteneous symmetry breaking (SSB) requires 2 < 0.
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1.1. Flavor in the standard model 7

The Yukawa lagrangian Ly ,kqwe contains

Ly ukawa = y5L ®el + Y Q' 0d) + yis Q' ®u (1.4)

The first term in Eq.(1.4) corresponds to the Lepton Yukawa term which involves three
physical parameters (three charged lepton masses). Last two terms refer quark Yukawa
interactions. This is the part where quarks masses and flavor arises. Yukawa interaction
for the quarks are described by ten physical parameters. They can be chosen to be the
six quark masses and the four parameters of the Cabibbo-Kobayashi-Maskawa (CKM)

Matrix. The detailed discussion on this CKM matrix is given in the following subsection.

1.1.1 Cabibbo-Kobayashi-Maskawa Matrix

As a consequence of spontaneous symmetry breaking from SU(2);, x U(1)y to U(1)gar, @
acquires a vacuum expectation value, (®) = (0,v/1/2). Thus the quark sector of Eq.(1.4)

yields Dirac mass terms for quarks of the form

P -
L = mijdlLdg% + m;‘]uZLu% (1.5)

where

a _ Y a

m;; = ﬁyij (1.6)
These mYs are not diagonal and contain many unphysical parameters. To remove

these, we have to move from the flavor basis to mass basis by diagonalizing these matrices.

For that, a bi-unitary transformation is performed. We can always find two unitary

matrices VLq and V]% such that :

ind; = (V) um (VA (1.7)
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8 Chapter 1. Introduction

With this diagonalization left chiral and right chiral fields are also rotated accordingly

a5, = (V{)ija}
ar = (V)ijdh (1.8)

In these two equations, left hand side corresponds to the interaction-basis field and
in the right hand side we have shown the corresponding linear combination of mass-basis

fields. In this thesis, from here on we will assume the mass basis and drop the prime.

As the mass matrices are proportional to the Yukawa matrices, in the mass basis, the
Yukawa interactions are diagonal. But the coupling of W contains off-diagonal terms.

From the interaction to mass basis, we get

apivdp W = iy, (Vg V) d W (1.9)

g
L ==
Waa \/5 \/§

Here, due to the normalization of the W* states relative to the W12 states, the v/2
factor is coming in denominator. In Eq.(1.9) the term in parenthesis is identified as the
famous CKM matrix [33, 34],

Vers = Var Vi, (1.10)

As an outcome of non-diagonal Vo s, the W+ gauge bososns couple to quark mass
eigenstates of different generations. Within the SM, this is the only source of flavor-
changing quark interactions. The neutral current part of the lagrangian in the mass basis
remains unchanged, i.e., in SM the flavor changing neutral currents (FCNC) are disallowed

at tree level.

This CKM matrix has some very significant properties :
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1.1. Flavor in the standard model 9

e The index structure of the CKM matrix is :

Vud Vus Vub
Verm = | Vg Vs Ve, (1.11)
Via Vis V

e According to the definition of Vogas, this is a product of two unitary matrices.

Hence this itself is unitary, Vog MVCt o =1

e Using the unitarity condition and utilizing the freedom to arbitrary choose the global
phases of the quark fields, we can actually reduce the initial nine unknown complex
elements of Vog s to three real numbers and one phase. This phase is the only

source of CP-volation in SM.

Considering the fact that Vogas is unitary and depends on only four independent
physical parameters, the CKM matrix can be parametrized in several ways. Here we
recall the two most popular ones. According to the Standard Parametrization [35] this
matrix can be expressed as follows :

c12€13 512€13 size”"

52313 (1.12)

% _f
512823 — C12C23513€" C12523 — S12€23513€” 0 €23C13

Vorm = | —s1aco3 — c12523513¢7%  cracos — S12523513€ %0

Here c;; = cost;; and s;; = sint;;. The 6;;5 and 6 are the three real mixing pa-
rameters and Kobayashi-Maskawa phase respectively. Experimental outcomes suggest
813 << 893 << 812 << 1. For a proper manifestation of this hierarchy, it is useful to
choose a different parametrization. Wolfenstein parametrization [36] is the most pop-
ular one where all nine CKM matrix elements are parameterized by four parameters :
(M, A, p,m). Here A = |V,4| plays the role of an expansion parameter and n representing

the CP-violating phase :
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1—IX2— 1) A AX3(p — i)
Vorm = | =X+ 3A2N[1 —2(p+in)]  1—2A2 — IN4(1 +442) AN?
AN[L = (1= §X)(p+in)] —AN + AN = 2(p+in)] 1 - 542N

(1.13)

1.1.2 Unitarity Triangle

The concept of Unitarity Triangle (UT) is very useful. Various relations among the matrix

elements are coming from the unitarity condition of Vogas, €.g.,

VuaVis + VeaVes + ViaVis = 0, (1.14)
VausViip + Ves Ve + VisViy, = 0, (1.15)
VudVap + VeaVep, + ViaVi, = 0. (1.16)

Each of these equations can be geometrically represented in the complex plane as a

triangle. The UT corresponding to Eq.(1.16) is depicted in fig. 1.1.

(p.1)

| 1'-41 i Vi

ub |

| L-‘f'd L-‘r"ﬁ |

(0.0]) (1,0)
Fig. 1.1 Graphical representation of Eq.(1.16) as a UT in complex plane.

We can express the three angles of the above triangle «, 5,y in terms of the CKM param-

eters as :
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1.1. Flavor in the standard model 11

The length of the sides of the UT can be identified in terms of these parameters as

follows:

VuaVay
VeaV

R = ‘ VA ()

ViaVyi
=/ p*+n? th‘ b

VedVy

The remaining side is, by normalization, set to unity.

1.1.3 Determination of CKM parameters

With the economical structure of CKM matrix having only four independent parameters
and its consequences for CP-violation, we can determine these matrix elements through
several quark level transitions. In this regard, different experimental collaborations around
the globe have performed extensive measurements on K, D, and B mesons. The measure-
ments of most of the observables in K meson decays are obtained from some dedicated
experiments like NA48 [37], KLOE [38, 39|, and KTeV. Initial measurements of CKM
parameters which are related to D and B meson observables were performed by ARGUS
[40] at DESY,CLEO, and CLEO-c [41] at Cornell, followed by the B factory experi-
ments BABAR [42] at SLAC and Belle [43] at KEK. Previously these were operated at a
center-of-mass energy corresponding to the mass of the Y(45) resonance. Significant con-
tributions also came from the CDF and DO experiments at FNAL [44], especially for the
obervables involving By mesons which are not accessible at the Y(4S) resonance. These
experiments have been terminated, whereas Belle is being upgraded [45]. Over the last
decade, LHCDb experiment at LHC is playing an important role in the determination of
the CP- observables via the study of B; decays and mixing. The general-purpose detec-
tor experiments ATLAS [46] and CMS [47] contribute in selected areas, and the BESIII

experiment [48] also provides many results for charm hadrons.

To determine the magnitudes of the CKM matrix elements, we need to use a number
of sophisticated theoretical and experimental techniques. Based on the type of decay
process useful for the measurements, they are classified in two distinct way. One is the
direct measurement which involves the tree level processes in SM and the other one is
the indirect measurement where we consider the loop level processes. The measurements
of the elements related to u-quark and c-quark (ie. |[Vial,|Vusl|,|Vus|,|Veal,|Ves|,|Vep| ) is

attained by the direct measurements. Among rest of the three elements related to t-
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Dominated by experimental Dominated by theoretical
uncertainties uncertainties
Process Constraint | Process Constraint
B — D™y |[Vep| versus form factor FB—D®
B — X v |Vep| versus OPE
B — wlv |Vys| versus form factor FB=7
Tree | B— DWEK® B — X, v |Viup| versus OPE
M — lv |[Virp| versus decay constant far
M — Niv |Viyp| versus form factor FM—=N
or M — N amplitude
B—(cc)K®) B erc (KK mix) VisVy and VoV
versus bag parameter By
Loop | B — 7w, pm,pp  « Amyg (BOBO mix) |Vj V3| versus bag parameter Bpgo
Bs — J/¢¢ Bs Am, (BYBY mix) |V;V;:| versus bag parameter Bpo

TABLE 1.2: A partial list of measurements generally used to determine the CKM param-

eters. The measurements are classified according to the dominant type of uncertainties

(experimental or theoretical) and the type of processes involved (tree or loop). Abbrevi-
ation: OPE, operator product expansion.

quark, Vj, is determined from top quark decays with b-quark reconstruction or from single
top production processes. The rest of two elements, V;s and V;4 are determined by the

indirect measurements through the one loop level FCNC processes.

Table 1.2 [49] summaries the processes for which a good accuracy can be reached in
the measurements of CKM matrix elements both experimentally and theoretically. These
processes are used to assess the validity of the Kobayashi—-Maskawa mechanism for CP-
violation and to perform the metrology of the CKM parameters, assuming the validity of
the SM.

The UT angles «, 8,y mentioned in the left pannel of the table 1.2 can be determined
experimentally from CP-violating measurements with less theoretical uncertainties (<
10%). Current world average which includes the measurements from LHCb [50] and B
Factories [22] have determined the value of § as sin2 = 0.691 £ 0.017 in charmonium
decays, which is the most precise constraints on UT. In case of the UT angle «, fig. 1.1
shows that it is the angle between V;jV;q and V), V,,4. Therefore the time-dependent CP-
asymmetries in the decay mode b — wuud can directly measure sin 2a. So far, all the
measurements for « has been performed in B — 77, pm and pp decay modes. Combining
all of these decay modes [22, 51], the recent value of o is o = (84.57%9)°. Again, From
Fq.1.17 we get that the definition of v is independent of CKM elements involving top

quark. Hence it can be measured in tree level B decays like B — D®) K®*) channels. Here
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1.1. Flavor in the standard model 13

the CP violating phase occurs in the interference of b — ¢ and b — u topologies followed
by carefully chosen D decay process. Depending on this subsequent D meson decay, three
different methodologies,( The Gronau-London-Wyler (GLW) method [52, 53], Atwood-
Dunietz-Soni (ADS) method [54, 55], Grossman-Soffer-Zupan (GGSZ) method (based on
Dalitz analysis) [56] ) have been devised to obtain the information about . Combining
all these three methods, the recent update on v is v = (73.51“;:%)". Figure 1.2 depicts the
p — 7 plane showing the result of the SM fit by UTfit collaboration [57] using only the UT
angles as constraints. The black contours display the 68% and 95% probability regions
selected by the given global fit.

UTfit Y
EPS17

—
Vi

0.5

\ /

-0.5

-0.5 0 0.5 1

P

Fig. 1.2 p — 7 plane showing the result of the SM fit by UTfit collaboration.

'
—

In the right panel of table 1.2, the decays relevant to measure the moduli of different
CKM matrix elements are enlisted. Here, among all these matrix elements, |Vy;| and | V|
play a major role to identify the apex of UT in the (p,n) plane. The semileptonic decays
b — clv where (¢ = e, ) are crucial for the determination of |Vz|. These semileptonic
decays, being tree level, at the lowest order in SM, are expected to be free from any new

physics effects, hence provide a clean environment for the measurement of the V. It
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can be extracted from both exclusive decays, like B — D™*)¢v and inclusive decays, like
B — X lv. The inclusive and exclusive semi-leptonic searches rely on different theoretical
calculations. For the inclusive decay, the decay rate can be described through the Operator
Product Expansion (OPE) [58, 59] and the non perterbative unknowns can be fitted from

final state lepton and hadron energy distribution.

Hence, in the SM, precise predictions with reliable uncertainties are possible. On
the other hand for the exclusive decays, the non-perturbative unknowns are the hadronic
formfactors. It is hard to extract these formfactors directly from the experimental in-
formation alone. Here, we need to rely on Heavy Quark Effective Theory (HQET) and
lattice inputs [60]. At the moment, the most precise determinations of |V | from inclu-
sive [22] and exclusive decays [26] are (42.19 4 0.78) x 10~3 and (40.90 & 0.94) x 1073,
respectively. As the possibility of NP to explain this discripency is ruled out by elec-
trowek constraints on the effective Zbb vertex the underestimation of theoretical and/or
experimental uncertainties in semileptonic decays can be a plausible explanetion of this

mismatch.

1.2 New Physics and the Observables

As mentioned in the last subsection, being a tree level process, semileptonic decays b —
clv, where ¢ = e, i, are expected to be free from any NP effects. However, the mass of
T lepton being large compared to the other observed leptons, measurements of branching
fractions and the other related observables in semileptonic decays of B meson to 7 can
be interesting for an indirect probe of NP. Here, the large 7 mass can uplift the helicity
suppression of certain semileptonic decay amplitudes which are unobserved in decays
with light leptons in the final state. Moreover, B — D*rv,; decay having two detectable
particles of nonzero spin in the final state (D*, 1) offers the opportunity to investigate
the structure of possible NP contribution to b — c7v; transitions [61]. The experimental
reconstruction of D* in the Dw final state allows one to obtain the helicity structure of
this state directly. Similarly the 7 lepton helicity can be inferred from the decay to wv.
final state [62, 63]. This means that a number of experimental observables sensitive to

possible NP effects, can be introduced.
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1.2. New Physics and the Observables 15

1.2.1 New Operators

There are varieties of NP models that can contribute to b — crv,; decays , and the
characteristics of each of those models could be very different from each other. For
example, two higgs doublet model (2HDM) has only scalar-type of interactions ; new
gauge bosons Z’' and W' interact via vector currents ; the models with leptoquarks have
both scalar and/or vector effective operators [64], while, the extra dimensional models

have tensor interaction in addition to scalar or vector-type of interactions [65].

In an effective theory framework, one can write down the most general effective new
operators which may include new scalar, vector and tensor currents other than those in
SM, to analyse these b — ctv; decays. The most general effective Hamiltonian describing
the b — ¢y, transitions (where ¢ = e, p or 7) with all possible four-fermion operators in

the lowest dimension is given by [66],

Heps = SEVy|(der +CH)O, + CE,OF, + CE 0% +C5 04, +CLOE],  (1.19)

where the operator basis is defined as

O (ery"br)(Tryuver),

Ov, = (ErY"br)(FLYuviL),

Os, = (erbr)(Trvir),

Og, = (Crbr)(Trver),

OF = (Cro™br)(FrROWwVIL), (1.20)

and the corresponding Wilson coefficients are given by Cf;v (W =V,V5,51,52, 7). In

this basis, neutrinos are assumed to be left handed.

1.2.2 Observables

In this subsection, we discuss several important observables in different channels of b —
cTv, decays which are potentially sensitive to various new physics interactions mentioned

in Eq. (1.20). It is possible that different observables will be affected differently by a
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particular type of NP. Hence in different NP scenarios, correlation studies among these

observables will be an important probe for an indirect detection of NP.

1.2.2.1 B — D™y,

The complete expressions for the ¢?-distributions of the differential decay rates dI'/dg? in
B — D™y, decays, obtained using the effective Hamiltonian in Eq.(1.19), are given by
[67]

(B D) GVl o ey () m)? N e
= 1-—= 1 1 H
dq2 19273m 3 q )‘D(q ) ( q2 > {| + CV1 + CV2’ |:( + >

3m 2 2m'2r s2
+5 2 Vt |Cg1 + 052\ H +8[Cr|" {1+ —5" | Hi +3Re[(1+ Cy, + Cyy)
(C3, + C5,)] S=H5H;,, — 12Re[(1+ Cy; + Chy) Cp| ——= H3H;, (1.21)
S1 So \/qﬁ SHvit \%t Vo) YT \/q_2 THV0 (> :
and
dl' (B — D*17;) \Vcbl . m?\’ ) p m?
e = A\ Nole )<1—?> {(|1—|—CV1| + o P?) Kl+22>
2 2 2 3"”% 2 * 2
(HV,"F + HV,— + Hwo) R §?Hv,t — 2R€ [(1 + CVI) CVQ] + 2 2 (HVO + 2HV+HV )
3m?2 3 2m?
+§ 2 HXQ/ +§ Cs, — Cs,|” Hg + 8 |Cr|? <1 ) (HT++HT +HT0)

+3Re [(1+4 Cy, — Cy,) (C8, — ~HgHy,

Cs,)] %

—IQRG[( +CV1)CT] (HTOHVO+HT+HV+_HT HV )

\/?

+12Re [CVQCT] (HT oHvo+ HrHy,_ — Hr HV+)} . (1.22)

\/?
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where )\g) (¢®) = ((mp— mg) )2—¢*)((mp +mg))2 —¢?%). Here, the helicity amplitudes
H l)‘ 1'’s are defined through the hadronic matrix elements

HN = en (M (A)ley* (1 = 45)b| B), (1.23)

where Aps and A are the helicities of the final state meson M and the virtual intermediate
boson in the B meson rest frame respectively. Also note that whereas for D meson Ay; = s,
for D* meson A\j;y = +1, 0 and A =0, £ 1 and ¢t. These helicity amplitudes are related
to the form-factors (f; and fy for B — D and V,Aq,A; and As for B — D*) as follows :

Hy+(q%) = (mp + mp-)Ai(¢?) (),

mp + mp=
() = R Gy iy = V() + o o)
Hyy(q®) = ADq(qu)Ao(f) . (1.24)

S
3
5
=
<=
wa]]
—
=
S~
Il
—
=
T
=
=
Do
~
=
=
[N}
S~—

+QMT%fO(q2)7 (125)

and

o . 2V (¢?)
D* k, bB — Voo 1 243 pk,a
(D*(k,€)|cvub|B(p)) = i€upoc”™p e
(D*(k,&)|evsblB(p)) = €5 (mp + mp-) A1 (q”)

As(q?)

_ + k *g)—22 =2 1
(p+ K)ulea) =2

- qu<a*q>%;£*ms<q2> Aol (1.26)
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where
mp + mp=

QmD*

mp — Mpx

As(q?) Ai(¢?) - As(q?). (1.27)

QmD*

In the HQET the above matrix elements are defined as [68]

(D(W)|ey,dlB(v)) =y/mgmp [he(w)(v+ ')+ ho(w)(v —),] . (1.28)

(D*(V', €)|evub| B(v)) =in/mpmiyhy (w)eumpee™ v/ P07,
(D* (v, €)levuvsb| B(v)) =v/mpmp+ [ha, (w)(w + 1)e;, (1.28b)
= (€% v) (hay (W)vp + hag (w)vy,)]

where v = pg/mp, v' = k/mpe and w(@®) =v-v = (mQB + mQD(*) - q2)/2mBmD<*).

Here, hi(w)s are the HQET formfactors, and they are related by heavy quark symmetry.
In the heavy quark limit, these are either vanish or are proportional to the Isgur-Wise
function {(w). A direct comparison of the matrix elements in Eq.(1.25) and (1.28) gives

us the relations

Frd®) = g (i 4 mp)h (w(a)) — (i — mp)ho (w(a?))] (1.20)
m mp)? — g2 mp —mp)? — q¢*
fol@) = g [(PEEIL Sy (g2 - (DL ().
mpmp mp -+ mp mp — mp

The proper parameterization of these different form factors has been the subject of
intense inspection, motivated specifically by the need to extrapolate the information ob-
tained in a restricted ¢? region to the whole ¢ range. There are different ways of param-
eterising the form factors. For the B — D®) decays two different approaches are there in
the literature which are commonly known as CLN ( Caprini-Lellouch-Neubert) and BGL
(Boyd-Grinstein-Lebed) parameterisation. In the CLN parameterisations of the form fac-
tors, HQET plays an important role. In the limit m,;,. >> Agcp(= hadronic scale) the
HQET form factors are either zero or equal to the Isgur-Wise function £(w), corrections
to this limit at order a,s; and 1/m7 are fully known, for recent updates see [69]. The form

factors and few ratios of them are evaluated at w = 1, the extrapolations to other values
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of w are done by using an expansion around w = 1. In the BGL parameterisations, the
form factors are defined as an Taylor series expansion about z = 0, where z is defined
as z(w) = (Vw+1—+2)/(v/w+1+ v/2). The key ingredient in this approach is the
transformation that maps the complex ¢2 plane onto the unit disc |z| < 1, for more details
see [70].

In our analysis, we have followed the CLN parametrization given in [68] where the

HQET form-factors can be expressed as

hi(w) = %1+4%{_%Du0[—<1+ermu—1N4@w

+(1 = rp)*(w +1)8: (w)|

(1-72)(w+1)
2(1+r% — 2rpw)

[S1(w) = Vi(w)], (1.30)

where rp = mp/mp. As mentioned earlier, the hadronic form-factors V;(w) and S;(w)
coincide with the Isgur-Wise function {(w) in the infinite mass limit of the heavy quark
mgq (= mp or m.). Here, the form factors Vi(w) and S;(w) are related to fi(w) and

fo(w) by the following relations

o) = T2V @),  foa) = (14 ) 525, ) (1.31)

This function is normalized to unity at zero recoil, i.e at w = 1. In the Ref. [68], the

w dependence is parameterized as given in the below equation:
Vi(w) = Vi(1) x (1 —8phe(w) + (51pp — 10)z(w)? — (252p7 — 84)2(w)?) . (1.32)

Here, the idea is to expand Vi(w) around zero recoil point w = 1. V(1) includes cor-
rections at order as(mqg) and Agep/mg in HQET. Latest lattice calculation predict the
value of Vi(w) at zero recoil i.e Vi(1) = 1.053 £ 0.008 [71]. On the other hand, p% can
be fitted directly from the data on I'(B — Df1;), where £ = e, p', and the fitted value is
given by p% = 1.186 =+ 0.054, for details see [72].

In principle, lattice calculations can provide useful informations about the form factors

at w = 1 as well as at non-zero recoils (i.e w # 1), which are allowed by the kinematically

'From hereon, ¢ will mean light leptons, i.e. e and p, unless specified otherwise.
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ha, (w) Value from
Ri(w) & Ra(w) LCSR
hoa, (Wiaz) 0.65(18)
Ry (Winaa) 1.32 (4)
Ro(Wmaz) 0.91 (17)
fi(w) Value from Correlation
& fo(w) HPQCD
f+(1) 1.178(46) 1. 0994 0.975 0.507 0.515 0.522
£4(1.06) 1.105(42) 1. 0993 0563 0.576 0.587
£4(1.12) 1.037(39) 1. 0617 0.634 0.649
fo(1) 0.902(41) 1. 0997 0.988
fo(1.06) 0.870(39) 1. 0.997
fo(1.12) 0.840(37) 1.
Value from
MILC
£ () 1.1994(95) 1. 0.967 0.881 0.829 0.853 0.803
£4(1.08) 1.0941(104) 1. 0952 0.824 0.899 0.886
£1(1.16) 1.0047(123) 1. 0.780 0.890 0.953
fo(1) 0.9026(72) 1. 0.965 0.868
fo(1.08) 0.8609(77) 1. 0.952
£0(1.16) 0.8254(94) 1.

TABLE 1.3: Lattice QCD results of fi and fy for different values of w. The upper half
of the table have been obtained using the fit results from the HPQCD collaboration [73],
and the lower half are the results obtained by the Fermilab MILC collaboration [71].

accessible regions of the decay. At the moment, lattice groups like HPQCD and Fermilab
MILC have predicted f(w) and fo(w) at w = 1 as well as for few other values of w (# 1),
for detail see the table 1.3.

Following [63], the w dependence of S;(w) can be parameterized as
Si(w) = Vi(w) x {1+ A[-0.019 + 0.041(w — 1) — 0.015(w — 1)*]}, (1.33)

Here, A parameterizes the unknown higher order corrections in HQET. In a couple of
analysis, for the prediction of the R(D), A is assumed to have 100% error [63]. The decay

rate I'(B — D/{yy) is not useful to fit the parameters of Sj(w), as it is not sensitive to
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1.2. New Physics and the Observables 21

the decay rates because of the negligible lepton masses. In this context, it is important
to note that the A dependence of the hadronic form factor Sj(w) makes this formalism
very imprecise. With the implementation of NLO HQET calculation we can express the

ratio fo/f+ a follows [74]:

Fi2) ~ F.(0) [1 —8p%2 + (51p° — 10)22 — (25292 — 84)3 (1.34)

fO(Z) 2\/6 21+ w ) ,
~ 1L 1-0. —1 .001 — 1) —-0.001 -1
F(2) (1 n TD) 5 0036[ 0.0068(w ) 4+ 0.0017(w ) 0.0013(w )°|,

here, f1(0) = G(1) (M) and G(1) is the zero-recoil form factor.

2rp
In case of B — D*rv decay, as shown in Eq. (1.26), there are four independent

hadronic form-factors: V, Ay, Ay and Ag, which are related to HQET form-factors (Eq.
(1.28) by the following relations [75]:

V) = 20, ),
A1(w) = Sro-(w+ Dha, ().
Aa) = 2 (),
Aofw) = 22, ()

(1.35)

where rp« = 2./mpmp~/(mp + mp+). The w dependencies of the HQET form-factors

are parameterized following the ref. [68],

hay(w) =ha, (1) [1 = 8pp.2(w) + (53pp- — 15)2(w)? — (231pp — 91)z(w)?] ,
Ri(w) =Ry(1) — 0.12(w — 1) 4+ 0.05(w — 1)?

Ro(w) =R3(1) 4+ 0.11(w — 1) — 0.06(w — 1)?,

Ro(w) =Ro(1) — 0.11(w — 1) 4+ 0.01(w — 1)?. (1.36)

Here, the current lattice prediction is hy4, (1) = 0.906 £ 0.013 [76], the rest of the three
parameters like pp~, Ri(1), Ro(1) are fitted directly from the decay rate I'(B — D*{uvy)
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ph- = 1.207£0.026, C (p}h-, Ri(1)) = 0.568,
Ri(1) = 1.406 £0.033, C (ph., Ra(1)) = —0.809,
Ra(1) = 0.853 £ 0.020, C (R1(1), Ra(1)) = —0.758, (1.37)

where the second column lists the correlations between the parameters. As B — D*{v
decays are not sensitive to Ro(w), there is only theoretical estimate available on Ry(1) =
1.14 + 0.07, based on HQET [75)].

In a very recent analysis [26], the above mentioned parameters are fitted using the
updated inputs from lattice and light cone sum rule (LCSR) (table 1.3) along with the
complete sets of available data on the angular and ¢2-distributions of the B — D™y,

decays. The fitted values are given as:

ph- = 1.251£0.113, C (ph-, Ri(1)) = 0.858,
Ri(1) = 1.371£0.036, C (ph-, Ra(1)) = —0.796,
Ro(1) = 0.888 £ 0.065, C' (Ry(1), Ra(1)) = —0.077. (1.38)

In order to test the lepton flavour universality with less theoretical uncertainty, we

here introduce two observables, R (- defined as :

Gmes dT (B — DW77) 2] [ /CF dr (B — D®wm)
X

Rpe = dq dq , 1.39
D [ » i (1.39)

m2 dq2
with ¢2,,. = (mp—mp)?, and £ = e or pu. Here mp, m () and mrare the mass of B, D)
and 7 respectively. The complete expressions for the ¢>-distributions of the differential
decay rates dI'/dq? in B — D™ 1y, decays, obtained using the effective Hamiltonian in
Eq.(1.19).

Along with these ratios, there are a number of other observables, that can be con-
structed in these channels, which are sensitive to NP. The definitions of these observables

are given below.
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e T-polarization asymmetry is defined by :

TA-=1/2 _ p(x)Ar=—1/2

)y —
PT(D ) F(*)AT:1/2 + F(*)AT:_1/2 5 (140)
where [(¥)A= =t5 _ fqmaz rAT=j[1/2d(ql§>_>D(*>rz7)7 A is the 7 helicity, and q?mx = (mp—
mpe)?.

e From the angular distribution in D* — D decays, D* longitudinal polarization can

be extracted as :

* F/\D* =0
FL = T'Ap*=0 e T'Apx=1 + TApx=—1" (]_4]_)
*=0,x1/p P
Where F)\D* :O’il = fq%lﬂz dF)‘D - d;gB—)D TV) .
o If we write the double-differential decay distribution as
d’T' (B — DWrp
( 7"/) (*)( )+ b( )( ) cos 6 + Cé*)(q2) cos2 0. (1.42)

dg?d cos 0

where 6 is the angle between the three-momenta of 7 and B in the 77 rest frame,

then bé*) (¢?) determines the lepton forward-backward asymmetry in the following

way:
1 qr(+ ) 0 4r» .
A(*) =20 dcose cos ) — f 1 dcos@dcose fbé )(q2)dq2 (1 43)
i L dl®) g eosd T 2 :
—1 dcosf

The ¢? distributions for various 7 and D* polarization states together with b((:) (¢?)

can be found in Appendix A.

In addition to these observables there are several other channels that will be affected

by the same set of NP operators.

1.2.2.2 B.— J/i Ly

Ratios similar to those defined in Eq. 1.39 can be defined for the decay channel B. —

J/W¥lu; by replacing the respective meson as follows:
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n BB J/pror)
I " B(B. = J/vliy)

(1.44)

Here, B (B, — J/v71,) denotes the branching fraction of B, — J/¢ 7, decay. So far,
we do not have lattice predictions for the form factors in the B. — J/v decays. Therefore,
for a precise calculation of form factors, we have to rely on different non-perturbative
QCD approaches, for the detail see [77-83]. Choosing different parametrisations results in
varying the central value of R j/,, within the range 0.25 to 0.29. Taking the uncertainties
from different parametrisations into consideration, we see that the allowed theoretical
range of R/, is actually larger than that. We consider two different parametrisations
residing at two far ends of this range, namely perturbative QCD (PQCD [77]), and light-
front covariant quark model (LFCQ [83]) in this work. A preliminary result on the form
factor A;(q2,,,) (this is the only form factor contributing to the decay at zero recoil) is
available from the HPQCD collaboration [84].

1.2.2.3 Ay — Alyy

The ¢? distribution for the decay process (Ap — A.7~v,) can be written as [85]

dU(Ap = Aem™vr) _ Gi?|Vep[2g?|pa. | ( >
dq? 19273 M2
2
AYA +§A§P+2(1+ ") AT + 7 yva=spy O qyva-r| (g g5

V& N
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where

VA _ 2 2 2
Aq ‘H1/21‘ +‘H1/20| +|HY 1/20 1/27117

AyA = |H 1/21|2+|H1/20|2+|HV1/20|2+|H 1/2,— 1|2+3‘H1/2t‘2+3|HV /27:‘2

SP _ 2 SP 12
Az = | 1/20| +HZ1 900"

(T)—1/2

1/2
/20,1 +H( )—1/ |2

+|H 1/2,t1

(T)1/2 (T)1/2 |2 T)1/2 (T)1/2 |2
‘Hl/2t0+H1/2 1| +|H 1/2,t,—  HHE —1/2,— 10‘

e (T)=1/2,2
+ 211 Y H 05

VA-SP _ SPx SP
Ag = Re (Hl/g,o H1/2t+H 1/2,0 H—1/2t)

%« T)1/2 T™1/2 * T —1/2 1/2
AT = Re[HY o (Hypo S | + H Y] + Re[HY 35 (H 0V + Hyo )+

. T)—1/2 1/2
Re[Hnyg’()(H(_l)/Z_/l 1 + H(—l)/Q t/O )]+

¥ T)1/2 T)1/2
Re[H‘—/f}z,—l(H( 1)/2/—1 o H(—l)/2/,t,—1)] (1.46)

where A}4 and AY4 represent the contributions from the vector and axial vector
currents respectively. Their origin could be either the SM or any NP model. Agp and
AT represent the contributions from the scalar-pseudoscalar and tensor currents, which

AgA_S P and Ag A=T are the interference terms which

will appear only in the NP models.
will have contributions from various operators in the SM, as well as an NP model. These

are functions of combinations of the helicity amplitudes H, ,, which in turn can be

w?
expressed in terms of form factors and NP couplings. Explicit expressions of these helicity
amplitudes are given in Appendix B. Several instances, where these form factors have been
studied using sum rules and quark models, can be found in the literature [86-97]. For our
purpose, helicity form factors have been calculated using the formula from lattice QCD

in the relativistic heavy quark limit [98].

For the Ay — A fvy, motivated by the lepton flavor university violation, two observ-

ables can be defined here as:
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B(Ay — Actir)
RY = 1.47
AT B (A — Acury,) (1.47)
B(Ay — Actir)
e — 1.4
Ry=3 (Ap — Acere) (1.48)

Along with these ratios, we have also considered the forward-backward asymmetry in

Ap — A7 v, defined as

?;’%BXA*SP n %BVA—T n 4BéS'P—T: , (1.49)
where Q1 = (my, +ma,)* — ¢ and
By = [HY 5, = [H )y I3,
By = Re [HY/Q; 1/20 + H‘—/f}ZtH 1/2, 0l
= [Hyy01 "+ Hyjpoy P = 1HES2, o+ HED P,
B4 = Re[H Lo HY 50 + HEL S 0 HY o 0],
By AT = Re[HY5(Hy 5 3+ H o o))+ R (Hy o + iy 7))
+ RelHY (s (HO)5 8+ HE /o)) = RelH¥ifs y (HO)S2, o+ HO)YZ D)
Bg"™" = Re [Hf/gfo(ng)l/a + H1(/2),1t,/02)] + Re [HS1/2 o(H(_Y;)/;,l_/fJ + H(—Y;)/;/c?)]
(1.50)

There is no contribution from pure (pseudo-)scalar operators to the forward-backward

asymmetry, but all possible interference terms are present.
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1.2.24 B — X 10,

Similar to the ratios R, we can define the following ratio for the inclusive decay

B — X v,
o B(B — X.17,)
Rx.=

© = B(B — X l)

(1.51)

with ¢ = p,e. For B — X lv, decay, the expansion of total decay width is given by [99]

Ty = F0[1+a(l)MJra(2,ﬁo)50<0:>2+a(2)<%>2

i v
. ( LSNGY a_> Hxo (50 + g %) e (mo)
2 T m% ™ mg
3 3
—i—d(o)p—Dg — g(O)pL—g + higher orders] ' (1.52)
my my,

where Tg = Aey |V2|GEmy (1 —8p+8p® — p* — 12p% In p) /19273 is the tree level free quark
decay width, p = m2/ mg, and Ag, = 1.014 the leading electroweak correction. The pa-
rameters p2, ug, P}, pi, are the B meson expectation values of the relevant dimension 5

0) are functions of p and of various

and 6 local operators. The coefficients a(i),g(i),p(l), d
unphysical scales, such as the one of ag. The complete one and two-loop perturbative cor-
rections [100-105], along with the 1/ mi’?’ power corrections [106-109] have been included

in Eq. (1.52).

The simplified expression for the decay width of the inclusive semitaunic decay of B

meson in SM are given in [110]:

I'M(B — X.10) =

Ty [0© 4 Yo 4 (%) 0 | o pr c e C b C Pis 1.53
o |G+ 04 () O+ G+ G+ G s+ O s | (159)

where ) ) s
G| Ven|* my Acw

-
0 19273

Here, the terms involving C’(()O), C’(()l), and C’éz) represent the contributions from the leading
order(LO), next-to-leading order (NLO) [111], and next-to-next-to-leading order (NNLO)

[104] corrections in as respectively, whereas Cuz, C/‘ZG , and Cp% , CP% . are the contributions

TH-1933_136121011



28 Chapter 1. Introduction

at order 1/my? [112] and 1/my? [110], respectively. These coefficients depend on the quark

and lepton masses.

To calculate the effects of new physics in the inclusive decay B — X.77,, we decom-

pose the decay width as
[(B = X.10) =T+ T{7 + T (1.54)

Here, the first piece is arising solely from SM, while the second and third terms are the
contributions from NP with different powers of the new couplings. The expressions of
r é\gj and Fgf are given in Appendix B [113]. Some other recent works, discussing NP

effects in the inclusive mode, are given in ref.s [114, 115].

1.2.2.5 B, — 71U,

In terms of the general hamiltonian defined in Eq. 1.19, the branching fraction of B, —

TV, can be expressed as [116, 117],

B(B. — Tv;) =
202 2 9\ 2 2 2
mp.mz [ G | Ve m mp
s 1- ") h - __ "B (¢4 —C
TB, R m2BC + (Cy, — Cyy) + (i + 1) (Cs, SEN

(1.55)

where fp. = 0.434(15)GeV and 75, = 0.507(9)ps are the B. decay constant and lifetime,

respectively.

Barring R, P-(D*) and R J/w, the other observables which are mentioned above
are not yet measured experimentally. The present experimental status of all the measured

observables in b — c7v,; decays are presented in the next section.

1.3 Experimental status

All the experimental results used in this thesis is tabulated in table 1.4. There have been
quite a few measurements of the ratios R (-) in recent years. Current experimental status

of Ry is given in fig. 1.3. Apart from the most recent ones measuring R p=, they are

TH-1933_136121011



1.3. Experimental status 29

HFLAV
? B I L T T L} I T T T T l T T T T ' T T T T I _
0.5 - ——— BaBar, PRL109,101802(2012) . .
a - ——— Belle, PRD92,072014(2015) Ay” = 1.0 contours .
o C LHCb, PRL115,111803(2015) - ]
0.45 - —— Belle, PRD94,072007(2016) e=== SM Predictions _
"™k ——— Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) .
. ——— LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015)
0.4 [~ [ Average R(D*)=0.252(3) S. Fajfer et al. (2012) ]
035 40 3
0.3F } N2 -
0.25 :_ ‘b.‘ _—%E
0.2 o) = 71.6%
[~ I L L L L I L L Il L I 'l L L L I L I(x I) 1 Io n
0.2 0.3 0.4 0.5 0.6
R(D)
Fig. 1.3 Current Experimental Status of R(D*) by HFLAV.
Rp Rp* — Correlation P-(D*) Rijw
BABAR [118] 0.440(58)(42) |  0.332(24)(18) —0.27 . -
Belle (2015) [119] | 0.375(64)(26) | 0.293(38)(15) —0.49 . -
Belle (2016) [120 - 0.302(30)(11) - ] -
Belle (2016) [121] - 0.270(35) (75 b3s) 0.33 —0.38(51)( T535) -
LHCb (2015) [122 = 0.336(27)(30) = F -
LHCb (2017) [123 - 0.286(19)(25)(21) - 3 -
LHCb (2017) [124 - - - - 0.71(17)(18)

TABLE 1.4: Present experimental status of the observables used in this analysis. First
uncertainty is statistical and the second one is systematic.

consistent with a sizable deviation from the SM. The experimental result most deviated
from the SM predictions is still the first one reported by BABAR. Though it is apparent
from the recent measurements that Rp« values are coming down towards the SM, it is
still too early to consider it as a trend because The actual deviation depends heavily on
the correlation between Rp & Rp+, and any analysis bears the risk of being inconclusive
without the simultaneous measurement of both of them. As an example, one can check
the Belle (2015) result [119], where the Rp- is consistent with the SM result within 1o,
but the combined result is at tension with the SM due to Rp and its correlation with
Rp=.
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The first, although quite imprecise, measurement of 7 polarization asymmetry is done
by Belle in 2015 [119]. Table 1.4 also contains the recent measurement of R ;,, by LHCb
[124]. Not only is this result in tension with the theoretical predictions, the central
measured-value is almost double of that predicted by SM. As the experimental uncertainty
is large, they are still consistent with 90% C.L. range. LHCb has used a z-expansion
parametrization [125] for the shared form factors for the signal and normalization modes
and has determined them directly from the data. The decay B. — 7v, despite being out
of the experimental reach for now [126], can be used as an effective constraint on any NP
effects that could potentially explain the R and R/, excesses. A conservative upper
limit quoted for B(B. — Tv), even after adding NP effects, is < 30% [117]. A stronger
upper bound of < 10% is obtained from LEP data taken at Z-peak [127] with a prospect
of an even tighter bound from the full L3 data [128].

From the discussion presented in the previous section, it is now clear to us that there
are several strong evidences and hints which motivates us to consider BSM scenarios in b —
ctv, decays to explain observed deviations of the SM predictions of several observables
from their experimental outcomes. In the proceeding chapters we present our attempts
to explore such possibilities one by one, as Enrico Fermi once said, “It is no good to try

to stop knowledge from going forward. Ignorance never is better than knowledge”.
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Chapter 2

Methodology

2.1 Introduction

In this chapter, we present a brief overview of statistical methods used in our study.
Theoretical physics is validated by active experimentation; that is, observation and mea-
surement. Over the last decade, flavour physics has entered into the precision era which
demands a very clear knowledge of the experimental uncertainties (both statistical and
systematic) and thus confidence intervals for the measurements of different observables.
Our constant endeavor is to go even further to achieve more and more accuracy in future
experiments. But with the increasing cost of these experiments it has become important
to extract as much of the information as possible from the hard-won data, and to quantify
as accurately as possible the inferences one draws when confronting the data with model

predictions.

As discussed in the previous chapter, there are several low energy observables which
can be measured with very good accuracy in different experiments. The interesting scenar-
ios are the ones where the SM predictions for one or more observables significantly deviate
from their respective measured values. If we understand very well the SM calculations
along with their respective errors, then we can suspect that the observed discrepancies
are due to some BSM physics. There could be various NP explanations of an observed
excess, although it is not necessary for an observable to show equal sensitivity to all the

different types of NP. In these contexts the questions that inevitably arise are following :

31
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e How an observable can be optimised to get maximal sensitivity to a specific NP

coupling ?

e Which type of new physics can best explain present experimental data ?

In search of the answer of first one, we have used Optimal Observable technique.
With this technique one can systematically estimate the statistical uncertainty of the
measurable parameters while extracting them from some observable. This in turn will

help us to check the sensitivity of that observable to a particular type of NP structure.

To address the second question, we have used information theoretic approach, more
specifically Akaike Information Criteria to obtain a data-based selection of a best NP
scenario and ranking and weighting of the remaining models. In the rest of this chapter,

we will provide a detailed discussion on the methodology of these two analysis.

2.2  Optimal Observable Technique

In this section we give a resume of the definition and properties of optimal observables
method. Elaborate discussions on this technique can be found in references [129-132].

Following the notation of Ref. [130, 131], let us consider an observable O(¢) defined as,

O(¢) =) cifi(e). (2.1)

)

Here ¢;s are model-dependent coefficients, and f;(¢)s are known functions of ¢. It is
very important to know how sensitive the observable is to a given set of ¢;s, independent
of the method that will be used in the future analysis of the data. These ¢;s can be
extracted by using convenient weighting functions w;(¢) such that [w;(¢)O(¢)d¢ = ;.
In general different choices of w;(¢) are possible. However there is a unique choice for

which the statistical error in determining ¢; is minimised so that

/ wi(6) £5(0)d = 635 (2.2)

Hence,

/ Swi(6) f;(9)de = 0 (2.3)
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and thus, the infinitesimal change in the covariance volume V;; is zero; i.e.
Vi~ [ Slus()u;(6)0(6)d6 = 0 (24)

The weighting function that satisfies above relation can be written as

> Xij ()
wi(P)y=|————= 2.5
)= =575 (25)
where X;; = Mgl and
fi(#)f(9)
M;i(¢p) = / = 2.6
We can accordingly compute the corresponding coefficients ¢; by
C; = ZXika = ZM;Ik (2.7)
k k
where [, is defined through
1= [ 5@y (28)
For only this choice of weighting functions, the covariance matrix is
Mi_.laT
Vij == (AciAcy) = §V (2.9)

where or = [ O(¢)d¢ is the integrated observable and N = L.ffoy is the total number
of events, with L.s¢ being the luminosity times efficiency. This result remains unchanged
even if there are applied cuts. The minimum of statistical uncertainties in the extraction of
parameters gives the maximum significance of that parameter over the others. Thus, with
this technique we can check the significance of a specific NP model over the other models,
including the SM. In other words, given the data, one can say with what significance some
observable may differentiate a particular type of NP from the SM. This significance, as
one should point out here, depends on the observable chosen, on the parameters of the

NP model, and on the integrated luminosity, all of which are intuitively obvious.
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2.3 % Analysis

In high energy physics, one of the most popular methods for error estimation and model
assessment is Reduced y2-squared analysis. To fit the parameters of the theory we need
to perform a test of significance (goodness of fit) by defining a x? statistic, a function of
the parameters parameterizing the theory. In this section, we try to brief the basics of

this method of parameter estimation.

Consider a set of N independent measurements y; at known points z;. Here we

consider that the measurement y; is Gaussian with mean p(x;;6) and variance o?. To

construct the estimators for the unknown fit parameters 6, the log-likelihood function

contains the sum of the squares

N
X>(0) = —2InL(0) + constant = Z Mﬂ (2.10)

i i
The value of the parameters 8 which maximize L (maximum likelihood (ML) estima-

tors) are the same as those which minimize x?.

If the y;s are not independent but have a covariance matrix V;; = cov|y;, y;], then we

have to redefine the x? as

X°(0) = (y — ()" V" (y — n(8)), (2.11)

where y = (y1, ..., yn) is the (column) vector of measurements, pu(@) is the corresponding

vector of predicted values.

Expanding x?(0) about é, we find the contour in parameter space defined by

X2 (0) = X*(60) + 1= xpp +1 (2.12)

has tangent planes located at approximately plus or minus one standard deviation o

from the 6 .

As the minimum value of the y? gives some idea about the level of agreement between

the measurements and the fitted function, it can be used for assessing the goodness-of-fit.
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2.4 Goodness-of-Fit

To quantify the level of agreement between the data and a hypothesis without explicit
reference to alternative hypothesis, we define the p-value, corresponding to the X72nin and
the degrees of freedom (DoF) for that fit. Assuming the goodness-of-fit statistic follows a
x? probability distribution function (p.d.f.), the p- value for the hypothesis is then

p= /:O f(z;nq)dz (2.13)

where f(z;nq) is the x? p.d.f. and ng is the appropriate number of degrees of freedom.
In general, the mean of the x? distribution is equal to ng. Hence the quantity x2/ng,
reduced y? (X%ed) is reported in the literature. This is essentially used for the following

purposes :

e Single-model assessment : If a model fitted to data and the resulting Xzed is greater

than one, it is treated as a “bad” fit.

e Convergence diagnostic : As the fit procedure is iterative, the convergence is nec-
essary. One can estimate this convergence by monitoring the values of X72“ed evolves
during the iteration. This iterative algorithm should be stopped as soon as Xfed

attains a value adequately close to one.

e Model comparison : Considering a data with a set of different models, qualitatively
we try to estimate which model fits the data best. Generally, each model is fit to
the data and their X% .q Values are compared. The leading model is that one whose

value of Xfed is closest to one.

In all these scenarios, X?"ed excels in simplicity, since the only thing we need to do is

divide the value of X?m'n by degrees of freedom and compare the value of X%ed to one.

Keeping in mind all these advantages of X% <q» We need to consider carefully the pitfalls
that may severely limit the credibility of these applications. One of the major problems
that typically arise in using X%ed in practice, stems from the fact that the x? value is
subject to the random noise present in the data. For a given set of data, we can always

compute the value of 2. However, if we consider a second set of data , drawn from the
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same physical process such that only noise realization is different, the value of x? will
different from the first set. Consequently, there is an “uncertainty” on the value of X%ed‘

This uncertainty is typically ignored in practice.

Thus from the above discussion, we can realize that the value of X?"ed is not sufficient
information to assess the convergence or compare different models. The obligatory step
to assess the goodness-of-fit of an analysis after optimization is then to inspect the dis-
tribution of the residuals. For the true model, with a priori known measurement errors,

the distribution of normalized residual

(2.14)

is by definition a Gaussian with mean pu = 0 and variance o? = 1 [133]. This fact is
utilized to test the significance of the fit by plotting the distribution of normalized residuals
in a histogram and compare it to a Gaussian of y = 0 and 2 = 1. If the histogram shows
a significant deviation from the Gaussian, we can rule out that model. If there is no
significant difference, we can conclude that either this is a compatible model with the data
or the number of data points are not enough to discover the deviation. The comparison of
the residuals to this Gaussian can be objectively quantified by Shapiro-Wilks (S-W) test
[134] for normality. The reasons for choosing S-W over other competing tests for normality
are following: a) Though we have used the algorithm AS R94 by Royston [135], which was
developed for any sample size (n) 3 — 5000, the original S-W test was specifically designed
for n < 50. b) This is the first test which detected departures from normality using
skewness and /or kurtosis and since then have been regularly corrected and developed. ¢) It
has repeatedly been shown [136] that from low to medium sample sizes, where degenerate
values occur less, S-W is the ‘most powerful’ parametric test for normality among other
popular contenders like ‘Kolmogorov-Smirnov’, ‘Anderson-Darling’, ‘Cramér-von Mises’,
‘Jarque-Bera’ etc. In all such tests, the validity of a hypothesis depends on whether the
probability of the goodness of fit test is above or below the significance, which in our
case is set at 5%. Across all the fitted models, the ones with the p-value of the residual-
distribution above 5% will be considered to fit the data well; all of the rest can be thrown
out. Therefore, if a particular model fitting analysis passes our normality test, we consider

that model as the plausible explanation of the data.
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2.5 Model Selection

One of the main motivations of this thesis is to do a multi-scenario analysis on the ex-
perimentally available binned data, to obtain a data-based selection of a best case and
ranking and weighting of the remaining cases. For this purpose, different models can be
compared with regard to their model fit by computing a Ax? test. This test allows to

decide whether a given model fits significantly better or worse than a competing model.

2.5.1 Ay? test

A Ax? test is useful when the competing models are nested. Two models are considered
“nested” if one is a subset or extension of the other, i.e. one of the models could be
obtained by fixing or eliminating parameters in the other model. When the model with
the fewer free parameters (null, in many cases) is true, and when certain conditions
are satisfied, Wilks’ Theorem [137] says that this difference (Ax?) should have a x?
distribution with the number of degrees of freedom equal to the difference in the number
of free parameters in the two models. This lets one compute a p-value and then compare
it to a critical value to decide whether to reject the null model in favor of the alternative

model.

Considering the simplicity of this technique, we need to remember that unlike the
Akaike information criterion (AIC.) or the Schwarz-Bayesian Criterion (BIC) [138], which
incorporate the concept of parsimony and can be applied to nested as well as non-nested

models,Ax? test, can only be applied to nested models.

One of the most powerful and reliable methods for model comparison is cross vali-
dation. The most straightforward (and also most expensive) flavor of cross validation is
leave-one-out cross validation (LOOCYV). It simultaneously tests the predictive power of
the model as well as minimizes the bias and variance together. In LOOCYV, one of the data
points is left out and the rest of the sample (training set) is optimized. Then that result
is used to find the predicted residual for the left-out data point. This process is repeated
for all data points and a mean-squared error (MSE) is obtained. For model selection, this
MSE is minimized. Unfortunately, it is computationally very expensive. Hence we have

to find out some other reasonable method for model selection.
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For that goal, we have made use of information-theoretic approaches, especially of the
second order Akaike information criterion (AIC,) in the analysis of empirical data. It has

been shown that LOOCYV is asymptotically equivalent to minimizing AIC [139]

2.5.2 Introduction to AIC.

The ‘concept of parsimony’ [140] dictates that a model representing the truth should be
obtained with “... the smallest possible number of parameters for adequate representation
of the data.” In general, bias decreases and variance increases as the dimension of the
model increases. Often, the number of parameters in a model is used as a measure of
the degree of structure inferred from the data. The fit of any model can be improved
by increasing the number of parameters. Parsimonious models achieve a proper trade-off
between bias and variance. All model selection methods are based to some extent on the

principle of parsimony [141].

In information theory, the Kullback-Leibler (K-L) Information or measure I(f,g) de-
notes the information lost when g is used to approximate f. Here f is a notation for full
reality or truth and g denotes an approximating model in terms of probability distribu-
tion. I(f, g) can also be defined between the ‘best’ approximating model and a competing
one. Akaike, in his seminal paper [142] proposed the use of the K-L information as a fun-
damental basis for model selection. However, K-L distance cannot be computed without
full knowledge of both f (full reality) and the parameters (©) in each of the candidate
models g;(xz|©) (a model g; with parameter-set © explaining data z). Akaike found a
rigorous way to estimate K-L information, based on the empirical log-likelihood function

at its maximum point.

‘Akaike’s information criterion’(AIC) with respect to our analysis can be defined as,
AIC = X2, + 2K (2.15)

where K is the number of estimable parameters. In application, one computes AIC for
each of the candidate models and selects the model with the smallest value of AIC. It is
this model that is estimated to be “closest” to the unknown reality that generated the

data, from among the candidate models considered.
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While Akaike derived an estimator of K-L information, AIC may perform poorly if
there are too many parameters in relation to the size of the sample. Sugiura [143] derived

a second-order variant of AIC,

2K (K +1)

AIC. = x2in + 2K + —

(2.16)

where n is the sample size. As a rule of thumb, Use of AIC, is preferred in literature
when n/K < 40. There are various other such information criteria defined later on, e.g.
QAIC, QAIC,, TIC etc. In this analysis, we consistently use AIC..

Whereas AIC, are all on a relative (or interval) scale and are strongly dependent on
sample size, simple differences of AIC, values (Af” C = AICi — AICZ‘"") allow estimates
of the relative expected K-L differences between f and g;(z|©). This allows a quick
comparison and ranking of candidate models. The model estimated to be best has AiAI ¢ =
AAIC — 0. The larger A€ is, the less plausible it is that the fitted model g;(2|©) is the
K-L best model, given the data x. Table 2.1 lists rough rule-of-thumb values of A;‘” ¢ for

analysis of nested models.

Af” ¢ | Level of Empirical Support for Model i
0—-2 Substantial

47 Considerably Less

> 10 Essentially None

TABLE 2.1: Rough rule-of-thumb values of AA7¢ for analysis of nested models.

While the AfH C are useful in ranking the models, it is possible to quantify the plausi-
bility of each model as being the actual K-L best model. This can be done by extending the
concept of the likelihood of the parameters given both the data and model, i.e. £(O|z,g;),
to the concept of the likelihood of the model given the data, hence L(g;|x);

L(gi|x) e(—AMC/2) (2.17)

Such likelihoods represent the relative strength of evidence for each model [144].

To better interpret the relative likelihood of a model, given the data and the set of R

models, we normalize the L£(g;|x) to be a set of positive Akaike weights, w; , adding up
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to 1:
e(_A%AIC/z)

SR (-AATC) )

r=1¢

w; =

(2.18)

A given w; is considered as the weight of evidence in favor of model i being the actual
K-L best model for the situation at hand, given that one of the R models must be the K-L
best model of that set. The w; depend on the entire set; therefore, if a model is added or
dropped during a post hoc analysis, the w; must be recomputed for all the models in the

newly defined set.
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Chapter 3

Test of new physics sensitivity of
the observables in B — D<*)TVT
decay using Optimal-observable

technique

3.1 Introduction

In this chapter, we have discussed the new physics sensitivities of the various observables
in B— DWru, decays. In particular, we have chosen the operator basis defined in Eq.
(1.20) in chapter 1 which includes the new vector, scalar and tensor type of interactions.
To achieve this goal, we use the Optimal Observable technique. This technique, discussed
in section 2.2, has been widely used in collider phenomenology [129-132, 145, 146]. But for
the first time in our study, we are using this in heavy flavour physics. In the absence of any
data, this type of analysis are very useful and provide information about the sensitivity
of an observable to a particular type of NP operator in a future experiment. Also, this
technique helps one to identify the observables where the NP can be differentiated from
the SM with highest confidence level [147, 148].

From the discussion in section 1.3, we observed that the discrepancy among the SM

predicted values of different observables with there experimental results in these decay

41
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indicate a possible signature of NP in B — D®) 7y, transitions. There are several model
dependent NP analysis of this observation, as for example see [67, 149, 150], at the same
time there are couple of model-independent analysis [66, 151, 152]. In a model dependent
analysis, the characteristics of the models could be very different in terms of the types
of new interactios. It is possible that in all these analysis, multiple NP interactions may
contribute together. Hence, it will be an impossible task to extract all the couplings from
a single measurement. If one can reduce the number of coupling parameters by impos-
ing certain constraints on the full set of parameters, only then it is possible to extract
meaningful errors on the couplings, although the information lost due to various assump-
tions cannot be retrieved. Therefore, it will be useful to have independent couplings,
parametrised in such a way that the measured errors on different parameters are uncor-
related. On the other hand, a particular observable is not equally sensitive to different
types of NP operators. Hence from a phenomenological point of view, with the optimal
observable analysis, we try to find out how an observable can be optimised to guarantee
the maximal sensitivity to a particular type of NP interaction. This in turn will help us to

select observables that are suitable for the extraction of a particular type of NP coupling.

In section 3.2 we first discuss the formalism of the optimal observable technique in
the context of several observables in B — D™ 7v. decay channels. A numerical analysis
is presented in section 3.3 that tests the new physics sensitivity of each of the integrated
observables considered in this study. In the next part of section 3.3, we have performed
the bin-by-bin analysis of ¢? distribution of the differential branching fraction for B —
D™ 1y, decays to zoom in the regions of ¢® where a particular type of NP interaction
shows maximal sensitivity to the considered observable. In section 3.4 we summarize the

significant results obtained in this chapter.

3.2 Formalism

The optimal-observable analysis is a technique to methodically evaluate the statistical
uncertainties of the measurable parameters while extracting them from some observable.
The methodology of this analysis is given in section 2.2. In order to apply this technique
to B — D™y, it is necessary to express the ¢2 distribution of the differential decay

rate as
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dF(B—>D ;) Zsz ) 3.1)

where Cjs are functions of the wilson coefficient Cyrs. The theoretical expressions
for C;s, along with the f;(¢?)s, can be extracted from a direct comparison between the
similar terms on right sides of Eq.(3.1) and Eq.(1.21) (for B — D channel) or eq. (1.22)
(for B — D* channel). The coefficients C;, relevant for the branching fractions in B —

D™ty are given in Table 3.1, and the corresponding f;(¢%)s are given in the Appendix

(Table C.1).
Obs 2 - X
c, dl'/dq* in B — Dtv; dl'/dq* in B — D*Tv,
& |1+CV1 +CV2|2 |1+Cﬂ2+|CV2|2
Cy |Cs, +052’2 Re[(1 -I-Cvl)C‘*/Q]
Cs & Cs, — Cg,?
Cy Re[(1 +Cwy + Ow)(CE, +C8))] Cr[?
Cs Re[(1 + Cy; + Oy,)CF] Re[(1 + Oy — Ow,)(C5, — C3,)]
Ce - Re[(1 + Cv;)CF]
Cy — Re[Cy, C7]

TABLE 3.1: C;s as defined in eq.(3.1). The observable PZ(g?) contains the same set of
CiS.

The goal of this technique is to extract C;s, which can be done by defining suitable
weighting functions w;(¢?) such as C; = [w;(¢?)(dl'/dg*)dq?. In general various choices
of w;s are possible. However, there is a unique choice for which the resulting error in the

extraction of C; is minimized !, and these functions are given by

Xijfi(q
2
Z I/ dq2 , (3.2)
where Xj;; is the inverse of M;; which is defined as
fi(d®) fi(a®)
M;; :/dq2. 3.3
! fsn(g?) (3:3)

1Cis are minimised in a sense that the whole covariance matrix is at a stationary point in terms of
varying the functional forms of w;(¢*) while maintaining [ w;(¢*)fx(¢*) = .
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In the above expression, fs17(¢?) can be obtained from eq.(3.1) by setting Cy = 0, while
Csy = 1. Hence, using eqs. (3.2), and (3.3) the statistical uncertainties in C; extracted

from the branching fractions can be obtained as [130, 131]

_ , 3.4
Niig opLesy (3:4)

B (¥) 1, \E2P B
Mw:¢&ﬂBeD7m X

where B*? = (1/T) [ dq*dl'/dg* is the total branching fraction in the decay B —
D®Wry. with T as the total decay width. Ny, is the total number of events. As
given in eq.(3.4), the errors are also related to the production cross section op ( =
OB ptiry, /BB = D(*)TVT)), and the effective luminosity L.y = Lintes, where L;ns and
€s are the integrated luminosity and reconstruction efficiency respectively As we know
that the cross section o, = 04I'p/T, therefore, we can define o . peo,, = opB(B —
D(*)TVT), where op is the BB production cross section. If we redefine our observable as

0B sp,. than the errors in C; can be written as

50— X080 10, _ X _ Xii
! Nsig ﬁeff O—Pﬁeff

N X”B(B — D(*)TVT)Cxp
Nsig ’

since X/, = X;;/op. The above-mentioned method, and the equations like (3.3) and (3.4),

can be generalised for any other observables in B — D®)rv, decay.

Since the data is consistent with the SM, if there is NP in B — D®™ru, decays,
the effect is expected to be small compared to their SM counterpart. The earlier model
independent analysis [66], which is based on data by BABAR [118], shows that zero
value of the new Wilson coefficients are consistent with the data. Therefore, we choose
our starting point as Cyr = 0 and find out errors in the extraction of those coefficients
around that point. In addition to that, we assume that the error on C; could be captured

sufficiently well by just the leading-order terms.

In this analysis we have considered the following observables:

e The branching fractions, obtained by integrating the differential branching fractions

over the full ¢? region, normalised by the full ¢? integrated branching fraction B, =
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B(B — DWiy,).

R(DY) = [ de? R (), (35)
with B( » )
1 dB(B — DYrv
Ry (¢®) = . 3.6
pe (q°) B e (3.6)
e 7 polarisation asymmetry :
(*)
P (%) = Pr(¢®) Rpeo (¢7) (3.7)
e 7 forward-backward asymmetry :
(*)
Al (6*) = Arp(¢®) Rpeo (¢°) (38)
e D* longitudinal polarisation asymmetry :
Pf.(¢%) = Pp-(¢°)Rp+(¢?) (3.9)

In the above definitions, the detailed expression for P, (q¢?), Arp(¢?) and Pp«(q?) are
given in Sec.1.2.2. For forward backward asymmetries and the D* polarisation, the C;s

and the corresponding f;(q?)s are given in the Tables 3.2, and in the Appendix C.3.

C; Obs Afp(d?) Afp(d?) Pp-(q?)
Gy [1+ Cy; + Cys|” 1+ Cwi|> = [Cy,|? 1+ Oy, — Cy|?
& Re[(l + CVl T CVz)(Cg'l + ng)} ‘1 + C'V1 - CV2|2 |CS1 - 052‘2
Cs Re|[(1 4 Cy;, + C,)CF] |Cr[? |Cr[?
Cy Re[(Cs, + Cs,)C7] Re[(1+ Cy, = Cwy)(Cs, = C%)] | Re[(1 + Cvy — Cy,)(C3, = C%,)]
Cs - Re[(1 + Cy,)Cy] Re[(1+ Cy, — Cy,)C7)
Ce - Re[CVZC;] -
Cy - Re[(Cs, — Cs,)C7] -

TABLE 3.2: Expressions of C;s for different observables.

All the above-mentioned observables are expected to be measured with good statistics

in future experiments like Belle-II and LHCb. The corresponding errors on C; can be
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obtained using the following relation

L
Xz'z'

0G| =\ z——,
| | By op Eeff

(3.10)

where sz = X“[)’g

3.3 Analysis

In our analysis of the decay B — Drv,, it will be hard to estimate the uncertainties
in the extractions of Cy, and Cy,, because they cannot be singled out from their SM
counterpart (same f;s). The similar argument holds for the decay B — D*7v., however,
in this decay we can estimate the error in the extraction of Re(Cy,), see for instance
Tables 3.1 and C.2 where fy associated with Cs is different from f; associated with C;. In
Table 3.3, we list a few interesting cases of NP relevant for the observables in B — Drtv;.
In many cases, we assume Cy = Cy, +Cy, = 0, however, the assumption Cy # 0 will lead
to the same set of parameters that has to be simultaneously extracted, if it is assumed
that Cy << 1. Under such conditions C; can be treated as the Wilson coefficient of
the vector operator. The different NP cases related to the observables in B — D*7v;
are given in Tables 3.4, 3.5 and 3.6 respectively. In most cases, we assume Cy; = 0,
though the same set of parameters can be obtained without this assumption if Cy; << 1.
For 7 forward-backward asymmetry in B — D*rv,, we discuss mostly the cases with
Cy, = 0. In such cases, C; = C3 , and therefore we need to merge f1(q?) and fo(q?)
into f(¢%)(= f1(q®) + f2(q?)) for the analysis. In all the other cases, when Cy;, # 0, the

extracted uncertainties are large. We will discuss only one such interesting case.

Cases Assumptions
a Ci#o,i:1,..5
b RB(CT) =0
c Re(Cs) =0
d RB(CS) =0 and RG(CT) =0
e Cr=0
f Cs=0

TABLE 3.3: Cases relevant for Rp(q?), PE(¢?) and A% (¢?). Here Cs = Cs, + Cs,,
and in all the cases Cy, + Cy, = 0.
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Cases Assumptions
a* Cs=0
b* Cy, =0
c* CT =0
d* Re(Cs) =0, Cy, =0
e Re(Cs) =0, Cr =0, Im(Cy,) =0
f* Cs = 0, Re(CT) = 0, Im(Cvz) =0
g Cy, =0, Re(Cp)=0, Re(Cs)=0
h* Cy, =0, Cr=0
* Cy, =0, Cs=0
J* Re(Cs) =0, Re(Cr)=0, Im(Cy,) =0
k* Cs=0, Cr=0

TABLE 3.4: Different cases related to Rp-(¢?) and P (¢%) in B — D*7v,. Here
Cg = Cg, —Cg,, and in all the cases Cy, = 0.

Cases Assumptions
1* Cs=0
2% CV2 = 0, RG(CT) =0
3* Cy, =0, Re(Cs)=0
4* Cv2 = 0, RB(CT) = 0, Im(Cs) =0
5* Cyv, =0, Cg=0
6* Cy, =0, Re(Cs) =0, Re(Cr) =10
* Cy, =0, Cr=0

TABLE 3.5: Cases relevant in A%, (¢?) with Cy, = 0.

Cases Assumptions
Ci#0,i=1,..,5
RB(CT) =0
Re(Cs) =0
Re(Cs) =0, Re(Cr)=0
Cr=0
Cs=0
RG(CS) = 0, CT =0
Re(CT) = O, CS =0

T Q| = O Q|

TABLE 3.6: NP cases relevant in D* polarisation asymmetry. Here, Cy = Cy, —Cy, = 0.
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The numerical values of all the relevant parameters, like the form-factors, various
masses and lifetimes are taken from ref. [154], and for the analysis we choose the central
values of all the form-factors. The errors of the form-factors are considered while we
estimate the additional errors on the extracted coefficients. We choose as benchmark

values B(B — D/lv) = 2.32%, B(B — D*{v) = 5.31%, op = 1105.63 pb, and L.f; =

1o 1.
Decay B — Drv;
Cases b c
Obs. R R
Nel R(D) | P | R(D) | P;
0Cy 0.60 | 0.37 | 0.60 | 0.37
5|Cs|? 1.03 | 0.04 | 0.13 | 0.08
5|Cr)? 0.62 | 0.70 | 1.12 | 0.72
d(Re(Cs)) 1.31 | 0.06 - -
§(Re(C7)) - - 1.15 | 0.12

TABLE 3.7: Numerical values of the 1o error on C;s extracted from R(D) and PZ. For
the cases Re(C;) = 0, §|C;i|? = §(Im?(C})).

In Table 3.7, we list our main results of the uncertainties in C; extracted from the
analysis of the R(D) and P corresponding to different cases listed in Table 3.3, while
those for R(D*) and PX"| corresponding to the cases listed in Table 3.4, are given in Table
3.8. For a given case, we estimate the statistical significance of the simultaneous extraction
of C;s. The numerical values are given only for parameters relevant to a particular case,

while the rest are set to zero.

Decay Modes B — D*tu,
Cases a* b* c* d* e*
Obs. * R* * R* * R* * R* * R*
Params. R(D*) | B | R(DY) | P5 | R(DY) | Pt | R(D*) | P | R(D™) | P;
0C 7.22 | 13.70 | 289.17 | 116.82 | 28.44 | 14.08 | 2.01 | 0.65 | 1.28 | 1.25
5|Cs|? - - 629.08 | 204.37 | 56.25 | 29.65 | 1.00 | 1.73 | 3.68 | 1.83
5|Cr|? 4.30 1.96 | 11.86 4.62 - - 0.03 | 0.04 - -
d(Re(Cs)) - - 529.3 | 191.49 | 6.81 | 2.20 - - - -
d(Re(Cr)) 28.27 | 36.92 | 36.71 | 45.37 - - 0.35 | 0.24 - -
0(Re(Cyy)) 47.10 | 18.51 - - 14.21 | 7.03 - - 0.63 | 0.63
dRe[CY, C5] 15.70 | 17.19 - - - - - - - -

TABLE 3.8: Numerical values of the 1o error on C;s extracted from R(D*) and PX".
For the cases Re(C;) = 0, 6|C;|* = §(Im?(C;)).
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Fig. 3.1 Surfaces of constant x? = 1 for a few selected cases of different observables in
B — Dr1v,.

In some more simplified cases, where the number of non-zero NP parameters are less,

we compute the y?, which is defined as

=) (Ci—CY)(C; = CHV;,
%,
Xij

=t - 11
J BE op Eeff (3 )

where, V;
The C,?s are the seed values, which can be considered as model inputs; as discussed earlier,
we choose C? =0, fori # 1, and OY = 1. The x? = 1 surfaces are perfect ellipsoids in C;
basis, and they indicate the 410 errors in the determination of Cys. The constant x? = 1
surfaces are shown in Figs. 3.1, and 3.2. The largest and the smallest values in the figures

represent +1o errors of corresponding parameters.
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Fig. 3.2 Surfaces of constant x? = 1 for a few selected cases of different observables
shown in B — D*71v;,.
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5o Cases b . q . ¢
|0C | 0.27 | 0.27 | 0.04 | 0.07 | 0.07
|0Re(Cys)| 0.40 - - 0.05 -
|6 Re(Cr)] - 1030 | - - 1 0.04
0(Im(Cs)Im(C7))| | 0.11 | 0.11 | 0.01 | - _

TABLE 3.9: Numerical values of |§C;| extracted from the 7 forward-backward asymmetry
in B— Drv,.

3.3.1 Discussions

For case a, the uncertainties obtained from the simultaneous extraction of all the Wilson

coefficients from the observable R(D) shows that

0Cy| _ |6Re(Cy)| N §|Cs|?
|0Cs|  |0Re(Cr)| © d|Cr|?

~ 2, (3.12)

which shows that R(D) is equally sensitive to the real part of Cs and Cp. The above
result does not allow a direct comparison between the sensitivities to the imaginary part
of the coefficients. The results obtained for all the other cases are shown in Tab. 3.7, and
in Figs.3.1a, 3.1b and 3.1c. We note that if the Wilson coefficients are purely imaginary
then R(D) is more sensitive to Im(Cs) compared to Im(Cr). Also, it is important
to note that this observable is more sensitive to the real part of the coefficients than
the imaginary part. Comparing all the different cases considered for R(D), it would be
difficult to comment on the overall sensitivity of this observable to a particular type of
NP interaction. However, in the next section we will see that there are distinct regions of

¢> which are sensitive to either scalar or tensor type interactions.
On the other hand, the analysis of Pf(¢?) for case a gives

6Cs| _ 16Re(Cs)| _
6C5| ~ |5Re(Cr)

8|Csl?
s|Cr|?

0.5, ~ 2, (3.13)
which shows an improvement in sensitivity to Re(Cyg) compared to Re(Cr). The results
obtained from all the other relevant cases are shown in Table 3.7, and in Figs. 3.1d, 3.1e,

and 3.1f, which allow a case by case comparison between the results obtained from R(D)

2The results corresponding to the case a are not shown in the table, because the extracted uncertainties
are very large (>> 1).
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and PE. Interestingly, the extracted uncertainties are less compared to that extracted in
R(D). The sensitivity of this observable to tensor interaction is a little less, compared to

scalar interaction, but it can be extracted with uncertainties less than 1.

As shown in Table 3.8, and in Fig. 3.2, the observables like R(D*) and PF" are
more sensitive to |Cr|?> compared to any other new Wilson coefficients, almost in all
the cases |Cr|? and Re(C7) can be extracted with small uncertainties. A case by case
comparison shows that the above observables are more sensitive to Cp than Cg, and
dRe(Cr) < dRe(Cy,) but they are of same order. Also, when Cr is purely imaginary, we
find 6Im(Cr) =~ §Re(Cy,), though PR have little better sensitivity to Im(Cr). There-
fore, these observables alone won’t allow us to distinguish the contributions from right
handed vector current to that of a tensor current. However, in the next section we will
see that a bin by bin analysis of the ¢? distribution of the differential decay rate allows

to discriminate the effects of these interactions.

However, when Cpr = 0, both the observables are almost equally sensitive, though
dRe(Cg) < 6Re(Cly), to the real part of the vector and scalar Wilson coefficients. In case
Cg is purely imaginary, Re(Cy,) << dIm(Cg) i.e the observables are less sensitive to
the imaginary part of C's compared to the real parts of Cy, and Cg. Again, we note that

the extracted errors on Cjs from PF" are smaller than those in R(D*).

50l —— o | 3 | 4 | 5 | 6 | T
16C1 | 1.30 | 2.41 | 0.40 | 0.27 [ 0.52 | 0.04
5|Cr[? 0.12 [ 0.08 [ 0.04 | 0.04 [ 0.03| -
[6Re(Cy)] 1630 | - |172| - - [ 0.02
|6Re(O7)| - |106] - [o12] - .

16(Im(C)Im(Cr )| | 2.48 | 2.41 | - - o026 -

TABLE 3.10: Numerical values of [6C;| extracted from 7 forward backward asymmetry
in B— D*rtv,.

The results of the analysis of forward-backward asymmetries and D* polarisation are
given in Tables 3.9, 3.10, and 3.11 respectively. The forward-backward asymmetry in

B — Drtv; is equally sensitive to the scalar and tensor type interactions.
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For case 1* in AI{%, we find

5Cy 1 5Cy
slor)2 T sler2 T

24, (3.14)

and

5Cs
— = ~12 1
SRe(Cy) ~ 1% (3.15)

where C7 and Cy are the functions of the Wilson coefficients of the vector operators. The

approximate forms are given by
Cl ~1+ 2Re(CV1), CQ ~1+ 2R€(CV1) — QRG(CVQ). (3.16)

It indicates that the 7 forward-backward asymmetry in B — D*7v, is more sensitive to
tensor Wilson coefficients than to a vector, in particular to Cy,. In order to understand

it better, we define

Cia=0C1—Cy =~ 2R€(CV2). (3.17)
Therefore, a simple calculation shows that

(5R€(Cv2) 1 5012
Re(Cr) — 20Re(Cp) =0 (3.18)

In all the other cases with Cy, = 0, the App in B — D*rv; is more sensitive to the
tensor interaction compared to the scalar. On the other hand the D* polarisation is
equally sensitive to the scalar and tensor interactions. Therefore, if future data shows
large deviations from the SM predictions in all the observables like R(D*), A}, and D*
polarisation, that can be thought of as an indication of the presence of a new tensor type
interaction. On other hand, if a deviation is only in R(D*) and not in the others, that

could be an indication of a new vector interaction.

3.3.2 Bin-by-bin analysis

In general, the sensitivity to various NP interactions may also be ¢> dependent. Hence,
we analyse the bin-by-bin ¢? distribution of the differential decay rate of B — D™ ru, to
look for more possibilities, and zoom in to the regions of ¢, within which the sensitivity

to a specific type of new interaction is much larger than most other regions. In general
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Cases

e A B C D E F G H

|0C1| 3.58 | 0.74 | 1.41 | 0.12 | 0.05 | 1.41 | 0.05 | 0.1
5|Cs|? 16.63 | 3.39 | 0.55 | 0.55 | 0.77 | - 0.54 | -

5|Cr|? 253 [0.09]041[001] - [041] - [o0.01
|0Re(Cys)| 7.05 | 1.40 | - - 0.20 | - - -
|0Re(Cr)] 5.07 - 1.00 | - - 1.00 | - -

TABLE 3.11: The results obtained from the analysis of the D* polarisation asymmetry
in the decay B — D*71v,.

the 0C;s extracted from individual bins are very large, therefore in the figs. 3.3, 3.4 we

plot 6C; = 6C; /Nnorm, where Nyorp, is some number used to normalised 6C;.

The results obtained from the analysis of the ¢ distribution of differential decay rate
in B — Drv, are presented in fig. 3.3, where the variations of the §C;s with ¢? are shown.
The normalised uncertainties in the simultaneous extraction of |Cs|?, |Cr|?, Re(Cr) and
Re(Cs), and their variations with ¢ are shown in figs. 3.3a and 3.3b respectively. On
the other hand the variations of §|Cs|?, and §Re(Cs) with ¢*> when O = 0 are shown in
fig. 3.3d, while that for 6|Cr|?, and §Re(Cr) when Cs = 0 are shown in fig. 3.3e. We
note that in the low ¢? region (< 7GeV?/c*) the differential decay rate is sensitive to
the scalar interaction 3, the sensitivity to tensor interaction in this region is very weak,
whereas in the high ¢2 region (2 7GeV?/c*) it is rather sensitive to the tensor interaction.
In case the Wilson coefficients are purely imaginary, in all the ¢ regions, the decay rate

distribution is sensitive more to the scalar interaction (fig. 3.3c) than the others.

As we noted earlier, R(D*) is equally sensitive to Cy, and Cr (case a*), however, the
analysis of the differential decay rate distributions show that (figs. 3.4e and 3.4d) it is
sensitive to tensor interaction only in the very high and low ¢? regions, and it is sensitive
to Cy, in all the ¢? regions except the very low ¢? region. In fig. 3.4a the variations of
§Re(Cy,), 6Re(Cys), and 6|Cg|? with the ¢? in the case Cr = 0 are shown, we note that in
all the ¢° regions the decay rate is equally sensitive to vector and scalar interactions except
in the very low ¢? region, where the sensitivity to Re(Cl) is better than that to Re(Cys,).
We also study the cases when the NP interaction is scalar type. The ¢? distribution of the
extracted errors on the respective parameters is shown in fig. 3.4c, which indicates that

the decay rate is sensitive to scalar interactions only in the low ¢? region. If Cy and Cr

3In very low ¢? regions the ¢? distribution is also sensitive to C.
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are purely imaginary than the ¢? distribution of the decay rate is sensitive to the tensor

interactions in all the ¢® regions (fig. 3.4b).
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Fig. 3.4 Selected cases in B — D*7v,, here, C; = |6C;|/Nyorm-

All these studies suggest that we could gain in NP sensitivity if we focus on specific
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q? regions, which we may lose in the full ¢>-integrated observables. We note that the sen-
sitivity to a particular type of interaction is limited to particular regions of ¢?. Therefore,
the experimental data in the specific regions of g% could help us a better interpretation of
the type of NP interactions, which may not be obtainable from ¢? integrated observables.
As for example, if we see large deviations in data only in the very high and very low ¢?
regions, that can be interpreted as due to the presence of a tensor interaction (fig. 3.4d).
On the other hand, if we see deviations only in the low ¢? (< 7) bins, that could be due
to a new scalar interaction (fig. 3.4c). Finally, if data shows deviations in most of the ¢?
bin except the very low ¢2, this can be due to the presence of new vector interaction (fig.

3.4e).

70 70

Entries
Entries

q° [GeVZic*]

a

Fig. 3.5 Measured ¢? distribution of the events in B — D7v, (left) and B — D*7v,
(right) decays [118]. The black lines represent the ¢® distribution predicted in the SM,
obtained from the respective differential branching fractions.

In order to explain our point we take the example of the ¢? distributions of the
measured events in B — D™ 7y, which are shown in Fig.(3.5). The plots are generated
using the data given in ref. [118, 155, 156]. The predicted ¢? distributions in SM with the
central values of the form factors are shown by black lines, blue dotted lines represent the
errors in SM. In Fig.(3.5a), we see that the data is not fully consistent with the SM in the
region 8.0 < ¢ < 11, which is the region where the decay rate distribution is sensitive
to tensor interaction, as analysed above in the decay B — D7r,. At the moment it is
hard to conclude anything, and we have to wait for better statistics. From Fig.(3.5b) we
see distinct regions of ¢ where the data is not fully consistent with the SM prediction,
and our analysis suggests that those regions could potentially be very sensitive to NP

effects. Again, because of poor statistics it is premature to conclude anything. Therefore,
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the experimental effort should be in gathering more statistics in specific regions of ¢?

potentially sensitive to NP, which may in turn help the clean extraction of NP couplings.

As mentioned above, the numerical estimates are done with central values of all the
relevant parameters taken from [154]. Numerical instability of our results could be main
source of uncertainty in our estimates. The numerical results of X;;, which depend on
the matrix inversion of M;;, are often unstable; even a tiny variation of M;; could change
X;; significantly. This is why, when we estimate the statistical uncertainties in simul-
taneous extractions of the Wilson coefficients, we allowed only stable solutions. We
calculate the selected 6C; first to m™ and then to (m — 1) decimal places, and ob-
tain 6C;™ and §C;(m—1) respectively. We consider the results as stable only when
(6C;™ — sClm=D1y /60,0 < 0.01. We checked the stability up to m = 10, and in most
of the cases presented above, our results are very much stable, and the error due to this
is negligible. As we can see from the expressions of §C;, the other sources of errors in our
estimates are given by the errors in fi(¢?), op , Legp , and By. It is straight forward to

estimate the errors due to op , Legy , and By.

Cases 0C; | 6C;T | 8C;~ | £%Err.
o7 0.082 | 0.079 | 0.087 | 5.032
d | Im(Cg)* | 0.013 | 0.013 | 0.014 | 5.032
Im(Cr)? ] 0.168 | 0.160 | 0.177 | 5.032

o 0.240 | 0.229 | 0.253 | 5.031
e |Cs|> 10.274 [ 0.261 | 0.289 [ 5.031
Re(Cs) | 0.354 | 0.337 | 0.373 | 5.031

TABLE 3.12: Numerical values of §C;s, and 6C; ™ (§C; ™) considering 410% (-10%) errors
in f;(g?) for few cases of R(D). The % error is given by (6C; — 6C;%)/6C;.

However, the estimate due to f;(g*)s are not that straight forward since M;js depend
solely upon them. The main sources of uncertainties in f;s, including the SM, are the
form-factors. Errors due to other parameters, like CKM element etc, are canceled in the
ratios. In the tables 3.12, and 3.13, we consider a few cases and give a rough estimate
of the uncertainties due to the errors in fi(¢?). The overall error is about + 5% in the
extraction of §C;s, if we consider the errors in f;(¢?)s are about + 10%. We also estimate
the errors in 6C; by considering the actual errors in all the form-factors given in ref. [154],
and find that they are even smaller than whatever we have shown in the above mentioned

tables. Finally, we would like to comment that the estimated errors due to form-factors,
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and the other experimental parameters will have almost equal impact on all the extracted
6C;s, which is also small. Therefore, our conclusions about the relative sensitivities will

not change.

Cases 0C; 5C;T | 6C; | £%Err.
[ 0.448 | 0.427 | 0.472 | 5.032
f* | Re(Cy,) | 0.211 | 0.201 | 0.222 | 5.032
Im(Cr)? | 0.006 | 0.0058 | 0.0065 | 5.032
C, 0.042 | 0.040 | 0.044 | 5.032
g | Im(Cs)* | 0.961 | 0.916 | 1.013 | 5.032
Im(Cr)? | 0.0048 | 0.0046 | 0.0051 | 5.032

TABLE 3.13: Numerical values of 6C;s, and 6C;t (6C; ™) considering +10% (-10%) errors
in f;(q2) for few cases of R(D*). The % error is given by (6C; — 6C;F)/8C;.

3.4 Summary

We use the optimal observable technique to test the sensitivities of the various observ-
ables in B — D™ 1. to the various NP interactions, like new vector, scalar and tensor
interactions. Numerically, we find that the observables in B — DTy, are more or less
equally sensitive to scalar and tensor interactions, only exception is the 7 polarisation
asymmetry, where 0 Re(C's) < dRe(Cr) but they are of same order. Therefore, even if the
measured values of the observables deviate from their SM expectations, a priori it would
be hard to decide what type of new interaction will it be. However, the analysis of the ¢>
distribution of the decay rate allows us to separate the regions of ¢®> which are sensitive

to scalar interaction (low ¢2) and tensor interaction (high ¢?).

The overall sensitivity of the observables in B — D*7v, is more towards tensor in-
teractions, in particular to |Cr|?. Also, we note that dRe(Cr) < 6Re(Cy,) but they are
of same order, hence, we need better statistics to distinguish their effects. The decay
B — D*rv; has very poor sensitivity to scalar interaction compared to the tensor inter-
action, the only exceptions being the D* polarisation, AI{%. However, in the absence of
tensor interactions, the decay B — D*7v; is equally sensitive to real part of both the
vector and scalar Wilson coefficients, sensitivity to |Cg|? is much less compared to the
real parts. However, the analysis of the ¢ distributions of the decay rate shows distinct

regions of ¢, which are sensitive to vector, scalar, and tensor interactions respectively.
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These sensitivities are lost in the full ¢? integrated observables. Present data on different
bins do not have sufficient statistics to conclude anything, more precise data could help us
to pinpoint the type of NP interaction. Therefore, in an experiment, the priority should

be given to gaining statistics at those regions of ¢2.

We note that both the decay modes are more sensitive to the real part of the coefficients
compared to imaginary part. Among the various observables, 7 polarisation asymmetries
have better sensitivity to the relevant new coefficients (C;); the uncertainties on the
extracted C;s are either less or comparable to that obtained in others. Therefore, future
data on 7 polarisation asymmetries could put tighter constraints on the NP parameter

space.

TH-1933_136121011



Chapter 4

Looking for new physics in
B — D%ru. decay from the

available data

4.1 Introduction

This chapter focuses on the NP analysis of B — D™ v, decays in view of the available
binned data from different experimental collaborations like BABAR and Belle. Also, we
have defined few scenarios where we have incorporated the data on ¢?- integrated R(D(*))
from BABAR, Belle and LHCb. The present experimental status of the observables
R(D™) is summarized in Fig.1.3. From the figure, we note that the correlation contour
obtained after averaging the Belle measurements [119, 157, 158], which is more than 3¢
away from the SM prediction, lies in between the SM expectation and the BABAR mea-
surement [118]. LHCb results on R(D*) [122] are 2.1¢ larger than the value expected in
SM. Although the Belle average is slightly smaller than the LHCb and BABAR results,
it is still considerably larger than the SM prediction.

According to the bin-by-bin analysis, discussed in section 3.3.2, we realise that the
sensitivity to a particular type of interaction is more apparent in the binned data, com-
pared to that from the integrated observables like R(D™)) [153]. On the other hand, as

the measured values of R(D(*)) are highly model sensitive due to the model dependence of

61
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the kinetic distribution, one may get different signal yields per bin from fits using different
models. Consequently, the values obtained from fits assuming only the SM background
should not be used to fit the NP parameters. Although we use the background-subtracted
and normalized binned data for most of our analysis, we compensate for any systematic
errors coming from such assumption by doing a separate study with overestimated errors

and their correlations.

As discussed in chapter 1, the B — D™y, (£ = ju or e) decays are less sensitive to
any kind of NP effects. Hence, these decays are appropriate for the extractions of |V|
and the various form-factors associated with it. The same form-factors are also relevant
to describe B — D®7u. decays, though there are two additional form-factors which
are extracted using HQET inputs. The output of the fit are used to predict the various
observables associated with B — D™ 7 decays in the SM. Since there are large number
of parameters involved with the form-factors, to fit them one needs large number of data
set. In this analysis, we have used the available bin data on the decay distributions
of B — D™ru, to fit the form-factors and compared them with those obtained from
B — D®(y, decays. In this part of the analysis, we have not added any new physics
contributions in b — crv,; decays. Therefore, any discrepancies between the two fit
results will indicate a possible new effect in B — D®)7v, decays. Since the form-factors
are defined as matrix elements of hadronic currents of different Lorentz structures, the

probable missmatch will help to identify the helicity structure(s) of the new contributions.

In an another part of the analysis (section 4.3), we have considered the contributions
from different NP interactions in B — D® 7, but not in B — D®{y,. Our goal will
be the search for new interactions most compatible with and best elucidates the present
data. Throughout our analysis we will use the ¢?-binned data on the decay rate as well
the data on R(D™). In section 4.4 we have summerized the interisting outcomes of this

analysis. The analysis presented here is based on [159].
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Fig. 4.1 Fig.s 4.1a and 4.1b are the measured background subtracted g¢?-distributions

for B — D717, and B — D*7¥, events, extracted from the BABAR data [118]. Fig. 4.1c

is the background subtracted and normalized momentum distribution of D* extracted
from the Belle data [157]

4.2 Form-factors from B — D®ru,

4.2.1 Formalism

Several parameters parameterissing the form-factors, otherwise not accessible in B —
D¢~ 17, decays, appear in B — D®) 7~ 7. decays. Detailed discussion on the definitions
of these form-factors in B — D™ 7v, decay channels are given in section 1.2.2. By taking
the binned data from the ¢2-distribution of the decay rates in B — D®*)7~ 17 normalized
by dI'(B — D™ {w,)/dq?, we fit all of these form-factor parameters. The only exceptions

are V1 (1) and h4, (1) which will cancel in the ratios.

Fig.s 4.1a and 4.1b show efficiency-corrected ¢>-distributions for B — D77, and
B — D*r U, events with m?m»SS > 1.5 GeV?, scaled to results of isospin-constrained

fit extracted from the BABAR [118] data. The B? and BT samples are combined and

the normalization and background events are subtracted. The uncertainty on the data
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Experiment Channel Input Value
B — DU, Nig 489 + 63
BABAR Nyorm 2981 £ 65
[118] €sig/€norm | 0.372 £0.010
B — D*t7r; N 888 + 63
Ny v 11953 £122
e:ig/e;‘wrm 0.224 £ 0.004
B — D*t7U; N 231+ 23
Belle(2016) N v 2800 £ 57
[157] 6:Lorm/€:ig 1.289 + 0.015
LHCb B — D't U, R(D*) 0.336 £ 0.027
[122] +0.030
B — DT v, R(D) | 0.375+0.064
Belle(2015) +0.026
[119] B — D*t U, R(D¥) 0.293 £ 0.038
+0.015
Belle(Latest) | B — D*r" v, | R(D*) | 0.276 £0.034
159 o0

TABLE 4.1: Experimental inputs for fits.
for N

norm(sig)”

Only statistical uncertainties are supplied
Whenever two uncertainties are quoted, they are the statistical and
systematic ones respectively.

points includes the statistical uncertainties of data and simulation. Fig. 4.1c is the
background subtracted and normalized momentum distribution of D* for B — D*7 7,
events extracted from the Belle [157] data. Here also, the B® and BT samples are combined
and the normalization and background events are subtracted. The light blue histogram
represent the SM prediction for the same in each individual bin. We note that both Belle

and BABAR binned data show deviations from SM predictions.

4.2.2 ? analysis
To fit the parameters of the form-factors, we have performed a test of significance (good-

ness of fit) by defining a x? statistic. Detailed discussion on this fitting procedure is given

in section 2.3. In this analysis, the x? is a function of the parameters parameterizing the
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form-factors, which is defined as

bins

Mot = 3 (RO = ROV (RIDD)5? = ROOY), - (@41)
ij=1
where
2
dmax (40 (B—D¥ -7, /dg?)dg?
R(D(*))Zh L fq?nin ( ( j )/ ! ) ! , (4'2)
" Juan g2 (A0 (B=D ) /dg? ) dg?
N&®
N(’;m Xt BABAR
R(D(*))Zfrf > é= 1 o NG ) (4.3)
2B(t— =0~ pvr) Ny(j:ﬂ X :E):)m Belle.

sig
2
exp, bin’

obtained by propagating the uncertainties of individual parts in the r.h.s of eq.(4.3). As

Here V;; is the covariance matrix. It comprises of o the experimental uncertainties
input, we consider the central values of number of events lez‘27 along with their errors, for
each ¢ or pp+-bin depending on whether we are analyzing the BABAR or the Belle data.
The total signal yield IV s(l* g), along with the errors are given in table 4.1. For simplicity and
due to lack of knowledge of ¢*-distribution of the efficiencies, we have taken the ratio of
efficiencies ES; / é{'}}rm to be constant over all the qQ—regions and equal to the value shown
in table 4.1. In egs. (4.2) and (4.3), qgmx(mm

For the denominator in eq.(4.2), we integrate over the whole allowed phase space (from

) are the end points of a particular bin.

¢® =m? to ¢> = (mp — mpw)?).

In defining V;;, we follow these procedures:

1. Our V comprises of two parts - the statistical covariance matrix V% and the
systematic one, VY5t So, VP = V/stat L y/syst - Ag there is no information available
to us about the systematic uncertainties and their correlations on the binned data,

we do two separate analyses.

2. The first analysis is done using only the data available to us, i.e. V¥ is set to be
zero and V3 = &;; SR{™ SRS™ (here d;; is the Kronecker delta). We will call this

“Fit-1” from hereon.
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66 Chapter 4. Looking for new physics in B — D®ru. decay from the available data

3. The second analysis is done assuming the systematic uncertainties to be the same
as the statistical ones and 100% systematic correlation, i.e. V;j.y“ = 5Rfmp 5R§xp

and V;j-tat defined as earlier. We will call this “Fit-2” from hereon.

The utility of considering the systematic uncertainties to be the same as statistical ones
and considering 100% systematic correlations in the second analysis are multi-pronged.
First of all, as the statistical uncertainties on the binned data are quite large, this makes
the systematic errors similarly large and that in turn can conservatively account for the
possible systematic errors coming from a) the ‘model-dependence’ of the ‘background-
subtracted’ binned data as mentioned in section 4.3.1 and b) the dependence of the shape
of the ¢?-distribution on the experimental cuts on the leptons and hadrons. Secondly, sep-
arately analyzing the data in both under-correlated and over-correlated ways and compar-
ing them, gives us an idea of the dependence of the analysis on these unknown systematic

bin-bin correlations.

The Belle results [157] used here is the first measurement of R(D*) using semileptonic
tagging method for the “other B”, referred to as B,y and instead of a ¢>-distribution,

the momentum distribution of D* and £ are given. For our analysis, we note that p%,. =
2 2 w=n2 2
<w#q) —m3,., and using this, eq.(4.2) can be calculated for each bin in the pp-«-

exp
bin >’

distribution by converting the limits of integration appropriately. For R(D*)
eq.(4.3). We do not use those bins for which central values of Nb(;)b <0.

we use

To utilize the fact that V1(1) and h 4, (1) get canceled respectively in R(D) and R(D*),
R(D(*))bm is used instead of Nb(zz. So, the X%at is a function of p?, and A for R(D)pin
and a function of p%., R1(1), Rz2(1) and Ry(1) for R(D*)pin.

4.2.3 Fit Results

The fit results for the parameters of the form-factors are listed in tables 4.2 and 4.4 for
‘Fit-1" and ‘Fit-2’ respectively. We find the distribution of the residuals for all those fits
and check whether that distribution is accordant with a normal distribution with mean 0
and variance 1 (with the null hypothesis Hy that this is true). p-values obtained in our

chosen normality test (S-W) quantify the probability of Hy being true.

After the minimization, we find the uncertainties of and correlations between the

parameters around their best fit points. A general approach to find these is to construct
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L (— Fit From B->D/ v Binned Data
------ Fit from BABAR B-Drv Binned data
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Fig. 42 Results obtained from ‘Fit-1’. Fig.s 4.2a and 4.2b are the ¢ dependence of
form-factors for semileptonic b — ¢ transitions. Red (dotted) and blue (dot-dashed) lines
enclose 10 regions for the form-factors with parameters fitted from B — D/, (world
average) and B — D77, decays (BABAR) respectively. The rest of the figures are for
form-factors for B — D*{v, and B — D*7¥, decays. Here green (solid) lines enclose the

region for B — D*7¥, decays (Belle).
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Obs. Par.s Value Xiwin | d-0.f | Normality
(S-W)
BABAR
R(D)pin A | —0.04+200| 96 | 12 0.20
p3 | 1.43+0.18
R(D*)pin | p% | —0.55+0.66 | 5.4 8 0.25
Ri(1) | 0.04+2.96
Ro(1) | 3.7940.20
Ro(1) | 0.0241.37
Belle
R(D*)pin | p2 | —1.52+£1.61 | 8.7 13 0.91
Ri(1) | 0.04+2.86
Ro(1) | 3.58+0.53
Ro(1) | —0.84 £0.71

TABLE 4.2: Fit-1 Results of parameters parameterizing the form-factors in HQET. The
last column lists the results of the hypothesis test (Shapiro-Wilk) for assessment of
goodness-of-fit.

Channel Correlation BABAR | Belle (2016)
C’(pD*, Ri(1)) | 0.057 0.023
B — D*1v. | C (p}., Ra(1)) | 0.907 0.928
C (pD-, Ro (1)) | -0.004 -0.741
C (Ri(1), Ry(1)) | 0.082 0.024
C (Ri(1), 0(1)) 0.000 -0.008
C (Ra(1), Ro(1)) | 0.007 -0.861
B — DTv, C (A, p) 0.146 -

TABLE 4.3: Correlations between the fitted form-factor parameters from Fit-I.

the ‘Hessian Matrix’ H, which is the matrix of second order partial-derivatives of the test-
statistic with respect to the parameters; this describes the local curvature of a function of
many variables, and find its inverse. This constitutes the ‘error matrix’, square roots of
whose diagonal elements give us the ‘standard error’ of the parameters and the normalized
matrix (w.r.t the errors) makes the ‘correlation matrix’. We list such errors in tables 4.2

and 4.4 and relevant correlations in tables 4.3 and 4.5.

In the following we will discuss the outcome of our analysis, and compare our fit results
with that determined by HFAG [72] (also given in eq. (1.37)):

e We fit p?, only using the BABAR data, the obtained values are consistent with that
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Obs. Par.s Value Xiwin | d-0.f | Normality
(S-W)
BABAR
R(D)pin A | —0.03+£225| 871 | 12 0.14
p3 | 0.92+0.60
R(D*)pin | p3 | —054£0.73 [ 513 [ 8 0.55
Ri(1) | 0.04+1.99
Ro(1) | 3.934+0.31
Ro(1) | 0.03+0.76
Belle
R(D*)pin | p2 | —3.03£2.24 | 6.62 | 13 0.68
Ri(1) | 0.04+2.31
Ro(1) | 3.78 £0.45
Ro(1) | 0.03+0.93

TABLE 4.4: Fit-IT Results of parameters parameterizing the form-factors in HQET.

Channel Correlation BABAR | Belle (2016)
C (ph, Ri(1)) | 0.031 0.015
B — D*1v, C(pD*, Ry(1)) | 0.698 0.563
C (phe RO (1)) | 0.011 0.004
C(R1(1), R2(1)) | 0.035 0.021
C (R (1), 0(1)) 0.000 0.000
C (Ry(1), Ro(1)) | 0.018 0.012
B — D1, C (A, pp) 0.07 -

TABLE 4.5: Correlations between the fitted form-factor parameters from Fit-II.

determined by the HFAG at 1o. Our fitted values of A include A =1+ 1, so far,
which is used in the prediction of R(D) by BABAR [118].

e The analysis of the BABAR bin data on R(D*) from both ‘Fit-1" and ‘Fit-2’ shows
that the fitted parameters like p%. and R;(1) are consistent within 20, with HFAG.
However, Rs(1) shows a large deviation (more than 100 away). It is important to

note that we can extract Ra(1) with relatively small error.

e After analyzing the data by Belle on R(D*) from ‘Fit-1’, we obtain large errors on
p%. and Ry (1), and they are consistent with the fitted value by HFAG at 1o. ‘Fit-2’
increases both the best-fit value and errors of p%* even more. Also in this case,

R5(1) fits with a small error, and shows a large deviation from that determined by
HFAG.
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e Whereas the analysis of R(D*) from ‘Fit-1’ results obtained using BABAR and
Belle binned data (table 4.2) are roughly consistent with each other, including the
best-fit values of Ry(1), the same analysis from ‘Fit-2’ (table 4.4) actually makes
the results compatible. So much so, that the Ry(1) best-fit value becomes almost
identical. This makes one inclined to think that Belle binned data is more correlated

than is assumed.

We note that across all the cases listed in tables 4.2 and 4.4, Ra(1) can be fitted
with a small error and has large deviations from the value obtained from the analysis
of B — D*lyy (eq. (1.37)). As the treatment of uncertainties in ‘Fit-1’ and ‘Fit-2’
are vastly different, we can conclude that this large deviation is not dependent on the
fitting procedure, rather a consequence of the data-distribution. All other parameters are
extracted with relatively larger errors and are consistent with the fit results obtained by
HFAG within 68% or 90% confidence levels (C.L.).

The consequence of these results are reflected in the ¢?> dependences of the various
form-factors, as shown in figures 4.2 and 4.3. In these figures we have compared the
¢*-distribution of the form-factors obtained from our fit results with those obtained using
the values given in and around Eq.(1.37). As there is some agreement between the p%
fitted from B — Dtv, and B — D{y, the ¢*-distributions of V3 (¢?) and S1(¢?), shown in
figs. 4.2a and 4.2b respectively, do not show any considerable deviation. In the analysis
of R(D*), V(¢?) depends on R;(1) and p%,., its ¢>-distribution has large error and is con-
sistent with those fitted from B — D*fv,. A;(¢?) depends on p3. and its ¢*-distribution
does not show any considerable deviation from that obtained from B — D*{v, fit. As
¢?-distributions of both these form-factors obtained from our analysis have large errors,
at the moment it is hard to conclude anything and we have to wait for more precise data.
On the other hand, among the form-factors associated with B — D*7v,, As(q?) depend
on Ry(1) and hence it shows large deviation (in all the ¢? regions) from the analysis of
B — D*{y; decay. If we assume that the B — D™/, decays are free from any kind
of NP effects, which may be a natural assumption, then our results allow the possibility
of a new contribution beyond the SM in B — D*7v, decay. In particular, it could be a

1

beyond-the-SM (BSM) contribution from a pseudo-vector or a pseudo-tensor * current.

!The pseudo-scalar and pseudo-tensor currents are related to the pseudo-vector currents following the
equation of motions, 40, (Ey*¥°b) = —(mp + me)ey°b and 9, (Eo"*7°b) = (mp — me)Ey’v°b — (107 E)Y°b +
éy° (19"b), respectively. Hence, the form-factors associated with the pseudo-scalar and pseudo-tensor are
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Fig. 4.3 Similar figures of ¢> dependence of form-factors as figure 4.2. These are obtained
from ‘Fit-2’.
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On a similar note, we can comment that the SM contributions in B — Drtv; can explain

the observed data.

4.3 New Physics Analysis

We follow a model independent approach in search of the type of NP interactions that can
best explain the present data on B — D®)7v... Using the ¢2 distribution of the differential
decay rate of these channels (Eq.(1.21) and Eq.(1.22)) derived from the most general
effective hamiltonian with all possible four-fermion operators in the lowest dimension
(eq.1.19), we perform the model-selection analysis following the methodology described
in Sec. 2.5.2

4.3.1 Methodology

We know that the yield in each bin depends on the probability density functions (PDFs)

of different (56 in case of BABAR) signal and background sources. Considering any NP
2

contribution changes these PDFs and they in turn change the two dimensional m; ... —

|pj| distributions. This change is reflected in the ¢*-distribution as well, because of the
2

following relation: m2,;,, = (¢ — p;)?. A complete and simultaneous fit to all PDFs can
only be done for each specific NP model separately and the dependence of the shape
and normalization of the PDFs on the NP parameters should be extracted rigorously
using raw experimental data. Without the aid of simulation, we do not attempt to do
such an analysis. Instead, we use the background subtracted and normalized binned
data for ¢?> and pp--distributions as depicted in Fig.s 4.1a, 4.1b and 4.1c to perform a
phenomenological analysis in a model independent way. Such an assumption can become
a source of systematic errors in our analysis and the way we have dealt with that is

discussed in section 4.3.1.1.

In addition to the binned data from BABAR and Belle, we also have the total R(D®*))
data from various experiments (see table 4.1). Keeping in mind that the binned data is
going to dominate the fit results, we take different combinations of these separate data

points and do the whole analysis separately for them.

related to Ao(q®) and/or As(q?). Therefore, a large deviation in Az(g?) can also be compensated by
adding pseudo-tensor current contributions, proportional to these form-factors, in the decay width.
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Input Value
A 141 [63]

0% 1.186 + 0.054 [72]

P 1.207 4+ 0.026 [72]
Ry(1) 1.406 + 0.033 [72]
Ry(1) 0.853 4 0.020 [72]
Ro(1) 1.14 4+ 0.07 [160]
Vi(1) 1.053 + 0.008 [71]
ha, (1) 0.906 4+ 0.013 [76]
mp, 5.280 4 0.0003
mp, | 1.86484 -+ 0.00005 [161]

mp 4.18 4 0.03 [161]

Me 1.275 + 0.025 [161]

m, | 1.77682 % 0.00012 [161]

TABLE 4.6: Inputs used in the fitting of new Wilson coefficients. All Masses are in GeV.
Correlations between a few form-factor parameters are listed in Eq. (1.37).

At the beginning of our analysis, we have defined the most general scenario with
contributions from all possible dimension 6 effective operators present simultaneously
(with 10 parameters i.e. real and imaginary parts of all CIZ/VS) as the global scenario. We
have defined various sub-scenarios as different possible combinations of those operators.
Including the global scenario, there are in total 31 such scenarios, which we are going to

call “cases” from here onwards.

One of the main motivations of this study is to do a multi-scenario analysis on the
experimentally available binned data, to obtain a data-based selection of a ‘best’ case
and ranking and weighting of the remaining cases in the predefined set of 31. To that
goal, we have made use of information-theoretic approaches, especially of AIC. in the
analysis of empirical data. Such procedures lead to more robust inferences in simultaneous
comparative analysis of multiple competing scenarios. Traditional statistical inference(e.g.
confidence levels, errors on fit parameters, bias etc.) can then be obtained based on the

selected best models.
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Fig. 44 Q-Q Plot of the residuals of the best fits. Each plot compares the quantiles of

the distribution of the residuals with a Gaussian with = 0 and 0> = 1. The closer the

distribution o the points are to the corresponding dotted lines, the better they fit to the
Gaussian. Here we show the best NP cases for data-set ‘3’ from table 4.7

4.3.1.1 Numerical Multi-parameter Optimization

To compare the latest BABAR and Belle binned data with a specific model, we devise a
x? defined as:

ny

Gop= D0 (B - R (vem g vi) (R - R

?
ij=1 !

(4.4)

where RI" “and Ry;” are defined in eq.s (1.39) and (4.3). i and j vary over the number

th
bin>

of HQET hadronic form-factors and the quark masses are used (listed in table 4.6). The
standard bin-width for the BABAR, analysis is 0.5(GeV?/c*) and due to this the last bin

exceeds the allowed phase space(q2,,, = (mp —Mp(-)?) in both channels. Instead of

of bins (np) taken into account in the analysis. For the calculation of Ry | central values

changing the bin width for those last bins, we drop these bins from our analysis. We
follow this same philosophy for Belle bins too. Vlzh and V5" are the theoretical and
experimental covariance matrices respectively. For the analysis of any specific NP model,
the uncertainties of the HQET hadronic form-factors and the quark masses(table 4.6) are

taken into account in the calculation of Vlgh

To calculate the errors 5R§f5 , we use eq.(4.3) according to the case and propagate the

errors listed in table 4.1. Following the reasoning stated in section 4.2.2, we break the
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Experiment Dataset Observables Cases Xoin d.o.f Parameters Akaike Wgt.s Normality | x? (SM)
Index. (wi) (S-W)
5 7.41 12 Cr 0.26 0.38
1 7.79 12 Cy, 0.22 0.29
1 R(D)yin 2 7.79 12 Cv, 0.22 0.29 10.31
3 9.17 12 Cs, 0.11 0.18
4 9.17 12 Cs, 0.11 0.18
1 6.3 10 Cy, 0.56 0.11
BABAR 2 R(D*)pin, 2 7.18 10 Cy, 0.36 0.12 79.85
8 13.01 22 Cy,, Cs, 0.32 0.86
3 Combined 2 19.12 24 Cy, 0.22 0.59 90.16
7 14.23 | 22 Cirai Cs, 0.17 0.79
6 1461 | 22 Cor Gy 0.14 0.19
2 9.07 15 Cy, 0.47 0.95
Belle(2016) 4 R(D*)yin 1 9.43 15 G 0.39 1.00 26.20
8 22.59 39 Cy,, Cs, 0.31 0.95
BABAR+ 2 28.33 41 Cv, 0.19 0.94
Belle(2016) 5 Combined 7 23.69 39 Cy,, Cs, 0.18 0.89 116.36
6 2416 | 39 Cy,, Cy, 0.14 0.69
BABAR+ 2 48.54 28 Cy, 0.52 0.02
Belle(2015)+ 8 45.71 | 26 Cyy, Cs, 0.16 0.01
LHCb+ 6 Combined 7 46.87 26 Cy,, Cs, 0.09 0.02 96.68
Belle(Latest) 6 47.24 26 Cv,, Cy, 0.08 0.04
Belle(2016)+ 2 2881 | 19 T, 0.34 0.64
Belle(2015)+ 1 30.81 19 Cvy, 0.13 0.77
LHCb+ 7 Combined 4 31.29 19 Cg, 0.1 0.83 32.72
Belle New 3 31.48 19 Cs, 0.09 0.91
5 31.52 19 Cr 0.09 0.82

TABLE 4.7: The best selected scearios for “Fit-1” (section 4.3.2.1). The cases listed in
order in the fourth column for each dataset have passed through the selection criteria
0 < A;f”c < 4, where A’f”c = 0 in each dataset. Note that the case-index values
represent a specific set of parameters and each parameter listed here is considered to be
complex, so the number of parameters is actually double. w; in the eighth column is
defined in eq.(2.18). The next column lists the results of the S-W normality test for the
assessment of goodness-of-fit. The last column lists the x? value corresponding to the SM
for each dataset. Note that AIC, value for SM is same as the y? as no. of fit parameters

K =0 for SM.

NP analysis in two parts: ‘Fit-1" and ‘Fit-2’. In addition to Vigh, here we treat the V;;*

exactly as the V;; in section 4.2.2.

We define the y? statistic for each of the 31 cases, a function of the NP Wilson coef-

ficients. The definition and usage of the observables closely follow the fitting process in

section 4.2.2. Here, we take the existing world-averages of the parameters of the form-

factors [72]. If we include all the NP interactions, we have total 10 unknown NP param-
eters and 26 observables for BABAR (14 bins for B — D7v and 12 bins for B — D*7v)

and 17 observables for Belle. We then minimize the x? for different cases and different

set of observables. Though we have varied the process for various global optimization
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methods to optimize the minimization, due to the presence of large uncertainties, this is
not important for the present analysis. To glean any information of goodness-of-fit from
X?m»n, we need to know the degrees of freedom (d.o.f = Nops — Nparams). A reduced

statistic x2.; = X2yn/d-0.f can thus be defined.

In many cases in our optimization problem, the minimum is not an isolated single
point, rather a contour in the parametric dimensions. For these cases, Hessian in not
positive definite and the errors thus obtained are meaningless. In those cases, the 1o
uncertainties have to found from the contours in the parameter space and we have done
that for all cases with 2 — 3 parameters. As contours are impossible to draw when number
of parameters > 3, we have devised a numerical method to obtain the range of a parameter.
In this method, we sequentially minimize or maximize each parameter by scanning along
the enclosing 1o X?\, p hyper-contour-surface (the method can be extended to any number
of no contours). These values give us the range of each parameter while taking their
correlation into account all along. These errors, for obvious reasons, are asymmetric. We
have also systematically found these uncertainties for all cases. We will in general quote

them in our results.

In our present analysis, after optimizing the x3 p for all 31 cases, we make use of
Af” ¢ and w; to find the ‘best’ set of cases, which are more favorable compared to others,
and do further analysis on them. After selecting a class of models describing the data
with optimum bias and variance with AIC,, we check the significance of them to find most

suited model to describe the data.

4.3.2 Results
4.3.2.1 Fit-1

In this fit, as mentioned in the previous section, we do not consider the systematic errors
or their correlations. The best probable NP cases (scenarios), which are obtained after
minimizing the x% p and using w; (eq. (2.18)), are listed in table 4.7. Then using the
formalism defined in section 2.4, we find the distribution of the residuals for all those
fits and we check whether that distribution is accordant with a normal distribution with
mean 0 and variance 1. As was mentioned and justified in section 2.4, we use Shapiro-

Wilk’s normality-test for this. Also, in order to check the normality of the residuals,
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DataSet Ind. | Cases | Param.s | B.F. Val | &= Err.
5 Re(Cr) 0.27 0.10
Im(Cr) | 0.00 1.06

1 3 | Re(Cs,) | 0.09 0.06
Im(Cs,) | 0.00 0.30

4 | Re(Cs,) | 0.0 0.06
Im(Cs,) | 0.00 0.30

Re(Cyy) | 0.27 0.03

2 2 | Im(Cy) |  0.00 0.40
Re(Cy,) | 0.34 0.12

Im(Cy,) | —0.33 | 0.20

8 | Re(Cs,) | —0.52 | 043
Im(Cs,) | —0.16 | 0.21

3 2 | Re(Cy,) | 023 0.02
Im(Cy,) | 0.00 0.09

Re(Cy,) | 0.29 0.03

Im(Cy,) | 0.00 0.54

7 | Re(Cs) | —0.23 | 0.09
Im(Cs,) | 0.00 0.48

Re(Cy,) | 0.58 0.69

4 2 | Im(Cy) | —0.59 0.37
Re(Cy,) | 0.34 0.12

Im(Cy,) | —0.35 | 0.21

8 | Re(Cs,) | —0.51 | 0.46
Im(Cs,) | —0.14 | 0.22

5 Re(Cyy) 0.23 0.02
2 | Im(Cy) | 0.00 0.09
Re(Cyy) 0.28 0.03

Im(Cy,) | 0.00 0.70

7 | Re(Cs,) | —0.22 | 0.08
Im(Cs,) | 0.00 0.55

2 | Re(Cy,) | 0.10 0.05
Im(Cy,) | —0.23 | 0.17

4 | Re(Cs,) | =093 | 0.73
Im(Cs,) | —0.69 | 0.32

7 3 | Re(Cs,) | 0.14 0.08
Im(Cs,) | 0.00 0.43

5 Re(Cr) 0.04 0.03
Im(Cr) | 0.00 0.03

TABLE 4.8: Best-fit values and Gaussian errors of all parameters for the selected ‘best’
cases for ‘Fit-1’, listed in table 4.7. Some cases are omitted due to the reason explained
in section 2.4 and corresponding plots are tabulated in fig. 4.5.
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Dataset Cases with Cases with
Index. 0<AAIC, <4 | 0< ABIC < 4

Cr Cr
Cy, Cv,
1 Cy, Cy,
Cs, Cs,
Cs, Csg,
2 Cv, Cy,
Cy, Cy,
Cy, Cy,

3 Cy,, Cs, Cv,, Cs,
CVl CVl
Cv,, Cs, —
4 Cy, Cv,
Cy, Cy,

Cv,, Cs, Cv,, Cs,
Cv,, Cs, Cy,
5 Cvy,, Cy, Cy,

Cy, Cy,, Cs,

Cy, Cv,, Cy,
Cy, Cy,

6 Cv,, Cs, Cy,, Cs,
Cy,, Cs, —
Cs, Cs,
Cr Cr
7 Cs, Cs,
Cy, Cy,
CVI CVI

TABLE 4.9: The best selected scenarios for “Fit-2” (section 4.3.2.2). Here we compare
the performance of AIC, with BIC in model selection.
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Fig. 4.5 The ‘cases’ for different datasets listed in table 4.7, which pass the goodness-of-
fit hypothesis tests but could not be listed in table 4.8 as for these cases, the minimum,
instead of being an isolated point, is actually a contour in the parameter-space. Though
this is true for all plots listed here, some cases have four parameters and we are only able
to show the two-parameter cross-sections of these.(e.g. plots 4.5d and 4.5e are actually
cross-sections of a single four-dimensional plot. Same is true for 4.5g and 4.5h).
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Case 5 Case 3 Case 4

Re(Cr) Re(Cs,) Re(Cs,)

Im (Cr) Im (Cs,) Im (Cs,)

Re(Cr) Im(Cr) Re(Cs,) Im(Cs,) Re(Cs,) Im(Cs,)

Case 2 Case 8 Case 2

Re(Cy,)
Re(Cy,) Re(Cy,)

Im(Cy,)

Re(Cs,)
Im (Cy,) Im (Cy,)
Im (Cs,)
Re(Cv,) Im(Cy,) Re(Cy,) Im(Cy,) Re(Cs,) Im(Cs,) Re(Cy,) Im (Cy,)
d e f
Case 7 Case 2 Case 8

Re(Cv,) Re(Cy,)
Re(Cy,)

Im(Cy,) Im (Cy,)

Re(Cs,) Re(Cs,)
Im(Cy,)
Im(Cs,) Im (Cs,)
Re(Cy,) Im(Cy,) Re(Cs,) Im(Cs,) Re(Cy,) Im(Cy,) Re(Cy,) Im(Cy,) Re(Cs,) Im(Cs,)
g h i
Case 2 Case 7 Case 2
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Fig. 4.6 Array-plots showcasing the correlations between the fitted parameters of sep-
TH-1933_1862230&3 for different datasets listed in table 4.8. The color-coding is explained in
the horizontal legend. As can be seen, for the cases with only two independent param-
eters, the parameters are strongly (negatively) correlated, compared to other cases, as

expected.
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Experiment Dataset Observables Cases | X2, d.o.f Parameters | Akaike Wgt.s | Normality X% (SM)
Index. (ws) (S-W)
5 7.28 12 Cr 0.25 0.54
1 7.65 12 Cy, 0.20 0.38
1 R(D)pin 2 7.65 12 Cy, 0.20 0.38 8.63
3 8.56 12 Cs, 0.13 0.15
4 8.56 12 Cg, 0.13 0.15
BABAR 2 R(D*)pin 1 5.71 10 Cy, 0.57 0.17 20.20
2 6.75 10 Cy, 0.34 0.09
2 15.68 24 Cy, 0.48 0.53
3 Combined 8 12.32 22 Cy,, Cs, 0.18 0.73 70.44
1 19.03 24 Cy, 0.09 0.3
7 14.13 22 Cy,, Cs, 0.07 0.81
Belle(2016) 4 R(D*)pin, 2 6.44 15 Cy, 0.47 0.74 17.76
1 6.92 15 Cy, 0.37 0.86
8 19.11 39 Cyy, Cg, 0.41 0.72
BABAR+ 7 21.54 39 Cy,, Cg, 0.12 0.72
Belle(2016) 5 Combined 6 21.75 39 Cy,, Cy, 0.11 0.12 87.91
2 27.35 41 Cy, 0.07 0.96
1 27.42 41 Cy, 0.07 0.65
BABAR+ 2 47.88 28 Cy, 0.49 0.03
Belle(2015)+ 6 Combined 8 44.97 26 Cy,, Cs, 0.16 0.01 85.47
LHCb+ 7 46.47 26 Cy,, Cs, 0.08 0.01
Belle(Latest)
Belle(2016)+ 3 27.68 19 Cg, 0.21 0.56
Belle(2015)+ 5 27.83 19 Cr 0.19 0.44
LHCb+ 7 Combined 4 27.93 19 Cs, 0.18 0.84 29.85
Belle(Latest) 2 28.00 19 Cy, 0.18 0.86
1 29.82 19 Cy, 0.07 0.75

TABLE 4.10: The best selected scearios for “Fit-2” (section 4.3.2.2). For clarification of
columns, please see the caption of table 4.7

we use the graphical method known as quantile-quantile (@ — Q) plot. In general, the
Q — @ plots are used to compare two probability ditributions. In fig. 4.4, we show the
residual-distributions while comparing them with the reference Gaussian (x =0, o = 1).
The p-value obtained in the normality-test quantifies the probability of Hy being true. In
table 4.7, the last column lists the p-values for the performed S-W test.

Only those NP scenarios, which pass the normality test, are listed in table 4.8 with the
best-fit values and 1o uncertainties of their parameters. Other than that, some cases are
not shown in the Table, where the minimum, instead of being an isolated point, is actually
a contour in the parameter-space. For such cases, we have plotted the best-fit contours in
the parameter-space. These are shown in fig. 4.5. We have prepared these plots in terms
of the goodness-of-fit contours for joint estimation of multiple NP parameters at a time.
lo and 40 contours that are equivalent to p-values of 0.3173 and 0.0001, correspond to

confidence levels of 68.27% and 99.99%, respectively.
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DataSet Ind. | Cases | Param.s | B.F. Val | &= Err.
5 Re(Cr) 0.36 0.19
Im(Cr) | 0.00 1.14

1 3 | Re(Cs,) | —0.05 | 0.16
Im(Cs,) | 0.00 0.28

4 | Re(Cs,) | —0.05 | 0.16
Im(Cs,) | 0.00 0.28

2 2 | Re(Cy,) | 0.34 0.08
Im(Cy,) | 0.00 0.38

2 | Re(Cy,) | 0.22 0.02
Im(Cy,) | 0.00 0.20

Re(Cy,) | 0.31 0.11

Im(Cy,) | 0.04 2.16

3 8 | Re(Cs,) | —0.52 | 0.37
Im(Cs,) | 0.004 0.46

Re(Cy,) | 0.31 0.06

7 | Im(Cy,) | 0.00 0.36
Re(Cs,) | —0.31 0.21

Im(Cs,) | 0.00 0.40

4 2 | Re(Cy,) | 0.67 0.69
Im(Cy,) | —0.36 0.47

Re(Cy,) | 0.34 0.04

Im(Cy,) | 0.00 0.62

8 | Re(Cs,) | —0.61 | 0.22
Im(Cs,) | 0.00 0.34

Re(Cy) 0.37 0.06

5 Im(Cy,) | 0.00 0.23
7 | Re(Csy) | —0.51 0.20
Im(Cs,) | 0.00 0.30

2 | Re(Cy,) | 0.22 0.02
Im(Cy,) | 0.00 0.11

3 | Re(Cs,) | —0.45 | 047
Im(Cs,) | 0.80 0.15

5 Re(Cr) 0.09 0.03
Im(Cr) | 0.00 0.06

7 4 | Re(Cs,) | 0.18 0.08
Im(Cs,) | 0.00 0.87

2 | Re(Cy,) | 0.09 0.05
Im(Cy,) | 0.39 0.14

TABLE 4.11: Best-fit values and Gaussian errors of all parameters for the selected ‘best’
cases for ‘Fit-2’, listed in table 4.10. Some cases are omitted due to the reason explained
in section 2.4
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For our purpose, each confidence interval corresponds to a particular value of X = Ay?
(i.e. x? _X%m'n) for a particular model with d.o.f = Npgrams, where the SM is considered to
be the model with no free parameters. For cases up-to 3 parameters, errors on parameters
can be estimated from the edges of the 2 or 3 dimensional contours as they properly reflect

the correlation between the involved parameters.

From Table 4.7, we note that all types of new interactions considered in our analysis
can individually explain the data on R(D);, published by BABAR. However, when it
comes to the ¢>-distribution of decay rate of B — D*7v,, both BABAR and Belle data
independently allow a contribution from a new left or right-handed vector current effective
operator (cases 1 and 2) as plausible explanation. Moreover, when the data (¢-bins) from
both the BABAR and Belle are combined, the most likely scenarios are the cases with
new right handed vector current, either alone or along with other new right or left handed
scalar current effective operators. In addition to binned data, we have done the analysis
by taking into account the Belle and LHCb measurements of the ¢ integrated R(D®))
(see Table 4.1 for numerical values). The outcome of these analyses are shown for datasets
6 and 7 in the table 4.7. No scenario passes the normality test for dataset-6. In dataset-
7, the most likely scenarios are the new left or right handed scalar or vector current

operators, though, across all the cases the reduced x?s are > 1.

Accross all the datasets discussed above, we note that wherever measurements of
R(D)s are included in our fit the effective operators associated with the scalar current
become relevant, either alone (less preferable) or along with the right handed vector
current operator. It could be considered as an indication that current data on R(D) still
allow a scalar current contribution as a possible explanation of the observed deviations.
Also, across all the scenarios which qualify our predefined test criteria, a common NP
explanation is case 2, i.e the presence of a new (V 4+ A) type interaction. Here, we can not
distinguish whether the new contribution is a vector or a pseudo-vector or both. However,
if we combine the information obtained from the parametric fit of the form factors, it won’t
be wrong to conclude that the most favorable solution of the present data on the decay

B — D*71v,; could be obtained from the presence of a pseudo-vector current.
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4.3.2.2 Fit-2

In this fit, as mentioned earlier, we consider the systematic error-sizes to be same as the
statistical ones and assume 100% correlation among them. The best cases according to
their Akaike weights are listed in table 4.10. The results are obtained and analyzed in the
same manner as for ‘Fit-1’. Here too, no fit-result for data-set ‘6’ passes the normality
criteria. Hence we drop that set from further analysis. The outcome of the analyses of
the rest of the datasets are similar to the ones obtained in ‘Fit-1’, i.e both the fits have
almost identical conclusions. The only exception is that, here, the role of left handed
vector current becoms equally important as the right handed vector current, i.e apart
from a new (V + A) type interaction, the presence of a new (V' — A) type interaction can
also be considered as common NP explanation of the current data. The best fit values of

the fitted parameters along with the corresponding errors are shown in table 4.11.

4.4 Summary

We look for possible new physics effects in the decays B — D™ 7u, in the light of the
recently available data from Belle, BABAR and LHCb. At first, the form-factors, relevant
in these decays, are fitted assuming the absence of any contribution coming from operators
other than the SM. The fitted results are then compared with those obtained by HFAG
from a fitting to the available data on B — D®)fy,. We note that the fit results of the
parameter Ry (1) largely disagree with each other, while the rest are more or less consistent
with each other within errors. The effects are prominent in all the regions of the ¢?
distribution of the form-factor As(g?), which is associated with a pseudo-vector current.
Therefore, assuming the decays B — D™y, are free from any new physics effects, such
a difference in the ¢? distribution of Ay (obtained from B — D*rv, and B — D*{1;) can
be compensated by adding a contribution from new pseudo vector and/or pseudo tensor

currents.

In the next part of our analysis, we consider the new physics contributions in the
decays B — D™ 7y, which come from new vector, scalar or tensor type operators. In
this case, we take the relevant form-factors as obtained using the fit results by HFAG. We
define different possible NP scenarios which are obtained after combining contributions

from the new operators in many different ways. Our goal is to select the best possible
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NP scenarios (new interactions) that can accommodate all the available data. In doing
so, we use the AIC, in the analysis of the empirical data. Such procedures lead to more
robust inferences in simultaneous comparative analysis of multiple competing scenarios.
In order to check whether all the NP scenarios that are coming out of AIC, test can fit the
data well or not, we have done Shapiro-Wilk’s normality-test for each selected model. For
a comparative study, we have also analyzed the data for selecting the best model using
Schwarz-Bayesian Criterion (BIC). For our different datasets the best selected models are

identical in both the selection criteria.

Our analysis of the available data on R(D*) from BABAR, Belle, and LHCb shows
that the most plausible explanation of the data can be obtained from the presence of new
effective oparators with left or right handed charged vector current. In addition, if we
include R(D) in our fit, apart from the vector currents the contributions from charged
scalar currents might become relevant, either alone (though less preferable) or along with

right handed vector current operators.

Overall, our analysis of B — D*7v, shows that it is the contribution from a left or
right-handed charged vector current effective operator, that, as well as accommodating all

the available data, passes all the selection criteria for being the best possible NP scenario.

Here, we would like to point out that we have made use of the available data on the
¢? (bins) distributions of the decays B — D™ 7v, which have large errors. This, in turn,
gives our fitted results large errors. Once the more precise data on the ¢? bins are made
available, one may and should repeat the analysis to check sustainability of the above

conclusions.
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Chapter 5

b — ctvr Decays: A Catalogue to
Compare, Constrain, and
Correlate New Physics Effects

5.1 Introduction

In this chapter, we have done a model independent analysis of the NP affecting several
b — ctv; decay modes. In this analysis along with the available data on R(D(*)), we
have included the data on Pr(D*) and R/, which are defined in Eq.(1.40) and Eq.(1.44).
Also, we have used the lifetime of B, [116, 117] meson as constrain. In addition, we have
focused on baryonic A, — A.7v, decays and the inclusive B — X .7v,; decay which are

potentially sensitive to the new interactions and the NP affecting R ) and R j/y.

The operator basis is exactly the same as that given in Eq.(1.20), which consists of
scalar, vector, and tensor type of operators. We have considered all possible combinations
of these operators and categorised them as independent models. There are several of them
capable of describing the observed data and one is thus confronted with the problem of
model selection. We use the Akaike information criterion (AIC) to find out the best
possible model(s) for the existing data. A model selection criterion is a formula that
allows one to compare models; for details, see section 2.5.2. Alternative related approaches

to the model selection are the bootstrap method and cross-validation. Cross-validation

87
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works poorly with small sample sizes, as it is in our case, and parametric bootstrap
variants of AIC have recently been proposed [171], which we have not used in the present
analysis. Using the AIC, we have first selected the models best suited for explaining the
existing data. Also in the selected cases, we have found the best fitted values of the
model parameters. With these best fitted values, we have predicted the values of various
observables associated with the above mentioned decay modes. The correlation studies of
the various observables associated with these channels are expected to be an important
probe for an indirect detection of NP. On the other hand, the precise measurements of
some of these observables will be useful to constrain the new physics parameters associated
with a model. This motivates us to predict the values of all the relevant observables
for some specific model, which can then be further checked for consistency with the
future measurements. Furthermore, we have studied the graphical correlations among the

observables, which are found to be useful in discriminating various new physics scenarios.

Before entering into the new physics analysis, we have also predicted the SM values of
the asymmetric and angular observables in B — D®7v, decays, using the results of the
new up-to-date analysis in B — D®){y, . Previously, the prediction of R(D) includes the
up-to-date lattice inputs, whereas the prediction of R(D™*) relies heavily on HQET. Also,
the current lattice results suggest that the HQET values of form-factors at zero recoil are
not in complete agreement with those from lattice [24, 74]. With the inclusion of lattice
inputs[25, 26, 69] and using the Caprini-Lellouch-Neubert (CLN) [68] parametrisation of
the form factors, the SM prediction of R(D) and R(D*) is given by

R(D) =0.299 £ 0.003, R(D*) = 0.259 + 0.006. (5.1)
On the experimental side, the current world averages are given by [163]
R(D) =0.407 £ 0.046, R(D*)=0.304+0.015. (5.2)

We note that in both observables, the deviations are a little less then 2.60. Though
these deviations can be explained by a variety of new physics models, we will follow a
model independent analysis, like the one done in ref. [159]. The other model independent
analyses, which are relatively new, can be seen in refs. [117, 127, 164-170]. Furthermore,
We have revisited the SM prediction of the inclusive ratio Rx, , and have given its values

in two different schemes of the charm quark mass.
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5.2 Observables in b — crv, decays : Standard Model revis-
ited

In this section we have revisited the standard model predictions of different observables
coming from the available decay channels in b — c7v, transition. Detailed discussion on

all the observables considered in this analysis is given in sec.1.2.2 of chapter 1.

5.2.1 Exclusive Decay Channels :

As far as the exclusive decay channels are concerned, we have considered several semilep-
tonic (B — D®ry. B, — J/YTv; and Ay — A 7v; ) and leptonic decay modes
(Be — Tv;) in this analysis. In case of B — D®)7u,. decays, we have followed the
CLN [68] parametrisation of the B — D) form-factors and have used both the fitted
and predicted values of these parameters obtained in [26]. On the other hand, as the pre-
cise calculations of the form factors are unavailable in B. — J/¢{v, decay, two different
parametrisations namely perturbative QCD (PQCD [77]), and light-front covariant quark
model (LFCQ [83]) are considered in this analyis. Choosing different parametrisations
results in varying the central value of R ;/, within the range 0.25 - 0.29, which is con-
sidered theoretical range in recent experimental analyses. Taking the uncertainties from
different parametrisations into consideration, we see that the allowed theoretical range of
Ry is actually larger than that. For Ay, — A lv, channel, helicity form factors have
been calculated using the formula from lattice QCD in the relativistic heavy quark limit
(98]

The SM predictions of the observables from all of these exclusive decay modes are
listed in table. 5.1.

5.2.2 Inclusive Decay :

The elaborate discussion on the inclusive semileptonic decay of B meson is given in
sec.1.2.2.4 of chapter 1. This is the first analysis which includes all the known correc-
tions in the SM for the inclusive observables. For the decay of B — X fv; where £ = u, e,

the complete one and two-loop perturbative corrections, along with the 1 /mi’?’ power
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Observable SM Prediction Correlation
R~ 0.260(6) 1. 0118 0617 0.118 0604 0.628 -0.118
Rb 0.305(3) }[26] 1. -0.023 1. 0.021 0.007 -1
P.(D%) -0.491(25) 1. -0.023 0.803 0.895 0.023
7.(D) 0.3355(4) 1. 0.021 0.007  -1.
o
Ff 0.457(10) New* 1. 0921 -0.021
A ~0.058(14) 1. -0.007
Arp 0.3586(3) 1.
Ry (LFCQ) | 0.249(42) J 190]
R,¢ (PQCD) | 0.289(28) [77]
RE 0.329(13) [98]
RS 0.328(13) [98]
B(B. — 7v) | 0.0208(18) | (this work)

TABLE 5.1: SM values of observables obtained and/or used in this chapter, with cor-
relations, wherever relevant. Due to considerable uncertainty and difference in central
values, value of R ;/y is quoted for both LFCQ and PQCD parametrizations. They are
treated separately throughout the NP analysis as well.
* Based on [26]

corrections have been considered in Eq. (1.52). In case of B — X 7v,; decay, upto next-
to-next-to-leading order (NNLO) corrections in «; are incorporated. In this analysis, we

have also considered the well known electroweak correction A, (= 1.014) .

Parameters Value Correlation
mlf(m 4.561(21) | 1. 0.608 -0.096 0.132 0.554 -0.170 -0.062
Me 1.092(20) 1. -0.022 0.003 -0.032 0.011 0.023
uz 0.464(67) 1. 0.717 -0.045 0.060 0.158
p% 0.175(40) 1. -0.077 -0.134 0.076
uZ, 0.333(61) 1.  -0.042 -0.022
Pig -0.146(96) 1. -0.020
B(B — X lvy) | 10.66(16)% 1.

TABLE 5.2: The correlations between various non-perturbative parameters and the
masses. These were all obtained in the analysis of inclusive B — X fv; decays in [99].

We have given the predictions for the ratio Rx, instead of B(B — X.7v;). From the
definition of Rx, (Eq. 1.51) it is clear that this ratio is theoretically very clean, since the
errors due to |Vz| and the mass of the b-quark cancel in the ratio. Our predictions for
Rx, in the SM are given in table 5.3. These predictions differ from each other due to
the difference in the mass of the charm quark in two different schemes. We note that the
central values of the two predictions change by ~ 4% due to scheme dependence, albeit
being consistent within 1o uncertainties. Also, we have checked our prediction for the 1.5

scheme masses of the b and ¢ quark, and we agree with that given in ref. [152] which is
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also different from the predictions given in table 5.3 (NLO and #) These results are
b

clearly scheme dependent.

kin

In the case of m;

(1 GeV), the correlation matrix for the non-perturbative param-
eters and the masses are given in table 5.2, which are obtained from the analysis of [99].
This is the first analysis which includes all the known corrections in the prediction of Ry, .
In ref. [110], the analysis has been done with similar set of inputs, without considering
the NNLO corrections. We have checked that our result agrees with them, within the
error bar, at the same level of accuracy. The inputs for the analysis with m.(3GeV) are
taken from table II of ref. [99]. In this scheme, the predictions have larger uncertainties
compared to those in the kinetic scheme. This is due to the difference in the correlation

matrix of parameters given in table 5.3.

SM predictions for Rx,
Accuracy in B — X 7, me(3 GeV) = 0.987(13) | mF™ = 1.091 (20)
(at order aff & m%?) (in GeV) (in GeV)
LO + NLO + NNLO + -, 0.238(5) 0.232(4)
b
LO + NLO + NNLO + - + —5 0.214(4) 0.209(4)
b b

TABLE 5.3: SM Predictions for Rx,. Other relevant inputs are taken from table 5.2 in
the kinetic scheme, while those for the M S scheme are taken from table II of ref. [99].

5.3 New Physics Analysis

5.3.1 Numerical Optimization and Model Selection

As mentioned earlier, the goal of this analysis is to perform a model independent multi-
scenario analysis with the experimentally available results on the charged current anoma-
lies, in conjunction with other relevant results, to obtain a data-based selection of a ‘best’
scenario and ranking and weighting of the remaining scenarios from a predefined set. If
we consider the NP Wilson coefficients occurring in eq. 1.19 to be complex, all possible
combinations of the real and imaginary parts of the coefficients (10 parameters in total)
should constitute such a predefined set, from which we can choose different scenarios.

Scenarios containing only imaginary Wilson coefficients are neglected.
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Data Without R ;¢ All Data (R /¢ with LFCQ) All Data (R ;¢ with PQCD)
Xoin | P-val Param.s Be = || Xjin | p-val Param.s Be = | Xjnin | p-val Param.s B. —
Index || / DoF | (%) wAC |ty || /DoF | (%) w?lC | v | /DoF | (%) whCe | Tu
T |[4.05/8] 85.3 Re(Cr) 3585 | v | 7.24/9 | 61.22 Re(Cvr) 2544 | v | 6.46/9 | 69.34 Re(Cs,) 3337 | X
2 | 4.58/8 | 80.13 Re(Cy) 2099 | v | 7.28/9 | 60.78 Re(Cs,) 2439 | x| 6.68/9 | 67.01 Re(Cyy) 2664 | v
3| 4.64/8 | 79.54 Re(Cs,) 19.82 | x| 7.49/9 | 58.59 Re(Cr) 1974 | v | 821/9]51.29 Re(Cr) 577 | v
4 || 3.54/7 | 83.07 | Zm(Cs,)Re(Cs,) | 1.92 | x| 6.18/8 | 62.68 | Re(Cr),Re(Cyy) | 294 | v | 5.63/8 | 68.82 | Re(Cs,)Re(Cyy) | 3.06 | v
5 || 3.54/7 | 83.07 | Re(Cs,)Re(Cs,) | 1.92 | x| 6.38/8 | 60.43 | Re(Cs,)Re(Cr) | 241 | ! | 565/8| 68.6 | Re(Cs,).Re(Cs,) | 3. x
6 | 3.56/7 | 82.9 | Re(Cs,)Re(Cyy) | 1.89 | ! | 6.4/8 | 60.22 | Re(Cs,),Re(Cs,) | 236 | x || 5.65/8 | 68.59 | Re(Cs,),Re(Cyy) | 2.99 | V!
7 |1 356/7| 829 | Re(Cs,)Re(Cr) | 1.89 | ! || 6.4/8 | 60.21 | Im(Cs,),Re(Cs,) | 236 | x| 5.65/8 | 68.59 | Zm(Cs,),Re(Cs,) | 2.99 | x
8 || 3.56/7 | 82.88 Rc((\z Y Re(Cvy) | 189 | v! | 6.42/8 | 60.02 | Re(Cs,),Re(Cr) | 2.32 | v! | 5.66/8 | 68.55 | Re(Cr),Re(Cyy) | 298 | v
9 | 3.62/7 | 82.23 | Re(Cr).Re(Chy) | 178 | v | 6.46/8 | 59.58 | Re(Cs,)Re(Cyy) | 223 | vt | 5.68/8 | 68.31 Re( 76,)Re(Cr) | 202 | vt
10 || 3.69/7 | 81.45 | Re(Cs,),Re(Cr) | 1.66 | v'! || 6.46/8 | 59.54 | Re(Cs,),Re(Cyy) | 222 | ! || 5.79/8 | 67.03 | Re(Cs,),Re(Cr) | 2.6 | !
11| 3.7/7 | 81.31 | Re(Cs,),Re(Cy,) | 1.64 | v || 6.47/8 | 59.45 | Re(Cs,),Re(Cyy) | 2.2 | ! | 5.85/8 | 66.42 | Re(Cs,),Re(Cyy) | 247 | !
12| 3.76/7 | 80.71 | Re(Cs,),Re(Cyy) | 155 | v || 6.52/8 | 58.91 | Re(Cs,),Re(Chy) | 21 | ! | 5.96/8 | 65.22 | Re(Cs,),Re(Cyy) | 221 | !
13 | 3.79/7 | 80.37 | Re(Cw;),Re(Cyy) | 1.5 v | 6.55/8 | 58.58 | Zm(Cy,),Re(Cyy) | 204 | v || 6.01/8 | 64.62 | Re(Cy;),Re(Cyy) | 2.1 v
14| 3.79/7 | 80.37 | Im(Cy,) Re(Cy) | 1.5 v || 6.55/8 | 58.58 | Re(Cyy)Re(Cry) | 204 | v || 6.01/8 | 64.62 | Zm(Cy,).Re(Cyy) | 2.1 v
15 || 3.82/7 | 80.08 | Re(Cr),Re(Cy;) | 146 | « || 6.63/8 | 57.68 | Re(Cr),Re(Cy;) | 1.88 | v | 6.1/8 | 63.63 | Re(Cr),Re(Cyy) | 192 | v
16 || 3.87/7 | 79.49 | Im(Cr),Re(Cr) | 139 | « || 7.13/8 | 52.25 | Im(Cr),Re(Cr) | 114 | v | 6.68/8 | 57.12 | Tm(Cy,),Re(Cyy) | 1.07 | v
17 | 4.58/7 | 71.09 | Im(Cy;,),Re(Cy;) | 0.68 | v || 7.24/8 | 511 | Zm(Cy,);Re(Chy) | 1.02 | v - ~ - - -
TABLE 5.4: Scenarios selected after passing the normality check and the criterion
AAIC. < 4, for all data available (with or without R ;/¢). First and second columns of
each dataset represent the reduced x? and corresponding p-value. Third, fourth and last
columns represent the independent fit parameters, Akaike weights, and whether or not
the fit results satisfy the constraint B(B. — 7v,) < 30% respectively. ‘v’ means that
only some of the multiple minima satisfy this limit for the scenario in question.
Data without P-(D*) and Ry Data without P-(D*) (R ;/y with LFCQ) Data without P-(D*) (R jyy with PQCD)
Xjnin | P-val Param.s Be = || Xjnin | p-val Param.s Be = || Xjnin | p-val Param.s B. —
Index | / DoF | (%) wAC |ty | /DoF | (%) wAC |ty | /DoF | (%) wAlCe |y
T |355/7 | 82.95 Re(Cr) 1628 | v | 6.92/8 | 54.53 Re(Cvy) 2887 | v || 6.36/8 | 60.67 Re(Cvy) 3322 | v
2 | 4.27/7| 7481 Re(Cyy) 226 | v | 7.01/8 | 53.57 Re(Cr) 2642 | v | 6.45/8 | 59.65 Re(Cs,) 3031 | x
3 4.64/7 | 70.44 Re(Cs,) 15.7 X 7.28/8 | 50.69 Re(Cs,) 20.17 X 7.73/8 | 46.05 Re(Cr) 8.48 v
4| 354/6 | 73.88 | Re(Cyy)Re(Chy) | 112 | v | 6.09/7 | 52.87 | Re(Cr),Re(Cyy) | 214 | v | 557/7|59.08 | Re(Cr).Re(Cyy) | 238 | v
5 | 3.54/6 | 73.88 | Re(Cs,),Re(Cyy) | 112 | v! | 6.11/7 | 52.66 | Re(Cs,),Re(Cr) | 2.1 VU | 5.62/7 | 5847 | Re(Cs,),Re(Cyy) | 2.26 | !
6 | 3.54/6 | 73.88 | Re(Cs,),Re(Cyy) | 112 | ! | 6.18/7 | 51.95 | Re(Cs,),Re(Cr) | 1.97 | v | 5.63/7 | 58.36 | Re(Cs,),Re(Cr) | 224 | !
7 |354/6 | 73.88 | Re(Cr)Re(Cy) | 112 | v [ 6.18/7 | 51.83 | Re(Cs,),Re(Chy) | 195 | ! | 5.63/7 | 58.35 | Re(Cs,),Re(Cr) | 224 | 1
8 189 | ! || 5.64/7 | 58.23 | Re(Cs,),Re(Chy) | 2.22 | v

9 | 3.54/6 | 73.88 | Re(Cs,),Re(Cy,
10 | 3.54/6 | 73.88 | Re(Cr),Re
11| 3.54/6 | 73.88 | Re(Cs,)Re(Cs,

)
(Cwi) ( (
112 V! 6.24/7 | 51.25 | Re(Cs,),Re(Cyy) | 1.86 V! 5.65/7 | 58.12 | Re(Cs,),Re(Cs,) 2.2 X
112 | v || 627/7 | 50.81 | Re(Cs,),Re(Cyy) | 1.79 5.65/7 | 58.1 zm((*sZ)Re(csZ) 219 | x
112 | x || 6.29/7 | 50.66 | Re(Cy;),Re(Cy;) | 1.76 5.67/7 | 57.87 | Re(Cs,),Re(C;) | 215 | V!
) (
(

12| 3.54/6 | 73.88 | Re(Cs,),Re(Cr
13 | 3.54/6 | 73.88 | Re(Cs,),Re

( 112 | v! | 6.29/7 | 50.66 | Im(Cy,),Re(Cyy) | 1.76 5.72/7 | 57.26 | Re(Cs,),Re(Cyy) | 2.05
(Cr

14 | 3.54/6 | 73.88 | Im(Cy,),Re(Cy,) | 112 | v || 6.4/7 | 494 | Re(Cs,),Re(Cs,) | 1.58
(
(

)
112 | ! || 6.34/7 | 50.05 | Re(Cr),Re(Cyy) | 1.67 5.74/7 | 56.98 | Zm(Cy,),Re(Cyy) | 2.
5.74/7 | 56.98 | Re(Cy,).Re(Cyy) | 2.
5.81/7 | 56.26 | Re(Cr),Re(Cy,) | 1.88
6.36/7 | 49.81 | Im(Cy,),Re(Cyy) | 1.08

)
)
))
3.54/6 | 73.88 | Re(Cs,),Re(Cyy) | 1.12 V! 6.22/7 | 51.47 | Re(Cs,),Re(Cy;
)
)
)
)
)

5)
15 | 3.54/6 | 73.88 | Zm(Cs,),Re(Cs,) | 112 | x || 6.4/7 | 49.39 | Zm(Cs,),Re(Cs,) | 1.58
16 | 3.54/6 | 73.88 | Im(Cr),Re(Cr) | 112 | v || 6.9/7 | 43.92 | Zm(Cr),Re(Cr) | 0.95
17 - - - - — || 6.92/7 | 43.72 | Zm(Cy,),Re(Cyy) | 0.94

CAX X SSSND
[N NN

TABLE 5.5: Results similar to table 5.4, but with P.(D*) dropped (with or without
Rijw)-

For each such scenario k, we define a x? statistic, which is a function of the real and /or
imaginary parts of the Wilson coefficients (C”‘EV) associated with the scenario in question,

and is defined as:

data

Heh) = Y (o= ochy)) (vt vt 2 (o5 - o chy))

ij=1

Here, Ozt,h(C'{fV) are given by eqns. 1.39, 1.40 and sec. 1.2.2.2 as applicable and O,""

is the central value of the p' experimental result. Statistical (systematic) covariance
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Belle + LHCbH (Except Ry/q) Belle + LHCb (R,;,y with LFCQ) Belle + LHCD (Ry with PQCD)

Xoin | P-val Param.s Be = || Xjin | p-val Param.s Be = | Xjnin | p-val Param.s B, —

Index || / DoF | (%) wAC |ty || /DoF | (%) w?lC | v | /DoF | (%) whCe | Tu
T | 174/6 | 912 Re(Cvy) 1538 | v || 456/7 | 71.35 Re(Cyy) 1667 | v | 401/7 | 77.87 Re(Cvy) BT 7
2 | 241/6 | 878 Re(Cr) 2313 | v || 5.47/7 | 60.25 Re(Cs,) 1872 | x| 4.66/7 | 70.08 Re(Cs,) 2269 | x
3 || 2.78/6 | 83.57 Re(Cs,) 16. x | 5.77/7 | 56.65 Re(Cr) 1388 | v | 5.21/7]63.45 Re(Cr) 1317 | v
4 4.74/6 | 57.81 Re(Cs,) 227 v 7.92/7 | 33.97 Re(Cyy) 1.62 v 7.35/7 | 39.34 Re(Cy,) 1.55 '
5 | 5.08/6| 54 Re(Cyy) 169 | v | 4.23/6|64.62 | Re(Cr)Re(Cyy) | 156 | « | 3.65/6 | 7233 | Re(Cs,),Re(Cyy) | 149 | !
6 1.45/5 | 91.9 Im(('qz)Re(Csz) 0.91 x 8.04/7 | 32.94 Re(Cs,) 1.44 v 3.67/6 | 72.11 | Re(Cs,),Re(Cs,) | 1.47 X
7 091 | x| 4.36/6|62.76 | Re(Cs,)Re(Cr) | 1.36 | ! || 3.67/6 | 72.09 | Im(Cs,).Re(Cs,) | 146 | x
8 089 | ! | 4.38/6|62.49 | Re(Cs,)Re(Cr) | 133 | ! | 3.68/6 | 71.99 | Re(Cs,),Re(Cyy) | 145 | v
9 089 | v || 4.39/6 | 62.42 | Re(Cs,)Re(Cs,) | 132 | x| 3.69/6 | 71.85 | Re(Cr)Re(Cyy) | 144 | v
10 ' 0.88 v 4.39/6 's,).Re(Cs,) | 1.32 x 3.71/6 | 71.57 | Re(Cs,),Re(Cr) | 1.41 V!
11| 1.53/5 | 91. | Re(Cr)Re(Cy,) | 084 | v || 4.43/6 ) Re(Cyy) | 1.27 | v | 7.49/7| 38. Re(Cs,) 135 | v
12| 1.53/5 | 90.96 | Zm(Cr)Re(Cr) | 0.84 | v || 4.47/6 JRe(Cyy) | 122 | vt | 3.79/6 | 7057 | Re(Cs,),Re(Cr) | 131 | !
13 - - - - — | 4486 JRe(Cy) | 121 | vt | 3.83/6|69.91 | Re(Cs,),Re(Cyy) | 124 | vt
14 - - - - — || 448/6 | 61.2 | Re(Cs,),Re(Cry) | 121 | v | 8.92/6 | 68.68 | Re(Cs,),Re(Chy) | 114 | v
15 - - - = — || 4.49/6 | 61.06 | Re(Cyy)Re(Cyy) | 1.2 v | 3.95/6 | 68.39 Im((“?) Re(Cy,) | 111 | v
16 - - - L — || 4.49/6 | 61.06 | Zm(Cy,).Re(Chy) | 1.2 v | 3.95/6 | 68.39 | Re(Cyy).Re(Chy) | 111 | v
17 - - = A — || 4.52/6 | 60.66 | Re(Cr),Re(Cvy) | 116 | v || 3.98/6 | 67.99 | Re(Cr),Re(Cyi) | 1.08 | v
18 - - = = — 4.56/6 | 60.14 | Zm(Cy;),Re(Cyy) | 1.12 v 4.01/6 | 67.55 | Zm(Cy,),Re(Cy,) | 1.05 v
19 - - - - — || 467/6 | 58.65 | Tm(Cr)Re(Cr) | 1. v = - - - -

TABLE 5.6: Results similar to table 5.4, but with data from BaBaR dropped (i.e., only
with Belle and LHCb data; with or without R /v ).
Al R Al Rp- + Ry (LFCQ) All Rp- + Ryg (PQCD)

X2uin | p-val | Param.s B.— || X2n | pval Param.s B.— || X2, | p-val | Param.s B, —

Index || / DoF | (%) whlCe | 7y / DoF | (%) wMCe | 1y / DoF | (%) wAlCe | Ty
T |[243/5 | 78.76 | Re(Cy,) | 196 | « | 5.08/6 | 53.35 Re(Cr) 2121 | v | 451/6 | 60.75 | Re(Cr) | 19.79 | ¢
2 2.43/5 | 78.76 | Re(Cy,) | 19.6 v 5.15/6 | 52.53 Re(Cyy) 19.89 v 4.53/6 | 60.49 | Re(Cg,) | 19.41 X
3 2.43/5 | 78.76 | Re(Cs,) | 19.6 X 5.16/6 | 52.29 Re(Cyy) 19.51 v 4.53/6 | 60.49 | Re(Cs,) | 19.41 X
4 2.43/5 | 78.76 | Re(Cs,) | 19.6 X 5.28/6 | 50.8 Re(Cs,) 17.31 X 4.56/6 | 60.13 | Re(Cyy) | 18.89 v
5 || 2.43/5 | 7876 | Re(Cr) | 196 | v | 5.28/6 | 508 Re(Cs,) 1731 | x || 4.61/6 | 59.47 | Re(Cy,) | 17.98 | v
6 - - - = - 4.8/5 | 44.03 | Re(Cr),Re(Cys) | 0.42 v - - - - -

TABLE 5.7: Results similar to table 5.4, but only with all Rp+« data (with or without

Ry/w)-
Parameters Value Correlation
09 1.138(23) | 1. 0.15 -0.01 -0.07 0O
P 1.251(113) 1. 0.08 -0.80 0
Ri(1) 1.370(36) 1. -0.08 0
Rs(1) 0.888(65) 1. 0
Ry(1) 1.196(102) 1

TABLE 5.8: Nuisance inputs to create x2,,;, defined in eq. 5.4. These are obtained from
the analysis in ref. [26].

matrices V5@(5¥st) are constructed by taking separate correlations, wherever available.
The nuisance parameters (Table 5.8) occurring in the theoretical expressions are tuned in

to the fit using a term

theory
2 _ P p Nuis\—1 (yp p
XNuis. = Z (Iz _Vi) (V )z] <I] _Vj> ’
1,j=1

where [ ,f and vg are the k" input parameter and its respective value. For each scenario,
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Fig. 5.1 The allowed parameter space of NP Wilson coeflicients and their correlations

considered in different scenarios for the dataset with all data, where R ;,y is calculated in

PQCD (last dataset of tables 5.4 and 5.9). Red (solid) and blue (dashed) contours enclose

respectively 1o and 3o confidence levels(C.L.), as defined in section 5.4.1. Shaded and

diagonally hatched overlay regions represents parameter space disallowed by constraints

B(B. — ;) < 30% and 10% respectively. These plots are continued to the next figure
5.2.

we perform two sets of fits. First, we use different combinations of the experimental
results of R (and P-(D*)). For the second set, we redo the fits including R /. As
the form factor parametrization, as well as the single experimental result for R/, are

quite imprecise, instead of defining a Xfwi&(’R J/,l/)), we add the SM uncertainty of R,
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Fig. 5.2 Plots for the remaining scenarios, continued from figure 5.1.
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in quadrature to the experimental one. Following the discussion in sec. 1.2.2.2, we do
two sets of fits in this stage, with two different sets of form factor parametrization for
B. — J/¥, namely LFCQ and PQCD.

After each fit, we determine the quality of it in terms of the p-value obtained corre-
sponding to the x2 . values and the degrees of freedom (DoF) for that fit. We also double
check the quality of the fit and existence of outliers in the fitted dataset by constructing
a ‘Pull’ (= (077 — O"(C,)) /(AO;™)) for each data-point and checking the normality
(i.e. the probability that it is consistent with a Gaussian of ¢ = 0 and ¢ = 1) of their
distribution. Due to the small number of data-points in this analysis, no readily available
normality test can perform with certainty and it is necessary to scrutinize each individual
pull distribution. Still, we perform a variant of the “Shapiro-Wik” normality test as an
extra criteria for elimination of scenarios. In other words, we drop the fits which have
a pull distribution with probability to be a normal distribution < 5%. Finally, we add
the constraints according to sec. 1.2.2.5 and 1.3 to our analysis and obtain the allowed
parameter space. Next, we perform a model-selection procedure on the remaining set of
viable scenarios for each data-set. In the following sub-section, we elaborate the method

used to do the multi-model selection procedure.

5.4 Results

Following the methodology described in the previous subsection, we have taken several
combinations of the available data and have performed the analysis in the following stages

for each dataset.

5.4.1 Model selection

We have created the Xz statistic for the k' scenario containing real and imaginary parts
of Wilson coefficients C%,, and repeated that for all k (let us reiterate here that scenarios
containing all imaginary Cyys are neglected). We have taken scenarios with as many
as 4 individual components of Re(or Zm)(Cy ). Then we have minimized each of those
over the corresponding parameter space (with the form factor parameters as nuisance

parameters). After checking normality for each fit and dropping scenarios with < 5%
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Data Without R j/y All Data (R /¢ with LFCQ) All Data (R ;¢ with PQCD)
Index | Param.s Best-fit | Correlation || Index | Param.s Best-fit | Correlation || Index | Param.s Best-fit | Correlation

1 Re(Cr) | 0.387(11) - 1 Re(Cy,) | 0.100(22) - 2 Re(Cy;) | 0.100(21) -

2 Re(Cy;) | 0.098(22) - 3 Re(Cr) | 0.389(10) - 3 Re(Cr) | 0.389(10) -

6 Re(Cs,) | 0.073(79) -0.409 4 Re(Cr) | -0.113(26) -0.93 4 Re(Cs,) | 0.072(79) -0.411
Re(Cyy) | 0.089(24) Re(Cy,) | 0.195(74) Re(Cyy) | 0.090(24)

7 | Re(Cs,) | 0.181(67) 0.075 5 | Re(Cs,) | 0.179(66) 0.35 6 | Re(Cs,) | 0.280(68) 03
Re(Cr) | -0.043(11) Re(Cr) | -0.034(12) Re(Cy,) | -0.112(29)

8 Re(Cs,) | 0.279(68) -0.302 8 Re(Cs,) | 0.181(67) 0.074 8 Re(Cr) | -0.113(26) -0.93
Re(Cy,) | -0.111(29) Re(Cr) | -0.043(11) Re(Cy,) | 0.195(74)

9 Re(Cr) | -0.112(26) -0.93 9 Re(Cs,) | 0.072(79) -0.411 9 Re(Cs,) | 0.181(67) 0.078
Re(Cy,) | 0.196(74) Re(Cyy) | 0.090(24) Re(Cr) | -0.043(11)

10 | Re(Cs,) | 0.179(66) 0.351 10 | Re(Cs,) | 0.246(61) -0.009 10 | Re(Cs,) | 0.179(66) 0.35
Re(Cr) | -0.033(12) Re(Cy,) | -0.078(28) Re(Cr) | -0.034(12)

11 Re(Cs,) | 0.245(60) -0.01 11 Re(Cs,) | 0.280(68) -0.3 11 Re(Cs,) | 0.247(61) -0.008
Re(Cy,) | -0.075(28) Re(Cy,) | -0.112(29) Re(Cy,) | -0.079(28)

12 Re(Cs,) | 0.086(90) -0.684 12 Re(Cs,) | 0.085(90) -0.684 12 Re(Cs,) | 0.085(90) -0.684
Re(Cv,) | 0.078(30) Re(Cy,) | 0.079(30) Re(Cy,) | 0.079(30)

13 | Re(Cy,) | 0.117(31) 0.709 13 | Zm(Cy,) | 0.499(68) 0.718 13~ | Re(Cy,) | 0.118(31) 0.712
Re(Cy,) | 0.037(41) Re(Cy,) | 0.039(46) Re(Cy,) | 0.034(41)

14 | Zm(Cy,) | 0.497(68) 0.716 14 Re(Cy;) | 0.117(31) 0.709 14 | Zm(Cy,) | 0.499(68) 0.718
Re(Cy,) | 0.042(46) Re(Cy,) | 0.037(41) Re(Cy,) | 0.038(46)

15 Re(Cr) | 0.030(34) 0.917 15 Re(Cr) | 0.026(34) 0.918 15 Re(Cr) | 0.026(34) 0.918
Re(Cv,) | 0.142(54) Re(Cy,) | 0.140(54) Re(Cy,) | 0.139(54)

16 | Zm(Cr) | 0.16(15) -0.995 16 | Zm(Cr) | -0.18(11) 0.993 16 See figure 5.2g
Re(Cr) | 0.32(15) Re(Cr) | 0.30(15)

17 See Plot 17 See Plot - - - \

TABLE 5.9: Best fit results and correlations of the scenarios listed in table 5.4. We omit

the scenarios disallowed by the constraint B(B. — 7v,) < 30%. For the cases where

only some of the minima are allowed by the constraint, we quote only those of them

allowed by the constraint and closest to the SM point at the same time. Elaboration is

in section 5.4.2. For scenarios where the best fit, instead of being an isolated point, is

actually a contour in the parameter-space, we ask the reader to check the corresponding
plot. Figure 5.2g is the plot for scenario 16 in the last dataset of this table.

significance, we have arranged the remaining scenarios in ascending order of AIC, and
have kept only those with AAIC, < 4. These are, essentially, the best scenarios to explain

the data in that specific dataset under the present experimental constraints.

Tables 5.4, 5.5, 5.6 and 5.7 contain the listed scenarios of the data sets which are ob-
tained from table 1.4. Each table essentially contains three variations of similar datasets:
the first one is data without R,y and the rest two, with it. The reason for treating
R /v separately is the apparent tension of the measured central value with that of the
SM one, as explained in section 1.3. Moreover, the theoretical values of R ;/y are heavily
dependent on form factor parametrisation and differ considerably over different choices
of it, as explained in section 1.2.2.2. Thus we treat two parametrisations, namely LFCQ
and PQCD separately in second and third datasets of each table respectively. As PQCD
predicts relatively higher values for Ry, fits are generally better for these sets than

those corresponding to the LFCQ ones, as can be checked from the p-values listed in the
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Data without P-(D*) and R ;g Data without P.(D*) (R4 with LFCQ) Data without P-(D*) (R ;/y with PQCD)
Index | Param.s Best-fit Correlation || Index | Param.s Best-fit Correlation || Index | Param.s Best-fit Correlation

T | Re(Cp) | 0.387(10) - T | Re(Cyy) | 0.101(22) - 1 | Re(Cy,) | 0.101(22) B

2 Re(Cy,) | 0.099(22) - 2 Re(Cr) | 0.389(11) - 3 Re(Cr) | 0.389(11) -

I | Re(Cy,) | 0.118(31) 0.707 I | Re(Cr) |-0.112(26) | -0.93 I | Re(Cr) |-0.112(26) | -0.93
Re(Cy,) | 0.036(41) Re(Cy,) | 0.193(74) Re(Cy,) | 0.193(74)

5 Re(Cg,) | 0.082(90) -0.687 5 Re(Cs,) | 0.178(67) 0.353 5 Re(Cs,) | 0.070(79) -0.412
Re(Cy,) | 0.080(30) Re(Cr) | -0.034(12) Re(Cy,) | 0.091(24)

6 | Re(Cs,) | 0.071(79) | -0.409 6 | Re(Cs,) | 0.180(67) 0.075 6 | Re(Cs,) | 0.180(67) 0.074
Re(Cy,) | 0.090(24) Re(Cr) | -0.044(11) Re(Cr) | -0.044(11)

7 Re(Cr) | 0.029(34) 0.916 7 Re(Cs,) | 0.245(61) -0.01 7 Re(Cs,) | 0.178(67) 0.352
Re(Cy,) | 0.143(54) Re(Cy,) | -0.077(28) Re(Cr) | -0.034(12)

3 | Re(Cs,) | 0.245(61) | -0.009 8 | Re(Cs,) | 0.081(90) | -0.687 8 | Re(Cs,) | 0.282(68) | -0.302
Re(Cy,) | -0.077(28) Re(Cy,) | 0.081(30) Re(Cy,) | -0.114(30)

9 Re(Cs,) | 0.280(68) -0.304 9 Re(Cs,) | 0.282(68) -0.302 11 Re(Cs,) | 0.247(61) -0.007
Re(Cy,) | -0.113(30) Re(Cy,) | -0.116(29) Re(Cy,) | -0.080(28)

10 Re(Cr) | -0.111(26) -0.93 10 Re(Cs,) | 0.067(79) -0.407 12 Re(Cs,) | 0.081(90) -0.686
Re(Cy,) | 0.194(75) Re(Cy,) | 0.093(24) Re(Cy;) | 0.081(30)

12 Re(Cg,) | 0.178(67) 0.353 11 Re(Cy,) | 0.118(31) 0.707 13 | Zm(Cy,) | -0.500(68) -0.716
Re(Cr) | -0.034(12) Re(Cy,) | 0.036(41) Re(Cy,) | 0.037(46)

13 Re(Cs,) | -0.011(89) -0.129 12 | Zm(Cy,) | 0.500(68) 0.716 14 Re(Cy,) | 0.118(31) 0.707
Re(Cr) | 0.387(11) Re(Cy,) | 0.037(46) Re(Cy,) | 0.036(41)

14 | Im(Cy,) | 0.499(68) 0.714 13 Re(Cr) | 0.025(34) 0.917 15 Re(Cr) | 0.025(34) 0.917
Re(Chy) | 0.040(46) Re(Cy,) | 0.140(54) Re(Cyy) | 0.139(54)

16 Im(Cr) | 0.094(359) -0.998 16 Im(Cr) | 0.15(19) -0.997 16 See Plot
Re(Cr) 0.37(17) Re(Cr) | 0.33(17)

- - - - 17 See Plot - - ‘ - ‘ -

TABLE 5.10: Results for the scenarios listed in table 5.5, following the convention of

table 5.9.
Belle + LHCD (Except R j/y) Belle + LHCDb (R ;¢ with LFCQ) Belle + LHCb (R /¢ with PQCD)
Index | Param.s Best-fit Correlation || Index | Param.s Best-fit Correlation || Index | Param.s Best-fit Correlation
1T | Re(Cy,) | 0.075(26) 3 1 | Re(Cy,) | 0.078(26) = L [ Re(Cw) | 0.078(26) -
2 | Re(Cr) | 0.379(13) = 3 | Re(Cr) | -0.037(13) F 3 | Re(Cr) | -0.037(13) F
1 | Re(Cs,) | 0.179(81) = 4 | Re(Cyy) | -0.074(34) 3 4 | Re(Cy,) | -0.074(33) =
5 Re(Cyy) | -0.069(34) = 5 Re(Cr) | -0.086(38) -0.951 5 Re(Cs,) | 0.033(108) -0.309
Re(Cvy) 0.14(10) Re(Cy,) | 0.073(27)
8 Re(Cs,) | 0.126(96) 0.015 6 Re(Cs,) | 0.180(81) - 8 Re(Cs,) | 0.209(98) -0.295
Re(Cr) | -0.035(13) Re(Cy,) | -0.092(34)
9 Re(Cs,) | 0.034(108) -0.306 7 Re(Cs,) | 0.125(94) 0.361 9 Re(Cr) | -0.086(38) -0.952
Re(Cy,) | 0.072(27) Re(Cr) | -0.029(14) Re(Cys,) 0.14(10)
10 | Re(Cs,) | 0.207(98) -0.298 8 | Re(Csy) | 0.126(96) 0.015 10 | Re(Cs,) | 0.126(96) 0.019
Re(Cy,) | -0.091(34) Re(Cr) | -0.035(13) Re(Cr) | -0.036(13)
11 | Re(Cr) | -0.085(38) | -0.951 11 | Re(Cs,) | 0.183(86) 0.062 11 | Re(Cs,) | 0.181(81)
Re(Cy,) | 0.14(10) Re(Cy,) | -0.065(33)
12 | Zm(Cr) | 0.206(29) -0.898 12 | Re(Cs,) | 0.033(108) -0.309 12 | Re(Cs,) | 0.125(94) 0.361
Re(Cr) | 0.20(19) Re(Cyy) | 0.073(27) Re(Cr) | -0.020(14)
- - - - 13 | Re(Cs,) | 0.043(122) ~0.656 13 | Re(Cs,) | 0.183(86) 0.062
- - - - Re(Cyy) | 0.067(34) Re(Cy,) | -0.065(33)
- - - - 14 | Re(Cs,) | 0.208(98) -0.295 14 | Re(Cs,) | 0.043(122) -0.656
- - - - Re(Cy,) | -0.092(34) Re(Cy,) | 0.067(34)
- N - - 15 | Re(Cv,) | 0.086(42) 0.788 15 | Zm(Cy,) | 0.42(11) 0.794
- - - - Re(Cy,) | 0.018(54) Re(Cy,) | 0.015(59)
- - - - 16 | Zm(Cy,) | -0.42(11) -0.794 16 | Re(Cy,) | 0.086(42) 0.788
- - - - Re(Cy,) | 0.016(59) Re(Cy,) | 0.018(54)
- - - - 17 Re(Cr) | 0.0086(433) 0.941 17 Re(Cr) | 0.0078(429) 0.941
- - - - Re(Cy,) | 0.092(77) Re(Cy,) | 0.091(76)
- - - - 18 See Plot 18 See Plot
- N N N 19 | Zm(Cr) | 0.210(15) 0.55 , , N ,
- - - - Re(Cr) ‘ 0.16(19) ‘ - - ‘ - ‘ -

TABLE 5.11: Results for the scenarios listed in table 5.6, following the convention of
table 5.9.
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All Rp- All Rp + Ry (LFCQ) All Rp- + Ry (PQCD)
Index | Param.s Best-fit Correlation || Index | Param.s Best-fit Correlation || Index | Param.s Best-fit Correlation
1 Re(Cy,) | 0.086(26) - 1 Re(Cr) | -0.040(11) - 1 Re(Cr) | -0.040(11) -
2 Re(Cy,) | -0.095(29) - 2 Re(Cy,) | -0.099(28) - 4 Re(Cy,) | -0.099(28) -
5 Re(Crp) | -0.039(11) - 3 Re(Cy,) | 0.089(26) - 5 Re(Cy,) | 0.089(26) -
- - - - 6 See Plot - - - -

TABLE 5.12: Results for the scenarios listed in table 5.7, following the convention of
table 5.9.

second column of these datasets. The measured value of P;(D*) has large error. There-
fore,we have dropped 7-polarization asymmetry from the list of inputs in one of the fits
(table 5.5). The measured values of R ) by BABAR are relatively old, and are largely
deviated from the respective SM predictions. Therefore, in order to check the impact
of BABAR data on our model selections, in one of the fit scenario we have dropped the
BABAR data (table 5.6). We have also done the analysis with the measured Rp~ alone,
which will help us to figure out the sensitivity of this observable towards a particular type

of NP scenario.

We notice that for all datasets, the maximum number of independent fit parameters
(for listed scenarios) is 2. As is explained in the previous sections, this is natural, because
AIC, penalises the increased variance associated with increase in number of independent
parameters. The fourth column in these tables, for each dataset, lists the w”I¢ for each
scenario, which estimates the relative likelihood for that scenario (among the given set
of scenarios, the number of which is &~ 90 ~ 95 for our analysis) to explain the data.
As can be seen, the first few scenarios take up a large chunk of the total likelihood and
it is evident that all unselected scenarios together constitute a very small fraction of it.
This is another way of understanding why the listed scenarios are the best ones suited to

describe the given dataset.

Once we have listed the best scenarios, we scrutinise the allowed parameter space for
each of them. As all the finally selected models have a most of two parameters (other than
the nuisance parameters), we can plot the marginal confidence levels in the fit-parameter-
space with the help of the defined x? function. We have prepared plots for each of these
scenarios either in terms of the goodness-of-fit contours (for two parameter scenarios), or
by directly plotting the x? with respect to the parameter (for single parameter scenarios).
The contour plots are prepared with constant y? contours equivalent to 1o and 3¢ that
correspond to confidence levels of 68.27% and 99.73% respectively. For two parameters,

the constant y? values are = xfm-n—l—sz, where X?nin is the minimum value of y? obtained
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after minimization over the parameter space, and Ay? = 2.296 and 11.83 for 1o and 30
respectively. Similarly, for single parameter case, 1o and 3o intervals are shown with
Ax? = 1 and 9 respectively. As a representative case, we have shown the plots for all
scenarios listed in the last dataset of table 5.4 (‘All data’, where the theoretical value of
R /v is calculated in PQCD) in figures 5.1 and 5.2.

We then use the limits on B(B, — 7v) mentioned in section 1.3 as our conservative
constraint on each scenario. In the aforementioned tables (5.4, 5.5, 5.6 and 5.7), the last
column of each dataset indicates whether the corresponding scenario passes the constraint
of B(B, — tv) < 30% (‘v’) or not (‘x’). For many scenarios, there are multiple best-fit
points (or at least, multiple 68% confidence regions). In some cases, some of these multiple
minima are ruled out from the B(B, — 7v) < 30% constraints, while the rest are allowed.
These scenarios are marked as ‘v'!’ in the said column. By observing the nature of the

confidence levels in the parameter space, we can pick out the minima which are allowed.

In case of the plots depicting the parameter space, we show two limits: regions disal-
lowed by B(B. — 1v) < 30% (gray shaded region) and B(B., — 7v) < 10% (diagonally
hatched region) respectively. The first one is the conservative limit from B, decay width
and the second aggressive one is motivated from the studies quoted in section 1.3 (though
we are calling it aggressive, it is a perfectly reasonable upper bound, given the ~ 2% SM
prediction as shown in table 5.1). We know that even if present, any NP effect is going
to be small. Thus when multiple minima are allowed by these constraints, we quote the
results for those which are closest to the origin (corresponding to SM) in further analysis’.
One more thing to note here is that scenarios with either real or imaginary part of Cr will
not have any constraint on the corresponding axis in the parameter space, as B(B. — Tv)

is unaffected by tensor interactions.

Our results of the model selection with all the available data are shown in table 5.4. We
note that the best possible scenarios are the models with either of the operator (’)rf} or O€/1
with real Cyy. The explanations with the operator (’)g1 are disfavoured by the bound from
B(B. — 71v;). These one-operator scenarios are allowed even if we choose AAIC, < 2.

The same criterion does not allow the two-operator scenarios. However, the constrain

! As an example, for scenario 4 given in the last dataset of table 5.4 (with Re(Cs,) and Re(Cy, )), the
symbol for the constraint column is ‘v'!’. The corresponding plot in figure 5.1d shows that out of the 4
possible minima, only 2 are outside the shaded regions. Interestingly, the global minima of the x? in this
case lies within the shaded region (thus disallowed), but there are two more allowed local 1o C.L regions.
In table 5.9 (last dataset), the corresponding result is quoted for the one closest to zero.

TH-1933_136121011



5.4. Results 101
Data without R,y
Scenario Rp- Rp P,(D*) P, (D) FP” A p

1 0.306(12)(14) | 0.412(4)(3) | 0.125(11)(11) | 0.1799(4)(33) 0.134(15)(6) 0.027 (8)(12)
2 0.312(7)(12) | 0.368(4)(14) | -0.493(25)(0) 0.3355(4)(0) 0.456(10)(0) -0.059(14)(0)
6 0.305(7)(15) | 0.406(4)(47) | -0.504(23)(13) | 0.4080(5)(746) 0.452(10)(5) -0.063(13)(5)
7 0.305(5)(15) | 0.406(4)(47) | -0.485(16)(15) | 0.5321 (5)(531) 0.431(7)(5) -0.021(10)(13)
8 0.305(6)(15) | 0.406(4)(47) | -0.534(19)(10) | 0.6055 (6)(493) 0.450(9)(4) -0.038(11)(10)
9 0.305(5)(15) | 0.407(4)(46) | -0.381(12)(35) | 0.3845 (4)(92) 0.396(7)(18) 0.006(8)(11)
10 0.305(7)(15) | 0.407(4)(46) | -0.436(25)(12) | 0.5263(5)(512) 0.457(10)(8) | -0.007(13)(12)
11 0.305(8)(15) | 0.407(4)(46) | -0.443(32)(12) | 0.5737(6)(447) 0.480(12)(5) | -0.017(15)(10)
12 0.305(7)(15) | 0.407(4)(46) | -0.475(27)(17) | 0.4212 (5)(840) | 0.463(11)(6) -0.052(14)(6)
13 0.305(7)(15) | 0.407(4)(46) | -0.492(25)(1) 0.3355(4)(0) 0.454(10)(4) | -0.070(14)(14)
14 0.305(7)(15) | 0.407(4)(46) | -0.492(25)(1) 0.3355(4)(0) 0.454(10)(4) | 0.010(12)(13)
15 0.305(8)(15) | 0.406(4)(47) | -0.505(28)(12) | 0.3227(4)(1411) | 0.463(12)(5) | -0.090(15)(37)
16 0.308(11)(14) | 0.394(4)(42) | 0.036(9)(211) | 0.2001(4)(499) | 0.181(14)(111) | 0.023(8)(17)

TABLE 5.13: Predictions for observables listed in table 5.1, for different scenarios listed
in the first dataset of table 5.9. We have omitted the scenario where the best fit is a
contour instead of a curve (scenario 17). Each result contains two uncertainties: the first
one for uncertainties in form factors and the second one for uncertainties of the fitted NP
Wilson coefficients. Though in most cases the NP error is predominant compared to the
form factor ones, we quote both of them. These results continue in the next table 5.14.

AAIC. < 4 allows a few of the two-operator scenarios. In all these less preferred two-
operator scenarios, the operators like O¢ -y (’)fgl, (’)22 appears in combination with either
of (’)rf} and Of/l.
data.

Also, we note that the operator (’)f/2 with complex Cyy is favoured by the

As can be seen in table 5.5, our conclusions on the selected models will not change if we
drop the experimental input on P-(D*) from our fit. Also, if we drop the BABAR data
on Rp from the list of the inputs for the fit, the best preferred scenarios are still
However, there are other one-

the one with the operator (9{} or Of/l with real Cyys.

operator scenarios with (’){5,2 or (’)g1 with real Cyys which are then allowed by the criterion
AAIC, < 4; see table 5.6 for detail.

which successfully pass the above mentioned criterion. Finally, in order to understand

Here too, there are a few two-operator scenarios

the impact of the Rp+, we have also done an analysis considering only the data on R p-
(table 5.7). It shows that all of (’)Zl, Of}, Oez, Ogl and (9@2

AAIC, < 4. However, the constraints from B(B. — 7v;) disfavours the scenarios with

are allowed by the criterion

scalar operators. As can be seen across all the tables, our conclusions will not change much
if we incorporate R/, as input in our fit. This could be due to the large uncertainties

present both in the predictions and measured values of R ;.

After ensuring that we are dealing only with the scenarios allowed by AAIC,, as well

as constraints, we estimate the values of the parameters along with their uncertainties.
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Data without R,y
Scenario Arp Ry/w Ri RR AN B(B. — Tv) x 102

1 0.4400(0)(11) | 0.201(17)(10) | 0.462(18)(18) 0.460(18)(18) 0.1674(0)(48) 2.08(18)(0)
2 0.3586(3)(0) | 0.348(34)(14) | 0.397(16)(16) | 0.396(16)(16) | 0.0231(0)(0) 2.51(21)(10)
6 0.3480(3)(116) | 0.339(33)(16) | 0.401(16)(17) | 0.400(16)(17) | 0.0273(0)(45) 1.31(11)(110)
7 0.3124(4)(128) | 0.348(35)(18) | 0.406(17)(18) | 0.405(17)(18) | 0.0434(0)(30) 0.15(1)(30)
3 0.3053 (4)(144) | 0.343(34)(17) | 0.400(16)(16) | 0.399(16)(16) | 0.0318(0)(20) 0

9 0.3233(3)(70) | 0.353(36)(18) | 0.418(17)(21) | 0.417(17)(21) | 0.0614(0)(70) 1.35(11)(25)
10 0.3164(3)(114) | 0.348(34)(18) | 0.404(16)(17) | 0.402(16)(17) | 0.0608(0)(78) 6.21(53)(194)
11 0.3142 (4)(120) | 0.344(33)(17) | 0.398(16)(16) | 0.397(16)(16) | 0.0573(0)(76) 8.00(76)(213)
12 0.3468(3)(137) | 0.340(33)(16) | 0.400(16)(16) | 0.399(16)(16) | 0.0370(0)(141) 1.24(36)(205)
3 0.3586(3)(0) | 0.338(33)(17) | 0.402(16)(17) | 0.400(16)(17) | 0.0251(0)(26) 2.43(20)(13)
4 0.3586(3)(0) | 0.338(33)(17) | 0.402(16)(17) | 0.400(16)(17) | 0.0889(0)(172) 2.43(20)(13)
5 0.3672(2)(93) | 0.332(32)(23) | 0.398(16)(16) | 0.397(16)(16) | 0.0151(0)(77) 2.72(23)(26)
16 0.4290(0)(272) | 0.225(19)(58) | 0.450(17)(33) | 0.449(17)(33) | 0.1512(0)(400) 2.08(18)(0)

TABLE 5.14: Prediction of observables, continued from table 5.13.
Rx, (SM + NP) for Data without R ;g
m. in scheme:
Scenario MS Kinetic
NNLO + O(1/m3) | NNLO + O(1/mj) | NNLO + O(1/m3) | NNLO + O(1/mj)

1 0.410(19) 0.387(19) 0.395(18) 0.372(18)

3 0.281(10) 0.258(10) 0.2741(98) 0.2511(98)

7 0.283(10) 0.260(10) 0.276(10) 0.253(10)

8 0.298(14) 0.275(14) 0.291(14) 0.268(14)

9 0.287(11) 0.264(11) 0.280(11) 0.257(11)

10 0.317(19) 0.294(19) 0.309(19) 0.286(19)

11 0.296(14) 0.273(14) 0.289(13) 0.266(13)

12 0.288(11) 0.265(11) 0.281(11) 0.258(11)

13 0.283(10) 0.260(10) 0.276(10) 0.253(10)

14 0.281(10) 0.258(10) 0.2743(99) 0.2513(99)

15 0.301(15) 0.278(15) 0.293(14) 0.270(14)

16 0.275(11) 0.252(11) 0.268(11) 0.245(11)

17 0.392(48) 0.369(4%)) 0.378(45) 0.356(45)

TABLE 5.15: Predictions for Rx_, in different NP scenarios (same as table 5.13). Here,

the mentioned accuracy levels are for the SM predictions. Two sets of calculations are

done with m, in either MS or kinetic scheme. The corresponding SM predictions are

given in table 5.3. Quoted uncertainties are for NP only. The SM uncertainties are to be
added in quadrature to respective cases.
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Ideally, these would be obtained from the projections of the Ax? = 1 regions on the

2. For simplicity, and to avoid asymmetric uncertainties, we consider a

parameter line
parabolic approximation around the chosen minimum and not only obtain the uncer-
tainties of all parameters for each case, but also the correlation between them in the 2
parameter cases. These results are tabulated in tables 5.9, 5.10, 5.11 and 5.12. For some
scenarios, instead of the results, the reader is asked to check the corresponding plots. In
these scenarios, the best fit, instead of being an isolated point, is actually a contour in
the parameter-space. Figure 5.2g is such an example. We note that we do not need large
values of the Cyys (< 1) to explain the observed discrepancies in general. Among the best
possible scenarios, the data is more sensitive to the model with operator O€/1 (with real

Cw) or (’)f/2 (with complex Cyy) than the one with operator (’)gﬂ. From the best fit values
we note that Re(Cy,) < Re(Cy,) << Re(Cr) < 1.

These results could be used by model builders to effectively put bounds on the pa-
rameter space of their lepton-flavour universality violating model, satisfying b — cfv

transitions.

5.4.2 Prediction of observables and correlations amongst them

Using these NP results, we have predicted the values of the observables listed in table
5.1. Our predictions for all pertinent scenarios for the dataset without R ;¢ are listed in
tables 5.13 and 5.14. Predictions for the inclusive ratio Rx, are given in a separate table
(table 5.15).

All of the predicted values for NP show deviations from their respective SM predic-
tions. Moreover, neither all observables are equally deviated for a particular type of NP
scenario, nor a single observable has similar deviations for different types of NP scenarios.
Therefore, in trying to explain the deviations in R . for a specific type of NP, we get
information about the expected deviations in other associated observables. The obtained
patterns then can be compared with the future measurements of these observables for a
consistency check of the SM and to look for the types of NP. Any result, inconsistent

with SM, but consistent with a future prediction of some observable, could be an indirect

2For an illustration with the one parameter case, check figure 5.1c, where there are two minima. Only
one of them is the global minimum and the end points of the red projection region on the parameter line
gives the 1o uncertainty. There is another region allowed by 3¢ around the other local minimum, coloured
in blue.
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Fig. 5.3 Correlation plots among different observables for one-operator

scenarios listed in the first column of Table 5.9.

Blue (solid), Or-

ange(dashed), and Red(dotted) contours correspond to the scenarios with
Re(Cr), Re(Cy, ), and complex Cly, respectively. For each of these scenarios,
1o (filled region) and 3o contours are given.
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Fig. 5.4 Correlation plots among different observables for all one-operator
scenarios listed in the first column of Table 5.11. Blue (solid), Orange
(dashed), Red(dotted), and Green (dot-dashed) contours correspond to the
scenarios with Re(Cr), Re(Cy,), Re(Cy,), and Re(Cg,) respectively. For
each of these scenarios, 1o (filled region) and 30 contours are given.
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Fig. 5.5 Correlation plots among different observables for some of the two-

operator scenarios listed in the first column of Table 5.9. Green (dot-

dashed), Magenta (dashed) and Brown (non-uniform dot-dashed) contours

correspond to the scenarios with [Re(Cr), Re(Cy,)], [Re(Cy, ), Re(Cy, )] and

[Re(Cr), Re(Cy,)] respectively. For each of these scenarios, 1o (filled re-
gion) and 30 contours are given.
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Fig. 5.6 Correlation plots among different observables for two-operator sce-
narios listed in the first column of Table 5.11. Blue (solid), Orange (dashed),
Red(dotted) and Green (dot-dashed) contours correspond to the scenar-
ios with [Re(Cs,), Re(Cy,)], [Re(Cs,), Re(Cr)], [Re(Cs,), Re(Cy,)] and
[Re(Cr), Re(Cyy,)] respectively. For each of these scenarios, 1o (filled re-
gion) and 30 contours are given.
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evidence in support for that specific scenario. In this regard, the correlations between the
observables will play an important role. In figs. 5.3, 5.4, 5.5, and 5.6 we have shown the
correlations between the various observables in different NP scenarios which are allowed
by our model selection criteria. Following points illuminate our findings after scrutinising

these plots:

1. Let us first note the very important correlations between Rp and Rp+ in the sce-
narios which are allowed by our model selection criteria. In figs. 5.3a and 5.4a, we
plot these correlations for the scenarios with one operator at a time, such as (’)éﬂ,
Offl, (9{2/2, and Ogl. We note that in all the scenarios, except the one with (’)62,
the above two observables are positively correlated but the slopes are very different.
By looking at the correlations, one can distinguish between the contributions from
different NP operators. In the presence of either Re(Cy, ), Re(Cy,), or Re(Cg, ), if
one of the observables is consistent with the SM, then so must be the other. How-
ever, in the case of Re(Cr), there are regions in which Rp-« is consistent with the
SM, whereas Rp is largely deviated from its SM prediction. Therefore, if future
data shows that Rp« is within the SM ballpark but Rp has a large value above
its SM prediction, then any scenario with either Re(Cy;,), Re(Cly,) or Re(Cs, ) has
less chance to explain the data, but one with the operator Orf} will still be able to
explain it. The situation is completely opposite in the case of Re(Cy;,), where the
enhancement in Rp+ over its SM prediction is associated with a decrease in Rp
from its SM value. On the other hand, the contributions from (’)62 with complex

Cy, will show deviations in both the observables.

2. All the asymmetric and angular observables are insensitive to the operator Oy,, as
its effect gets cancelled in the ratios. Thus, if future measurements show deviations
only in Rp and Rp+, and all the other asymmetric and angular observables in
B — D7y, decays are consistent with their SM values, then the presence of Oy,

can be singled out.

3. On top of this, P-(D) is insensitive to the operator Oy,; detailed correlations can
be seen in figs. 5.3b and 5.4b. Therefore, large deviations in P.(D) in future
experiments could point to either tensor or scalar operators. Also, a measured
value, well above its SM prediction, can only be explained by the scalar operator.

On the other hand, if the value is below its SM prediction, then depending on
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whether or not there are deviations in R p=, tensor or scalar operators are favoured.
Hence, if future measurements do not see large deviations in Rp and P-(D), then

the presence of a scalar or tensor operator can be ruled out.

4. As explained earlier, the effects of Oy, can be distinguished from those of the other
operators in the Rp — R p+ correlations. Further observations about Oy, which can

be seen in figs. 5.3 and 5.4, are as follows:

e Large deviations in both Rp and Rp-.
e P.(D) will be consistent with its SM value.

e Measured values of P;(D*) and Fr(D*) are consistent with their respective SM

predictions.

e The measured value of A} 5 will be above its SM prediction.

5. Let us accentuate a few other important points here. In figs. 5.3b and 5.3c, we
have shown the correlations between P,(D®*)) and Rp~. In the presence of a ten-
sor operator Op, the Rp+ is negatively and positively correlated with P.(D) and
P;(D*), respectively. However, when Rp-~ is consistent with the SM, the 7 polar-
ization asymmetries will not be consistent with their respective SM predictions. In
the presence of Cr, the values of P;(D) and P;(D*) will be below and above their
respective SM predictions, respectively. Also, Pr(D*) can be positive, whereas the
SM predicted value is negative. In the same scenario, the correlations of R p~ with
A% p and Fr(D*) are similar to those obtained for P;(D*) and P-(D), respectively,
for instances see figs. 5.3d and 5.3e. Also, here the forward-backward and the D*
polarisation asymmetries are largely deviated from their respective SM predictions
even when Rp- is consistent with the SM. On the other hand, we do not see such
behaviour in the presence of Og,. In this case, the P,(D®*)), A% ; and Ff,(D*) are
consistent with their SM predictions depending on whether or not R p~ is consistent
with its SM prediction (see figs. 5.4b, 5.4c, 5.4d and 5.4e).

6. In case of the dataset with only R/, dropped from the fit, the correlations of R p-
with other observables like Ry, RY, and A/} p are shown in figs. 5.3f, 5.3g,and
5.3h, respectively. Similar plots, which are obtained by dropping the BABAR data,
are given in 5.4f, 5.4g, and 5.4h, respectively. In all the one-operator scenarios, the
correlations are positive. Due to the large uncertainty in the SM prediction of R j/,

the predicted values of these observables are consistent with its SM prediction in
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all these cases. It is difficult to distinguish between the cases with either Re(Cy; ),
Re(Cy,) or Re(Cs,). A very large deviation in Rp~ may allow us to see a small
deviation in R /. Also, the contribution from Re(Cr) can be distinguished from
other new operators. In a high precision experiment, contributions of various above
mentioned operators are separable from each other by observing the correlation
between RY and Rp-. The contribution from Re(Cr) may allow a large deviation
in RY, with a sizeable effect in R p-. Similar patterns are observed in the correlations

of A%B.

7. Similar correlations in the allowed two-operator scenarios are shown in figs. 5.5 and
5.6. We note that it will be hard to distinguish the allowed two-operator scenarios
from each other just from the correlations of Rp+« with Rp, Ry, and RY, as all
the scenarios have similar correlations. However, the shape of the confidence regions

the two-operator scenarios are different from those of the one-operator ones.

For the two operator scenarios containing Oy;, the NP-predicted values of the an-
gular and asymmetric observables are consistent with their SM values in general.
Here too the P;(D) is insensitive to the operator-combination [Oy;, Oy,]. We note
that the contributions from [Re(Cr), Re(Cy,)| in Pr(D*), A%z and Fr(D*) can
be identified. It is hard to distinguish the contributions of the rest of the opera-
tors with Og, and all the asymmetric and angular observables are consistent with
their respective SM values for them. The correlation of A/} g shows that except the
contribution from [Re(Cr), Re(Cys)], all other allowed two-operator scenarios are
consistent with the SM even if there is a large deviation in Rp+. By looking at
these correlations, one will be able to distinguish a two-operator scenario from the

one-operator ones.

5.5 Summary

In this chapter, we have predicted the SM values of the angular observables associated with
the B — D™ 7y, decays, following the results of an earlier up-to-date analysis on B —
D™ ¢y,. Also, we have updated the SM prediction of R x, using the results of [99] along
with the proper correlations between the various non-perturbative parameters and masses.
These predictions are based on two different schemes of the charm quark mass (MS and

Kinetic). These include the NNLO perturbative corrections, and power-corrections up to
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order 1/m3. We have separately mentioned results with power-corrections up to 1/my?

order as well.

In the next part of our analysis, we have analysed the semitaunic b — c7v, decays
in a model independent framework with the AB = AC = 1 semileptonic operators. We
have included the complete set of vector, scalar and tensor operators, while assuming the
neutrinos to be left handed. Different possible combinations of all the effective operators
have been considered, and following AIC,., the combinations, which are best suited for
the available data, are considered for further studies. We have performed the analysis on
several different prepared data sets. We note that for all of the data sets, the one-operator
scenarios, with a real Cyy, can best explain the available data. However, in most of them,
the scalar operators are not allowed by the constraint Br(B. — 7v,) < 30%. The most
favoured scenarios are the ones with tensor (Or) or (V —A) (Oy,) type of operators. Also,
the (V + A) type of interactions, with a complex Cyy, though less favoured, are allowed.
In the absence of the BABAR data on R (.) from our analysis, one-operator scenarios like
(V£ A), S— P, and tensor operators with real Cy are the most favoured ones. These one
operator scenarios are easily distinguishable from each other by studying the correlations
of Rp+ with Rp and all the other asymmetric and angular observables. Also, the patterns
of the future measurements of all such observables can easily discriminate the types of
NP. Among all the possible combinations of (V' + A), tensor and (S — P) operators, there
are quite a few two-operator scenarios which pass all the selection criteria. In these cases,
one cannot differentiate between the contributions from NP scenarios by looking at the
correlations of Rp+ with Rp, Ry, and R'. However, the correlations of Rp- with the
various angular and asymmetric observables could be useful for such a discrimination. We
have also predicted the numerical values of all the observables along with their errors, for

the allowed scenarios.
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Chapter 6

Summary and Conclusions

The compelling signatures of the insufficiency of the SM has prescribed us to extend the
theory further to consolidate all the observed phenomena in nature. In absence of any
direct detection of new particle at the collider experiments, the precision measurements
in the flavour sector play a very important role to explore the possibility of new physics.
Over the last few years, some intriguing anomalies have been found in different channels
of B meson decay. In this thesis, we have analysed semitaunic b — c¢ inclusive and
exclusive decays in order to identify the signature of new physics from the mismatch
of the experimental data with SM predictions. Due to the large mass of 7, the helicity
suppression is less for semitaunic decays with respect to the other with light leptons (e and
w) in the final state. Moreover, for B — D*7v; decay, we have two detectable particles
with nonzero spin in the final state (D*, 7). These are the main advantages to investigate

the structure of possible NP contribution for b — c¢7v, transitions.

Theoretically, the prospect of NP in these decays has been discussed in several liter-
atures, some of which are based on specific NP models. Other studies follow a model-
independent approach, in which a general effective Hamiltonian for the transition in-
cluding non-SM operators is imposed to explore the impact of various NP scenarios on
different physical observables. In our analysis, using the model independent approach, we
first try to identify specific observables suitable for the extraction of a particular type of
NP coupling with optimal observable technique. Secondly, we perform a separate analysis
to point out which type of NP interaction(s) can best explain and elucidate(s) the current

experimental data in b — c7v; decay using Akaike Information Criteria.

113
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In this chapter, we present a brief summary of the works carried out in this thesis,
whereas in Section 3.4, Section 4.4, and Section 5.5 we have presented a detailed summery

of all our works separately.

In Chapter 1, we first present a very brief review of flavor symmetry in SM, different
properties of CKM matrix and Unitary triangles. Thenceforth we describe the importance
of semileptonic B decays to extract the CKM matrix elements |V,;| and |V;| and to
understand the origin of CP violation in SM. With a short review of the phenomenon of
Lepton flavor Universality violation we then discuss how it can play an important role to
identify the possible signature of new physics beyond SM. Thereafter a discussion on the
current experimental status of several observables in b — ¢, decays are presented. We
end this chapter with a concise discussion on the deviation of experimental results with
the SM predictions of these observables. All these things together sets the background

for the studies performed in the thesis.

In Chapter 2, We make a pitch for the statistical methods used in our study to
identify the possible new physics effects in semitaunic decays of B meson. These methods
are the tools needed to compare data with theory and quantify the extent to which one

stands in agreement with the other.

In the first part of this chapter, we present a detailed discussion on the Optimal
Observable technique. With this procedure we can systematically estimate the statistical
uncertainties of the measurable parameters, which in turn will help us to identify the
observable that shows its maximal sensitivity to a particular type of NP structure. In the
next part, we introduce the concepts and general framework of data based model selection
with an information theoretic approach to identify the new interactions which can best
explain the available data. At the end of this chapter an introductory idea of the Akaike

Information Criterion for model selection is discussed.

In Chapter 3, we look for all possible observables in B — D®) 7y, with NP, including
new vector, scalar and tensor interactions, and investigate the prospects of extracting NP
Wilson coefficients with Optimal Observables analysis. Using this technique one can
estimate, with what significance some observable may differentiate a particular type of

NP from the SM. In our analysis, we consider the ¢? distribution of differential branching
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fractions, R(D(*)), the 7 polarisation asymmetries, forward backward asymmetries of the

decay B — D7y, and D* polarisation asymmetry, as relevant observables.

From our numerical study, we find that in B — D7v,; channel, it would be hard
to decide what type of new interaction will show the maximum sensitivity. However,
from the analysis of the ¢? distribution of the decay rate, we find that the low ¢? region
is more sensitive to scaler interaction whereas for the high ¢ region it is the tensor
interaction . The overall sensitivity of the observables in B — D*7rv, is more towards
tensor interactions. If we switch off the tensor operator from the analysis, the real part
of both the vector and scalar wilson coefficients are equally sensitive for this decay. The
analysis of the ¢ distributions of the decay rate shows distinct regions of ¢2, which are
sensitive to vector, scalar, and tensor interactions respectively. These information are
lost in the full ¢? integrated observables. Nonetheless, the present data on different bins
do not have sufficient statistics to conclude anything, more precise data could help us to
pinpoint the type of NP interaction. Therefore, our suggestion to the experimentalists is

to give more priority to gain more statistics at those regions of ¢.

In Chapter 4, we study the decays B — D™ 7. in light of the available data from
BABAR, Belle and LHCb. This analysis is systematically divided in two parts. In the
first part, the form-factors, relevant in these decays, are fitted assuming the absence of any
contribution coming from NP operators. The fitted results are then compared with those
obtained by HFAG from the analysis with the available data on B — D®){y, . In the
next part of this study, we consider the new physics contributions only in B — D™ 7w,
decays. In this case, the relevant form-factors are taken from the fit results by HFAG.
Different possible NP scenarios are defined by considering all possible combinations of the
new operators in many different ways. To obtain a data-based selection of a best case and
to rank and weigh the remaining cases from a multi-scenario analysis, we here use the
information-theoretic approaches, especially of AIC, in the analysis of empirical data.
Such procedures lead to more robust inferences in simultaneous comparative analysis
of multiple competing scenarios. Traditional statistical inference like confidence levels,
errors on fit parameters,bias and variance can then be obtained based on the selected

best models.

Our analysis of the available binned data on R(D*) from BABAR, Belle, and LHCb
shows that the most plausible explanation of these data can be obtained from the presence

of new effective operators with left or right handed charged vector current. In addition,
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if we include R(D) in our fit, apart from the vector currents, the contributions from
charged scalar currents might become relevant, either alone or along with right handed

vector current operators.

In Chapter 5, we have updated the SM predictions of all possible asymmetric and
angular observables in B — D™ 7, decays, using the results of the newly revised analysis
in B — D(*)Eyg. We here also consider a few other b — c7v,; decay modes like B, — v,
Ay — Actv- and the inclusive decay B — X.7v,, which are potentially sensitive to the new
interactions present in the observables in B — D)7y, decays. Hence, we have studied
the correlation of the various observables associated with these decay modes which will
be an important probe for an indirect detection of NP. Our study also predicts the values
of all the relevant observables for the above mentioned decay modes, which can further

be used to check for consistency with the future measurements.

It is mentioned earlier that the binned data used in the analysis described in chapter
4, contain large error which in turn cause large errors in our fitted results. Hence, fol-
lowing the same methodology of our previous work, here we also perform a data based
model selection analysis with the experimentally available results on the charged current
anomalies in conjunction with other relevant results. Additionally, the constraint from
the decay of B, — 7v, is taken into account in this analysis. Though this channel is
out of the experimental reach for now, it can be used as an effective constraint on any
NP effects that could potentially explain the R(D(*)) excess. A conservative upper limit
quoted for B(B. — 71v;), even after adding NP effect is < 30%. A stronger upper bound
of < 10% is obtained from LEP data taken at Z-peak with a prospect of an even tighter

bound from the full L3 data. In our analysis we have used both of these constraints.

After ensuring that we are dealing only with the scenarios allowed by AAIC,, and
constraints from B, — Tv,, we estimate the values of the NP parameters along with their
uncertainties. In most of the cases, the scalar operators are not allowed by the constraint
B(B. — 71v:) < 30%. The most favoured scenarios are the ones with tensor (Or) or
(V — A)(Oy,) type of operators. In the absence of the BABAR data on R(D*) from our
analysis, one-operator scenarios like (V + A), S — P, and tensor operators with real CW
are the most favoured ones. These one operator scenarios are easily distinguishable from
each other by studying the correlations of R(D*) with R(D) and all the other asymmetric
and angular observables. Also, the obtained patterns then can be compared with the

future measurements of these observables for a consistency check of the SM and to look
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for the types of NP. Finally, we also predict the numerical values of all the observables

along with their errors, for the allowed scenarios.

In brief, the thesis mainly explores the following aspects.

e We have tried to identify the NP structure that can be best extracted from a par-
ticular observable, with reasonable statistics. To achieve this goal the Optimal

Observable technique is used.

In general, the sensitivity to various NP interactions may be ¢?> dependent. Hence,
here we also analyze the bin-by-bin ¢ distribution of the differential decay rate
of B — D™ v, to look for more possibilities, and zoom in to the regions of ¢* ,
within which the sensitivity to a specific type of new interaction is much larger than
most other regions. However, because of poor statistics in data it is premature to
conclude anything. Therefore, the experimental effort should be in gathering more
statistics in specific regions of ¢ potentially sensitive to NP, which may in turn help

the clean extraction of NP couplings.

e In a different analysis, we have studied the decays B — D® 7, in light of the
available binned data from BABAR, Belle and LHCb. In the first part of this study,
we assume that there is no NP in B — D™ 7y, just as in B — D™y, and fit
the form factors. Different experimental collaborations have already fitted the form-
factor parameters from the data collected for the decays of B — D) {u,. However,
in the decays of B — D™ 7w, there are additional form factors that cannot be
extracted directly from the available data on B — D®)fy,. Hence, in this study, we
extract those additional form factors along with the common form factors for both
the channels and check whether the fitted form factors are in good agreement with
those obtained from the decay of B — D®{¢y,. Any discrepancy between the two

indicates a possible new effect in B — D™ 7u. | which is absent in B — D™y, .

In the next part of this analysis, we consider the contributions from different NP
interactions only in B — D™®7u.. Our goal is to search for new interactions that

are most compatible with the present data and best elucidates them.

e In our latest work, we have also predicted the SM values of the asymmetric and
angular observables in B — D®ru. decays using the results of the new up-to-

date analysis in B — D®) ;. The correlations among these observables are also
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discussed.These correlations are found to be useful in distinguishing various NP

scenarios.
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Appendix A

Decay distributions for angular

observables in B — D*)ru. decays:

The ¢3-distributions for different polarization of 7 in B — D®ru. decays in terms of

different helicity amplitudes are given below [67],
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120  Appendiz A. Decay distributions for angular observables in B — D™ rv. decays:
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— 8R[(8i + C1; ) CF] (HroHvo + Hr+Hyy — Hr-Hy,-)

mr

Ve

+ 8R[CY, CL]

(A.2b)

TH-1933_136121011



121

For the fixed polarization of D*, the distributions are given by

dDAo*=*1(B — D*ry))

dr*p*=0(B — D*riz)

dq?

2
_ Fch|2 m?
~102n3, ¢ VAP )<1_q2 g

2
<L+>U&T+C%FH%i+WC%PH%¢

TH-1933_136121011

dg?

2 2
— 2R[(6; + C%,l)cl* |Hy.+ Hy,)
2 (A3a)
+ 8|C% |2 < ) HT:I:
m
aE 12%[(517 + CV )ij]—THTd:HV’i
1 \/q_2
+ 12R[CY, CE ]\/—HT :tHV:F}
G%‘Vcb|2 2 m? 2
= e (a2) [ 1 — ==
1928, ¢ VA0 (@) 2)
; 5 2 3 %
{iar+ €l - clap | (14 55 ) mo + 57 12,
+§|cl51 — CL,|> HE + 8|CL|? <1+ ) (A.3Db)
+ 3R[(8ir + CL, — CL)(CF, Cfgz)]ﬁ HgHyy
— 12R[(81 + CL — O )OS Hy o H
T \%: Vo J&T \/q_Q T,0421v,0 ¢ -



122 Appendiz A. Decay distributions for angular observables in B — D™ rv. decays:

Decay distribution of béDM) to define .A%*l% in Eq. (1.43)

D G|V |2 m2\
b )(q2):12§7r3m%q2 Ml \1=7 )

2
m
|61 + Cty + C€/2|2q77 HyoHy,

msr

Vi

S S
HpHy,

+ Re[(d1r + Oy, + C,)(CK, + O] =7 HyHy g (A.4a)

mr
Vé

— 4Re[(CY, + C%,)CH] HTHS} ,

— 4Re[(6;r + Cl. + Ci,)CF]

. G2 [Vip|? m2\°
B2 (g?) = q2\/m2—)<1—?) x

= 3
128m3my

1 m2
{2(517 + O 1 — G, 1) (HY . — HY ) + |61 + C, — C, 12(72 HyoHy,

ms

Ve

2
mT * *
+ 8|CZT|2? (H7,, — H7 ) + R[(0ir + C}, — CL,)(CE — C8.)] HsHy

i,
Ve

(HroHy + Hr Hy,— + Hr,_Hy, )

— AR[(0ir + Ct, ) CF] (HroHyyt + Hry Hy,y + Hr,_Hy, )

ey
Ve

— 4AR[(CE, - C’SZ)C?]HT@HS} .

+ 4R[CY, C]

(A.4b)
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Appendix B

Helicity amplitudes for Ay — Acmv,
decay

The scalar and pseudo-scalar helicity amplitudes associated with the new physics scalar

and pseudo-scalar operators are [85]

HSE = Fpge YOt — ~ Gogp Y9 B.1
1/2,0 09s T (ma, —ma.) — Gogp e (ma, + ma.), (B.1)
5P S V@+ _ EN e . B.2
~1/2,0 095 (ma, —ma.) + Gogp o (ma, +ma,).  (B.2)

where gg = (Cg, + Cs,) and gp = (Cs, — Cs,).

The parity-related amplitudes are

S _ S
H/\ACJ\NP - H_)\Agv_ANP’
P ~ P
H/\ACJ\NP - H—AAC,—ANP‘ (B,3)
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124 Appendiz B. Helicity amplitudes for Ay — A.Tv, decay

For the vector and axial-vector helicity amplitudes, we have

VQ-
H1/20 = Fy(1+gL+gr) N (ma, +ma,)
q
~G(1+gL —9r) Q;r (ma, —ma,),
VvV aq
H1V/§‘,+1 = —Fi (149 +9r)V2Q-+GL(1+ 91 — 9r)V2Q+,
HYA, = R+ g1+ 90 2 (ma, - ma,)
Vv q
—Go(1+ 91 — gr) % (ma, +mn,).
q
VQ-
Hyﬁz,o = Fy(1+gL+gr) \/? (map, +ma,)
+G (1 + 9L — gr) ;r(mAb —ma.),
VvV aq
HYf)y | = —Fi(l+g0+9r)v2Q- — GL(1+ g1 — 9r)V/2Q+,
HY{)y, = Fo(l+9gr+9r) \/—: (ma, —ma,)
q
+Go(1+ 9L — gr) \/Q—z (ma, + ma,)-
q
where g;, = Cy, and gr = Cyj,.
We also have the relations
H;\/;\C,)\w H‘—/)\AC,—)\wa
H{, ., —HA\

TH-1933_136121011
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The tensor helicity amplitudes are

H(};)/;}t,/g - —CT[_ h+\/Q_ +%+\/ Q+}, (Bll)
HOL = onlhv/Q- +hVas], (B.12)
gD g V2T [ VO. |, (B.1
Hper T T L(ma, +ma)y/ Q- + hi(ma, —ma,) Q+|, (B-13)
g2 g V2 i < 15
-1/2¢-1 = T\/(?‘ I L(ma, + mAc)\/Qi— L(ma, — mAC)\/Q+_, (B.14)
HO-V2 o V2T [ VO.l, (B.1
+1/2,041 — Tﬁ I 1(ma, + mm)@%— 1(ma, —ma,) Q+_, (B.15)

HOHR -~ cw—“; (s (ma, +ma)y/Q= = hulma, = ma) Q). (B.16)

H(f;)/;lﬁfl = —Cr [h+ VO +hiy Q+], (B.17)
H(j)/;lﬁfl = —Cr [h+\/ Q —hy Y Q+] (B.18)

The other non-vanishing helicity amplitudes of tensor type are related to the above by

(T)An (T)An
Hy, ok = —Hy, ¥ix (B.19)
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Appendix C

fi(qz) for different observables used
in Chapter 3:

In the following tables, the various f;(¢?) for different observables used in our analysis are

shown [153].
Obs
fi R(D) Pq{%
2 5 . :
3 ) ; y
,gHS ,gHS
;z 8G (124_2”%)[{82 8G (12_2"§T>H32
q> T 7 f
f4 39’ m7-2 HE.H‘S/t 3g m7-2 HE’H‘S/t
f _12g\/g:T HSH? 4G \né?'»HSHS
i N JE TV

TABLE C.1: f;s for R(D) and 7 polarisation asymmetry in B — D7v,.
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128 Appendiz C. f;(¢%) for different observables used in Chapter 3:
Obs .

g R(D*) PR

i i
TSN (553 (S S DM (G5 L ST D RS 7
£ |20 (1 55) (B +2mvamy) + 35m2) | o ((2- i) (HVO + 2Hv+HV ) - 3%1{%)
fS dg*HZ dg*HQ
() )| (), )
fs 39*\”}HSHW 3G* \mﬁHus
o *12g*\7L(HTOHVO+HT+HV+*HT Hy,-) g*\"f(HToHv0+HT+HV+*HT -Hy_-)
fr 12G* 7= (HroHyp + Hr+ Hy,— — Hr_Hy 1) —4G* 7= (HroHv,o + Hr+ Hy,— — Hr,—Hy, )

Ve Ve
TABLE C.2: f;s for Rp~ and 7 polarisation asymmetry in B — D*7v,.
Obs =
fi A?FaB A?FaB Pg*
2 2
h F (B Hy oty ro (g, - HE ) g ((1+35) H3o+ 325 H3,)
2

ho|F ( \/;HVOH5> F*U2 HyoHy, 3g+ 3
fs | -4F ( %H@tHT> 8773 (H3,, - HE_) 8g7 (14252 ) 13,
fi —4FHgH; F* o HsHyy 36" 7 HsHy,
f5 - f*\mﬁ (HroHy; + Hr+Hy. + Hp_Hy,) *129*\7;—.2HT,0HV,0
fe - f*yL(HTOHVt+HT+HV + Hr_Hyy) -
fr = —4F " HrpHg -

TaBLE C.3: f;s for 7 forward-backward asymmetries in B — D®*)7u, decays, and D*
polarisation asymmetry in B — D*7v,.

The expressions for F, F*, G, G* are given by [67]

G = B G%‘“/;:b’Q 2\ (2) _ﬁ 2
= B(B = Dlv) 192r%m? D\ 2 )
2
G — TB G|Vl Ao+ (2) _Tﬁ
B(B — D*lv) 19273m? ¢
s HVal” o e () m2 )’
B(B — Dlv) 12873m? b q?
2
* B G%"V;?b‘g 2 m72'
P = BB D) 128, T Ao+ (@)1= (G-1)
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