Table 2.1: Leptonic decay constant f (in MeV)

fu Present Data Refrences
o 206.08 202.2(2.2)(2.6) LQCD [?]
210+ 11 QCDSR [7]

211.9(1.1) PDG [12]

fps 257.70 258.7 (1.1) (2.9) LQCD [?]
259+ 10 QCDSR [7]

249.0(1.2) PDG [12]

fps/fp 1.25 1.173(3) PDG [12]
s 156.96 155.37(34) LQCD [?]
1579+1.5 LQCD [?]

155.6(0.4) PDG [12]

fr 130.30 130.39 (20) LQCD [?]
132.3+1.6 LQCD [?]

130.2(1.7) PDG [12]

fr/fr 1.20 1.1928(26) PDG [12]
o 244.27 278. £134+ 10 LQCD [?]
263 + 21 QCDSR [7]

Ips 272.08 31149 LQCD [?]
308 £+ 21 QCDSR [7]
frc 226.81 222+8 QCDSR [7]
Io 218.28 208.5+554+0.9 LQCD [?]
fs 226.56 238+ 3 LQCD [?]
215+5 QCDSR [7]

fo 198.38 194.6 £3.24 LFQM [§]

Table 2.2: CCQM model parameters: quark masses, meson size parameters and in-

frared cut-off parameter (all in GeV)

Ap Ap, Ax Ago A, AI_\"*(BQQ)“ Aps
1.963 £ 0.038 | 2.05 £ 0.036 | 0.871 £ 0.002 | 1.014 £ 0.008 | 0.610 £ 0.012 | 0.81 £ 0.024 | 1.75 £ 0.035
My/d Mg me my A Ay, Ap,

0.241 0.428 1.67 5.05 0.181 0.488+0.019 | 1.56 = 0.014
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Chapter 3

Weak Decays Of Meson

3.1 Introduction

When looking into the physics of weak transition, semileptonic decays are one of the
crucial tools. Both within and outside of the SM, they have profound phenomeno-
logical ramification for the particle physics. When measuring the clements of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix, weak decays involving quark mixing
serve a crucial probe. In addition to various types of weak decays, the coupling of
heavy quark dynamics V,, is supplied via the tree level transition b — cfv,. During
the course of the previous few years, numerous novel findings of B — D®) (v, decays
have been reported by experimental facilities available worldwide. The fact that many
of these observations contradict the expectations of SM raises the prospect of New
Physics (NP) being involved in the processes that are being studied here. Other data
available from the lattice can be used to analyse these channels. These abnormalities
are reported in the recent review article [138] and the references therein. The sole
distinction between B — D®/{y, and B, — Dg*)ﬁw decay channel is the difference
between the spectator quarks. As a result, it is adequate to anticipate that these
channels will also exhibit comparable oddities. Additionally, it can be used as an
appealing prospect for the estimation of V,, as well as the investigation for NP that
goes beyond the usual model. For the very first time, the LHCb collaboration has suc-

cessfully measured the value of V., by using transition form factors and decay rates
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of relevant channels [139]. Additionally, this is for the first time that the absolute

branching fractions have been determined by them, and their findings are [139].

B(BY — Dy ptv,)pmey = (2.49 +0.12(stat) 4 0.14(syst) + 0.16(ext)) x 1072
B(B? — D ptv,)pmey = (5.38 + 0.25(stat) 4 0.46(syst) + 0.30(ext)) x 1072

(3.1)

and the ratio of both the channels is also calculated as

B(B] — Dy ptvy)Laes
B(B? — D~ ptvy)rmcs

= 0.464 & 0.013(stat) = 0.043(syst) (3.2)

Precise data from Lattice calculations are also available for the determination of V,,
due to the fact that higher valance s quark mass in B, transition makes the compu-
tation of form factor somewhat less expensive. Very recently the results of transition
form factor, branching fraction and ratio of branching fraction have been provided by
HPQCD collaboration [140,141] that matches well with the results provided by LHCb
experiments. The ratio of the branching fraction is given as

B(B? = D; 1t v,)upgep
B(B? = D~ ptvy)upqep

=0.429(43) 101 (4) 11 (3.3)

Further, R(D,) and R(D?) ratio has also been provided by them which reads as

B(Bs — Dgtv,
R(Ds)rpgen B((B 7 z)) = 0.2993(46)
B(Bs — Ditv,
R(D ipocn B(( o D’f;w)) = 0.2442(79) 1012 (35) s (3.4)

here the ratio is between tau mode to electron mode or muon mode. Results of
transition form factors and branching fractions have been computed using many other
theoretical approaches namely by Perturbative QCD factorization approach [142],
Light Cone QCD Sum Rule [143-145] and using three point sum rule [146]. Some
results are also available using Light Front Quark Model [8,147,148], RQM [149] and
Constituent Quark Model [150].

We have calculated transition form factors in the entire physical range of momentum
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transfer, on top of that branching fraction and ratio of branching fractions are also
calculated. Further, to probe the lepton flavor universality, we have determined the
ratio of branching fraction of electron or muon with tau mode for both Dy and D}
mesons. In addition, we have also provided the results for some physical observables
like forward-backward asymmetry and longitudinal polarization for leptons in By —
Dglv, and By — DXly, transitions. The results for these physical observables are still

awaited from experiments, which makes it a detailed study by itself.

In 2022, Belle II detector announced the result for partial branching fraction for
B — 77eTv, and B — 7 pu'v, decays as a function of ¢* and total branching
fraction for BY — 7~ (v, is also measured [151]. Following this, Heavy Flavor Aver-
aging Group (HFLAV) in 2023 reported branching fraction and ¢ spectrum results
for b — wlv, decays [152]. Previously, branching fraction, ¢ distribution and shape
of the form factor for different channels (B — (7/p/n/n ){v;) corresponding to b — u
transition have been reported by CLEO [153-155] and BABAR [156-159] collabo-
rations. All the above experimental collaborations have also reported the value of
Vup which requires accurate measurement of transition form factors. Semileptonic
form factor for B® — 7t /lv, decay have been calculated using 2 + 1 flavor lattice
QCD in high ¢?(> 16GeV?/c?) region which also demands for the determination of
branching fraction in the same ¢? region [52]. Authors of [53] have also calculated B
meson semileptonic form factors using unquenched lattice QCD for B — wfv, transi-
tion. b — w transition form factors at small and intermediate values of ¢® have been
calculated for B — 7/K/n using QCD light cone sum rule with pion distribution
amplitudes [160-162], where the ¢2,,, varies between 12 to 16 GeV2.

Transition form factor and decay rates for exclusive rare decay B, — (K, 5,1 )¢+t(~
is calculated in Light Front Quark Model (LQFM) [46,163]. Form factors, differ-
ential decay rates, branching fraction and ratio of differential branching fraction
for B, — K have been calculated in LQCD [11, 164-166], RQM [4], Light Cone
Quark Model(LCQM) [167], Light Cone Sum Rule (LCSR) [160], pQCD approach
[2,168,169]. Recently, the first experimental result was produced by LHCb for the
branching fraction of By — K decay [170]. All these results provide necessary stimu-

lations to study b — u decay in more detail.
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3.2 Methodology

The invariant formulation of matrix element neglecting correction from QED can be
given by

G
MMy — Mitty,) = TSVCKMM;@O”%]Ml>[£+0uug] (3.5)

the matrix elements in CCQM is shown in the Fig. 3.1 and defined in terms of form

factors as

(M3 (p2)| 0" q1 | M1 (p1)) = Negar 9as,
" dk
X / W(I)Ml(_(k + w13p1)2)q>Mz(—(k’ + w23P2)2) (3.6)

X tr[O* Sy (k + P1)7553(/‘~')52(/€ + po)]
= F(¢*)P" + F_(¢*)q",

(M (p2)| o™ (1 = 7°)qu|My(p1)) = Negar g,

d4k7 2N\ 1 2
X /—¢M1(_(k+7“13p1> VOt (— (b 4 wasp2)*)

(2m)%i
X tr[o™ (1 —4°)S1(k + p1)7°S3(k)v° Sa(k + p2)]
il'r(q°) . P
— 2T (prgv _ prgk 4 jevPay.
o er2( q q" + i)
(3.7)

(M3 (p2, €,)|@0O"q1|M1(p1)) = Negns, gz

/ (;ﬂii@m(—(k + w13p1)2)<I>’;\42(—(k + wy3 Py)?)

x tr[O0"Sy (k + p1)7°Ss (k) ¢1Sa(k + pa)] (3.8)
T
ZG—V_MVP_ A 2 PHrPY A 2
li+mM2[ g qAo(q”) + +(7°)

+ ¢ PYA_(¢%) + ie"™ P PaqsV (¢%)]
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o, (—(k+wp, ) D, (—(k+ wypy)?)

Figure 3.1: Quark model diagram for semi-leptonic decay of meson

(M3 (p2, €)|@20™ g, (1 +7°)q1 | M1 (p1)) = Negas, gur,

- g4l )
X / (—;W;ZZ- Oan (_(k + w13p1)2)¢M; (—(k‘ + w23p2)2)

x tr[o q, (1 +~°)S1(k + p1)7°Ss(k) ¢ Sa(k + p2)]
=\ (—=(g" = ¢"¢" /)P - qao(q?)

+ (P'PY = ¢"P"P - q/¢*)a.(q") + ie""*" Pagsg(q*))

(3.9)

Double-pole representation of form factor of Eq. (3.6) — (3.9) is given as

g (3.10)
q 2
b( m?wl )

F(QQ) = 1_ CL( qu)((:)_

M

where weak Dirac matrix is given by O* = v,(1 — v;) and G is the Fermi’s coupling
constant. e, is the polarization vector such that €,-po = 0. P = p1+ps and ¢ = p1 —ps.
pi = m3, and p3 = m3,, satisfies the on-shell condition. These processes involves three
flavors of quarks, ¢1, g2, and g3, where g3 is spectator quark and hence notion with two
subscripts w;; = m;/(m; +m;), where i, 7 = 1,2, 3 such that w;; + w;; = 1 will suffice.
Using Eq. (3.6) — (3.8) form factor and branching fraction have been calculated for
both By — D} and B; — K* semileptonic decays by model independent approach.
We have related our form factors calculated in Eq. (3.6) — (3.8) with Bauer-Stech-
Wirbel (BSW) form factors [171] so that we can compare them effectively with other

theoretical approaches. Differential decay rates for ¢ — ¢o transition is described
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using helicity amplitudes which reads as

AUV(My — MY 0 w) G2 |Vormpa| a0
dq? a 12(2%)3m?\/ll

X [(1 + 60) | H, | + 355|Ht|2] (3.11)

Where, |H,|> = |H.|* + |H_|* + |Ho|*>. The momentum for the daughter meson is
given by |py| = A/2(m,,m3,,¢%)/2myy,, where X is the Killen function. Here
v =1—m3/q* and helicity flip factor is given by d, = m?/2¢?. In above equation, the
H;, Hy and H. are bilinear combinations of helicity amplitudes. For M; — M, (v,

they are defined as

1

Ht:ﬁ(PqFJquQF—%
q
H:t_oa
2
Hy = 2P| (3.12)
/¢
for My — M3 {*v, they are defined as
1 M, | P
H, = ! m3, —m3, V(A — AL 4+ ¢*A),
t Moats 1ty o, /—qz(( M, o) (A )+qAo)
1
Hy = ————(—(m};, — miy,) Ao + 2ma, [po|V),
* li—i-mMz( (li mMz) 0 Mg, |Pa|V)
1 1
Hy = —(m2, —m2, ) (m3, —m?%, —¢*)Ay + 4m2 2A).
0 mM1+mM22mM2\/q_2( (M, ) (may, v, — 1) Ao A P2 Ay)
(3.13)

In the equations above, M; and M represent the parent and daughter mesons and 1y,
and myy, represent the mass of parent and daughter respectively. The size parameters
for mesons listed in Tab. 2.2 along with compositeness condition are used to compute
coupling strength of meson for all channels considered. Model independent parameters
such as meson masses, lifetime, CKM matrix element and Fermi coupling constant
are taken from Particle Data Group (PDG) [172]. Application of the mentioned

framework will be discussed in Sec. 3.4 and 3.5.
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3.3 Estimation of Uncertainty and its Propagation

Minimum deviation in the computation of decay constant is guaranteed by the parametriza-

tion onto the functional given by [173,174],

fe:l:pewiment . ﬂmery)z

=3 (y; - Yi

T

where o, are the experimental standard deviation. The absolute uncertainty in size
parameter was determined individually by changing the respective parameter and
keeping other parameters unchanged till the result matches with experimental or
lattice data. The uncertainty obtained in this manner is found to be within 5% for all
flavoured mesons. Once the absolute uncertainties in size parameters are determined,
they are transported to the form factor in the whole ¢* range where uncertainties in
the form factor are found to be less than 10% at the maximum recoil. In this study
the number of size parameters are 9 and number of decay constants used to fit the
size parameters are 12 so D.o.f are 3. The propagation of error in branching fraction
is computed in the most general way by writing the differential decay rate Eq. (3.11)

in terms of the form factor as

aB

T = NP2 () +bP2(¢) + P ()P (¢) (3.14)

Here a, b and ¢ denotes the coefficients of form factors of helicity structure function
defined in the Eq. (3.12). Other constants like CKM matrix element, Fermi coupling
constant, meson mass etc are collectively represented by N. Now the total uncertainty
in differential branching fraction is computed by estimating the total change in dB

with respect to I, and F_ as

(dB) (dB)

d(AB) = d? N\/ (WAR)Q + <8TAF_)2 (3.15)

Here AF, and AF_ are calculated by myltiplying F'y and F_ by their respective

relative error which is shown as
(AF)? = (F; x &)
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Here ¢ is the relative error for respective form factor. Finally the Eq. (3.15) is
integrated to obtain the total uncertainty in branching fraction. It is important to

note that the uncertainty in form factor is also calculated using the same approach.

3.4 b— (c,u)lv, Transition

3.4.1 Result and Discussion for B, — K*~ Channels

Transition form factors for semileptonic B, — K *)~ channels are calculated using
the methodology described in Sec. 3.2. Form factors are also represented in double
pole parametrization Eq. (3.10). Form Factor at origin and associated double pole
parameters are listed in Tab. 3.1. For B, — K®~ decay, matrix elements are
calculated using Eq. (3.6) — (3.9), where M; and M, represent the B; and K mesons
respectively. Double pole representation of the form factor of Eq. (3.6) — (3.9) can
be given by Eq. (3.10) and the result is tabulated in Tab. 3.1 and plotted in Fig. 3.2.

Table 3.1: Form factors and double pole parameters for B, — K®)~ transitions

F F(0) a b F F(0) a b

FP7K ] 0.24740.016 | 1.441 | 0465 | FP7K | —0.2054+0.013 | 1.474 | 0.494
FEE 09256 £ 0.016 | 1.429 | 0.451 | ABK 0.210 +0.015 | 1.463 | 0.435
ABET 0,228 £0.016 | 1.539 | 0.504 | AF™HT 0.300 4 0.021 | 0.654 | —0.262

VB=E 10244+ 0.018 | 1.584 | 0.545 | ¢B=K (92" | 02104 0.015 | 1.597 | 0.559

For B, — K~ channel, transition form factors are calculated in entire physical range
of momentum transfer. Comparison of calculated form factors with other theoretical
approaches are given in Tab. 3.2. Differential decay rates are also computed and
plotted in Fig. 3.3. Next, we have computed semileptonic branching fraction using
the Eq. (3.11) and results are compared with other theoretical approaches as well as

with the available experimental data and tabulted in Tab. 3.4. It is seen that our
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Table 3.2: Form factors for B, — K transitions at maximum recoil

Theory B, — K
f+0(0) fr(0)
Present 0.247+0.015 0.256 +0.016
LCSR [47] 0.364 0.363
LCSR [7] 0.296 4+ 0.018 0.2887001%
LCSR [48] 0.336 + 0.023 0.320 £ 0.019
LCSR [49] - .
SUSY [5] - -
pQCD [2] 0261993 +0.03 £ 0.02 0.28 £ 0.04 + 0.03 4 0.02
pQCD [14] 0.22 0.22
SCET [167] 0.297 0.325
RQM [3,4] 0.284 0.236
CQM [6] 0.31 0.31
LFQM [g8] 0.23 ---
F(g’) for B, - K transition F(¢%) for By —» K* transition
2: ' ' 2.05Y A, T T T B
E 15 ? —_— A
it 1.0§_ Ao ]
[ Fol osbm— Vi =
of — o.oé - .
~05 » K_
-1t E
L —1.0; B
L 1 1 1 —15 E 1 1 1 1 13
0 5 10 15 20 0 10 15 20
¢*(GeV?) ¢*(GeV?)

Figure 3.2: Form factor for B, — K ®)~ transitions
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Table 3.3: Form factors for By — K*(892) transition at maximum recoil

V(0) Ap(0) A1(0) A2(0) T1(0) T3(0)
Present 0.244 + 0.018 | 0.225 & 0.090 | 0.214 & 0.015 | 0.210 + 0.015 | 0.210 + 0.015 | 0.156 =+ 0.011
LCSR[7] |0.285+0.013 _— 0.22779010 | 0.18370:0% 1 0.251 + 0.012 | 0.169 + 0.008
LCSR [9] 0.31 0.36 0.23 0.18 0.26 0.14
LCSR.[175] | 0.296 = 0.030 | 0.314 = 0.048 | 0.230 & 0.025 | 0.229 4 0.035 | 0.239 + 0.024 | 0.597 + 0.076
pQCD [169] | 0.200514003 | 0-2470037005 | 0.157 0037381 | 01170037001 | 0-18¥003700° | 0.16750570:05
pQCD [14] 0.24 0.21 0.19 0.19 0.21 0.16
SCET [167] 0.323 0.279 0.228 0.204 0.271 0.165
RQM [4] 0.291 0.289 0.287 0.286 0.238 0.122
CQM [6] 0.38 0.37 0.29 0.26 0.32 0.23
LFQM [10] | 0.28X05*00¢ | 0.222001*358 | 0.20%0514053 | 01950515063 | - -~ -
ds/dq? (107%) for B’ - K™ I'v; ds/dg® (107%) for B » K~ Iy,

osf[ 20F -

S
0.6 15F g
0.4+ l.OV(x /// > >
02t fosf /////

Shg y 4

00 VA 1 1 1 1 \ ] 00 VA //A 1 1 1

0 5 10 15 20 0 5 10 15 20

¢*(GeV?) ¢*(GeV?)

Figure 3.3: Differential decay rates for B, — K™~ transitions
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Table 3.4: Branching fraction for B, — K®)~ transitions (in the unit of 107%)

Channel Present | RQM [4] | LFQM [147] | LCSR [7] | LHCb [170]
By — Ketv, | 1244015 | 1.64+0.17 | 1.04£0.22 | 14740.15 ---
By — Kpty, 1244015  --- --- .- - 106 g ont o)
By, — Krtv, | 0.76 £0.12 | 0.96£0.10 | 0.68+0.15 | 1.02+0.11 ---
By, — K*¢tv, | 2644055 | 3.47+0.35 | 3.340.73 | 2.91+0.26 ---
By, = K*pty, | 2634055 | - --
By — K*rtu, | 1474027 | 1.67+0.17 | 1.7240.38 | 1.58 +0.13 ---

results for B, — K™~ channels are in very good agreement with the experimental
data given by LHCb [170] and also fall within the range given by LFQM [147] and
LCSR [7] results. However, the results slightly deviates from the range given by
RQM [4] approach. Computation of other physical observables like forward-backward
asymmetry and longitudinal polarization will be discussed in next chapter for By —

K™~ semileptonic decays.

3.4.2 Result and Discussion for B, — Dg*)_ Channels

Using the framework described in Sec. 3.2, we have obtained the results for the
form factors, differential branching fraction and branching fraction for By — Dy~
channels. For By, — Dy~ channels, the matrix elements in terms of form factors are
given by Eq. (3.6) — (3.8). Propagation of the uncertainty in the calculation of form
factor for semileptonic BY — D!~ channel is given in Fig. 3.4. Form factors with
associated double-pole parameters for BY — Dg*)_ channels are calculated and given

in Tab. 3.5. Comparison of the calculated form factor at maximum recoil with other

theoretical approaches are given in Tab. 3.6.

The transition form factor has been computed in the entire ¢ range using model pa-
rameters within the framework of CCQM. Calculated form factors have been compared

with other theoretical approaches like relativistic quark model (RQM), perturbative
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Table 3.5: Form factors and double pole parameters for B, — Dg*% transitions

F F(0) b F F(0) a b
FB=Ds 10.77040.066 | 0.837 | 0.077 | FP=P= | -0.35540.029 | 0.855 | 0.083
Bs—D* Bs—D*

AP 7P 0.63040.025 | 0.972 | 0.092 | A% | 10.75640.031 | 1.001 | 0.116
AJTP | 1.56420.065 | 0.442 | -0.178 | VB=D: | 0.743£0.030 | 1.010 | 0.118

Table 3.6: Comparison of the form factors at maximum recoil F'(0) with other theo-
retical approaches

F,.(0) V(0) Ao(0) A1(0) A;(0)
Present | 0.77040.066 | 0.743+0.030 | 0.71940.070 | 0.681=£0.065 | 0.63040.025
RQM [149] | 0.74£0.02 | 0.95£0.02 | 0.67£0.01 | 0.70£0.01 | 0.75+0.02
PQCD [142] | 0.5240.10 | 0.64£0.12 | 0.4840.09 | 0.5040.09 | 0.5340.11
QCDSR [146] | 0.740.1 0.63+0.05 | 0.524+0.06 | 0.62+0.1 | 0.7540.07
LFQM [148] - 0.7479% 0.631904 0.611901 0.591901
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F(g?) for By - D,* transition
FY(g°) for By - D" transition

T F(q?) for B - D transition
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Figure 3.4: Form factor for By — D™ transitions
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Figure 3.5: Differential decay rates for B, — D™ transitions

QCD (pQCD), light front quark model (LFQM) and QCD sum rules (QCDSR). Re-
sults show good match with RQM [149] other than V(0), where as the results show
very good agreement with LFQM [148] approach. Results deviate slightly more in
comparison with pQCD [142]. Now employing the calculated transition form factors,
differential decay rates given by Eq. (3.11) for semileptonic decay are computed.
Normalized differential distribution for B, — Dg*) channel has been plotted for muon
and tau mode in Fig. 3.6. It is important to note here that the normalization is
achieved using the total decay rate for muon mode. The spread in the plot of Fig.
3.5 point towards the propagated uncertainty arises solely from the uncertainties in
calculated form factors. Normalized differential decay rates have been measured re-
cently by LHCD [1] collaboration and later on by HPQCD [141] collaboration in terms
of hadronic recoil parameter w for By — Dﬁ*)quuu channel. HPQCD collaboration
has also provided the result for branching fraction for the same channel [141]. To

present, proper comparison with LHCb and lattice simulation, we have also computed
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our result in terms of w, which is achieved by transforming the momentum transfer

squared ¢* in terms of w using the relation [141]

2 2 9
w = 1Bs T Mper — 4 (3.16)

277133 mps*

Normalized differential decay rates in terms of recoil parameters have been plotted in
Fig. 3.6 along with the recent results from LHCb data [139] and it is evident that
our results are in very good agreement with LHCb data. Comparison of normalized
decay rates in terms of small recoil parameter bins with lattice QCD and LHCb data
has been tabulated in Tab. 3.7. Our results are in good agreement with each bins as

well.

Further semileptonic branching fraction is calculated by integrating the differential
branching fractions and is compared with LHCb along with other theoretical ap-
proaches and it is observed that our results are well within the uncertainty presented
in LFQM results [147], however our results overshoot in comparison with RQM [149]
and pQCD [142] results for ¢ = e or p mode. For ¢ = 7, our results match well with
and are within uncertainty predicted by pQCD results. Uncertainty in branching

fraction arises mainly due to the uncertainty in form factor which is transported to

Table 3.7: Normalized decay rates in terms of w bins in comparison with LQCD and
LHCD data.

w bin Present LQCD [141] LHCD [1]

1.0 - 1.1087 0.183 =+ 0.019 0.187 (11) 0.183 (12)
1.1087 - 1.1688 0.146 £ 0.015 0.1507 (60) 0.144 (84)
1.1688 - 1.2212 0.133 = 0.019 0.1371 (38) 0.148 (76)
1.2212 - 1.2717 0.127 £ 0.018 0.1296 (24) 0.128 (77)
1.2717 - 1.3226 0.123 = 0.018 0.1230 (26) 0.117 (69)
1.3226 - 1.3814 0.130 £ 0.020 0.1275 (54) 0.122 (62)
1.3814 - 1.4667 0.157 + 0.026 0.145 (15) 0.158 (93)
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dr
E(Bs - D.Y*N+Vu)/r(B.v - sz/l+V,u)
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Figure 3.6: Normalized differential decay rates as a function of recoil parameter Eq.
(3.16) for By — Diu*v, along with LHCb data [1]

Table 3.8: Branching fraction for B, — D{”)~ transitions (in %)

Channel Present | RQM [149] | LFQM [147] | LFQM [148] | pQCD [142] LHCbD [139]
BY = Dietv, [280£050( 21£02 | 2454027 --- 184577 ---
B) = D;pty, |288 4049  --- - - - 249 £ 0.12 £ 0.14 £ 0.16
BY = D;7%v, [0.78 £0.15]0.62 = 0.05 | 0.733 £ 0.081 - 0.637015 ---
BY = D ety [642£067| 5305 | 6.05 % 0.67 .- 4424157 -
BY = D ptv, |6.39 £ 067 --- .- 5.2706 - 5.38 4 0.25  0.46 % 0.30
BY— D7ty |1534£015| 1.34+£01 | 1.51 +£0.17 13503 1207526 ---

branching fraction. Propagation of uncertainty is explained in detail in Sec. 3.3. The
comparison of computed branching fraction with other theoretical approaches as well
as with LHCDb data for By, — Dg*)fw is displayed in Tab. 3.8. The differences in
the result mainly arise due to the difference between the values of form factor used in
RQM, pQCD and in our computations. It is important to emphasize that our result
for BY — D~ ptv, channel are within the uncertainty predicted by LHCb collabora-
tion [139]. We have also computed the ratio of decay width of the tau channel to the
muon channel as a probe for lepton flavor universality (LFU) which are tabulated in
Tab. 3.9. It shows that our result agree with LHCb and recent lattice data very well.
Our results also match well with the R(D}) and R(.J/v) results calculated using the

model given in Ref. [176,177]. The most precise result for the ratio of decay widths
is given by Belle Collaboration and the results are R(D)=0.307£0.0374+0.016 and
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Table 3.9: Ratio of semileptonic decay widths with heavy quark expansion (HQE),
LHCb and Lattic QCD data

I'(BY=Ds 1tvr)

I(BY=D: r+u,)

D(BY Dy ytv)

Ratio R(Ds) = 53 pmmwn | B09) = S5 T(B>D: itv,)

Present 0.271-£0.069 0.240-£0.034 0.451-£0.096
HQE [144] 0.2971+0.0034 0.2472+0.0077 -
pQCD [142] 0.34170:52 0.27179:015 ---

LQCD [140,141]

LHCb [139)]

0.2993(46)

0.2442(79)101(35) ar

0.429(43) 101t (4) s

0.464+0.013+0.043

R(D*)=0.28340.0184+0.014 [178]. It is also important to keep in mind that results
on R(D?) calculated using CCQM are well within the uncertainty range presented
by Belle Collaboration [178], whereas the mean value without considering the un-
certainty is lower by 16% than the Belle results. Our results for the ratio of decay
width of By — D and By — D} for muon channel match well with LHCb and lattice
data. This work has already been published in [179]. Results of other observables for

B, — Dg*)_ semileptonic decay will be discussed in the next chapter.

3.5 b— d¢"¢ Transition

With the announcement of experimental results, the role of flavor changing neu-
tral current (FCNC) decay b — s has gathered a lot of importance in the search
of New Physics(NP) as well as a probe to test the predictions of standard model
(SM). Experimental results for B — K®{*¢~ and B — D®{*y, [180-185] decay
have been observed to violate lepton flavor universality (LFU) on the account of de-
viation from the standard model predictions [186-192]. Another important probe
could be the b — d¢*¢~ decay as same FCNC scenario is followed in this decay at
quark level [193,194]. As within SM the branching fraction for b — d¢*{~ is sup-
%

pressed by a factor of |Viq/Vis|?, b — d¢* ¢~ decay is not much explored as compared

to b — s{t{~ processes. These transitions were first observed by LHCb for the

channel B* — 7tpuTpu~ [42] and in A) — putp~ [195]). Recently, the evidence for
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B? — K*u*p~ channel has been published by LHCb with the significance of 3.4¢

which is given by
B(BY = 7tputp™) = (1.83 4 0.24 + 0.05) x 1078

B(B? — K*(892)°u™u™) = (294+1.0+0.3+0.3) x 107®

Recently the Belle collaboration has also reported the branching fraction for the BT —
7tr~ 0T ¢~ channel [44]. Details for several theoretical studies investigating the b — d
transition is given in Sec. 1.1. On top of that, form factors for B — =, p, K*) channel
were calculated using LCSR [7,9,47-51,175]. Semileptonic form factors obtained
using Lattice calculations are reported in [52-54]. The important ratio for the probe
of New Physics(NP) beyond the standard model could be the ratio of b — s{T¢~ to
b — d{T{~ as it tests the flavor dynamics of the interactions involved and allows to
look for minimum flavor violation [196,197]. This ratio was experimentally calculated
at LHCb collaboration for the channel B* — 7t and B™ — KT [42]. The ratio of
branching fraction for channels B? — K*(892)° and B — K*(892)° was calculated

along with two body decays of B; meson [198].

Here, the rare decay associated with b — d transition for channels B+ — (740 p+©) ) ¢+¢~
and BY — K™+~ where £ = e, 1, T has been investigated using CCQM within the
framework of the standard model, where form factors are calculated in the entire ¢
range. Various physical observables like branching fraction, forward-backward asym-
metry, longitudinal polarization and few angular observables are computed using form
factors. We have also computed the ratios of branching fraction for b — s to b — d
decays. We provide the comparison of our calculated result with results from other

theoretical approaches and available theoretical results.
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Table 3.10: Masses, total widths and dilepton decay widths of vector resonance states

[12]
State Mass (MeV) 'y (MeV) B(V — t(7)
p 775.26 147.8 4.63 x 107
w 785.65 8.49 7.38 x 107°
10) 1.019 4.249 2.94 x 10~*
J/ 3096.900 92.9 x1073 5.96 x 1072
»(29) 3686.10 204 x 103 7.96 x 1072

3.5.1 Effective Hamiltonian

The effective Hamiltonian for rare b — d¢* ¢~ decay can be written in terms of operator

product expansion as [13,199,200]

. er 10 ) 2 .
HfF = =5 ViV | 2 GO + 05 3_ Ciwlow) = O] (317)
i=1 i=1
where A\, = ‘f//‘%, C; denotes the Wilson coefficients and O; are the set of local
tb 't

operators. For b — d¢*/~ transition, the local operators within the framework of SM

can be defined as [13,200].

Ollt = (JalfYNPLuaz)(aaszMPLbal)7 Og = (JVMPLu)(ﬂquPLb)a

0, = (dafVMPLCaz)(Eaz'YuPme)v Oy = (d’VMPLC)(EVMPLb)>

O3 = (dy"Prb) 3_ (qvuPLa), O = (day V" Prbay) 3o (GarVuPra, )
(3.18)

(95 - (d’)/ﬂPLb) Zq(q’)/uPRQL OG = (du,lfYHPLba,z) ZQ(Q(zzfy/LPRq:l,l)v

07 = w%mb (dO’I'WPRb)FH,,, Og = w%mb (dalU“VPRTaIGQbaz)GHW

Oy = 1z (A Pub) ((,0). Or0 = 1oz (d# PLb) (Py,750).

1672
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Table 3.11: Values of the input parameters [13] and SM Wilson coefficients [14]. Values
of masses are in GeV

my SiIl2 ‘9W Oé(Mz) M my My 010 Cg

80.41 | 0.2313 | 1/128.94| 1.27 4.68 173.3 | —4.410 | 4.232

Cy Co | (%) | Cu(%) | C5(%) | Cs(%) | C5 Cs

—0.175 | 1.076 1.258 | =3.279 | 1.112 | —=3.634 | —0.302 | —0.148

Here Gy, and F), describe gluon and photon field strengths respectively. aq,aq are
color indices and T,,,, serves as the generator for SU(3) color group. ay,ay are
not mentioned for color singlet currents. P p are the projection operators and re-
normalization scale factor is chosen to be p. O; 5 are current-current, Oz g are QCD
penguin, O g are dipole and Og ;¢ are semileptonic electroweak penguin operators.
In order to distinguish QCD quark masses from constituent quark masses we use bar
symbol for QCD quark masses. The matrix-element for b — d¢*¢~ transition can be
written as [199,200]

M(b— ditl7) = @ t’ng{CSH(JA/,,,PLZ))(Z’WE) + Cho(dry, PLb) (£y"50)

var (3.19)

2m - _
2 i, i) wa}

where the effective Wilson coefficients are given by [2,201]

. (my 14/23
O (1) 207(,L)+m3{3 (ﬁ) (G () — 0.1687] —0.0302(@} (3.20)

with z, = m?/m?, and

r(2? —bzy —2)  32%n zy

Gile) =—m=1F T im o

The correction in the four-quark operator O}, and O;_¢ in Eq. (3.17) is contained
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by C§% () and which can be written as [2,201-208]
Cs" (1) = & + [VigVidla, (3.21)

where

1
& = Cy + Coh (., 8) — 5h(l, 8)(4C5 4+ 40, + 3C5 + Cs)

) 5 (3.22)
—§h(0, 5)(C5 4 3Cy) + 5(303 + Oy +3C5 + Cp)
€ = [heff(mc, 8) — h* (1, g)} (3C) + Cb) (3.23)

where Cy = 3C 4+ Cy + 3C3 + Cy + 3C5 + Cg and the quark-loop function is given by

(ln ﬁm‘—iw» fora:z%g
P 8. 8 B
h(mg, 8) = —§lnmq+2—7+§x—§(2+x)]1—:L’|1/2
2 arctan \/%, for x = @
and
8 4 4
h(O,é) = 2—7—§1n§—|—9m,

further the functions,

+ —
P (0 8) = h(ed) + o ) my BV = 8Ty

2 2 2 _ 2 ’
Co v _spmts).. v ¢ —imvlv
. o 3 myB(V — (+67)Ty
R (i, §) = h(i, 3.24
(15 8) (1, 8) + 20 > > Ty (3.24)

ms= —
V:po W, v

where 1, = m,/mi, § = ¢*°/m?. The Eq. (3.24) contains terms which describes
vector resonances, nonresonant contribution is obtained by omitting those terms. The
inputs for mass, total decay width and dilepton branching fractions are taken from
PDG [12] which are displayed in Tab. 3.10 The value of = mppole is used for the
renormalization scale. The next-to-leading order SM Wilson coefficients are employed
from Ref. [14] at the value of renormalization scale p, = 4.8 GeV. Tab. 3.11 lists all

inputs for the model independent parameters and Wilson coefficients.
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The form factors for By — (, K° p,w® K*°)¢*(~ channel in CCQM formalism is
defined as in Eq. 3.6 — 3.9.

Here quark masses and meson size parameters are fitted with leptonic decay widths,
with experimental data or with data from the lattice simulations and any differences
are treated as the absolute uncertainty. At maximum recoil, the uncertainties are
found to be less than 10%, and these are then transported to calculate form factors.
Updated least square fitting method is performed to obtain the model parameter for
present calculations [176,209,210]. Form factors for By — (m, K, p,w? K*0)(+(~
channels are calculated using the FORTRAN and Mathematica code using the model
parameters defined in Tab. 2.2. Computed form factors are given in Fig. 3.7. Double-
pole representation of the Form factors is given by Eq. (3.10). Parameters of double
pole approximation are given in Tab. 3.12 for different decay channels and it is
important to note that the relative error for all the form factors is less than 1% in

entire ¢2 range.

Now using the data for model parameter Tab. 2.2, Wilson coefficients Tab. 3.11 and
form factor Tab. 3.12, the branching fraction for rare b — df¢*¢~ decay has been

computed by integrating Eq. (3.25) over the full ¢* range.

dr(b— dt07) G2 <am’g%d!>2!pzlqzﬁe

B 21 12m?

dq? (27r)3 Hiot (3.25)

where
1 1 1 3
Hyp = 5(71%11 +HT + M+ HP) + du (57‘[}/1 —HF + 57‘&1 —HP + 57‘[?)(3-26)

In what follows, m; = m B and ms is the mass of daughter mesons, 8, = \/ﬁn?/q2 ,
de = 2m3/q* is the helicity flip suppression factor. Hence in the rest frame of Bs),
Ip2| = AY2(m2,m2,¢*)/(2m,) is the momentum of the daughter meson with the
Kallen function A(a, b, c) = a® + b* + ¢* — 2(ab + bc + ca). The bilinear combinations
of the helicity structure function given by Eq. (3.26) for B((g)) — 7, K° decay channels

are defined as [126],
My = 0, r = [Hgl*, 5= [Hl*.
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Table 3.12: Form factors and double pole parameters for B — (, p,w){*{~ transitions

F F(0) a b
Fpom 0.283 + 0.019 1.294 0.349
FBom —0.238 +0.016 1.323 0.374
FBom 0.268 & 0.018 1.292 0.346
ADP 0.227 & 0.018 1.355 0355
AP ~0.240 £ 0.019 1.415 0.404
A 0.319 & 0.026 0.528 —0.295
VB 0.259 & 0.021 1.472 0.452
almr 0.233 4 0.019 1.362 0.360
al™" 0.233 4 0.019 0.575 —0.254
gB et 0.233 +0.019 1.477 0.457
ABTe 0.206 & 0.016 1.390 0.375
AB°—w —0.214 4+ 0.017 1.442 0.417
AP’ 0.288 & 0.023 0.557 —0.325
B —w 0.229 + 0.023 1.504 0.472
B’ 0.206 + 0.017 1.401 0.384
af’ v 0.206 & 0.017 0.618 —0.275
gB e 0.206 & 0.017 1.506 0.472
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Figure 3.7: Form factors for B — (7, p,w) and By — (K, K*) transitions
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Figure 3.8: Differential branching fractions (solid lines - excluding resonances, dashed
lines - including vector resonances) for B — (7, p,w) and Bs — (K, K*) transitions.
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The helicity amplitudes in terms of form factors are expressed as,

i 2m; |p2| i

Hy = \/q_2 FL, (3.27)
i 1 i i

Hyy = —((m% - m%)f+ + (12]:1—)

Ve
and the form factors F% _ for ¢ = 1,2 are related to form factors Eq. (3.6) — (3.9) as

21y
FL = Cfp 4+ Cf R — 3.28
+ g I'+ +0C7 Tml e ( )
2, mi —m3
mi+me @2

]:3_ - 010F+ 5 ]:E:OmF_.

FLo= C"F. - C5"Fy

Similarly, the bilinear combinations of the helicity structure function for B((g)) —

p,w, K*(892)° decay channels are defined as [126],
fHﬁ = |H-i|-1+1|2 +[HL % H = |H(i)0’27 ZSZ = ’HtiO|2

where the helicity amplitudes are expressed via the form factors appearing in the

matrix element of the b — d¢*¢~ rare decay as

1 m|p2

Hi = Pg(—Al + A 2 A 3.29
t0 m1+m2m2\/?( q( 0t +)+q _)7 ( )
i 1 i i
Hyyy = m—1+m2 (—PQAO:I:2m1 !p2|V),
. 1 1 ) )
Hgy = x (=Pg(m} —m3 — ¢*) Ay +4m7 [pa|* AL) .

my + M2 2my+/q?

The relation between form factors A* and V* (i = 1,2) and transition form factors for
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the b — d transition Eq. (3.6) and (3.8) is given in the following manner

Zmb(ml + m2)

v = oty 4oty " : (3.30)
Ay = G Ay + G5 ag —%"(m;f e)

AD = 5T AL 4 O as —me(”?f ),

AD = A+ T (ap — ay) —zmb(n22+ m2) % ,

Ve = OV, AP = O Ao, AD = Cyo As.

After helicity structure functions are defined, we now plot the differential branching
fractions calculated using Eq. 3.25 in Fig. 3.8. By computing numerical integration
of Fig. 3.8, the rare branching fractions are calculated and displayed in Tab. 3.13 —
3.14.

The branching fractions corresponding to b — dv decays are calculated. The differ-

ential branching fractions are defined as [126]

x (Hy + Hy), (3.31)

dq? o (2n)3 27 sin? Oy

dr(b— dvp) G2 (am;‘,\éd!)Q[Dy(xt)r P2 ¢

2
4mB’BS

where z; = m?/m?, and the function D, with ay correction is given by [214]

Du(z) = Do(z) + Z—;Dl (z) (3.32)

with
Do(z) = % (itﬁ + (ix—_S? In :z;) (3.33)

and

2920 — 22 — 423 x4+ 922 — 2% — 2t

Di(z) = ST—r e Inx (3.34)
8+ 4a? + 2* —z* 4 — 2* /m Int
In“z — ——— —
2(1 — )3 (1—ax)2 ), 1-—1
2
+ 8, 200) m( Ly )
ox miy

o1



Table 3.13: Branching fractions of B — (7, p,w) transitions

Channel Nonresonant | Resonant | LCSR [7] | RQM [3,211] Exp. [12]
10°B(B* — 7tete ) | 2.1840.30 | 1.82+0.18 | 1.8970:2 --- <80
10°B(BY — 7tptp~) | 2174030 | 1.81+0.18| 1.8875% 20+£0.2 |1.83+£0.24+0.05[212]
108B(B* — 7t7f77) | 0.53+0.15 |0.41+£0.12 | 0.90701 | 0.70 £0.07 - -
10°B(Bt — 7tup) 0.74 4 0.10 - - - - 1.2+0.1 < 140
10°B(B" — 7%*e™) | 1.0140.14 | 0.84+0.08 | 0.87701} --- <84
10°B(B® — nutp™) | 1.014£0.14 | 0.84+0.08| 0.87+)4 --- <6.9
108B(B° — 7%7%77) | 0.244+0.07 |0.19+0.06 | 0.41 £ 0.06 - - -
107"B(B° — 7'vp) 0.34 4 0.05 --- --- --- <90
108B(B* — ptete™) | 4.824+2.39 |3.70+1.34| 4.0+0.4 --- .-
108B(B* — ptutp~) | 4.05+1.45 |2.94+0.94| 3.9+04 44405 - -
108B(B* — ptrtr7) | 0.634+0.14 |0.4340.09 | 0.40£0.04 | 0.75+0.08 -
10'B(B* — ptup) 1.4540.38 - - 2.940.3 < 300
107B(B* — pty) 8.55 4+ 1.38 - - 13.87}% --- 9.84+25
108B(B — plete™) | 2.214+1.09 |1.70+0.61 | 1.9+0.2 - - -
108B(B° — p'utp ) | 1.8640.66 |1.354+0.43 | 1.8+0.2 .- -
108B(B° — p'7777) | 0.2940.06 | 0.204+0.04 | 0.2+ 0.02 .- -
10'B(B° — p'vi) 0.67 +£0.18 - - - - - < 400
107B(B° — p%v) 3.96 + 0.64 --- 6.440.7 --- ---
103B(B° — wete™) 1.854+0.89 |[1.414+£059| 1.340.1 --- - -
103B(B° — wptp™) | 1.574£0.55 | 1144044 | 1.240.1 --- - -
103B(B° — wrtr™) | 0.2540.05 | 0.18 +0.03 | 0.1340.01 --- ---
10"B(B° — wui) 0.56 £ 0.15 --- --- --- < 400
7 0 52 +0.6
107B(BY — wy) 3.11 4+ 0.50 - - 5.870% - - -




Table 3.14: Branching fractions of B; — K/K* transitions

Channel Nonresonant | Resonant | LCSR [7] | RQM [3,211] Exp.

108B(B" — K*(392)%e™) |3.91+1.47 [2.9540.80| 4.0+ 0.4 - -
108B(B° — K*(892)°utp) | 3.324£0.94 2364057 38403 | 42404 [29+1.0+0.240.3 [213]
108B(B° — K*(392)°777) | 0.53 £ 0.10 |0.37 4 0.06 | 0.50 & 0.04 | 0.75 = 0.08 -

10'B(BY — K*(892)°vp) | 1.19£0.25 --- --- .- .-

107B(BY — K*(892)") 6.66 + 0.96 - 120775 | 3.0+03 .-
10°B(B? — K'*e™) 1.65+£0.21 [1.35£0.12] 1.99703 - ---
10°B(BY — K utp~) 1644021 [1.3540.12] 1.9902% | 22402 .-
10°B(B? — K1) 0.39+0.09 |0.3040.08 | 0.74 4 0.07 | 0.55 +0.06 .-
10'B(BY — Kvp) 0.55 4 0.07 --- --- 1.414£0.14 ---

The associated bilinear helicity combinations for the channels B((g)) — 7, K° can be

expressed as
Hy = |Hol?, Hy =0 (3.35)

with

om
Hy = Ma. (3.36)

s

Similarly, the bilinear helicity combinations for the channels B((g)) — p,w, K*(892)°

can be written as

Hy = |Hpml? + | Ho Hy, = |Hool*. (3.37)
with
Hirer = —  (“Pg Ao+ 2my [pa| V) (3.38)
+1+1 = L+ q Ap 1|P2 ) .
1 1
H()O = X (—Pq(mf—mg—qz)A0+4m%|p2|2A+)

my + ma 2mgy/q?

To compute the branching fraction defined in Eq. (3.31), the required values of form
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factors (Fy, Ao+ — and V) defined in Eq. (3.36) and (3.39) are taken from Tab. 3.12.
Finally, the radiative decay width B((S)) — (p,w, K*(892)°)y has been computed using

the relation

G%al‘éb‘/}’élz _ 2

[ * m2 3 .
1

(
(

where, « is the electromagnetic coupling constant (Tab. 3.11).

3.5.2 Results and Discussion

Using the model parameters in Tab. 2.2, we calculate the transition form factors given
in Eq. (3.6) — (3.8) in the entire range of momentum transfer and depicted in Fig.
3.7. A superscript € is used to differentiate them from our regular form factors. Those

relations are given by

2

q
Iy = F —_— 3.39
0 + + TT?/% - 777% ) ( )
Ay = MA% Ay = AS,
my — Mg
2
Al = —mQ(";12+ ) (4 — A7),V =V,
g = TQC7 g = Tlcv
q2
= Ty + ——=T%. 3.40
a+ 2 + m% _ m% 3 ( )

Additionally, we also note that the form factors Eq. (3.40) satisfy the constraints

A5(0) = A3(0) (3.41)

2maAS(q?) = (1 +m2) A5(a?) — (my — m2) A5 (e?).

Since ag(0) = a4 (0) = g(0), we present the form factors A§(0) = (m; — mg)[Ae(0) —
A1(0)]/(2m2), A7(0) = Ao(0)(m1 —ma)/(my +ms), A5(0) = A1(0), T (0) = g(0) and
T5(0) = lim 2 _,o(m} —m3)(ay — ag)/q* obtained in our model and compare them with
those from other approaches. Here the superscript is omitted for simplification and

we will also not use it while comparing with other approaches.
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Table 3.15: Form factor for B — 7 transitions at maximum recoil

Theory B—r
J+0(0) J7(0)
Present 0.283 + 0.019 0.268 + 0.018
LCSR [47] 0.280 0.260
LCSR [7] 0.28579:916 0.2671501
LCSR [48] 0.301 + 0.023 0.273 4+ 0.021
LCSR [49] 0.21 £ 0.07 -
SUSY [5] 0.258 -
pQCD [2] 0261392 +0.03 £ 0.02 0.2673:92 +0.03 £ 0.02
pQCD [14] --- R
SCET [167] 0.247 0.253
RQM [3,4] 0.217 + 0.011 0.240 =+ 0.012
CQM [6] 0.29 0.28
LFQM [8] 0.25 .
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Figure 3.9: Form factors comparision for B — 7 (left) and By — K (right) transitions
with pQCD [2], RQM [3,4], SUSY [5], CQM [6], LCSR [7], LFQM [8].
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Figure 3.10: Form factors comparision for B — p (left), B — w (middle) and B, —
K*(892) (right) transitions with RQM [3,4], LCSR [9], CQM [6] and LFQM [8, 10].

o7



Table 3.16: Form factors for B — p transitions at maximum recoil

V(0) Ao(0) Ai(0) A5(0) Ti2(0) T3(0)
Present 0.259 +0.021 | 0.266 +0.013 | 0.238 +£0.019 | 0.227 £ 0.018 | 0.233 £0.019 | 0.179 +0.014
LCSR [7] | 0.289 +0.016 .- 0.2324003 | 0187931 1 0.256 +0.015 | 0.175 +0.010
LCSR [9] 0.323 0.303 0.242 0.221 0.267 0.176
LCSR [175] | 0.327 £0.031 | 0.356 = 0.042 | 0.262 £ 0.026 | 0.297 £ 0.035 | 0.272 £ 0.026 | 0.747 4+ 0.076
LCSR [49] 0.27+£0.14 --- --- 0.19+0.11 0.24 +0.12 ---
pQCD [169] | 0.21705 003 | 0.25%005%00s | 0.167005700z | 01370057001 | 0197054 0w | 01770037002
SCET [167] 0.298 0.260 0.227 0.215 0.260 0.184
RQM [3] 0.295 £ 0.015 | 0.231 £0.012 | 0.269 £0.014 | 0.282 £ 0.014 | 0.290 £ 0.015 | 0.124 + 0.007
CQM 6] 0.31 0.30 0.26 0.24 0.27 0.19
LFQM [10] | 0.35%01 %005 | 0-307057008 | 0277001 001 | 0-25755617 661 === - o
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Figure 3.11: Form factors comparision for B — p (left), B — w (middle) and B, —

K*(892) (right) transitions with RQM [3,4], LCSR [9] and CQM [6].
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Figure 3.12: Form factor for B — 7 and By — K transitions (obtained in CCQM
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UKQCD collaboration [11]).
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A brief comparison of our calculated form factors with the light cone sum rules
(LCSR), perturbative QCD (pQCD), supersymmetry (SUSY), relativistic quark model
(RQM), soft collinear effective field theory (SCET), constituent quark models (CQM)
and light front quark model (LFQM) is given in Tab. 3.15 — 3.3. Form factors are
calculated at the maximum recoil value (¢*=0). Our form factors are in very good
agreement with LCSR [7,47], perturbative QCD [2] and CQM [6] for B — 7 channel,
where as our form factors underestimate the LCSR and CQM results but are closer
with the pQCD prediction [14] for B? — K° channel. For pQCD Ref. [14], the form

factors are calculated in perturbative QCD framework using the inputs from LQCD.

Similarly, in Tab. 3.16 and Tab. 3.17 — 3.3 we present B — p, B — w and
BY — K*(982)° transition form factors. Our results are in good agreement with
the LCSR results. For B? — K*(982)° channel, our form factors are also in good

agreement with the pQCD approach [14].

Further, the form factors are also compared in the entire physical range of momentum
transfer 0 < ¢* < ¢, = (mp,, — mpyv)?. Fig. 3.9 - 3.11, provide the ¢* dependency
of form factors in comparison with different approaches. In Fig. 3.9, the form factor
comparison of B — 7 and BY — K channels along with different theoretical ap-

proaches are given. It is important to note here that the form factor Fy(¢?) is related

Table 3.17: Form factors for 3 — w transitions at maximum recoil

V(0) Ao(0) A1(0) As(0) T1,5(0) T3(0)
Present 0.229 + 0.023 | 0.236 £ 0.011 | 0.214 4 0.017 | 0.206 % 0.016 | 0.206 = 0.017 | 0.158 & 0.013
LCSR [7] 0.26810-012 - 0.214%9015 | 017070010 | 0.2377001 | 0.160 £ 0.009
LCSR [9] 0.293 0.281 0.219 0.198 0.242 0.155
LCSR [175] | 0.304 # 0.038 | 0.328 £ 0.048 | 0.243 & 0.031 | 0.270 4 0.040 | 0.251 + 0.031 | 0.683 = 0.090
PQCD [169] | 0.19%G 506 | 0237505063 | 01570637601 | 0-127G5700¢ | 01875017665 | 0-1570637003
SCET [167] 0.275 0.240 0.209 0.198 0.239 0.168
LFQM 8] 0.27 0.28 4 0.01 0.23 0.21 - -
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Table 3.18: Comparison of form factors at higher ¢* values with LQCD (data from
Table VI of Ref. [11]) for B — K and B — 7 channels

Channel q> F.(¢%) Fo(q?)
GeV? Present LQCD Present LQCD
17.6 0.84 +0.05 0.99 £+ 0.06 0.40 £ 0.03 0.48 +0.03
B, - K 20.8 1.22 +0.05 1.64 + 0.09 0.45 £+ 0.03 0.63 +0.04
23.4 1.81 +0.11 2.77 £ 0.15 0.50 £0.03 0.81 £0.05
19.0 1.01 +0.07 1.21 £0.13 0.41 +£0.03 0.46 4+ 0.06
B—nm 22.6 1.57 4 0.010 2.27+£0.19 0.45 £ 0.03 0.68 £+ 0.06
25.1 2.40 £ 0.16 4.11 £0.59 0.48 +£0.03 0.92 + 0.07
with F (¢*) and F_(q?) of Eq. (3.6) and (3.7) via
e
R(q®) = Fi(¢®)+ mF—(QQ) (3.42)

Our results show a fair match with other approaches for ¢*> < 15 GeV? for both the
channels. Tt is also evident that our form factors I, ¢(¢?) are in close resemblance
with the form factors calculated using LFQM [8,10] and our form factors Fy1(q?) are

also in close resembles with CQM [6].

Fig. 3.10 — 3.11 provide the form factor comparison for the channels B — p, B® — w
and B? — K*(892)° and it is seen that the form factors V(¢?) and Ag2(¢?) show
good agreement with other theoretical predictions for the whole ¢? range. Our results

are also matching well for the form factors T} 23(¢?) with other approaches.

Our comparison of the results of form factors for the channels B — © and B? — K°
with LQCD from RBC and UKQCD collaborations [11] at higher ¢* values is given
in Tab. 3.18. Our result match well with LQCD predictions for intermediate ¢>
range, but systematically lowers down as ¢* — ¢2,.. Ref. [11] uses domain-wall light
quarks and relativistic b - quarks formalism to calculate the vector and scalar form
factors for B — 7fv, and By, — K/{v, in LQCD at three ¢ ranges. It is interesting
to note that similar trend is observed for both B? — K*(892)° (Tab. 3.19) and for
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D — (7, K) form factors in [216-218] when compared with LQCD predictions from
ETM collaboration. However, the tensor form factor shows very good agreement with
the ETM collaboration. In Fig. 3.12, the form factors comparison for the channels
B — 7 and B? — K° with LQCD predictions [11] are given. We also present the
spread of our form factors in the whole ¢? range corresponding to the uncertainties in
the fitting parameters. Similar spread can also be obtained for the vector meson form

factors.

All model dependent and independent parameters along with the form factors are

taken into account to compute the branching fractions using Eq. (3.25). Our results

Table 3.19: Comparison of form factors at higher ¢* (in GeV?) values with LQCD [15]
for By — K*(892) channel

F(q?) ¢ =12 ¢* =16 7* = Gax
V(g?) Present 0.56 = 0.04 0.85 = 0.06 1.50 + 0.10
LQCD 0.56 (9) 1.02 (8) 1.99 (13)
Ao(q?) Present 0.52 £0.06 0.79 £ 0.09 1.41+£0.13
LQCD 0.84 (9) 1.33 (8) 2.38 (16)
Ai(q?) Present 0.31 £0.02 0.38£0.03 0.51+0.03
LQCD 0.37 (3) 0.45 (3) 0.58 (3)
As(q?) Present 0.45+0.03 0.65 £+ 0.04 1.08 £0.07
LQCD 0.46 (3) 0.60 (5) 0.85 (12)
Ti(q%) Present 0.48£0.03 0.73£0.05 1.30 £ 0.09
LQCD 0.61 (4) 0.90 (6) 1.48 (10)
Ty (q?) Present 0.31 +0.02 0.39 +0.03 0.52 +0.04
LQCD 0.39 (3) 0.47 (3) 0.60 (3)
Ts(q?) Present 0.32£0.04 0.47 £0.05 0.80 £ 0.06
LQCD 0.43 (4) 0.67 (5) 1.10 (7)
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Table 3.20: Partial branching fractions for BT — 7t utu~

in Unit of 107

¢° bin Nonresonant | Resonant | LQCD [215] | LCSR [50]
[0.05,2.0] | 2.37+£0.33 |3.62+0.43 - 2.491030
[0.1,2.0] 2.3240.33 | 3.58 4 0.42 1.81 .
2.0,4.0] 2.50+0.35 | 2.81+0.40 1.92 1.56+0:09
[4.0,6.0] 2.544+0.35 | 2.884£0.41 1.91 1.39701¢
[6.0,8.0] 2.65+0.37 | 3.20£0.45 1.89 1.28%0:33
(15, 17] 1484021 |1.41+0.19 1.69 .
[17.19] 1204017 | 1.10£0.17
[19, 22] 1.2340.17 | 1.12+0.17 1.84 o
(22, 25] 0.5240.07 | 0.48 4 0.07 1.07 o
[1.0,6.0] 6.28 +£0.89 | 7.66 + 1.06 4.78 1.6870:1¢
[15,22] 3.9040.54 | 3.62 4 0.50 5.05 o
[4m2, ¢2,..) | 21.73 £ 3.04 - 20.4 -
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with and without resonant counterparts from the charmed (J/¢ and (2S5)) and
charmless (p,w and ¢) vector meson resonances are also calculated. We avoid the
¢* range close to the ¢* = m? 1y and ¢ = mfl}(QS) for the computation of resonant
branching fractions, as experimental analysis also excludes these resonance regions.
The experimentally vetoed regions corresponding to J/i and 1(25) are 8.0 < ¢* <
11.0 GeV? and 12.5 < ¢* < 15.0 GeV?, respectively. It is important to note here that
when we consider the resonances for branching fraction computations, the results
are enhanced by an order or two. Similar observations have also been reported in a
review [194]. We also exclude the experimentally vetoed regions, in order to compare
our results with experimental data. Different treatments are available in the literature
to handle these resonance regions. For example, in Ref. [219], the resonance regions
are smoothed-out by including the next-to-leading order correction in C§T using the
auxiliary functions F; 1(72’9) (¢?) from the ref. [220]. In Tab. 3.20, our results of branching
fractions for B* — 7t u*u~ in narrow ¢? bins are compared with LQCD and LCSR
results and our results are notably on higher side. It should also be noted that the
results from most of the theory attempts are systematically higher than LHCb data
in the narrow ¢* bins [198]. Our results of rare decays of B and B® mesons are
compared with theoretical approaches viz. LCSR [7] and RQM [4] in Tab. 3.13. Note
that the results presented in Refs. [4,7] correspond to the non-resonant contributions.
LHCb collaboration has provided the branching fractions for BT — 7+u*u~ and our
resonant result is lower than LHCb data. For the other channels, only the upper
bounds are provided in PDG. Further, our results match with the upper limit of
Belle [43] and BABAR [221,222] collaborations results for B® — 7% ¢~ with { = e

and g channel. The experimental data is not reported for B* — p™¢*(~ and B° —

Table 3.21: Ratios of the Branching fractions

Ratio Unit Present Data
B(BT —ntutu~ _
PR 102 3.02 4 0.42 534 1.4+ 0.1 [42]
BB ppin) 1072 319+ 1.14 -

B(BTSEK*(892) T it i)

B(BY— K*(892)%utu—) —2
gy T 10 2.6140.74 33+1.14£0.3+0.2 [213]
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(p°,w)€* (= channels. For the B*® — (p*© w)vi channels, our results are well
within the upper limit of PDG data. For the channel B? — K*(892)°u*pu~ (Tab.
3.14), our results are within the range predicted in the LHCb data and experimental
results are unavailable for the other rare By decay. Muon channel to electron channel
ratio for BY — 77 and B° — 7¥ tends to be 1, whereas for the B+ — (p*(© ),
our calculated ratio turns out to be 0.85. However, if the uncertainties in form factors
are transported to corresponding branching fractions, the ratio approaches unity. The
non-resonant branching fractions corresponding to Bt — (77, p™)¢T(~ for { = ¢, p
are in good agreement with the LCSR and p channel of RQM results, whereas for
BY channels, the calculated results are systematically lower than both LCSR and
RQM results. Our results agrees well with the uncertainties of LCSR for the B° —
(7, p°, w)T ¢~ and BT — pTr77~ channels. Further the radiative decays have also
been computed and it is evident that the calculated results on B(B*T — p*+) matches
well with the results reported by LHCb. Our results on B(B? — K*(892)%y) are also
within the uncertainty window of LHCb data but disagree with the RQM and LCSR

results.

Rare decays corresponding the b — s transitions was also studied in great details
employing CCQM in [210,223] by Dubnicka et al. In these articles the branching
fractions for B — K®¢t¢= and B, — o0t~ for £ = e, i, 7 is computed. Taking
the inputs from these papers, we compute the ratios of b — s to b — d rare decays
and they are tabulated in Tab. 3.21. It is important to highlight that the calcu-
lated ratios are within the range predicted by the LHCb data except for the ratio
B(BT — wntutp)/B(BT — K*tputpu~) where our result underestimate the LHCb
data. We have also calculated few physical observables like forward-backward asym-
metry, longitudinal and transverse polarization. This work was published in [224].
The detailed calculation technique and results for other observables will be discussed

in the next chapter.
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