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Abstract

Flavor physics is the study of quark “flavors” and their interactions involving
change of one type of flavor to another type of flavor. It is known that, histori-
cally, the study of flavor physics has played a key role in the development of the
Standard Model (SM) of particle physics. The recent discovery of the last miss-
ing piece, the Higgs boson, in the first run of the Large Hadron Collider (LHC)
marks the completion of the SM. The SM has been exceptionally successful in
explaining the experimental data collected so far. However, there are many ex-
perimental measurements which point towards the existence of physics beyond
the SM. Therefore, it is natural to consider SM as the low-energy limit of a more
general theory above the electroweak scale. The next important task is then to
look for hints of the physics beyond the SM. In this endeavour, the study of flavor
physics continues to be an integral part of the searches at the intensity frontier.
The study of flavor physics offers unique possibilities to study the weak inter-
actions operating at the fundamental level governing the decays in conjunction
with the strong forces responsible for keeping the constituents bound in various
colorless hadronic states. In recent years, due to dedicated efforts by the Belle,
BaBar, CDF, and LHCb experiments, a great theoretical understanding of the
flavor dynamics of the SM has been achieved, and severe constraints on the new
physics parameters have been imposed. The rare and flavor changing neutral
current processes of b quark have been quite instrumental and valuable probes of
new physics, thanks to their suppressed nature in the SM and high sensitivity to
the new physics effects.

In this context, the exclusive semileptonic decay B — K*{*T¢~ governed by
the quark-level transition b — s¢™¢~ is one of the most interesting candidates,
which has received great attention, experimentally as well as theoretically. The
analysis of the angular distribution of its four-body final state gives access to a
large number of experimentally accessible observables as a function of invariant
mass squared of the dilepton system (¢?). Interestingly, the LHCb collaboration
has found deviations from the SM predictions in the measurement of angular

observables of B — K*utp~. These measurements are reported in bins of ¢2.
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Particularly, the discrepancy in one of the angular observables, P, in two of low
¢* bins is quite intriguing. However, in order to be certain that the reported
deviations are hints of new physics or artifacts of underestimated theoretical
uncertainties, it is necessary to measure the observables which are as insensitive
to hadronic effects as possible with more precision. In this thesis, we study some of
these “theoretically cleaner” observables which are independent of hadronic form
factors within the heavy quark effective framework. We show that zero crossing
points of observables P., P, and of a new observable, OI;’R, are independent
of form factors, and are functions of short-distance Wilson coefficients in the
considered limit. The zero crossing of O;’R in the standard model coincides with
the zero crossing of the forward-backward asymmetry (Apg) of the lepton pair.
But in the presence of new physics contributions they show different behaviors.
Moreover, we show that there exist relations between the zeros of P., Py, O%R, and
the zero of Apg, which are also independent of hadronic uncertainties. We point
out that precise measurements of these zeros in the near future would provide a
crucial test of the standard model and would be useful in distinguishing between
different possible new physics contributions to the Wilson coefficients. If the
experimental observations are in fact due to NP in b — sf/, then similar effects
must also be seen in other b — s/ transitions involving different hadronic states.
This fact sets the tone for our next work in which we study the semileptonic
baryonic b — s decay, A, — ALT{~. We construct new angular observables
and asymmetries; all of which have zero crossing points in the large ¢* region.
The zeros of proposed observables in the heavy quark and large ¢? limit are
again functions of Wilson coefficients only, and therefore have less sensitivity to
hadronic effects. We discuss the potential of the decay A, — A¢T¢~ in probing
the new physics effects in b — st ¢~ along with the decays B — K®)¢*¢~.

In the second part of the thesis, we present the explanation of some of the
experimentally observed anomalies in the flavor sector within the framework of
left-right symmetric gauge theories motivated by one of the low-energy subgroups
of Fg naturally accommodating leptoquarks. First, we explain the enhanced de-

cay rates of B — D®7v in E; motivated Alternative Left-Right Symmetric



Model. We discuss the constraints from the flavor sector on the couplings in-
volved in explaining the experimental data. We further consider the framework
of Fg motivated Neutral Left-Right Symmetric Model, and give simultaneous ex-
planation for B decay anomalies in B — D™ 7y and B — K{*¢~ together with
the anomalous magnetic moment of the muon, consistent with the constraints
from other flavor data.

In the last part of the thesis, we carry out a detailed study of the effects of
new physics originating from a scalar leptoquark model on the kaon sector. It is
known that kaon decays provide some of the most stringent constraints on vari-
ous extensions of the SM. We consider a simple extension of the SM by a scalar
leptoquark of charge —1/3 with (SU(3)¢, SU(2)L) quantum numbers (3, 1), which
is able to account for the deviations observed in B decays. The leptoquark we
consider is a TeV-scale particle and within the reach of the LHC. We use the ex-
isting experimental data on the several kaon processes including K° — K° mixing,
rare decays K+ — ntvp, K; — 7wvp, the short-distance part of K — utpu~,
and lepton-flavor-violating decay K; — pu*eT to obtain useful constraints on the

model.

Keywords: flavor physics, rare decays, semileptonic B decays, Kaon decays,
baryonic b decay, effective field theory, Wilson coefficients, beyond the Standard
Model, leptoquarks.
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Chapter 1

Introduction

1.1 The Glashow-Weinberg-Salam Model

The Glashow-Weinberg-Salam (GWS) model, also known as the Standard Model
(SM) [1-3], is a theoretical framework which describes how the fundamental con-
stituents of matter—elementary particles—interact with each other through the
strong and electroweak forces. Since its inception in the 1960s, the SM has
withstood the test of time, and has been extremely successful in explaining the
experimental data. It has predicted many particles and phenomena which were
confirmed afterwards in experiments; the Higgs boson being the last missing par-
ticle which was discovered recently in 2012 [4, 5], and therefore completing the
SM. The SM contains in total 17 fundamental degrees of freedom: 12 spin half
elementary particles (fermions), 4 spin-1 particles (gauge bosons), and one scalar
particle, the Higgs boson. All the known matter in the universe is comprised of
fermions, which are further divided as quarks and leptons in the SM. The gauge
bosons: photon (v), weak gauge bosons (W=, Z), and gluon (g), are the carriers
of electromagnetic, weak and strong forces, respectively, through the exchange
of which the fermions interact with each other. The leptons and quarks both
have three families in the SM with the members of the third family being the
heaviest and that of the first family being the lightest. The quarks come in six
“flavors”: up, down, charm, strange, top, and bottom. The quarks do not exist in-

dependently, rather combine together to form two-quark bound states (mesons),

1



2 Chapter 1. Introduction

and three-quark bound states (baryons). The SM Lagrangian is invariant under
the gauge group SU(3)¢ x SU(2);, x U(1)y which spontaneously breaks down to
SU(?))C X U(l)Q,

spontaneous
AN

breaking

where ‘C’ refers to color charge, ‘Q’ refers to electric charge, and ‘Y’ refers to
hypercharge quantum number. The subscript L signifies that generators of SU(2)
act only on left-handed fermions. The matter content of the SM, i.e., leptons and
quarks, are grouped into multiplets of the SM gauge group. The weak interaction
violates parity, and this feature is embedded in the SM by assigning different
quantum numbers to the left- and right-handed part of particles. The left-handed
quarks transform under the SM group (SU(3)c,SU(2)L),, as (3,2)16,

o= () (). (™) (1.1.2)

dy, ST b

/

where ', ¢, t' are called ‘up-type’ quarks and have electric charge +2/3, and
the ‘down-type’ quarks d', ', b’ have electric charge -1/3 in the units of proton
charge. On the other hand, the right-handed quarks transform trivially under
SU(2). The up-type right-handed quarks u;; transform as (3,1)/3, whereas the
down-type right-handed quarks d transform as (3,1)_1/3. Here the subscripts

L and R refer to the left-handed and right-handed projections,

LF s
2

Yr/r = V. (1.1.3)

Similarly, the left-handed leptons transform under the SM group as (1,2)_y s,

b, = : , : (1.1.4)

The right-handed charged leptons e;g transform as (1,1)_;, whereas the neutral
leptons (neutrinos), do not have right-handed part, and therefore are massless in
the SM. The leptons do not have color quantum number as they don’t participate

in strong interaction.



1.1. The Glashow-Weinberg-Salam Model 3

The most general gauge-invariant GWS Lagrangian is comprised of the fol-
lowing parts,

ESM = ‘CFermion + ﬁGauge + ‘CYukawa + ‘CHiggs- (115)

The first term Lgermion contains the kinetic part of the leptons and quarks, and

is given by,
'CFermion — Ezlf}/'upﬂél + qZZ'Y'MDuq17 (116)

with the covariant derivative D,, defined as

@ T Y
— 292Wu§ —ig1—B,, (1.1.7)

A
D, =0, —1g,A 5

"y
where A7 (a =1,2,...,8) are eight gluon fields corresponding to SU(3)c;, W; are
three weak fields corresponding to gauge group SU(2)y,, and B, is the gauge boson
corresponding to U(1)y. The A\* and 7° are the Gell-Mann and Pauli matrices,
the generators of SU(3) and SU(2), respectively. For fermion fields transforming
as singlet under SU(3)¢ and SU(2)y,, the terms containing matrices A\* and 7*
vanish. The parameters g, g2, and g; are the SU(3)¢, SU(2)L, and U(1)y gauge
coupling constants, respectively.
The second term in Eq. (1.1.5), LGauge, contains the gauge part of the model, and
is given by
1 1 « 1

LGange = —ZGg”GZV ~ T, — ZBWBW’

where G* F! and B" are the field strengths of SU(3)¢, SU(2)L, and U(1)y,

(1.1.8)

respectively. In terms of gauge boson fields A7, W, and By, field strengths are
defined as

a a a abc Ab Apc
Go, = 0,A% — 9,A% + g™ AL AC,
F., = 0W,=0,W,+ goe”* WIW}, (1.1.9)

B, = 0.,B,—0,B,.

The third term in Eq. (1.1.5), Lyukawa, describes the interaction of fermions with

the Higgs field (¢), and is given by

Ly =Y qodp + Y Gl + Y liPejr + hc, (1.1.10)
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where Yi?, Y7, and Yzﬁ are the arbitrary Yukawa couplings and ® (= im,®*) is the

charge conjugate to the Higgs field doublet ® (Y = +1),
+
o) (1.1.11)
¢0
The last part of Eq. (1.1.5), Luiggs, is the Lagrangian for the Higgs sector and

describes the interaction of the Higgs with the gauge bosons,

Litiggs = (D, @)1 (D*®) — V(®), (1.1.12)
with V(@) being the self-interaction part,

V(®) = —p20Td + A(DTD)?, (1.1.13)

where ) is a positive number which ensures the vacuum stability, and 2 is chosen
to be positive. The local gauge invariance of the SM forbids to have the mass
terms in the Lgy. The mass generation for the bosons and fermions is achieved
by means of the so-called ‘Higgs mechanism’ [6] which spontaneously breaks the
gauge symmetry SU(2)p, x U(1)y to U(1)q. The Higgs potential is chosen in
such a way that the Higgs field & develops a non-zero vacuum expectation value

(VEV) which respects the conservation of electric charge,

@h:% Z; v = /2N (1.1.14)

It should be noted here that the neutral diagonal generator % of SU(2) and

generator of U(1) acting on scalar VEV give

Y

{0 A0, (@) £0, (1.1.15)

but the combination

2 2

can be identified with the unbroken electromagnetic charge generator @) of U(1)q:

(B+}v<@0:0 (1.1.16)

Q(P)o = 0 implying that the vacuum remains invariant under U(1)q symmetry
and therefore the corresponding gauge boson (photon) is massless. The charge

equation is, then, given by
Y

Q=Ti+ 7, (1.1.17)



1.1. The Glashow-Weinberg-Salam Model 5

where T3 is the third component of weak isospin of SU(2)r..

After spontaneous symmetry breaking (SSB), the fermions and bosons acquire
masses from their interaction terms with the Higgs in Lgy. The masses of gauge
bosons can be obtained by substituting Eq. (1.1.14) in the scalar kinetic term of
Eq. (1.1.12) giving

1 1

WeE.z4 = ZQSUQWWWJ + gUQ <W3 Bu)

(1.1.18)

Therefore the charged gauge bosons I/VujE which are combinations of gauge bosons

1 2 - : )
W, and W corresponding to off-diagonal generators of SU(2)y:

1
+ 1 12
W;:QEMQ¢MQ, (1.1.19)
acquire mass
1

The SSB induces mixing between neutral gauge bosons Wﬁ’ and B, and the

resulting spectrum of neutral gauge bosons has one massive neutral weak boson

A

. _ngu + 92W3

Z, =
NS R

: (1.1.21)

with

1
My = 51}\/95—1—9%. (1.1.22)

while the other neutral gauge boson, identified with photon field A,, remains

massless:

o QQBM+QIW;
n —
V95 + gt

Introducing the weak mixing angle, 6y, also called Weinberg angle, given by

A (1.1.23)

Oy = arctan (ﬂ) : (1.1.24)
92



6 Chapter 1. Introduction

one can rewrite Z,, and A, as

A, = sinfy I/V;:’qtcosﬁw B,

Z, = cosby W} —sinfy B,. (1.1.25)

The charged- and neutral-current interactions of gauge bosons with the fermions
in the SM are described by Eq. (1.1.6). The charged current interaction involving

first generation of family of fermions is given by

£oe = 92 (7eyter + upy*dy) Wi +hee., (1.1.26)

int \/5

whereas the neutral-current interaction part in terms of physical gauge fields Z,,

and A, is given by

LN = eQufor il gomp ft (T = 2Qysin’ Ow) — Tf ] 2,

(1.1.27)

2¢

where sum over repeated indices is implied. The first term corresponds to elec-
tromagnetic current, while the second one corresponds to weak neutral current.
Here, Q)¢ is the charge of fermion f in units of e, and 7. ?f is the third component

of weak isospin of f as discussed in the text earlier.

1.2 Mixing of the quarks and the CKM mecha-
nism

Following the SSB, the mass terms for the quarks can be obtained from the

Lyukawa Dy replacing the Higgs field with its VEV,

ms = —= ME g + —= M2 i d;p + hee., (1.2.1)

\/5 \/5

where the quark fields, v and d;, are written in the flavor eigenstate basis, and
M;;-’d are 3 X 3 generational coupling matrices. In general, these matrices are not
diagonal and contain off-diagonal elements which are responsible for the flavor
violating transitions among quarks. These Yukawa matrices can always be diago-

nalized by means of the biunitary transformations on the fields. The fields in the
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flavor eigenstates and in the mass eigenstates are related through the following

linear transformations,

g = (VL) L., (1.2.2)
i = (VLR)y divr, (1.2.3)

where the unprimed quark fields, u; and d;, correspond to the mass basis. In the

mass basis, by definition, the Yukawa matrices are diagonal, and given by

M., = Vit M v, (1.2.4)
M., = VI M vE, (1.2.5)

The non-trivial implications of the fields transformation from flavor to mass basis

are realized in the Lagrangian containing gauge interaction of the quark fields.

In the mass basis, the weak charged current interaction for the quarks, £5, is
given by,
dr,
92 - -
‘Cgtc = E < ur Cr tr )7” Vexm ST, W: + h.C., (1.2.6)
b

where Voxw is a 3 X 3 unitary matrix which appears as a result of redefining the
quark fields in the mass eigenstate basis, and is the genesis of flavor-violating
quark interactions in the SM. Vg is referred to as the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [7,8], and is defined by,

Vud vus Vub
Voxw = VIVE = Ve Vi, Vi |- (1.2.7)
Vie Vis Vi

1.2.1 Parametrization of the CKM matrix

A general N x N unitary matrix contains N? real-valued parameters. Out of
N? N(N —1)/2 are the Euler angles and the remaining N> — N(N —1)/2 =
N(N + 1)/2 are the phases. However, some of the phases are spurious, and do

not have any physical significance. The spurious phases arise because one has the
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freedom to redefine the fermion fields by a phase,
oy — explia) ¥, a=1,2,....,N. (1.2.8)

By rephasing of the quark fields, one can eliminate (2N — 1) phases from the
Vekm. Therefore the final counting for the physical phases reads

ENONH 1)~ (N~ 1) = S(N— (N - 2). (1.2.9)

Thus, in the two-generation SM, there are no physical phases. A 2 x 2 quark
mixing matrix has only one parameter known as the Cabibbo angle 6 [7]. In the
case of N = 3 generations, the Voxy matrix has four parameters. Of these, three
are the angles and one is the physical phase. This phase is the only source of CP
violation (CPV) in the SM. This mechanism of naturally incorporating the CPV
in the SM via the three-generation quark mixing was first proposed by Kobayashi
and Maskawa in 1973 [8], and is known as the CKM mechanism.

There are various ways to represent the CKM matrix using the four parame-
ters. One of parameterizations of Viekn, also recommended by the Particle Data
Group (PDG) [9], employs three mixing angles 15, 613, 623, and one CPV phase

0 in the following way,

—id
C12€13 S12€13 S13€
Vokm = —S12C23 — C12823€" C12C23 — S12523513€" S23C13 , (1.2.10)

6 )
512523 — C12C23513€ —C12523 — S12C€23513€ C23C13

where the abbreviations are s;; = sin(6;;), ¢;; = cos(#;;), with the indices i and j
being the family labels. By appropriately choosing the quark field phases, all the
angles can be constrained to lie in the range 0 < 6;; < 7/2. The phase § lies in
the range 0 < § < 27.

Another popular parametrization of Voknr, known as the Wolfenstein parametriza-
tion [10], utilizes the experimental information on CKM elements. From exper-
iments, it is known that quark flavor transitions within the family are favored,
1.e., the diagonal entries in the Vioky are of order unity. On the other hand,
the inter-generation quark transitions are suppressed, implying the off-diagonal

entries in the Voxy to be small. Therefore, each element in the Vo can be
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written as an expansion in powers of the small parameter A\ (= sin(f;3)) in the

following way,

1—)\%/2 A AN (p —1in)
Vera = | =) 1—\2/2 AN | +00Y (1.2.11)
AN(1 —p—in) —AN? 1

In the Wolfenstein parametrization, the four parameters are A\, A, p, and 1. The

present experimental results on the CKM elements give [9]

A = 0.22537 4+ 0.00061, A =0.8141552 (1.2.12)

p = 0.117=£0.021, 1N = 0.353 £0.013, (1.2.13)

where the parameters p, and 7 in terms of p, and n are given by

P~ (1— ’\;) p+ O\, 7~ (1—%2) n+ O\Y). (1.2.14)

and appear in Vg if the O(N°) terms are also included in Eq. (1.2.11). The
Wolfenstein parametrization in Eq. (1.2.11) is true upto O(\*), and therefore, the
unitarity of Voxu holds approximately. The Wolfenstein parameters are related
to the set (012,03, 023,0) of the standard parametrization through the following
relations,

S12 = )\, S93 = A)\Q, S13 G_i(s = A/\S(,O - Z’I]) (1215)

The above relations are valid to all orders in A. The exact parametrization of
Ve in terms of (A A, p,n) can be obtained from the standard parametrization
in Eq. (1.2.10) by replacing the parameters (612,013, 023, ) with the Wolfenstein

parameters using the above relations.

1.2.2 The Unitarity triangle

The unitarity of the CKM matrix ( VCKMngM = VC];KMVCKM =1 ) implies that
there are several orthonormal relations between the rows and columns of the
Vekum. For a three-generation matrix, this leads to a set of 12 bilinear relations

between combinations of the CKM elements,

ViiVie = 0jk, (1.2.16)
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Vi Vi = i (1.2.17)

where i, j = 1, 2, 3 and repeated indices are summed over. The first relation cor-
responds to the orthonormality of the rows, and the second relation corresponds
to orthonormality of the columns of the Voky. Since the CKM elements are, in
general, complex, these relations can be geometrically represented as triangles in
the complex plane. For example, the product of the first and the third columns

of Vexw gives the following condition,
VaudViy + VeaVy + ViaViy, =0 (1.2.18)

If each of the complex number is viewed as a vector in the complex plane, the
above relation can be represented as a triangle in the complex plane as shown
in Fig 1.1. Since the orthonormal conditions are born out of the unitarity of
Vek, these triangles are known as unitarity triangles (UTs). The conditions in
Eq. (1.2.16) and Eq. (1.2.17) give six UTs for a 3 x 3 Vegm. In Fig 1.1, the angles
«, B, v in the triangle are given by,

(1.2.19)

Vcd b
— = 1.2.20
g ( mz) ’ (1.2.20)

(1.2.21)

(67

Il

Q0

=

o
/|\
RS
|
=S
0.* o
"

B

)
Il
&)
]
o
/T\
NI
SR
A
~__

p+in

(0,0) (1,0)

VeV,

Figure 1.1: The Unitarity triangles (UTs). The UT (left) represents the
Eq. (1.2.18) in the complex plane. The UT (right) corresponds to the same
equation with each side being rescaled by |V.4Vy| in the (p,n) plane.

By definition, it follows that the sum of three angles is a« + 8+ v = w. All the

six triangles have different shapes which depend on its angles and the magnitude
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of its sides. The angles of the UT are invariant under the rephasing of the quark
fields, and therefore the shape of the triangle does not change. The rephasing
only rotates the triangle in the plane. Another important feature of all UTs is
that despite their different shapes, the area of every UT is the same and is given
by,

Area of UT = % |.J], (1.2.22)

where J is a rephasing invariant quantity and is called the Jarlskog invariant [11].

It is defined as,
T= €itm »_ €ien (Vi Vi VieVip). (1.2.23)

It is more convenient to work with the rescaled version of the UT as shown in
Fig 1.1. The equation representing the rescaled UT is obtained from Eq. (1.2.18)
by dividing the length of each side by V.4V, and choosing a phase convention
such that V4V is real. With this choice of phase convention, in the leading order

in Wolfenstein parametrization, we obtain

VudV ,
ViaVi .

—— = 1—p—1n. 1.2.25
VAV p—in ( )

Therefore, one side of UT aligns with the real axis in the complex plane, and has
a length of unity. The coordinates of the two vertices of the rescaled UT are (0, 0)
and (1, 0), while the coordinates of the third vertex are given by the Wolfenstein
parameters (p, n). The shape of the triangle remains unaltered. In the (p, 7)

plane, the lengths of other two sides are y/p? + 72, and /(1 — p)% + n2.

1.3 Weak decays of hadrons in effective field
theory

An effective field theory (EFT) is an approximation to a more complete field
theory that is sufficiently accurate to describe the dynamics of the physical system
up to a limited energy scale E. The basic concept of EFT is that in order to

describe the physical phenomena at a low-energy scale E, one needs to know
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only the degrees of freedom which are relevant up to the mass scale E; it is not
necessary to know the details of the theory at a heavy scale A > E. Therefore,
one can construct an effective Lagrangian which describes low-energy physics with
only degrees of freedom relevant up to the scale under consideration, while the
degrees of freedom corresponding to short-distance physics (equivalent to high-
energy scale) do not appear explicitly in the Lagrangian. The EFTs are more
convenient and useful to study the physical systems in which widely separated
energy scales are present; F corresponds to the natural scale of the process under
consideration, and A; (> FE) are the other mass scales involved in the system.
For example, in the weak decays of mesons K, B, D, etc., there are two disparate
mass scales present: mass of the decaying meson (~ 1GeV), and the electroweak
scale ~ 100 GeV. The heavier degrees of freedom are integrated out and the the
action for the process can be described as an expansion in powers of E/A;, and
contains only the light degrees of freedom. The effect of removing the heavy
degrees of freedom from the theory is that the renormalizable “full” theory now
can be written as an effective theory with infinite numbers of non-renormalizable
interactions suppressed by powers of high-energy scales A;. These effects being
suppressed in general can be neglected, which is in accord with the statement of
the “decoupling theorem.” There are several advantages of studying a physical
system using the effective theory over the “full” description of the system. Since
in the effective theory only light degrees of freedom are dynamical, description of
the physics becomes rather simple. The other key advantage of using the effective
theory is that long-distance physics and short-distance physics get separated; the
contribution of light degrees and heavier degrees can be treated independent of

each other. We will discuss more about this feature later in the section.

1.3.1 The Effective Hamiltonian

A convenient framework to parametrize the low-energy effects of the full theory
in terms of fewer degrees of freedom is known as the operator product expansion
(OPE) [12-14]. The basic idea of OPE can be grasped from the simple example

of the decay b — cud. It is a weak charged-current transition which proceeds
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at tree level via the mediation of W-boson in the SM as shown in Fig 1.2. The
tree-level amplitude in the full theory is given by,

u d

Figure 1.2: Feynman diagram corresponding to quark transition b — ctud at tree

level in the full theory.

2
Afall — 921+
- 2 cb

-5 Guv 7 1,1_’75
b d 1.3.1

1
Vud(é’yﬂ
where V| V4 are CKM elements, and ¢ is the is the momentum flowing through
W-propagator. Since the decaying meson has mass my;, ~ 5 GeV, the momentum-
transfer ¢* is small compared with M3,. Therefore the propagator can be written
as a expansion in powers of ¢? /Ma/ < 1,

L _ - (1+ <, ) (1.3.2)
e Ve VS a ) 3.

and the tree-level amplitude in the full theory can be approximated by ignoring
the higher-order terms in the ¢*/Mg3, expansion,
95 ; ¢
A~ m o Vua(ey* (1 — 5)b) (dy,(1 —5)u) + O(M—I%V), (1.3.3)
However, the leading term in Eq. (1.3.3) can also be obtained by sandwiching the

following local effective Hamiltonian between initial and final states,

2 _
ot = 32 Vi Vaal @ (1 = 35)) (d7(1 = 75)u), (1.3.4)
8M2,

which corresponds to the Feynman diagram in Fig 1.3. The operator (¢y*(1 —
¥5)b) (dy,.(1 —75)u) in Eq. (1.3.4) is a dimension-six operator. The effects of the
terms O(¢?/M3,;) or higher can be taken into account by including the higher
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Figure 1.3: Feynman diagram corresponding to quark transition b — cud at tree

level in effective theory.

dimensional operators in the Heg. In the low-energy effective description of the
decay, the external quark fields which constitute the local operators are the dy-
namical degrees of freedom, and the heavy degrees, like W-boson in this example,
have been ‘integrated out’ and are no longer a dynamical degree of the theory.
The heavy degrees, though, do not appear explicitly in the H.g, but their effects
are embodied in the effective coupling strengths of the local operators. In the
example above, there is only one dimension-six operator in the effective Hamil-
tonian H.g, but in general there can be a number of effective local operators
(O;) with different Dirac structures governing the process in question. A list of
operators relevant for weak decays of hadrons has been given in Appendix A.
The series in local operators is known as the operator product expansion (OPE).
The expansion is based on the fact that effects of high energy appear local when
viewed at low energy. Let us consider two local operators which have coordinates
x and y in the position space. The product of operators O(x)O(y) is a non-local
quantity and the separation between the operators O(z) and O(y) corresponds
to energy scale ~ 1/(x — y). However, in low-energy systems with characteristic
energy scale < 1/(z — y), the product of operators O(x)O(y) becomes a local
quantity, and therefore, in the limit (z — y) — 0, the product can be expressed
as,

T +vy
2

O(z)0(y) ~ Z Ci(z — y)Oi( ). (1.3.5)

Here, O; are the local operators. The distance scale (x + y)/2 corresponds to the

intrinsic scale of the low-energy theory. The coefficients of these operators, C;, are
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complex valued numbers, and are known as the Wilson coefficients. C; contain
the short-distance, i.e., x — y information. Therefore, in the OPE framework,
one can write the effective Hamiltonian as a series of local operators weighted by

the Wilson coefficients,
Her = Ci()O;. (1.3.6)

The Wilson coefficients C; as well as matrix elements of local operators (O;)
depend on an arbitrary scale p. The scale 1 has the dimension of mass and is
chosen appropriately to separate the contribution of long-distance (low-energy
part) and short-distance (high-energy part). In the Hg, all the contributions
above the scale p belong to short-distance physics and are contained in the Wilson
coefficients, while the contributions below p belong to long-distance physics and
are contained in the matrix elements (O;). The origin of the p-dependence of C;
and (O;) lies in the quantum loop corrections they receive due to short-distance
QCD effects. For example, in the decay b — cud we discussed above, the effective
Hamiltonian given in Eq. (1.3.4) does not include the QCD effects, and can be
rewritten in a compact form as,

4
Heg (without QCD) = %Vzb\/ud C, O,, (1.3.7)

with O, = (¢;v*Lb;) (d;jy,Lu;), and C, = 1. Here i, j are the color indices. Since
quarks are involved in the problem, one has to take inevitable QCD quantum
corrections into consideration as well. The one-loop QCD corrections to the the
effective current-current operators are shown in Fig 1.4. The operator O, is
comprised of two color-singlet currents with (V — A) ® (V — A) Dirac structure.
However, a gluon connecting the two color-singlet weak-current lines, as shown

in Fig 1.4, induces the mixing of the color indices owing to the following relation,

1
4T, =

1

The QCD effects induce a new four-quark operator (O,) with different color struc-

ture in addition to the color-singlet operator O, given in the Heg. This results
in modifying the Heg to the following form,

AGp .

Mo = “Va(CaOa + CyOy), 13.9
T \/§ b d( b b) ( )
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Figure 1.4: One-loop QCD corrections to current-current operators 0, and Q).

with Oy = (¢v*Lb;) (djy,Lv;), and O, given in Eq. (1.3.7), with the correspond-
ing Wilson coefficient Cj, and C,, respectively, which develop dependence on scale
i due to short-distance QCD corrections. A crucial point here is the asymptotic
freedom of QCD [15,16] that allows one to use perturbation theory in calculating
the QCD short-distance corrections. The calculation of the Wilson coefficients C;
at the low-energy scale in effective theory involves several steps. The first step is
to calculate the amplitude A™! corresponding to the process M — F in the full
theory upto the desired order in the «,. Here M stands for meson such as K,
B, D, etc., and F' stands for final state which in general can include hadrons as
well as leptons. Now, since the effective theory should be able to reproduce the
physics of full theory at the low-energy scale, the amplitude A(M — F') in the

full theory and in the effective one are set equal to each other,

A(M — F)fuu = A(M — F)eff

= (F|HalM) = ) cin) (FIO(u)|M).  (1.3.10)

This matching of the amplitudes is done at a typical scale (uy,) of the full theory
(for weak interaction processes, it is the mass of W-boson, My, ), and this step of
comparing the full amplitude to the effective amplitude is called “the matching
of the full theory onto the effective theory”. It should be stressed here that the

Wilson coefficients do not depend on the external states. Their extraction is
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independent of the external states in the problem. In order to extract the correct
Wilson coefficients from the matching procedure, the external states in both, the
full and the effective theory, should be dealt alike. The matching gives the Wilson
coefficients at the scale u ~ uyp, which are now functions of heavy masses, gauge
couplings aen, a5, and renormalization scale . The Wilson coefficients extracted
from the matching condition can be written as a series in a, and ay,, in ordinary
perturbation theory. For example in pure QCD case, the general form of the

Wilson coefficients is given by [17],

O’l’(ﬂh’ M, CYS) =

s 4T
et () ot (57) tow S e (1)
3 3 3
+ a? (Z—s) log® Hn y a? <%> log £y a’l (%> log Ehy o
s W AT 0 47 !
(1.3.11)

Although the scale p is arbitrary, it is typically chosen to be the characteristic
scale appearing in the matrix elements of operators. This generally corresponds
to the mass of the decaying hadrons. But, the value of u should not be chosen
smaller than ~ 1 GeV as below this QCD is expected to become non-perturbative
and the perturbative expansion in a, would no longer be valid. However, this
choice of p also poses another problem. The general expression for the Wil-
son coefficients given in Eq. (1.3.11) contains logarithmic terms involving ratios
allog" (pun/p). As long as p is in the vicinity of pyp, the smallness of ay en-
sures the validity of perturbative expansion in «ay in Eq. (1.3.11). But, for the
values of u ~ 1 — 5GeV corresponding to the masses of decaying hadrons, the
logarithmic values can become large enough to compensate the smallness of the
strong coupling a,. For example, for the decays of hadrons containing b quark,
the high scale puy, is of the order of My, and choosing i to be the mass of b
quark, m, ~ 5GeV, one finds that log(My,/my) ~ 3. This implies that, despite
a; being a justified expansion parameter in Eq. (1.3.11), the logarithmic terms
allog" (M /my) can be large, and therefore, might spoil the ordinary perturba-

tive treatment of the short-distance QCD corrections. This problem is solved by
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resumming the large logarithms to all orders in «, by utilizing the renormaliza-
tion group (RG) machinery. The solution of the RG equations allows one to sum
the large logarithms automatically. In particular, the summation of the terms
(cvs)™log(pn /)™ to orders in n is called the leading-logarithmic approximation
(LO). Including the summation of the terms (ay)™ log(uy, /i)™t to all orders in n
corresponds to the next-to-leading logarithmic approximation (NLO), and so on.
The resulting RG improved perturbation series does not contain large logarithms
and therefore a more trustworthy calculation for the Wilson coefficients can be
performed.

The RG equations for the matrix elements and the Wilson coefficients fol-
lows from the requirement that a physical amplitude cannot depend on the ar-
bitrary scale pu. Therefore, the matrix element of the effective Hamiltonian, i.e.,
(F|Heg| M), should not change under change of scale . The RG equations for
the Wilson coefficients are given by,

d
dlog

Ci(n) = 7i; Cj(p), (1.3.12)

where 7y is the anomalous dimension matrix which depends on a; and aey,. The so-
lution of above RG equations, with initial conditions determined from the match-
ing condition at the scale uy, C(pp), gives the evolution of the Wilson coefficients
from high scale u; to the desired low-energy scale p. The general form of the

solution can be written as,

C (1) = U(p, pn) Cpan), (1.3.13)

where the evolution matrix U(u, py,) is given by,

g(p) T g(p) g1 T T
v (g91) v (91) 7" (92)
Ulp, pn) = 1+/ dg +/ dg/ dg +
g (i) "Bl 9(un) ' 9(in) 2 B(g1) B(g2)

(1.3.14)

where ¢ is the QCD coupling constant, and ((g) determines the flow of the
coupling g with the change in y, and is defined as,

_d
~ dlogp

B(g) g(p) (1.3.15)
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This implies that the u dependence of the Wilson coefficients C;(u) must cancel
the p dependence of matrix elements of operators, (F|O;(u)|M).

However, in order to calculate the amplitude (F|H.g| M), the matrix elements
of local operators (F|O;(u)|M) also need to be calculated. The main limitation
in the calculations of (F|O;(u)|M) is that these objects are inherently nonper-
turbative. Around the scale Aqcp, QCD becomes non-perturbative; the quarks
and gluons hadronize and are no longer dynamical degrees of the theory. Since
the matrix elements (O;(u)) contain the contribution below the scale u, the so-
called long-distance physics, one can not really use the tools of the perturbation
theory to calculate them. Therefore, one has to rely on nonperturbative methods
such as lattice calculations, heavy quark effective theory (HQET) [18-20], the
1/N expansion [21-23], QCD sum rules [24-26], chiral perturbation theory etc.
to evaluate the matrix elements (O;(u)). Although there have been considerable
improvements in evaluating these hadronic objects using these non-perturbative
techniques, the computations still have some limitations. Therefore, the theoreti-
cal uncertainties in the calculations of the matrix elements (O;(u)) account for the

major source of error in the theoretical predictions of the amplitude A(M — F).

1.3.2 Effective Hamiltonian for |AF| =1 transitions

In this subsection we will discuss the effective Hamiltonian for flavor transitions,
|AF| =1, which involve change in the flavor quantum number by one unit. The
processes relevant for our discussion are decays of bottom, strange and charm
hadrons. Since the mass of decaying particles (~ 1 —5 GeV) are much smaller
than the mass of W*, Z and top quark, these heavy particles can be integrated
out and the processes can be studied in an effective theory framework. We start
by discussing first the effective Hamiltonian for nonleptonic b — s transition
which is a |[AB| = |AS| = 1, |[AC| = 0 process. The effective Hamiltonian

consists of four current-current operators (O, 05) and (O}, O¥) corresponding to
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b — scc and b — suu transitions, respectively:
O = (8:7"Luy) (v, L b:), O = (89" L) (45,1 by), (1.3.16)
Of = (5:7"Lej)(GyuLbs), 05 = (517" Lei) (657, Lb;). (1.3.17)
In addition to these operators, the u and ¢ quarks can also form a loop, emitting a

gluon which can couple to quark-antiquark pair. The resulting penguin diagrams

(see Appendix A) generate the following four QCD penguin operators:

Qs = (57'Lb) > (@uLgy),  Qa = (5:"Lb;) > (gvuLas), (1.3.18)
Qs = (57"Lb) > (GvRg), Qs = (57"Lb;) > (G7.Rar). (1.3.19)
q q

The operator basis also includes the so-called “Electro-weak penguin” operators
(O?%;o) which are generated by diagrams similar to gluon-penguin diagrams but
with gluon replaced by a photon or Z boson. The expression of these operators
and the corresponding diagrams in the full theory are collected in Appendix A.
Therefore, the effective Hamiltonian for nonleptonic b — s transitions is given by

4G
Her = —i{nw;w%ﬁ+@oa+%wamww+@0@

V2
6 10
— Vi (Z CiOi+ Y C;EWO?W> } +he., (1.3.20)
=3 =7

For radiative and (semi) leptonic b — s transitions (b — sv,b — s¢T¢7), the

operator basis is further extended to include the following operators:

‘ S v _'gs c. T apy
07 = 167T2 mb(SiUHbei)F'u 5 08 = 167T2mb(87'7_;‘70—/“/Rb])G 1% , (1321)
2 B 9 )

Here, O7; and Og corresponds to magnetic-penguin operators, whereas operators
Oy 19 are called semileptonic operators. After including these operators and using
the unitarity condition of CKM elements (V,,, V. 4+ Ve VE+ Vi Vi = 0), the general

effective Hamiltonian for b — s transition can be expressed as

4Gy

Har =
' V2

{mmﬂawronﬂmw—wn

10 10
+ ViV, (Z CiO; + Z CFWOEW> } +hee, (1.3.23)
i=1

=7
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where terms in the first line of above equation are doubly-cabibbo suppressed
with respect to terms in the second line and are generally omitted. The effective
Hamiltonian for other AF = 1 flavor transitions can be obtained by suitable
change of quark fields given in Eq. (1.3.23). For example, for the flavor transition
AB =1, AC = AS =0, the corresponding effective Hamiltonian and the opera-
tor basis is obtained by replacing s quark field with d quark field in Eq. (1.3.23).
It should be pointed out here that for transitions which involve four different
quark flavors, the penguin operators cannot be generated and the corresponding
effective Hamiltonian consists of current-current operators only. For example, for
the case of flavor transition AB = AC' =1, AS = 0, the corresponding effective

Hamiltonian involves current-current operators only as given in Eq. (1.3.9).

1.3.3 Effective Hamiltonian for |AF| = 2 transitions

The effective Hamiltonian for flavor transitions AF = 2 (e.g., K°-K° B°-B°
mixing) in the SM consists of one four-quark operator only. The effective operator
for AF = 2 in the leading order in electroweak interaction is induced by box
diagrams (see Appendix A). For AS = 2 transition, the effective Hamiltonian is

given by

= G2 M2 * *
HET = T (VaVia P eeSolwe) + (ViaVia *uSo(w1)

472

2 (ViVia) (VA Vet e So (s ) IS (1) (579, L) (59" L),
(1.3.24)

where x; = m?/M,, n; are the QCD-correction factors (see Chapter 6 for de-
tails), K () is a short-distance factor defined in Eq. (6.2.3) such that the product
K (p)(5v,Ld)(5y*Ld) is independent of p, and Sp(z) and Sy(x;, x;) are loop func-
tions given in Eq. (6.2.2).

Similarly, the effective Hamiltonian for AB = 2 transition corresponding to

BY — BY mixing is given by

_ G2M2, . _ _
HEPT = ZEW Uy 020,80 () B() (by,Ld) (7P Ld).  (1.3.25)

472

The corresponding effective Hamiltonian for BY — BY is obtained by replacing d

quark field with s quark field in the above equation. Here, B(u), similar to K (1)
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in the case of K° — K, is a short-distance factor which is required to make the
product B(p)(by,Ld)(by*Ld) independent of y, and is defined in terms of the bag
parameter Bp, (q = s, d) and the decay constant fp, as [27]

3 BO|(by,Lq)(by*Lq)|B°
B, = S LD L)
BB,

; (1.3.26)

1.4 Flavor physics as a tool to probe the SM
and beyond

The study of flavor physics, in particular, the decays of K and B mesons, has
played a crucial role in the development of the SM to its present form. For ex-
ample, the first observation of breaking of CP-invariance in the weak interactions
came from the decays K — 27, 37w [28]. This experimental discovery later led
Kobayashi and Maskawa to predict three generations of quarks in the SM even
before the discovery of the charm quark. In 1970, to explain the small branching
ratio of K; — ptp~, S. L. Glashow, J. Tliopoulos and L. Maiani proposed the
famous GIM mechanism responsible for the suppression of FCNC transitions [29].
This also required them to predict the existence of the fourth quark, charm, which
was discovered four years later. By incorporating the charm contribution in the
calculation of K% — K° mass-difference, AM, Gaillard and Lee predicted the
mass of the charm quark before its experimental discovery. Similarly, the first
hint towards the large mass of the top quark came from the experimental mea-
surement of semileptonic decays of the B meson and the B; — By oscillations.
Moreover, the study of various charged current and FCNC processes of the K
and B mesons has provided important information for the determination of the
elements of CKM matrix. The precision measurements of the flavor transitions
b — d, b — u, and time-dependent CPV asymmetries in the B sector at the B
factories Belle and BaBar have further established the CKM mechanism to be the
dominant source of CPV in the SM. Subsequently, with the availability of high
precision experiments at experimental facilities such as LHCb, the role of flavor
physics has shifted to constraining the parameter space of the SM, and possibly

even discovering the new physics (NP).
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Despite the fact that the SM has explained the experimental data upto the
electroweak scale (~ 100 GeV) with remarkable success, there are many theo-
retical motivations as well as experimental evidences which point towards the
existence of NP. Here, the term NP is used for physics which lies beyond the SM,
and is able to correct the shortcomings of the SM. A partial list of deficiencies
of the SM includes the following. The scalar sector of the SM is unnatural. In
order to prevent the Higgs mass from getting a large radiative correction, one has
to extend the SM to include NP at a scale ~ 1 TeV. This problem is known as
the fine-tuning problem of the Higgs mass or the hierarchy problem of the SM.
Neutrinos in the SM are massless, which is in contradiction with the experimen-
tal observation of neutrino oscillations. The SM does not have any dark matter
candidate. The SM also does not explain the matter-antimatter asymmetry of
the universe. In the SM, there is only one source of the CP violation, namely,
the complex CKM phase. However, the CKM mechanism fails to account for the
required amount of CP violation needed to explain the matter-antimatter asym-
metry. Also, the SM does not include the gravitational force and hence does not
unify all known forces in a single framework. Therefore, there must exist a more
general unified theory above the electroweak scale. Since the SM does explain
the low-energy phenomena involving the strong and electroweak interactions, it
is natural to consider the SM as an effective low energy description of the gen-
eral theory. Broadly, there are two approaches to search for NP. Of these, one is
the collider searches of new particles at high energies, known as the searches at
the energy frontier. In this approach, particle beams are produced and collided
at the ever higher energies achievable at state of the art experimental facilities.
If the centre-of-mass energies are high enough, new particles can be produced
and detected. The other approach is the so-called indirect searches for NP at
the intensity frontier. In such searches, the basic idea is to measure the low-
energy processes with high precision and then confront the measurements with
the SM predictions. The deviation between theory and the experimental measure-
ments will indicate the presence of NP. The most promising processes for indirect

searches are the ones which are suppressed in the SM, in particular, the processes
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which occur at the loop level in the SM. The amplitude of such processes, e.g.,
neutral meson mixing, FCNC decays of K, B, and D, etc., are suppressed due
to loop and CKM factors and therefore have a very small value in the SM. Now,
since these processes proceed at loop level, the so-far unknown heavy particles
can also contribute to them via the quantum corrections. The effects due to new
particles can be in principle large relative to the very small prediction in the SM,
and therefore, are easier to be identified at the high precision experiments.

The direct collider searches at the high-energy frontier ( TeV scale) have not
found any new particle but, interestingly, there are some tantalizing hints to-
wards NP from high-precision low-energy experiments in the flavor sector. In
particular, the experimental measurements in the semileptonic decays of the B
meson have reported some deviations with respect to the SM predictions. To be
specific, in 2012, BaBar measured the ratios of branching fractions for the semi-
tauonic decay of B meson, Ry« = BR(B — DW7ru)/BR(B — DW/{i) with
¢ = e, u, and reported 2.00 and 2.70 excesses over the SM predictions in the
measurement of Rp and Rp-«, respectively [30,31]. The Belle [32] and LHCbH [33]
collaborations have also reported measurements of these decays recently. These
measurements also show deviations from the SM. Another interesting indirect
hint of NP has been reported in the b — su™ ™ processes. The LHCH collabora-
tion has seen a 2.60 departure from the SM prediction in lepton flavor universality
ratio Rx = BR(B — Kutpu~)/BR(B — Kete™) = 0.74575:5% £ 0.036 in the
dilepton invariant mass bin 1GeV? < ¢® < 6 GeV* [34]. Though the individual
branching fractions for B — Ku*p~ and B — Kete™ are marred with large
hadronic uncertainties in the SM [35], their ratio is a very clean observable and
predicted to be Rx = 1.0003 4 0.0001 [35,36]. Also, the recent data on angular
observables of four-body distribution in the process B — K*(— Kr){t{~ indi-
cate some tension with the SM, particularly the deviation of ~ 3¢ in two of ¢?
bins of the angular observable Pj [37-39]. In the decay By, — ¢u'tu~, a deviation
of 3.5¢ significance with respect to the SM prediction has also been reported by
LHCb [40].



Chapter 2

B — K*¢T¢~ : Zeros of Angular
Observables

2.1 Introduction

Rare B decays are mediated by FCNC transitions which are absent in the SM
at tree level. The leading contributions come from one-loop diagrams. Being
suppressed by GIM- and CKM-suppressed factors, their predictions in the SM
are very small. As these processes are very sensitive to heavy particles in the
loops, any effect of NP will potentially show significant deviation from the SM
predictions. This makes these decays assets in probing NP. So far data collected
on rare B decays by dedicated particle physics experiments (e.g., B-factories,
LHCb) are in excellent agreement with the SM predictions. The data have been
used to retrieve information on flavor structure of possible NP and to put stringent
constraints on beyond Standard Model (BSM) scenarios, but expectations of
looking for any definitive hints of NP have not met with success. The results
seem to be consistent with the CKM mechanism of the SM [8]. However, recent
data on angular observables of four-body distribution in the rare decay, B —
K*(— Km)¢*{~, indicate a plausible change in this situation. In 2013, LHCb
reported measurements of several form-factor independent angular observables of
B — K*u™p~ as a binned function of the dilepton invariant mass squared (g*)

using dataset corresponding to an integrated luminosity of 1 fb~'. Interestingly,

25
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the analysis showed a discrepancy of 3.7¢0 significance with respect to the SM in
the measurement of angular observable PZ in the low ¢* bin 4.30 < ¢ < 8.68 GeV?
[37]. Later in 2015, this result was confirmed by LHCb) in its updated analysis
using 3 fb~! integrated luminosity data and observed discrepancy of 2.8 and
3.00 significance with respect to the SM in P} in bins 4 < ¢*> < 6 GeV? and
6 < ¢*> < 8 GeV?, respectively [38]. Very recently, Belle Collaboration [41]
has also reported a deviation in P, in a long bin 4 < ¢*> < 8 GeV? consistent
with LHCb measurement. These discrepancies might be a result of statistical
fluctuations or inevitable theoretical uncertainties inherent in the calculation of
these observables [42-47]. One has to wait for more experimental data and a
more careful analysis of theoretical uncertainties to clear the smoke. Assuming
that these discrepancies are solely due to NP effects, there have been attempts in
the literature to resolve this tension between theory and experimental data (see,

for example, [48-70]).

In this chapter, we study some of the angular observables, Pi, P5/, Arg, and a
new observable, which we call O%R, with a different approach. We look at the ze-
ros of these observables. The expressions, under certain reasonable assumptions,
are more or less independent of theoretical uncertainties, and depend solely on
the short distance Wilson coefficients, and thus have very clean predictions in the
SM. The precise measurements of these quantities gives certain relations (exper-
imentally testable) among the Wilson coefficients, and therefore provide tests of
short-distance physics. The most favored solutions to the present data explain-
ing these deviations generally point towards new physics in the Wilson coefficient
(Cgeff) of the semi-leptonic operator Og [39,48,49,71,72]. Since these zeros es-
sentially probe new contributions to the Wilson coefficients, their experimental

measurement in the near future can be worthwhile.

The chapter is organized in the following way. In the next section, we discuss
the effective Hamiltonian for b — s¢*¢~. In section 2.3, we describe the four-
body angular distribution of B — K*(— Kx)¢T¢~, and various observables in
the large energy recoil limit. In section 2.4, we calculate zeros of the observables

Pi, PE:, O:I;’R, and obtain correlations among them. In section 2.5, we give the
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SM predictions for the zeros of the considered observables, and discuss the im-
plications of the zeros and their correlations in providing the new constraints on
the BSM scenarios. The NP sensitivity of these zeros is discussed in detail. In

section 2.6, we summarize the results of this chapter.

2.2 The effective Hamiltonian for b — s{™ ¢~

The rare decay B — K*(*{¢~ proceeds via the transition b — s¢*¢~ at the quark

level, and is governed by the effective Hamiltonian

4G / ’
Her = —T;V{;th Z(Q‘(M)Oi + C;(1)0;) + hee., (2.2.1)
where the contribution of the Cabibbo-suppressed term (o %) has been ig-

nored. OEI) are the effective local operators, and C’i(/) (1) are the Wilson coefficients
evaluated at scale p. At the leading order in the SM, the process B — K*(1{~ is
induced by the ~, Z-penguins, and W-box diagrams as shown in Fig 2.1, which

generate the following effective operators

e

O; = 167T2mb<§aUWRba)FW7 (2.2.2)
2
e —

— — (g H

Oy 16#2(80‘7 Lbo) (17,1), (2.2.3)
2
e 3 _

O = 167T2($a*y“Lba)(l’yﬂ5l). (2.2.4)

Here o, 8 are the color indices, L/R = (1 F 75)/2 represent chiral projections,
e is the electric charge, and my, is the b-quark mass. The primed operators have
chirality opposite to that of the unprimed operators. Their contribution within
the SM is either severely suppressed or not present.

The operators O;, (i = 1,2,..,6), do contribute to the process b — s¢T(~,
and their effects can be parametrized in terms of effective Wilson coefficients of
operators O; and Og. The effective Wilson coefficients C¢f and C§T are defined

as

. 1 4 20 80
C7ﬂ — 07 - 503 - 504 - 305 - 5067 (225)
O = Co+Y(3), (2.2.6)
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(a) (b)

Figure 2.1: Feynman diagrams for b — s¢*¢~ in the SM. (a) the penguin diagram,
and (b) box diagram.

Here s (= ¢?) is dilepton invariant mass and § is the invariant mass (s) normalized
by B-meson mass square, i.e., § = s/m%. Y (§) is a loop function containing the
contribution from one-loop matrix elements of operators O;, i=1,...6, and is given

by [73]

4 64 64
where
4 8 16z 2 4z
§5) = —=1 — +—=— =2+ —
h(z, 8) 911(2)—|—27—|—9(§ 9( +§)
2 arctany/§/(4z — §), 5§ <4z,
In[(V3+ V5 —42)/(Vé — V5 — 42)] —im, &> 4z,
(2.2.8)
and
4
Ty = 3 Cy+ Cy+6 C5+ 60 Cs, (2.2.9)
7 2 32
Uy = —=C3— = Cy—38C5 —— Cg, (2.2.10)
2 3 3
1 2 32
Wg - —5 03 - g 04 - 805 - ? C@, (2211)

where z = m?2/m2. Due to Y (3), CST is not real but has a small imaginary part.
In the analytic relations below, Y(§) is neglected and all the Wilson coefficients
are assumed to be real, but for numerical calculations, we include Y (8) in Cgf.

As we will see, this turns out to be a good working approximation.
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To calculate observables for the B — K™ process, one needs to calculate
matrix elements of the local operators O;’s. These matrix elements are generally
parametrized in terms of seven form factors V', Ag 12, 1123, which are functions
of squared momentum transfer (¢%) between initial and final meson, and are given

as [74]

(K*(k)|57,(1 = 75)b|B(p)) = —i€(mp +mi)Ai(q®) +i(2p — q)(¢*.q)
I i, () T Aale?) — Aol
2V(q%)

+ €uvpo€  PPKT (2.2.12)

?
mp + my

(K" (k)|50, (1 +)bIB(p)) = i€upe™p"k72T1(q%) + Ta(q") {GZ(WB — M)

—(€".q)(2p — Q)u] +T3(¢%)(¢".q) [qu

2
q
T (op— 2.2.1
L _m%«( P q)u}, (2.2.13)
with
+mj mp — mj
Ag(q?) = BT K 42y = BTN 4002 92.2.14
3(q7) s 1(q%) o 2(q7), ( )

where ¢ = (p — k)", and €" is the polarization vector of K*. These form factors
are calculated via non-perturbative methods like QCD sum rules on the light
cone (LCSRs) [75]. Working in the QCD factorization (QCDF) framework and
heavy quark and large recoil limit (low ¢* region), all seven “full” form factors
can be written in terms of only two independent universal “soft” form factors:
£ and £ [76-79]. The two sets of form factors are related to each other as (see,

for example, [79])

mp

L= MV(QQ), (2-2-16)
mp + Mg+ mp — Mg+
=g Ad) - = A (), (2:2.17)

where Ex- = (m% + m3%. — ¢*)/2mp is the energy of the K* meson.
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2.3 Angular distribution and observables of B —
K*0e~

The angular distribution of B — K*(— K )¢T{~ offers a plethora of experi-
mentally accessible observables which are independent of form factors in certain
limits, and therefore are theoretically cleaner. The fully differential decay distri-
bution can be completely described in terms of four kinematic variables: dilepton

invariant mass ¢2, 6, 0, and ¢, and is given by [74,80,81]

d*T(B — K*(— Km)(+() 9 ,
= —J(q%, 0,0
dg? d cos O dcos 0, do 397 (q%,00,0k,0)

Ji sin? 0 + Jf cos® O

(J§ sin? Ok + J5 cos? (9;() cos 20,
Js sin? O sin? 6, cos 2¢ + J, sin 20 sin 26, cos ¢
J5 sin 20 sin 0, cos ¢

(Jg sin® O + J§ cos® ) cos O, + Jo sin 20 sin 0, sin ¢

+ o+ o+ 4+

Jg sin 20 sin 20, sin ¢ + Jg sin® O sin® 6, sin 24,

= Z Ji(@®) [:(6e, Oxc+, 0), (2.3.1)

where 6, is the angle between K*° and ¢~ in the rest frame of lepton pair, 0k is
the angle between K*0 and K~ in the centre mass of frame of (K~ — 7) pair,
and ¢ denotes the angle between the planes containing lepton pair and (K~ —7™)

pair in the B meson rest frame as depicted in Fig 2.2.

There are in total 24 angular coefficients [J;(¢?) and J;(¢%)]. The CP con-
jugated coefficients .J; (corresponding to CP conjugate mode of B — K*(—
Km)t¢~) are given by J; with the weak phases conjugated. To obtain de-
cay distribution of CP conjugated mode, one has to make the replacements:
Ji2347 = j1,27374,7 and J5 6589 — —j5,67879. These angular coefficients, J;(¢?), are

expressed in terms of complex transversity amplitudes Ai’g T A; and A,. For
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Figure 2.2: Topology of the four-body angular distribution of B — K*(—

K~n™)¢*¢~ with the description of the angles 6,, 0k, and ¢.

me # 0, we have [80, 82]

2 2

J = (QZ@)HA 2+ A[ (L—)R)]+%Re(AﬁAf*+AﬁA|R*),
(2.3.2)

= |A5\2+|A§\2 LA + 2Re(AF ALY + 1P (23.9

Jy = [IA |+ A} + (L — R)], (2.3.4)

J5 = —64[|AL|2+(L—>R), (2.3.5)

Jy = —ﬁe[lA ? —A[? + (L = R)], (2.3.6)

I - %[Re(AOLAL*)+(L—>R)], (2.37)

Js = V2BRe(ALAY) — (L — R) — %Re(AﬁAZ +ARAD], (238)

Ji = 28[Re(AfAT") — (L — R)), (2.3.9)

Je = 4ﬁg%Re[A£A§+(L—>R)], (2.3.10)

Jo = V2B [lm(AFAl* — (L — R) + m(AX AT+ ARAD)], (2.3.11)

\/q_
1

Js = Eﬁg[lm(AoLAﬁ*)—l—(L—)R)], (2.3.12)

Jo = BImA[*AT) + (L — R)], (2.3.13)
(2.3.14)

where 8, =4/1 — dmg

q2

Note that A, contributes only when scalar operators are taken into account.

In this chapter, we do not consider contributions from scalar operators. However,
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for the sake of generality, we include A in the expressions of J;(¢?). Also, we have

dropped the explicit ¢> dependence of the transversity amplitudes for notational

LR

simplicity. The eight transversity amplitudes, A 1o

and A, in terms of B — K*

form factors and the Wilson coefficients are given by the following expressions:

v
AR = v (o F (4 o)
2
+ %(Cﬁﬂ“ + csﬂ')ﬂ} (2.3.15)
A
AR = NV - i) | (657 - G = (0 - o) ) R
B — Mk~
2
+ %(O?H = C;H’)TQ] (2.3.16)
AL,R _ N (Ceff o Ceff/) (C«eff . Ceﬁ/) (m2 . TTL2 o 2)
0o = 2mK*\/? 9 9 )T+ (Lig 10 B K+ — 4
A2 e e
(mp ) Ay = A = mK*) + 2my, (C5" — )
A
7 2 =) Ty — ——————T 3.
x((mB—l—SmK q°) Ty w2 —mZ. 3) ; (2.3.17)
4, = Ny 2(0‘33—035’)+q—2(0 —Cp) |A (2.3.18)
t \/? 10 10 Qmu P P 05 e
A, = —NM2(C, - C)A,. (2.3.19)
In the above expressions,
Gpo? *12 211/2 i
N = {mMﬂGJ N6 (2.3.20)

and A = mb + mi. + ¢* — 2(mEmZ. + mi.q® + m%Lq?), my = my/mp. CY and
C’g) are the Wilson coefficients of scalar and pseudoscalar operators which, as
mentioned before, have been ignored in this analysis. Interestingly, in the heavy
quark and large recoil limit, the transversity amplitude can be written simply in
terms of two universal form factors £, and &. At the leading order in 1/m; and

ay, the transversity amplitudes read

AT = V2Nmp(1 - 3) {(Cgff +Cy™) F (Cro + Cp)

m,
+ 22
S

(G5 + C%eﬁ)} €1 (Bx-), (2.3.21)
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Aﬁ»R = —V2Nmp(1—3) {(ngf — O F (Cho — Clp)
mb eff ! eff
+ 27 (7" —C7 )1 §1(Bg), (2.3.22)
Nm . . o ,
AOL’R = T : =(1 - 3)2 {(09ff —Cy H) F (Cro — Cyp)
2mK*\/g
+ 20,(C5T — C;eﬂ)} §1(Ex-), (2.3.23)
N . ,
4 = N [010 _ 010] €(Exc). (2.3.24)
mK*\/g

In writing the above expressions, terms of O(m?. ) have been neglected. However,
it is worth mentioning that these relations hold only in the kinematic region
1 < ¢* (GeV?) < 6, which is precisely the region of interest.

As mentioned before, one can extract 24 angular coefficients J;(¢?) from the
full fit of B — K*utp~ (including its’ CP conjugated mode). The key ob-
servables like branching ratio, longitudinal polarization fraction Fp, forward-
backward asymmetry of lepton pair Apg can be expressed in terms of functions
Ji(¢%) integrated in ¢* bins. For example, the dilepton mass distribution can be

written in terms of J; as

drl’ 1
d—qz - Z (3:]10 -+ 6J15 - JQC - 2J25) . (2325)

and the ¢?>-binned observables Apg and F}, are given as,

3 Jde*(Uss + Jss)
4 [ dg*(dl/dg? + dT'/dq?)’
quQ(JQC + j2c)

fL = TTaparae v atjag) (2:3.27)

App = (2.3.26)

Apart from these observables, one can also construct new observables by con-
sidering ratios of certain combinations of coefficients J;(¢*) in such a way that
LO hadronic uncertainties get canceled in particular ¢ region and therefore these
observables are theoretically under more control. In literature, several such “opti-
mized” observables Pi(/) have been constructed and studied. For example, observ-
able Py [83] was proposed to probe the right-handed structure in B — K*(*/.
Due to left-handed structure of the SM, P; vanishes in the SM and therefore a

nonzero measurement of this quantity immediately points towards the departure
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from the SM. P, [81] is theoretically more cleaner observable than Agg. On the
other hand, observable P3 [84] has the capability to probe weak as well strong
phases in the SM and beyond. Below, we list interesting “optimized” observables

defined in terms of ¢? -integrated J/s [85],

1 [dg*(Js + J3) 1 [ de?(Jss + Jss)

Pl =3 2 T ) 2 =3 2 T )

2 [[dg?(Jas + Jas) 8 [ dg?(Jas + Jos)
1 [dg?(Jy + Jo) ,o1 / ) _

Py=—- = P=— [ dg¢(Js+ J 2.3.28
3 4qu2(t]25+t]25)7 4 N q ( 4+ 4)7 ( )
/ 1 , , 1 _

Py = W/dq2<‘]5+‘]5)7 Paz—w dg*(J7 + Jr),

with N = \/ — [dg?(Jos + Jos) [ dg*(Jae + Joe). The “optimized” observables are
sensitive to combinations of different short-distance Wilson coefficients (for ex-
ample, see [72] for a recent and detailed discussion on observables P;’s sensitivity
to NP Wilson coefficients) and therefore their precise measurement holds a good

chance of unraveling patterns of NP in this mode.

2.4 Zeros of angular observables and relations

in the SM

The zero crossing of the forward-backward asymmetry of the lepton pair (Sg) is
known to be highly insensitive to form factors. This was first pointed out in [86]
where a number of form-factor models were considered, and was noted that the
value of §y is practically independent of hadronic form factors. Later Ali et.
al. [87] in their analysis showed that $; depends on the Wilson coefficients and
ratios of form factors, and in the heavy quark limit and large Ex+ ~ O(mp/2),
the hadronic uncertainties in ratios of form factors drop out, and 3§, essentially
depends on a combination of short distance parameters only. This leads to a
nearly model-independent relation between the Wilson coefficients. The position
of the zero crossing is thus heralded as a test of the SM.
In the SM, 3§ is given by [87]

. 1 1—3 My - eff
R Ceff = —meC’eH— ~ —2—C%M, 2.4.1
e( 9 (80)) §0 7 1 + m%(* _ §0 §() 7 ( )
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Note that existence of zero from the above Eq. (2.4.1) necessarily requires the
condition Sign [Re(C’geff) ceftl = —1 to be satisfied. For NP models where C¢
has the same sign as Cgeff, there will then be no zero crossing. The LHCb) col-
laboration [88,89] has measured the zero of forward-backward asymmetry of the
lepton pair to be g2 = 3.7t)% GeV?. which, within errors, is consistent with
the SM predictions, typically lying in the range (3.7 - 4.3) GeV? which in units
normalized by mass of the B-meson (5 = ¢?/m?%) translates to the range (0.13 -
0.16), and have relative uncertainties below 10% level [79,90,91].

We now discuss the angular observables of interest and work in the basis
where the SM operators are augmented with their helicity flipped counterparts.
We retain contributions of the helicity-flipped Wilson coefficients so that anal-
ysis done includes a subset of NP models involving primed Wilson coefficients*.
The expressions below clearly show the power of the zero crossing point of these
angular observables to probe different NP scenarios.

The value of 5, can be easily obtained from integrated ¢ angular observable,

App. In terms of the angular coefficients [J;(¢?)], Arp is defined as

3 f dq2(J6s + j6s)

App = —° i .
"B 4 [ dg?(dr Jdg? + dT /dq?)

(2.4.2)

To calculate 3y, we use the expressions for the transversity amplitudes given in
Egs. (2.3.21 -2.3.24), which are valid in the large recoil region. The zero crossing
of any observable is easily obtained by equating the numerator to zero. From
Eq. (2.4.2), we obtain
(CroC8T — 1501
(CroC§TE - C10Cy)

Within the SM (C; — 0), dependence on Cyy cancels out, and the expression
reduces to Eq. (2.4.1), sensitive to the ratio of C’?H and C’gﬂ.

The angular observables Pé and Péi both have zero crossing point in their mass
spectrum. The value of zero crossing for both lies in the “theoretically clean” low-
¢° region; interestingly the same region where the LHCb has measured deviation

from the SM prediction for the angular observable P.

*We reiterate that in the analytic relations, we assume C;’s to be real but retain the complex

nature in numerical analysis.
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Observable P5/ is related to the angular coefficient J; through the following

relation

P/ . quQ(J5 + j5>
5 — —
2\/_ qu2(J2s + J2S) qu2(<]2c + J2c>

The numerator of P, in the massless lepton limit is proportional to [Re(A§ AL*) —

(2.4.4)

(L +» R)]. Then the zero of P5/, in the large recoil region, is given by the following

combination of short-distance parameters

eff NO . —
o = (C7~ + C7)(Ch — Cho) e (2.4.5)

[CroCStt — €10 Cy + (S — ) (Crg + Ot )]

The zero of P turns out to be insensitive to hadronic form factors similar to
the zero of Apg. In the SM limit, C'y dependence disappears and the expression

reduces to a very simple relation between value of zero and the Wilson coefficient

ceft ang oot

eff
AP5,SM _ C(7
50 —

— My (2.4.6)
CQGH + C’?H my

Interestingly enough, we find that within the SM, the zero of P, can be written

solely in terms of §g, the zero of App

gp oM — SN2 (2.4.7)
1= 530/
We find this correlation between zero of Apg and that of P5/ an important result.
Eq. (2.4.7) can be expanded in a Taylor series, and dropping out terms of order
O ((85/2)?) and higher, the relation predicts that zero of P is approximately
half of the value of §; in the SM.
A similar analysis can also be done for the observable Pj. In terms of angular
coefficients J!s, observable P, is written as
: Jdd*(Ju + Ju)

Py = (2.4.8)
o S A (ot Toy) [ dg? (o + o)

The numerator of P, is o [Re(AgAﬁ*) + (L + R)]. Using expressions in Egs.
(2.3.22) and (2.3.23) for transversity amplitudes Af and Af , we find the zero of
P, to be

(ceft — enyiestt — oy 4 2(cett — )y

0" = =2 T , / T / T A
[(CH = Co)? + (Cro — C)* +2(CFH = C2)(C™ — )iy

So

iy (2.4.9)
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The expression is again very ‘clean’ and has a non-trivial dependence on short-
distance parameters in the large recoil region. In the SM limit, this relation
yields

st __y PGS+ 2(CE g

o (2.4.10)
2, + (cethz  oceftoetty,,

The zero of P, can also be written in terms of 3, (utilizing the fact that within

the SM, 010 = —Cg)
s M1 85V
’ 25"

(2.4.11)
Again using the fact that the value of §y is very small compared to unity, we find
the value of the zero of P; to be approximately half of 3, similar to the case of
P5'. However, if we keep effects of higher order terms in 3y, the value of zero of
Pé and that of P turns out be a bit larger and smaller than 55M /2 respectively
and the leading effect is of order (8y)?. From the experimental point of view, this
accuracy is currently not there and therefore the effect can be safely neglected.
The correlation between zeros of Apg, P, P5/ is quite intriguing since in a chosen
optimal basis of observables, Arg, P5’ and Pi are independent observables, and
there is no a priori reason for their zero crossing points to develop this dependence
on each other.

With enough data available, one would be able to perform a full angular
analysis of the final state distribution in the decay B — K*(— Km){*¢~, and
this would allow complete determination of the K* spin amplitudes. Therefore
one can use the spin amplitudes to design observables which are sensitive to
specific NP and have relatively controlled theoretical uncertainties. With this in
mind, we propose a new CP conserving observable which we call (’);’R. It has the

following form
AL +]A7]7 = (L < R)
8(J2s + Jos)

oLt = (2.4.12)

This new observable is constructed out of both parallel and perpendicular spin
amplitudes of K* and has not been explored before in the literature. The ratio
of amplitudes is chosen such that theoretical uncertainties due to the hadronic
form factors cancel at the leading order. The profile of O;’R also has a zero in

low-¢? region. In a basis where the SM operator structure is augmented with
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right-handed currents, the zero of O%’R has NP sensitivity different from that of

Apg. Its zero crossing point occurs at

L. eff ’ ’
0" g (ChoC7_+CoCa) 5 (2.4.13)

(CroCet+ o cy)

L,R

The expressions 5, [Eq. (2.4.3)] and §§T [Eq. (2.4.13)] have some interesting
features. By definition, observables Apg and O:ﬁ’R have non-identical dependence

on invariant mass § and therefore vary differently as functions of s. But within

the SM, despite ¢* profiles being different, the values of zero crossings, $5™ and
L,R
§OOT ’SM, are degenerate. However, in the presence of helicity flipped operators,

the positions of zero crossing shift in a dissimilar fashion and the degeneracy gets

lifted. This rather utilitarian feature can be used to probe contributions from

L,R

T are known experimentally

helicity flipped operators once the values of 55 and §89
with good precision.

Let us remark that all the expressions and relations obtained above have been
worked out under the hypothesis of no scalar and tensor contributions. Observ-
ables Apg, Pzi and the proposed new observable §89 " are blind to the presence
of scalar/tensor contributions. Therefore, the expressions for zeros will remain
unaltered even in the presence of these new contributions. The observable P,
however, does receive contributions from the scalar component of K*-spin ampli-
tudes. But the sensitivity to this contribution is highly suppressed ( mZ /¢ is the

suppression factor) and in the limit of negligible leptons mass, these contributions

vanish.

2.5 Constraining New Physics

All the Wilson coefficients are assumed to be real in this analysis, 7.e., NP does
not introduce any new weak phase in the Wilson coefficients and we assume that
the sign of C; is as in the SM. We will ignore NP scenarios where C; and Cy
have the same sign. The expressions of zeros of these observables depend only on
the Wilson coefficients, practically independent of form factors, thereby leading

to theoretically clean predictions. To calculate these zeros, we use Cy = 4.2297,
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Clo = -4.2068, CST = -0.2974 [71] at scale my. Other input parameters are:
mg()le = 4.80 GeV, G = 1.166 x 107°, mp = 5.280GeV, mg- = 0.895GeV,
m, = 0.106GeV, a = 1/129, oy = 0.21.

Value of zero Exact values of zero crossings
Observable | using analytic | using “full” form factors | using “soft” form factors
relations (V, Aoa2, Th23) €, &)
Arp 0.128 0.122 0.125
P, 0.068 0.069 0.069
P, 0.059 0.054 0.056
oLk 0.128 0.122 0.125

Table 2.1: Zeros in the SM. In column II, we quote the values calculated using
relations [Eq. (2.4.3), Eq. (2.4.7), Eq. (2.4.11), Eq. (2.4.13)], while the third and
fourth columns have entries predicted in the SM using form factors (V, Ao,

Th2,3) and (&1, &), respectively.

In Table 2.1, we give the numerical values of zeros of the observables in the SM.
The values in the second column are obtained using the relations in Eq. (2.4.3),
Eq. (2.4.7), Eq. (2.4.11), and Eq. (2.4.13). To compare with the exact predictions
in the SM and to have a consistency check of these relations, we also calculate
values of these zeros in the SM using form factors and retaining Y (8) in C$%, which
we had ignored for obtaining analytic relations among the zeros. We use “full”
form factors (V, Agq2, T123) calculated in [75] using light-cone sum rule and
tabulate the results in the third column of Table 2.1 whereas in the last column we
tabulate the same results using “soft” form factors (£, §) given in Refs. [76-78]
(see appendix B for more details). As is evident, the two sets of form factors yield
very similar values, thereby confirming that these zeros are (almost) independent
of form factors. Clearly, the employed analytic relations yield values close to those
when no approximations are made, showing the robustness of these relations. All

the zeros lie in the low-¢? region, where form factors are known with relatively
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greater precision. At LO, soft form factors cancel precisely and predictions of
zeros are clean. Largest corrections to the values of zeros come from form factor
uncertainties when NLO effects are included (as noted in [78] for the case of §).
The typical error on form factors is ~ 10-12% (see [75]). Assuming the size of
errors in all the form factors of the same order, we find the relative uncertainties
in our estimates of these zeros to be ~ 30%. So far experimentally as well
as theoretically only Sy has received attention. The experimental value of 5y has
large relative uncertainties (of order 35%) [88,89]. Though we have ignored O(«;)
contributions in favor of obtaining form-factor insensitive correlations among the
zeros, our theoretical estimate of §j is still competitive with the experimental
value with current precision as discussed above. The zeros and the relations
among them can be used to constrain the Wilson coefficients in the following

ways:

e Under the hypothesis of no NP-induced right-handed currents and real Wil-
son coefficients, all the zeros including that of the new observable O%’R are
functions of C’7eﬂ: and C'geff only. With the magnitude of C’?ﬁ stringently
constrained from branching ratio of decay B — K*v (and B — X,v), the

zeros provide new information on CSH.

e Some of the zero crossing points are sensitive to right-handed currents (more
details below). These contributions can be probed once the precise mea-

surements of zero crossings are made.

Global fits to recently updated data on angular analysis of the B — K*puu indi-
cate significant tension with the SM [39,48,49,71,72]. It has been suggested that
solutions having destructive NP contribution to Cy or with C’é\IP = —C%P <0
are in very good agreement with the data. From this perspective, the measure-
ment of these zero crossing points would provide a very clean and good test of the
hypothesis of NP contribution to Cy. In Fig 2.3, we show the constrained region
in C'; and Cy plane in the SM-like operator basis. The most stringent bounds on

C; come from the decay B — X,vy. The formula for branching ratio of B — X



2.5. Constraining New Physics 41
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Figure 2.3: Constraints on C;\I P —C’é\l P from zeros of observables App (Gray), P;
(Red) and P, (Cyan) using analytic relations Eq. (2.4.1), Eq. (2.4.6), Eq. (2.4.10).
The light orange band shows the constraints on the values of C7 from the inclusive
and exclusive b — sy modes as discussed in the text. The black filled circle
shows the SM point whereas the blue colored ‘+’ in the plots corresponds to the
simplest possible NP solution C)* = —1.5 to explain the observed tension in the
experimental data on b — sutp~. The NP solution CJ'f = —1.5 corresponds to

‘BSM1’ scenario and has been discussed in detail later in the text.

with photon energy cut Ey = 1.6 defining the threshold is given by [92],

Vi Vi
Vep

? 6tem
xC

BR(B — XS’Y)E.,>E0 = BR(B — Xceﬁ) (P(E0> + 5n0np~)’

(2.5.1)
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where C' is a semileptonic phase-space factor given by [93]

T(B — X,e)
(B — X,ev)

Vub
Ve

c-|

= 0.58 & 0.01, (2.5.2)

and Oponp. is the nonperturbative contribution estimated in Ref. [94]. At LO,
P(Ey) = |C4]? and NNLO QCD corrections have been computed in Ref. [95-97].

The formula for branching ratio for exclusive B — K*v is given by [98]

G2 0 emym? m2.\° .
BR(B - K*9) = ra Lo (1 20 ) i (1O + () Ti0)
B
(2.5.3)

where form factor 77(0) is the main source of uncertainty in the prediction of
branching ratio. The updated LCSR calculation of the full QCD form factors
gives T1(0) = 0.282 + 0.031 [99], and combined fit of the LCSR and lattice
calculation gives T7(0) = 0.312 + 0.027 [100]. Constraint on the real part of
NP Wilson coefficient CXF from updated data on inclusive as well as exclu-
sive b — sy processes allows —0.043 < Re O < 0.030 at 95% C.L [98]. In
Fig 2.3, we have taken a more conservative value of this constraint and allowed
for —0.05 < Re C%\IP < 0.05.

Then the precise measurement of §y essentially determines the effective coef-
ficient C’gﬁ. The recently measured value of §y currently involves large errors (
~ 35%) [88]. Therefore, bounds on C’gﬂ are not as stringent. But a qualitative
analysis shows that §; is compatible with models having NP contribution to Cy.
We also provide constrained region in C; — Cy plane using bounds from zero of
P, and P;. However, we must mention that constraints from zero of P, and P} in
Fig 2.3 are not to be taken at the face value (as the experimental measurements
of zeros of P, and P are not available') and are shown for illustrative purpose
only. This exercise shows that the measurement of these zeros will provide equally
efficient constraints on Cy as drawn from §.

Finally, we investigate the BSM reach of these zeros by carrying out a numer-
ical study of the 355/, §OP‘1 and §89%R in Table 2.2. In the SM, their values lie in

the large recoil region and therefore these observables, like the zero of Apg, are

'LHCb has now started measuring these zeros and the reported measurements, which came

after the publication of this work, have been discussed at the end of this Chapter.
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expected to be very clean. These zeros also have sensitivity to BSM effects in-
duced by right-handed currents. The BSM scenarios we have chosen in Table 2.2
are motivated from the analysis [39] of the updated data on B — K*uu and are
obtained by allowing variation in single Wilson coefficient at a time. The case
BSM1 is most favored while the cases BSM2 and BSM3 are less favorable. The

three columns in Table 2.2 correspond to these scenarios as follows:

e The scenario BSM1 corresponds to a negative contribution of —1.5 to the
SM value of Cy (shown in Fig 2.3 by the symbol ‘+’). This kind of sce-
nario could, for example, be generated by a Z' boson which has vector like
coupling to muons [53], where Cy has a non-zero contribution while the NP

contribution to the Wilson coefficient C}y vanishes.

e The other two columns correspond to cases where NP enters in a correlated
way in two Wilson coefficients. The second scenario, BSM2, has new physics
in the SU(2),, invariant direction C)¥ = —CNP and can be realized in Z’
models with the Z' boson having coupling to left-handed muons [53]. A
scalar leptoquark ¢ transforming as (3, 3)_1/3 with couplings to left-handed

muons can also generate this scenario [101].

e The third scenario stems from new contributions from helicity-flipped semilep-
tonic operators Oy and O),. This case was specifically chosen to show the
distinguishing features of these zeros when only right-handed currents have

new physics contributions.

In each of the BSM scenarios, estimates of uncertainties are the same as discussed

/

for the SM case. Our numerical analysis explicitly shows that the observables §é3 5,
§0P‘1 and §OO%R along with $yg can certainly distinguish between the SM case (the
SM predictions for zeros are given in Table 2.1) and different BSM hypotheses.
An important point we would like to make here is that from Table 2.2, it is clear
that Sy has very similar values as 3((]9 " in all scenarios. This is true only when
there is no contribution from right-handed currents (like the cases BSM1 and
BSM2). The values of zero crossing points would not be identical when right-

handed currents are invoked (like in the case BSM3). However, the difference
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L,R
between §; and §69T in the case BSM3 is arising only beyond third decimal

place and therefore, at present, can be neglected in favor of experimental errors.

We would be able to identify distinctions among different NP scenarios more

Observable BSM1 BSM2 BSM3

CNP =—15 CNP =-ON=-053 Cy=Cjy=-0.10

S0 0.198 0.146 0.127(76)
55 0.109 0.078 0.067
K 0.050 0.067 0.061
L,R
8t 0.198 0.146 0.127(91)

Table 2.2: Values of zeros compared between different BSM scenarios. Only
non-zero NP Wilson coefficients are shown in each scenario. The values in the
parenthesis correspond to beyond the third decimal place. See Table 2.1 for values

in the SM.

accurately once these zeros are precisely measured. Experimentally, only §y has
received attention. We stress that the other zeros are equally important and
should be measured or extracted experimentally, since this could already yield
crucial information about NP, if present. Further, it may happen that some of
the observable profiles (i.e. values in experimentally measured bins) turn out to
be different from the SM, as is the case say with P;. In such a situation, a further
check would be the position of the zero. These two pieces of information put

together will clearly point out to any NP present.

2.6 Summary and Conclusions

The radiative and semi-leptonic b — s decays have a potential sensitivity to effects
beyond the SM. With LHCb’s dedicated efforts to measure the decay B — K*¢/¢
and associated angular observables extensively, the decay B — K*/{ seems to be
a promising field to identify patterns of NP which can be probed by experimental

data. Recent data shows some discrepancies in comparison to the SM predictions
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but due to uncertainties inherent in the theoretical calculations of such processes,
at present, it is difficult to infer the same in affirmation. Precise measurements of
theoretically clean observables hold the best chance of unambiguously revealing
the presence of physics beyond the SM, if any. The zero of the forward-backward
asymmetry (Sp) is known to fall under this category of observables. But the cur-
rent measurement is not precise enough to say anything definitive and is totally
consistent with the SM. It may be useful to have more such observables mea-
sured with precision. In this chapter, we have pointed out that along with §j, the
zeros of observables P5/, P, and (’);’R (a new angular observable proposed) are
suitable candidates in this regard. The zeros of these observables, like the case
of gy, have good theoretical control over hadronic uncertainties and can provide
crucial tests of the SM. We noted that there exist correlations among zeros of
different observables within the SM, and the positions of all the zeros are essen-
tially fixed by Sp, up to small corrections. We further used these relations to
model-independently constrain the CNF — C3' plane. To this end, we defined
our framework by considering that NP enters in electromagnetic (O7) and semi-
leptonic operators Oy, and O;, together with their chirally-flipped counterparts.
We have assumed the Wilson coefficients to be real, but generalization to complex

coefficients is straightforward.

We studied the implications of these zeros on CNF — CJ plane in the SM
like operator basis. The conservative bounds on C}" are taken from B — Xy
experimental data. Owing to the rather large uncertainties in the current mea-
sured value of §j, the constraints on the Wilson coefficient Cy are rather weak
and the deviations of up to ~ —1.5 in Cy are compatible with experimental data
within the 1o range. We showed that observables 3‘(]]3 E/’, §é3 i have equally good sen-
sitivity to Cy and C'; as Sg. In addition to the SM-like basis scenario, we further
investigated the cases where the operator basis is augmented by helicity-flipped
operators. We noted that the zeros of these observables are quite sensitive to the
effects stemming from BSM scenarios. This can be observed from the numerical

analysis we performed in Table 2.2. The analysis clearly shows that the zeros have

the capability to discriminate between different BSM scenarios. This sensitivity



46 Chapter 2. B — K*£1£~ : Zeros of Angular Observables

can be further exploited to test such scenarios once more precise data on the zeros
of discussed observables become available. To date, only Sy has received attention
but we have shown that zeros of other angular observables also carry important
and complementary information on short-distance parameters. We thus hope
that these observables will be measured precisely by the LHCbH collaboration, and
data on these observables can certainly be used to put strong constraints on NP
physics. The relations are obtained in the large recoil region in the large energy
limit where theoretical uncertainties are supposed to be minimal. To the best of
our knowledge, this is the first attempt to use such correlations as a stringent test
of the SM itself. A simultaneous accurate determination of these zeros will surely
provide conclusive evidence of any NP present. Moreover, in a general setting,
the zeros by themselves carry complementary information about the Wilson co-
efficients and their measurement, together with the existing data can be used to
pinpoint the class of NP scenarios which can give rise to such predictions. This
is clearly evident from the position of §(()9 i which in the standard model limit
yields the same value as §; but when the helicity flipped operators are included,
leads to complementary information on the Wilson coefficients compared to what
can be inferred from §,.

In the end, we must mention that following the suggestion of this work that
apart from the zero of Apg, the zeros of observables P and P; can also provide
new and theoretically cleaner tests of the SM, the LHCb collaboration has started
measuring the zeros of observables P, and P; (see [38] ). However, the associated
experimental errors are still large to draw any conclusions on the presence of NP,
and the values of zero crossings are consistent with the SM. The zero crossing
points determined from the decay amplitude fit are [38]

By

so° € [2.49,3.95]GeV* at 68% confidence level (C.L.),
so € [3.40,4.87] GeV? at 68% C.L.,

P

syt < 2.65GeV? at 95% C.L.

We hope that with more data, not just the position of various zeros, but also
the complete profiles of angular observables will be known with high precision,

which can be used further as a crucial test of the SM.



Chapter 3

Angular Observables and
Asymmetries for Ay — ALTE™

3.1 Introduction

As discussed in the previous chapter, semileptonic decays mediated by the quark
level transition b — s¢*¢~ offer cleaner probes compared to nonleptonic exclusive
hadronic decays. In the latter case, theoretical calculations are more difficult in
general and they are also marred by issues related to QCD effects, both pertur-
bative and nonperturbative, in a bigger way. Semileptonic decays on the other
hand are somewhat easier at the theoretical level as the leptonic sub-system fac-
torizes as far as the QCD effects between the final state subsystems go. Further,
since LHCb observations hint at deviations from the SM predictions in observ-
ables related to B — K®pu*p~ channels (see [37,38,41] for anomalies in K*
channel and [34] for hints of lepton universality violation in K channel), which
proceed at the quark level by the same b — s semi-leptonic decay, it is of utmost
importance to study any other such semi-leptonic decay modes to clarify the sit-
uation and pin point the source of these deviations. Since the hadronic effects
bring along large uncertainties, the above mentioned hints cannot be conclusively
taken as evidence for new physics, which is part of the short distance structure.
However, if a similar pattern emerges for decays with different hadronic parti-

cles but governed by the same b — s¢*¢~ quark level transition, then that would

47
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amount to an unambiguous signal for physics beyond the SM. The baryonic decay
Ay, — A0T{~ satisfies all these requirements, and therefore, it is useful to study
it in detail. This decay has been studied theoretically in the past [102-123] but
the emphasis has been somewhat different from that in this chapter. This decay
mode, like B — K*¢*{~, has many angular observables to offer as probes. This
fact was utilized to some extent in Ref. [124]. Here we take it further and also
construct some new angular observables which can be used to extract information
on the short-distance structure which is theoretically clean and less sensitive to
the hadronic form factors. On the experimental side, this decay was observed at
the Tevatron [125]. Recently, LHCb has measured the branching fraction along
with some angular coefficients [126,127]. The errors are still quite large but one

hopes to have better results in the near future.

3.2 Effective Hamiltonian and the decay A, —
VA

Since the decay A, — A¢T¢~, at the quark level, is governed by FCNC transition
b — st~ the effective Hamiltonian is identical to that given in Section 2.2 in

the previous chapter,

4G / ’
He = _TQFVtZth > (GO + Ci(1)0;) + hec., (3.2.1)

7

The operators contributing significantly in the SM are the semileptonic vector
operator Oy, the axial vector operator O, and the magnetic photon penguin

operator Or.

Taking into account the polarizations of A, and A, there are a host of form
factors that enter the calculations. The A, — A form factors parametrize the
(axial-)vector, (pseudo-) scalar and (pseudo-) tensor matrix elements and are

defined in the helicity basis as follows [128]. For vector and axial-vector currents,
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we have

i

(A(k, sa)[57"0|Ap(p, sa,)) = ua(k,sa) |:ftv(q2)(m/\b - mA)Z—Q
+f3/(q2)—mAb: A (p“ + k" — (m3, — mi)z—g)

n
)] un, (P, sa,);

QmApM _ 2mAb LH

+ fL () (7" -

3_|_ S_|_
(3.2.2)
and
m
(A(k, 50)[57%95bl Ao (P, 50,)) = —an (K, 54)7s [fz“(qZ)(mAﬁmA)Z—g
ma. —m H

A (ke o, — ) )

A/ 9 " QmA M QmAb "
+ () [ ™+ P —S—k’ up, (P Sa, ),

(3.2.3)

with the condition fY(0) = fY(0), fA(0) = f(0), where ¢* = (p — k)* is the
momentum transfer and s = (my, £ map)? — ¢°.

The form factor parametrization for scalar and pseudo-scalar current can be ob-
tained from Eq. (3.2.2) and Eq. (3.2.3) via use of the equations of motion. These

are given by,

m —m
(A sl sy = 76) (P ) w5
(3.2.4)
and
_ ma, +MmM _
<A(kaSA)|375b|Ab(pa 8Ab)> = tA(q2) (W) up(k, sp) 75UAb(pa SAb)7

(3.2.5)
For tensor and pseudo-tensor current, we have
(A(K, sp)|Sic" q,b|Ap(p, sa,))
q° q"
= —nathosn) [T (0 o, - ) %)
S+ q
):| uAb(p7 SAb)7

(3.2.6)

QmApu _ 2mAb JH

AT (@) may +ma) (7" -
Sy Sy
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and

(A (K, sa)|5i0" q,y5b| Ab () Sa,))
2

o
= —up(k,sp)7s {J%TS (q2)z— (p” + k" — (m3, — mi)%)

QmA 2mA
A, = ma) (29 20 2y (s,

(3.2.7)

Note that our notations for form factors are identical to the ones used in Ref. [124]
but differ from the ones used in Ref. [128]. The two sets of notations used in
Ref. [124] and Ref. [128] can be translated into each other via the following
change: fY = fo, fi = fv, fI' = fi, ft = 90, f64 = 9+ ff =91, fo = hy,
flr=hy, f*=hy, fI°=ho.

At first sight the decay A, — A¢T¢~ may seem not to be too useful owing to
larger uncertainties in the transition form factors involved, when compared to the
mesonic counterpart B — K*¢*{~. However, this decay offers a larger number
of observables. For example, in contrast to K* — K7 decay in the mesonic
counterpart which is parity conserving, A — N is a parity violating decay and
hence brings along the possibility of measuring forward-backward asymmetry in
the hadronic system as well. This decay has been studied theoretically, but the
emphasis in most of those studies was mainly on the lepton forward-backward
asymmetry and/or lepton polarization asymmetry. Since the decay was observed
at Tevatron, there has been some activity, both on the form factors [128-137]
as well as on exploiting the angular observables [124]. In the present work, we
extend the analysis of [124] and also propose new observables and asymmetries
which are theoretically clean and can be used with the limited data expected in

the near future.

3.2.1 Angular distribution of Ay, — A(— Nm)¢t(~

The four-body differential decay Ay(p) — A(k)[— N(k1)m(k2)]t(q1)¢ (q2) can
be conveniently written in terms of the variables: invariant mass squared of the

lepton system ¢? = (p—k)?, helicity angles 65 and 6, of the hadronic and leptonic
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subsystems respectively, and the azimuthal angle ¢ between the hadronic and

leptonic planes. The four body differential decay rate can be written as

d*T’ 3
= K (q*, cos Oy, cos O, §). 2.
ddcosOdcosfndd 8 (@ cos b, cosby, ) (3.2.8)

where

K(q? cosfy,cos0y,¢) = Kigesin®y + Kye.cos? 0y + K. cos b,
+ (Kgs sin® 0y + Koo cos® 0y + Ky, cos ;) cos 0y
+ (K3sc8in 6, cos 6y + K3, sin 6,) sin 0, cos ¢
+ (Kysesin by cos 0 + Ky, sin 6;) sin 0, sin ¢.

(3.2.9)

Figure 3.1: Schematic diagram showing the angular distribution of A, — A(—

N7)¢t¢~ decay with the description of the angles 6, 6, and ¢.

The angular coefficients K;’s depend only on the dilepton invariant mass, ¢?,
and carry the hadronic information. They are in turn expressed in terms of the
transversity amplitudes. These transversity amplitudes are written as combina-
tions of Wilson coefficients and baryonic form factors in the helicity basis. A
typical helicity amplitude, defined by the contraction of matrix elements with
the virtual polarization vectors, is denoted as H(sa,,sa) where we have sup-

pressed the indices V, T', A signifying the type of operator sandwiched between
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the external hadronic states but have explicitly shown the two spin projection
vectors which take values £1/2. The explicit expressions of helicity amplitudes
H(sp,,sa) in terms of A, — A form factors f,) o (;‘Ff5 are given in Ref. [124]
and have been collected in Appendix C. The transversity amplitudes then in the

SM are given by

2mbC7

AL = \/_N< S WHY (<1/2,1/2) — HT(-1/2, 1/2)),(3.2.10)

2m507

AFB - — —\/_N( S HA(—1/2,1/2) +

[l1

HT(-1/2, 1/2)) ,

(3.2.11)
AR \/_N< LY (1/2,1/2) — 2”“’07151?’(1/2 1/2)) (3.2.12)

mbC’7

AFB - —\/_N( AW H(1/2,1/2) +

llo

=t H (12, 1/2)> . (3.2.13)

where C’QL’ (B) — (Cy F C1) and N is the normalization factor given by

N = GprVyVia \/)\mb’m’ (3.2.14)
FVipVigOle 2.
e 3m5(2)1 m3

b
with )\(m?\b, m3,q*) = mjﬁb +mi +q* — Q(mibmi + m%qu + m3q?).
In terms of the transversity amplitudes, the angular coefficients appearing in

the fully differential decay rate are defined as [124]

1
Kis = [IA P+ AP+ 2/AT P+ 2/Af P+ (R L)), (3.2.15)

Kie = [yA P+IA P+ (R L), (3.2.16)
K. = —Re {AT A — (R L)}, (3.2.17)
Kogs = Re {AT AT+ 2AF A+ (R L)}, (3.2.18)
Koee = aRe {AiA”1 (R< L)}, (3.2.19)
Ky = —— [|A ?+ALP = (R L), (3.2.20)
Kyee = EIm {AT A —ALAT+ (R L)} (3.2.21)
K3 = \/_Im {AT A — Af A — (R L)}, (3.2.22)
Kie = \/_Re {AT A —ALAT + (R L)}, (3.2.23)
Ki = ——Re {AT A —ATAT — (R L)}, (3.2.24)

%
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where the parameter « is the parity violating parameter in the A — N7 decay.
Experimentally, we have a(A — pr~) = 0.642 £ 0.013, (A — prt) = —0.71 &
0.08, and (A — n7?) /(A — pr~) = 1.01 £ 0.07 [9)].

The task then is to experimentally determine these angular coefficients. In
principle, once there is sufficient data, a full angular fit would end up determining
these coefficients (up to discrete ambiguities). One could proceed by studying
angular asymmetries allowing for the extraction of specific angular coefficients
and /or some combinations of those. In [124], the authors considered the following
observables which provide a handle on a select few angular coefficients:

(i) Decay rate as a function of ¢?

dr
9K + Ko 3.2.25
e 1ss + 18 ( )
(ii) Transverse (and therefore longitudinal) polarization fraction
2K ss K cc
Fro=1-Fp=>="1 ! (3.2.26)

2Klss + chc ‘

(iii) Forward-backward asymmetries in the leptonic, hadronic and mixed sub-

systems:
AL — 3. K
rB 22K 155 + Kice'
1 2K2ss + KQcc
AL = —-—— 3.2.27
FB 2 2Klss + I(lcc7 ( )
3 K
0,A 2¢
AFB =

42K + Kiee'

Analogous to the lepton forward-backward asymmetry in B — K*(T(~ A%,
and Ai}% have a zero crossing, which essentially depends on the short distance
parameters only (in the approximation when the form factor dependence more or
less cancels) and its value is the same as in the the mesonic case, scaled by the
Ay mass instead of the B-meson mass. Specifically, the zero of A%, [124]

C
st = —2mbmAb€7. (3.2.28)
9

3.3 More asymmetries and new observables

We extend the previous work by constructing asymmetries such that all the an-

gular coefficients can be extracted. To this end, we construct the following ob-
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servables:

fo27r do [fol - fi)l] d cos O [ —_11/2 - fi)1/2 - 01/2 + f11/2} dcos 0,K(q*, 0, 0, 0)
2 - )

[Zmde [1 dcosOy [ dcos 8K (g%, 0, 0n, )

3 K2cc - K2ss
= —-— 3.3.1
82Klss +chc’ ( )

[foﬂ2 - f:/z - fjW/Q + f32:/2] dg f,l1 dcos Oy f,l1 dcos 0, K (¢%,0r, 0, ¢)
fo% do fil d cos Oy fjl dcos0,K (g%, 04,0, @)

)

3 Kgs
= —— 3.3.2
8 2Klss + chc’ ( )

2= ST = S | do [ deostn |3 = f°,| deos 00 (62, 00,61, )
[Z7de [1 dcosty [1) dcos 8K (g%, 0,00, )

9

(3.3.3)

7= 27| do [ deosba [, deos B (¢, 01,6, 0)
fo% do fjl d cos O fjl dcos0,K (g%, 04,0, @)

Y

3m Ky
= -0 3.3.4
8 2Klss + chc’ ( )

and

g = L2 do ! deoson |3 = [°,] deos 0K (. 01,6, 0)
[2mde 1 dcosOy [ dcos 8K (g, 0, 0n, )

)

(3.3.5)

Clearly, Eq. (3.3.1)-Eq. (3.3.5) along with the other equations above determine
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all the angular coefficients. Although true in principle, in practice any such deter-
mination will be severely hampered by the uncertainties coming from transition
form factors. In the baryonic case, the form factors are rather poorly known when
one compares the situation with the mesonic counterparts. In the latter, there
has been lot of progress in having a reliable set of form factors. But even there,
hadronic uncertainties prevent one from making any sound claim of new physics

when encountering deviations from the SM.

3.3.1 In large ¢* (low-recoil energy) approximation

The kinematic region can be divided into the large and small ¢ or equivalently
the low and large recoil regions. In each of the regions, one can make suitable
approximations which allow a smaller set of form factors to be employed, and
there are certain relations that emerge between various form factors. A typical
matrix element one is interested in is of the form: (A(k, sa|5I'b|Ay(p, sa,), Where
SA., are the spin vectors associated with the baryons. In full generality, there are
a large number of form factors that would contribute to the physical decay rate.
There exists several estimates of the form factors in the literature [128-137]. If,
however, one makes use of the heavy quark symmetry (working systematically in
heavy quark effective theory (HQET)), the number of independent form factors
reduces to just two. Employing HQET, the two relevant form factors appear in

the hadronic matrix elements as:
(A(K, sa|STO|Ap(p, sn,) = alk, sa) [Fi(k.v)+ pEy(kv)] TU(v, sp,) (3.3.6)

where v is the velocity of A, and the two form factors depend only on the invariant

k.v, the energy of A in the rest frame of A,. The spinors satisfy the relations

Z u(p, s)u(p, s) = ma+ p, Z Uv, s)U(v,8) =1+ (3.3.7)

s=1,2 s=1,2

It turns out that the two linear combinations I} = F} & F, are more useful and

one therefore prefers to work with them. Therefore in low recoil region, we have
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the following form factor relations:

=f=rH=1fn=F, (3.3.8)
f=f=rr=r=F (3.3.9)

Using the form factor relations (3.3.8) and (3.3.9) valid in the large ¢? region,
one can rewrite the transversity amplitudes defined in Egs. (3.2.10-3.2.13). In this

approximation, the transversity amplitudes simplify to the following expressions:

AL® —%V(C§$W+2m“”2;+rm”ck)V@tﬁL, (3.3.10)
Aﬁm::QN(%ﬁﬁﬁmmm;_m“&)¢aﬁg (3.3.11)
%@::ﬁN@%mmﬁmn+Mw0%;R4 (3.3.12)
AﬁO(R) = V2N (Cgeggh)(mj\b —mp) + 2mbC7> \/z:;r F., (3.3.13)

Thus, in heavy quark and large ¢® approximation, each transversity amplitudes
depend on single form factor (either F_ or F,).

The recent LHCb measurements of the branching ratio and the simplest angu-
lar asymmetries are mostly in the large ¢? region. It is worthwhile and important
to construct observables which are as free of the hadronic inputs as possible and
therefore can be used to probe the short-distance physics. In this spirit we pro-

pose the following observables written in terms of angular coefficients K;(q?)

o K2SS - K200/2 - O-/ch

Ti(q®) R K , (3.3.14)
K ss K cc) K c 2
Mﬁzﬂlﬂqik 2/ (3.3.15)
and
75((]2) _ a(Klss/\/i - chc/2) - K2c/\/§' (3316)

2K 55 + Kice
Since the proposed observables T;(¢?), Tz2(¢?), and T3(¢?) are combinations of
angular coefficients K;’s, these are experimentally measurable observables.

It is interesting to note that all three observables Ty, 72, and T3 have zero

crossing points in their ¢? profile. The observables 77, T, and 73 are designed
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such that their zero crossing point lie in the large ¢® region where at present
there is more control theoretically. Working in the large ¢> and HQET limit,
the zeros can be evaluated easily and turn out to be less sensitive to form factor
uncertainties. Especially, the zero crossing of 77 is completely independent of

form factors and has the following expression in the SM

R (T) o (0120 + 02> ( mA) — 4C7mbmAb (2010 + Cg) 40?771%
Sot/1 N 401009mAb ’
N2 )
S 50 1—mj
~ [0 S 3.1
( : > ot (3.3.17)

where the 'hat’ notation is used for convenience and corresponds to quantity
normalized by mass of A, to make it dimensionless. For example, § = s(=
7°) /mf\b, ma = my/my, etc. In the penultimate step of last equation we used
the approximate relation of the leptonic forward-backward zero crossing, sfj =~
—2mymy,Cr/Cy, given in Eq. (3.2.28), and the approximation Cy ~ —Cy valid
in the SM. However, it should be mentioned that even without making use of this
relation, so(77) is a genuinely short distance quantity, and therefore, has a precise
value within the SM that can be unambiguously compared with the experimental
determination. Numerically, using Cy = 4.2297, Cyy = -4.2068, C7 = -0.2974 [71]
in the SM, we find: so(77) = 16.89 GeV? for my, = 5.619 GeV, my = 1.115 GeV,
and my, = 4.18 GeV. Similarly, zeros of the other two observables, 75, and 73,

§0(75)~é((§f;) +2+\/ )3 —8(85)% +8(3 )+4> (3.3.18)

75”‘(\/{ (35)2 + 2} {36 (3 - 2v2)sf + 12v2 - 16) + 6 - 4v2}

+(V2 = 1)(85)% + (4 — 2v2)5 + 22 — 2) (3.3.19)

The above two expressions for zeros are obtained in the approximation my =~ 0
and turn out to be free of form factors in this limit. We find rough estimates
for zeros: so(T2) ~ 17.3 GeV? and so(T3) ~ 15.0 GeV? using the approximated
relations given in Eq. (3.3.18) and (3.3.19), respectively.

As discussed in the previous chapter, recent LHCb results on the angular anal-

ysis of B — K*{*{~ have shown deviations from the SM expectations, especially
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for the observable P.. Many possible solutions have been suggested, among which
the minimal solution that gives a reasonably good fit is the solution where the SM
operator basis is employed and the only deviation is in Cy: dCy ~ —1, while there
are practically no deviations in the other two Wilson coefficients [39,48-50, 72].
Assuming this scenario, it is clear that the above observables, in particular the
zero crossings can, very effectively and in a robust manner, test this hypothesis.
In fact, extension to an extended operator basis is straight forward. We thus
immediately see the immense potential of these asymmetries and zero crossing
points which are very clean. The other advantage of these zero crossing points
lies in the fact that they lie in the high ¢? region, in sharp contrast to the zero
crossings of the observables in B — K*¢*{~. This additional feature will also
help in understanding possible ¢?> dependence and differentiate between possi-
bly overlooked hadronic effect from genuine new physics contribution which by

definition should be ¢? independent.

These zero crossing points, along with the zeros of the leptonic and hadronic
forward-backward asymmetries can be simultaneously used to not only test the
SM but also to infer more about the form factors. Without making any assump-
tions, these quantities are functions of various form factors (actually ratios of
various form factors). Measurement of these quantities, along with the profiles
of various observables will allow us to extract some of these ratios at specific
points. This information can then be utilized to cross-check the consistency of
the form factors that one has employed. At present, this may appear as a daunt-
ing task but with more data available and more observables measured precisely,

a simultaneous fit will provide this valuable information.

3.4 Discussion and conclusions

Experimentally, several anomalies, though not conclusive at the moment, have
been seen in the flavor sector. Most recent ones are related to b — s semileptonic
decay modes. In this vein, it is important to study different modes and channels

which are mediated by the same b — s fundamental interactions. Recent times
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have seen a lot of theoretical and experimental effort in exploiting B — K ®)¢*¢~
modes to their full potential. The corresponding baryonic mode A, — AfT(~
has started to be studied experimentally. Since the baryonic counterpart now
involves a completely different set of hadronic inputs, this becomes a very useful
playground to cross-check the anomalies seen in the mesonic channels. Only re-
cently, a more systematic approach to fully exploit the host of angular observables
this mode has to offer has been initiated. In the present chapter we have extended
that effort and listed all the angular asymmetries that pin down the complete set
of angular coefficients. We have also proposed several other angular observables
which should be easy to access experimentally. At present, this theoretical effort
is limited by our knowledge of the hadronic effects in this mode (in particular, the
estimates of nonfactorizable hadronic corrections are not available). However, the
zero crossing points of the observables suggested in the chapter are less sensitive
to hadronic effects (especially, the zero of T;(¢?) is completely free of form factors
in HQET and large ¢* limit ) and can be used to probe the genuine short distance
content of the underlying theory. Therefore, this baryonic decay has an immense
potential to test the SM precisely and even with limited amount of data available
in near future, there may be hope to have a good indication of any new physics,
if it is really there at the TeV scale. One of the possible improvements and future
directions in this context would be to include other operators beyond the SM
and study the proposed observables within the extended operator basis. This
would shed some light on the (ir)relevance of some operators. When combined
with similar studies on the mesonic counterparts, this could limit the beyond the
SM contributions significantly. In particular, a detailed numerical investigation
of the baryonic mode with inputs and recent hints of possible new physics from

B — K"t~ would be very useful.






Chapter 4

Explaining Anomalies in R, In
Alternative Left-Right

Symmetric Model

4.1 Introduction

Recently, the LHCb collaboration has reported the ratio of branching fractions
for the semileptonic decay of the B meson,

BR(B — DWri)
BR(B — D®W(w)’

to be Rp« = 0.336 4+ 0.027(stat.) £ 0.030(syst.) with the SM expectation 0.252 4+

Rpe =

=e, L, (4.1.1)

0.005 [138], amounting to a 2.1o excess [33]. This measurement is in agree-
ment with the measurements of B — D™ 7 reported by the BaBar [30,31] and
Belle [139] collaborations* and with earlier measurements [140, 141] and when
combined together show a substantial deviation from the SM. A summary of the
measurements of Rp done by different collaborations together with the SM
predictions is given in Table 4.1.

Several NP scenarios accommodating semileptonic b — ¢ decay have been

proposed to explain these excesses. The two-Higgs Doublet Model (2HDM) of

*Recently, Belle collaboration has updated its results on Rp~ which came after the publica-
tion of this work. The updated measurement gives Rp« = 0.302 £ 0.030 & 0.011 [32] which is
within 1.60 of the SM prediction.

61
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62 Symmetric Model
Rp- Rp
LHCb [33] 0.336 4+ 0.027 4+ 0.030 -
BaBar [30] 0.332 £ 0.024 £ 0.018 0.440 £ 0.058 £ 0.042
BELLE [139] 0.293 £ 0.038 + 0.015 0.375 + 0.064 + 0.026
SM Pred. [138,142] 0.252 4+ 0.003 0.300 + 0.010

Table 4.1: Summary of experimental measurement for the ratios Ry, and the

expectation in the SM. Here the first (second) errors are statistical (systematic).

type II is one of the well studied candidates of NP which can affect the semi-
tauonic B decays significantly [143-149]. However, the BABAR collaboration
has excluded the 2HDM of type IT at 99.8% confidence level [30,31]. Phenomeno-
logical studies of the four fermion operators that can explain the discrepancy have
been carried out in Refs. [138,150-157]. The excesses have been explained in a
more generalized framework of 2HDM in Refs. [158-160] and in the framework of
R-parity violating (RPV) Minimal Supersymmetric Standard Model (MSSM) in
Ref. [161], while in Refs. [151,155,156,162,163] the excesses have been addressed
in the context of leptoquark models. In Ref. [164], a dynamical model based on
a SU(2)y triplet of massive vector bosons, with predominant coupling to third
generation fermion was proposed to explain the excesses, while other alternative

approaches have been taken in Refs. [165-167].

From a theoretical point of view, NP scenarios explaining the above discrep-
ancies and addressing other direct or indirect collider searches for NP are partic-
ularly intriguing. To this end, we must mention the recently announced results
for the right-handed gauge boson W5 search at /s = 8 TeV and 19.7 fb~! of in-
tegrated luminosity by the CMS Collaboration at the LHC. They have reported
14 observed events with 4 expected SM background events, amounting to a 2.80
local excess in the bin 1.8 TeV < me.;; < 2.2 TeV, which cannot be explained in
the standard framework of Left-Right Symmetric Model (LRSM) with the gauge
couplings g, = gr [168]. On the other hand, the CMS search for di-leptoquark
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production at /s = 8 TeV and 19.6 fb™" of integrated luminosity have been
reported to show a 2.40 in the eejj channel and a 2.60 local excess in the ep, jj
channel corresponding to 36 observed events with 20.49 £ 2.4 + 2.45 (syst.) ex-
pected SM events in the eejj channel and 18 observed events with 7.544+1.20+1.07
(syst.) expected SM events in the ep..jj channel respectively [169]. These excesses
have been explained as arising from Wpx decay in the framework of LRSM with
g1 # gr embedded in the SO(10) gauge group in Refs. [170-172] and in LRSM
with g, = gr by taking into account the CP phases and non-degenerate masses
of heavy neutrinos in Ref. [173], while other NP scenarios have been proposed in
Refs. [174-186]. Interestingly, in some of these NP scenarios attempts were made
to explain the discrepancies in decays of B meson in a unified framework [178] or

separately [161].

In this chapter we study the flavor structure of the Eg motivated Alterna-
tive Left-Right Symmetric Model (ALRSM) [187], which can explain the CMS
excesses and accommodate high scale leptogenesis T [181], to explore if this frame-
work can address the experimental data for R explaining the discrepancy with
the SM expectations. This scenario is particularly interesting because unlike the
R-parity violating MSSM in Refs. [161,176,178], this model involves only R-parity
conserving interactions. Furthermore, a careful analysis of the flavor physics con-
straints, such as the rare decays and the mixing of mesons can play a crucial role
in determining the viability of any NP scenario. Therefore, we study the leptonic
decays DY — 77v, Bt — 77, DT — 7 and D°-D° mixing to constrain the
semileptonic b — ¢ transition in ALRSM. We find that despite being constrained
by the above processes ALRSM can explain the current experimental data on
Ry quite well.

The rest of this chapter is organized as follows. In section 4.2, we discuss the
effective Hamiltonian and the general four-fermion operators that can explain

the Rpe data. In section 4.3, we introduce ALRSM and present the viable

interactions, followed by the evaluation of the Wilson coefficients in section 4.4.

fNote that in the conventional LRSM framework the canonical mechanism of leptogenesis is

inconsistent with the range of Wg mass (~ 2 TeV) corresponding to the excess at CMS [188,189].
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In section 4.5, we discuss the constrains from the leptonic decays D — 777,
B* — 7+, D* — 7+0 and mixing between D°-DP. In section 4.6, we summarize

our results and conclude.

4.2 The effective Hamiltonian for the decay B —
DWiw

To include the effects of NP, the SM effective Hamiltonian for the quark level
transition b — ¢f, can be augmented with a set of four-Fermi operators in the

following form [150]

4G R

Hepr = N

Vo D [(1+ 07,0y, + O, 04, + €5, 05, + C5, 05, + Cr, O],

o (4.2.1)
where G is the Fermi constant, V, is the appropriate CKM matrix element
and C! (i = Vi g, Sp/r, T1) are the Wilson coefficients associated with the new
effective vector, scalar and tensor interaction operators respectively. These new

six dimensional four-Fermi operators are generated by NP at some energy higher

than the electroweak scale and are defined as

Oy, = (@"br)(loyuvee), (4.2.2)
Of/R = (7R'7ubR)<ZL7uV€L)7 (4.2.3)
Os, = (crbr)(lrver), (4.2.4)
OgR = (erbr)(Crver), (4.2.5)
OK}L = (ERUMVbL)(ERU;wVEL)? (4.2.6)

where 0" = (i/2)[v*,~"]. The SM effective Hamiltonian corresponds to the case
Cf = 0. Note that in writing the general H.g, we have neglected the tiny con-
tributions from the right-handed neutrinos, and therefore, we treat the neutrinos
to be left-handed only.

In order to perform the numerical analysis of the transition B — D®7y,
we need to have the knowledge of the hadronic form factors which parametrize

the vector, scalar and tensor current matrix elements. The B — D™ 7y matrix
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elements of the aforementioned effective operators depend on the momentum
transfer between B and D™ (¢# = pl; — k*), and are generally parametrized in

the following way [163,190].

_ — m
(D(k)|ev bl B(ps)) = |(pB+ k) — ——5—2au| F1(¢*) + ¢—"—5—2Fo(d?),
(4.2.7)
* — D, . Uk o 2V q2
(D" (s el Bon)) = —ieyupme ph7 2L (128

(D*(k, )levuysbl Bpp)) = €.(ms +mp-)Ai(q”) = (ps + k)ul€ - q)

A2(q2) 2mD* 2 2
—— — qu(€" - A — A
X Mg + Mpee W(€° - q) e (As(q®) o(q%)) ,
(4.2.9)
(D*(k,€)|couwb|B(ps)) = €upo {—€"(p5+ k) Ti(q)
m2 — M p=*
+ € = (Tila") ~ Ta(g")
* 2
€4 p,0 2 2 4 2
2 o T - T — T:
2 gk ( (q) = Dle) = Tl ))}
(4.2.10)
where F;(0) = Fy(0), A3(0) = Ap(0), and
9y Mp+mp- 2y MB — Mp: 9
As(q”) = oo Ai(g?) B —— As(g?). (4.2.11)

Here, €, is the polarization vector of the D*. Note that the hadronic matrix ele-
ments of the scalar and pseudoscalar operators can be conveniently derived from
their vector counterparts by applying the equations of motion —i0"(gav,.q) =
(Mo — M) Gaqs and —10" (GaVuY5q) = (Ma + M) daV5qs- However, in what follows,
we choose to work with the following parametrization of the form factors which
are more suitable for including the results of the heavy quark effective theory

(HQET). The matrix elements of the vector and axial vector operators can be
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expressed as [146, 191]

(D(W)|ey bl B(v)) = mpmp {&(w)(v + "), + - (w)(v —v").},
(4.2.12)

(D*(v',¢) |67“b|B(v)> = iy/mpmp-&y (W)€ poe ™ VP07, (4.2.13)

(D*(v', €)|eysb| Bv)) = y/mpmps {&a, (w)(w + 1)€;, — (¢ - v) (Ea,(w)vy
+ Eaz(w)v™)}. (4.2.14)

The form factors of tensor operators are defined as [155]

(D(V)|eowb|B(v)) = —iy/mpmpér(w) (v, —v,0),) (4.2.15)

(D*(v")|co b B(v)) = —iy/MpMmp-€upe {€r (W) (v +0)" + &n (w)e” (v — v')°
+ &y, (w) (€ - v) (v +0")P (v —0")}, (4.2.16)

where v = pg/mp, and v' = k/mp are the four-velocities of the B and D™
mesons, respectively, and the kinematic variable w(q?) is the product of the veloci-
ties of initial and final mesons w(q?) = (m% + mpe — ¢*) /2mpmp-. The HQET
and QCD dispersive techniques can be used to constrain the shapes of these form
factors [192]. To this end, the HQET form factors are redefined as linear combi-
nations of the different form factors Vi (w), Si(w), Ai(w) and Ry 2 3(w) [155,192],
which reduce to the universal Isgur-Wise function [193] normalized to unity at
w = 1 in the heavy quark limit. The form factors in the parameterization of
Caprini et al. [192], which describes the shape and normalization in terms of the
four quantities: the normalizations V;(1), A;(1), the slopes p?,, p3. and the am-
plitude ratios R;(1) and Ry(1) are determined by measuring the differential decay
width as a function of w. The form factors Vi (w) and S;(w) contribute to the
decay B — D/lp, (¢ = e, u, 7), while the decay B — D*{1, receives contributions
from A;(w) and Rj23(w). However, the semileptonic decay into light charged
leptons B — D/, involves only Vj(w) and therefore, V;(w) can be measured
experimentally. The parametrization of the form factors in terms of the slope

parameters p%, p%. and the value of the respective form factors at the kinematic
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end point w = 1 is given by [192,194]

Vi(w) = Vi(1) {1 —8phz + (51p}, — 10)2* —(252p7, — 84)2°}, (4.2.17)

Ai(w) = A1(1) {1 = 8ph.z + (53pp. — 15)2* —(231p7. — 91)2°},

(4.2.18)
Ri(w) = Ry(1)—0.12(w — 1) + 0.05(w — 1) (4.2.19)
Ro(w) = Ry(1)+0.11(w — 1) — 0.06(w — 1) (4.2.20)
Ry(w) = 1.22—10.052(w — 1) 4 0.026(w — 1)2, (4.2.21)

with z = (Vw + 1 —v/2)/(v/w + 1 +v2). For S;(w) we use the parametrization
given in Ref. [149]

Si(w) = Vi(w) {1+ A(=0.019 + 0.041(w — 1) —0.015(w — 1)*)},

(4.2.22)

with A = 14+1. By fitting the measured quantity |V,|V;(w) to the two parameter
ansatz as given in Eq. (4.2.17), the heavy flavor averaging group (HFAG) extracts
the following parameters: V;(1)|Vy| = (42.65 £ 1.53) x 1073, p% = 1.185 4+ 0.054
[195]. In the case of B — D*(v,, HFAG determines A;(1)|V,| = (35.81+£0.45) x
1073, p%. = 1.207 £ 0.026, Ry(1) = 1.406 + 0.033 and Ry(1) = 0.853 + 0.020
by performing a four-dimensional fit of the parameters [195]. However, since
the fitted curves are plagued with large statistical and systematic uncertainties,
for form factor normalizations, we use V(1) = 1.081 4 0.024 from the recent
lattice QCD calculations [196] and for A;(1) we use the updated value A;(1) =
0.920 £ 0.014 from the FNAL/MILC group [197]. The amplitude ratios R;(1)
and Ry(1) are determined from the fit by HFAG R;(1) = 1.406 £ 0.033, Ry(1) =
0.853 £ 0.020 [195].

4.3 Low-energy effective subgroups of E; and
leptoquarks

One of the most intriguing feature of the SM is that quarks and leptons field

appear as independent fields. This is puzzling since leptons and quarks exhibit
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symmetry in their organization in the SM: both leptons and quarks are grouped
into three generations with each consisting of a pair of leptons and a pair of quarks,
respectively; all three generation of quarks (as well as leptons) are replicas of each
other except for the hierarchy in their masses. The first generation contains the
lightest matter fields and the next generation contains more massive fields than
the previous one. Furthermore, it is known that, for any quantum field theory
to be consistent, the gauge anomalies associated with it must cancel. In the SM,
these anomalies are associated with triangular fermion loops with gauge bosons at
the vertices. In the SM, the leptons and quarks of each generation provide equal
and opposite contributions to cancel the anomalies. This cancellation does not
happen for the quarks or the leptons alone, rather it occurs for each generation.
Therefore, it is natural to consider that in a more fundamental theory than SM
the leptons and quarks can interact with each other directly. As a result, there
are many extensions of the SM which predict new bosons, namely, leptoquarks,
which can convert leptons into quarks and vice versa. The leptoquarks are color-
triplets under SU(3)¢ ; they carry lepton as well as baryon quantum numbers;
they have fractional electric charge; and can be scalars or vectors. The existence
of leptoquarks, for the first time, was proposed in the SU(4) model of Pati and
Salam [198]. The most obvious extensions of the SM which naturally accommo-
date leptoquarks are the grand unified theories (GUTs) which try to unify all the
matter fields by including leptons and quarks in a single multiplet. For example,
GUTs based on gauge groups SU(5) [199], SO(10) [200,201], superstring-inspired
Es models naturally contain leptoquarks (for a review, see [202]). Extended
technicolor models (see, for example, [203,204]), and composite models (see, for
example, [205,206]) are also the examples of models which contain leptoquarks.
Scalar partners of quarks in supersymmetric theories with R-parity violating in-
teractions also have leptoquark-type Yukawa couplings [207]. A comprehensive
recent review on leptoquarks in the context of flavor physics can be found in

Refs. [208].

In the present and the next chapter, we study low-energy effective rank-5

subgroups SU(3)¢ x SU(2)L, x SU(2) x U(1) of superstring-inspired Ej, naturally
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accommodating leptoquarks, in the context of anomalies seen in the flavor sector.
Our primary interest in this analysis will be to study the set of interactions involv-
ing leptoquarks and their supersymmetric partners. Fg is a rank-6 exceptional
group which has 78 generators, and is a natural anomaly-free choice for the GUT
group [209]. There are several maximal subgroups of Fg which contain the group
SU@3)c x U(1)gm. For example, some of the choices are Eg D SO(10) x U(1),
D SU(2) x SU(6). The subgroup which we are interested in is Eg D SU(3)¢ X
SU(3), x SU(3)g; it is the only maximal subgroup of Eg which contains QCD as
an explicit factor. The fundamental 27 representation of Fg can be decomposed

under this subgroup as

27 = (3,3,1) + (3%, 1,3%) + (1,3%,3) (4.3.1)

where the fields are assigned as follows. (3,3, 1) corresponds to (u,d, h), (3*,1,3*)
corresponds to (h¢, d° u®) and the leptons are assigned to (1,3*,3). Here h rep-
resents the exotic —% charge quark which can carry lepton number depending on
the assignments. The other exotic fields are N¢, n and two isodoublets (vg, E)
and (E°, Ng). Note that superstring-motivated Eg models carry an N = 1 super-
symmetry. Therefore the particle spectrum of the Eg subgroups also contain the
scalar superpartners of all the fermions along with these exotic fields. The pres-
ence of these exotic fields makes the phenomenology of the low energy subgroups

of Eg very interesting. The superfields of the first family can be represented as

U E¢ v vg
d| + (uc d° hc> +| N, e E|, (4.3.2)
h e N¢ n

where SU(3), operates along columns and SU (3) g operates along rows. The most
general renormalizable superpotential describing interactions among matter fields

and invariant under the SM group SU(3). x SU(2)L, x U(1)y is given by [202]

W = Wo+ Wi+ Wy +Ws, (4.3.3)



Chapter 4. Explaining Anomalies in R in Alternative Left-Right
70 Symmetric Model

where

Wo = MXQue+ \XQd° + \sX Le® + \XXn + \shhen, (4.3.4)
Wi = Ahu®e® + A Lh“Q + AsN°hd", (4.3.5)
Wo = AhQQ + Aohucd:, (4.3.6)
W; = AnX°LNC, (4.3.7)

where notations used for isodoublets are @ = (u,d)., L = (v,e), X = (vg, E)
and X¢ = (E°, Ng). Few points are to be noted here. First is that assignment of
quantum numbers to the exotic fields is not unique. While the color, charge and
isospin quantum numbers can be fixed by the breaking of Fg to the SM group
SU(3). x SU(2), x U(1)y, there are several choices for assigning the baryon (B),
lepton (L) numbers and R-parity quantum numbers to the exotic fields which
lead to different interactions among these fields. Second point is that all the
terms in the superpotential W cannot be present simultaneously which would
otherwise lead to rapid proton decay. For example, if exotic quark field h is
assigned L =1 (the case we will be considering in this work), the conservation of
B and L numbers ensure that couplings A\g and A1g are zero. Different assignments
of B and L number results in vanishing of different couplings [202]. In this and
the following chapters we will consider the low-energy FEg subgroups having an
additional SU(2) symmetry compared to the SM group, which also induces the
vanishing of various terms given in Eq. (4.3.3). We will discuss these details later
in the text.

The SU(3);, in the maximal subgroup SU(3)¢ x SU(3)r, x SU(3)r of Eg fur-
ther break into SU(2)r, x U(1)r. Note that U(1)y, here cannot be identified with
the U(1)y of the SM because if this were the case then it has to satisfy charge
equation = T3, +Y/2 which would imply (h€¢, d°, u°) to have electric charge zero.
Therefore the group SU(3)gr must contribute to the charge equation. Regarding
the choice of SU(3)r decomposition into SU(2)r x U(1)g, there are three choices

of assigning the isospin doublets corresponding to T', U, V' isospins (generators of

SU(2)) of SU(3).
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Case 1:

One of the choices have (d° u°);, assigned to the SU(2)g doublet giving rise
to subgroup SU(3). x SU(2);, x SU(2)g x U(1)y,+vy. This choice corresponds
to the usual left-right symmetric extension of the standard model [210-215]
including the exotic particles. The charge equation in this case is given by

Q=Ts, + Tsp+ 5(YL + Yg).

_Case 2:

The second possible choice where the SU(2)g doublet is chosen to be (h¢ u¢)
gives the subgroup referred to as the Alternative Left-Right Symmetric Model
(ALRSM) [187], and will be the topic of this chapter.

Case 3:

In another choice, the SU(2)r doublet is chosen to be (h¢,d°) [216] with the
charge equation given by Q) = T3, + %YL + %YN, where the chosen SU(2)g does
not contribute to the electric charge equation and is often denoted by SU(2)x.
The further details of this subgroup are given in Chapter 5 where we discuss
this subgroup in the context of various flavor processes and anomalous magnetic

moment of the muon.

4.3.1 Alternative Left Right Symmetric Model

In ALRSM, the superfields have the following transformations under the subgroup
G = SU(?))C X SU(Q)L X SU(Q)R/ X U(l)y/

(u,d)y, (3,2,1,%)
(he, ), : (3,1,2,-%)
(v, By (1,2,1,_%)
(e“n)p (1,1,2,%)

1

hy o (3,1,1,—2)
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a; o (3,1,1,=
L (7 ) 73)
v, FE¢
(1,2,2,0)
e Ng ;
Ny @ (1,1,1,0), (4.3.8)

where Y’ = Y7, +Y},. The charge equation is given by Q = Ts, +3Y;, + T4+ 3 Y5,
where T3, = %TgR + %YR, Y, = %TgR — %YR. The superpotential governing

interactions of the superfields in ALRSM is given by [202]

W = A (wuNE — dutE° — uh®e + dhtv,) + Ao (ud’E — dd°vs)
+A3 (hu®e® — hh‘n) + \yhd°N} + X5 (ee‘vg + EEn — Ee‘v, — v Nin)

+X6 (VeN; Ny, — eE°NY). (4.3.9)

The superpotential given in Eq. (4.3.9) gives the following assignments of R-
parity, baryon number (B) and lepton number (L) for the exotic fermions ensuring
proton stability. h is a leptoquark with R = —1, B = %, L =1. vg, F and n have
the assignments R = —1, B = L = 0. N°¢ has two possible assignments. If N¢
has the assignments R = —1 and B = L = 0 (in a R-parity conserving scenario
demanding Ay = A\¢ = 0 in Eq. (4.3.9), v, becomes exactly massless. However if
N¢is assigned R = +1, B =0, L = —1, then v, can acquire a tiny mass via the
seesaw mechanism.

ALRSM can explain both eejj and ep,jj signals from the decay of scalar
superpartners of the exotic particles, for example, through (i) resonant produc-
tion of the exotic slepton E, subsequently decaying into a charged lepton and a
neutrino, followed by R-parity conserving interactions of the neutrino producing
an excess of events in both eejj and ep,_jj channels [181], (ii) pair production of
scalar leptoquarks i. On the other hand, high scale leptogenesis can be obtained
via the decay of the heavy Majorana neutrino N¢ in ALRSM. From the interac-
tion terms A4 and \g in Eq. (4.3.9), it can be seen that the Majorana neutrino N
can decay into final states with B — L = —1 given by yeiNCEj, Ve, Ng]_,ezE;, e, B
and diﬁj, Jciﬁj and to their conjugate states. Thus, ALRSM has the attractive
feature that it can explain both the excess eejj and ep.jJ signals and also high-

scale leptogenesis [181].
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ATLAS and CMS have searched for pair-produced scalar leptoquarks in differ-
ent final states. The current limits on leptoquark masses from CMS searches for
scalar leptoquarks pair production (assuming decaying branching fraction g = 1
) exclude leptoquarks with masses below 830, 840, and 525 GeV for first, second,
and third generations, respectively, while the lower bounds from ATLAS (for
f = 1) are 660, 422, and 534 GeV, respectively [9]. However, by choosing 3 to
be smaller than 1 the lower limits on leptoquarks masses can be reduced. From
single production of scalar leptoquarks with charge —1/3, the current lower limit

on the first generation is 304 GeV [9].

4.4 Analysis of operators mediating semileptonic

decay B — Dy,

Having introduced ALRSM above we are now ready to analyze the semitauonic
B decay B — D™ based on the general framework introduced in section 4.2.
From the superpotential given in Eq. (4.3.9) it follows that in ALRSM there
are two possible diagrams, shown in Fig 4.1, which can contribute to the decay

B — D®Wrp. The effective Lagrangian corresponding to these diagrams is given

by

pn A3 Aah
2 : 33y 3kj — 335 7'3kj — < e
eff = ‘/Qk B} LbR TRVL + 5 CLTR I/RbL s (441)
m=. ms .
Jk=1 12 hi*

where the superscript corresponds to the superpotential coupling index and the
generation indices are explicitly written as subscripts. Here mg(mj) is the mass
of slepton E7 (scalar leptoquark iﬂ*) and Vj; corresponds to the ij-th component
of the CKM matrix. Using Fierz transformation the second term of Eq. (4.4.1)

can be put in the form given by

1
CLTR VrbL = §5L’Y“5L TLYuVL- (4.4.2)
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We can now readily obtain the expressions for the Wilson coefficients of operators
Og, and Of, defined in Eqgs. (4.2.4) and (4.2.2), respectively, and are given by

3

. 1 )‘33])‘31@;
C = s > Vo
3 1 1%
1 Aaa- Aak
Cl = e Y Vg oM (4.4.3)

5 2V2GpVa Py 2m3,,

where the neutrinos are assumed to be predominantly of tau flavor.

To simplify further analysis, we invoke the assumption that except the SM
contribution only one of the NP operators in Eqs. (4.2.2 - 4.2.6) contributes
dominantly. This assumption helps us in determining the limits on the dominant
Wilson coeflicient from the experimental data for R and the generalization of
this situation to incorporate more than one NP operator contribution is straight

forward.

Figure 4.1: Feynman diagrams for the decays B — D™ 77 induced by the ex-
change of scalar leptoquark (A*) and E.

The case where C, is the dominant contribution, similar to 2HDM of type
IT or type IIT with minimal flavor violation, cannot explain both Rp and Rp-
data simultaneously [151,160], as can be seen from Fig 4.2. However, C7. has
an allowed region which can explain both Rp and Rp+ data as shown in Fig 4.3.
We find that for ’C‘T,L‘ > 0.08 the current experimental data can be explained.
A comment regarding the RG running of these Wilson coefficients is in order.
Wilson coefficients are computed at the matching scale (electroweak scale) by a
matching between the full theory and the effective theory. With these Wilson
coefficients at the electroweak scale as initial conditions, their evolution from

the matching scale down to scale O(my) is governed by the RG equations. The
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charged (pseudo) vector currents do not renormalize and the anomalous dimen-
sion of corresponding operators (Of/L’R) vanishes. Therefore, charged (pseudo)

vector currents do not run. However, (pseudo) scalar and tensor current require

14

renormalization and corresponding operators (OVL o

O%,) have finite anomalous
dimension. Therefore, (pseudo) scalar, and tensor current operators have QCD
running. Owing to this reason, the Wilson coefficient Cg of (pseudo) scalar
operator has a non-trivial running while C7, does not run. Since we focus on
the case where only CY, contribution is present, RG running does not affect the
analysis of this work. Also note that we use the central values of the theoretical

predictions because the theoretical uncertainties are sufficiently small compared

to the experimental accuracy.

0.55¢ Rp .

0.0 0.1 0.2 0.3 0.4 0.5

Cs,
Figure 4.2: The dependence of the observables Rp.) on CF : red (blue) line
corresponds to Rp (Rp+), and the horizontal light red (blue) band corresponds

to the experimentally allowed 1o values. No common region exists for C'g which

can simultaneously explain both Rp and Rp-«.
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Cy,
Figure 4.3: The dependence of the observables Rp on Cy, : red (blue) line

corresponds to Rp (Rp+), and the horizontal light red (blue) band corresponds

to the experimentally allowed 1o values. Cf, can explain both Rp and Rp- data.

4.5 Constraints from B, D decays and oscilla-

tion D° — DO

4.5.1 Constraints from B — v

In this section we discuss the new contributions to purely leptonic decay mode
B — 7v due to scalar leptoquark h#* exchange and utilize the measured branching
fractions of the decay to derive constraints on the product of couplings A3s; A3
In the SM, the decay B — 7v proceeds via annihilation to a W boson. In
the ALRSM, the exchange of the scalar leptoquark hi* leads to the additional
diagrams shown in Fig 4.4. Since the mass scale of scalar leptoquark is far above
the scale of the B meson, we can integrate out the heavy degree of freedom
to generate new four-fermion interaction ~ qp(7%) g (v°)gbr, with the Wilson
coefficients parameterizing the effects of the integrated out non-standard particles.

The NP effective Hamiltonian is given by

4G
HAY (b7 — ) = —= Vi C¥ (Gey"b) (Fryve), (4.5.1)

V2
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where Vi, (here ¢ = u) is the relevant CKM matrix element. The Wilson coeffi-

cient C’{jﬁ in terms of the couplings \'s is given by

o i %kA%‘SjA%”tj. (4.5.2)
Ve 2\/§GFVub G k=1 2 m}%j*

In our notation, the Wilson coefficient of the SM effective operator is set to unity.

Figure 4.4: Feynman diagrams for the decay B — 7r induced by the exchange

of the scalar leptoquark A7*.

In what follows, we will neglect the subleading O(\) terms and retain only the
leading CKM element V7.

Note that the decay B — 7v is the only experimentally measured purely leptonic
mode of charged B*. The current experimental value of the branching ratio of
B — v is (1.14 £ 0.27) x 107* [9]. The presence of NP modifies the expression

of the SM decay rate in the following way

m2\?
mafpmd x (1= 22) acp, @s3)
B

G%«“’VubP

(B —1v) = 3
T

where mp is the mass of B and f3 is the decay constant which parametrize the

matrix elements of the corresponding current as

(01077591 By(pB)) = i 5. (4.5.4)

Here pp is the 4-momentum of the B* meson. We use the CKM matrix elements,
the lifetimes, particle masses and decay constants fg, fp,, fp+ from PDG [9] for

numerical estimations throughout the chapter. Here, we assume that contribution
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from only one type of scalar leptoquarks is dominant and real. For simplicity, we
will further assume the couplings to be real in the rest of this chapter. In Fig 4.5
we plot the BR(B — 7v) as a function of the product of the couplings As3;As1;
for different values of mj;.. Numerically these constraints are given by

M 2
)\~)\~<.4<¢>. 4.5.
it < 004 {35006y (4.5.5)

2.0 ————
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Figure 4.5: BR(B — 71v) as a function of couplings Ass;A31; for mj,. = 800, 1000,
1500, 2000 GeV corresponding to black, blue, orange, and green lines respectively.

The horizontal brown (light) band shows the 1o experimentally favored values.

4.5.2 Constraints from D — 7v and D' — v

Along with rare B decays, the study of the decays of charmed mesons also offers
attractive possibilities to test the predictions of extensions of the SM [217-219].
In fact, these processes are quite sensitive to the contributions of charged Higgs
boson and scalar leptoquarks [220] and to the new contributions from squark ex-
change in the framework of R-parity violating SUSY as examined in Ref. [221].
In this section we consider the purely leptonic decays D} — 7v and Dt — 7v
in ALRSM and use their measured branching ratios to obtain constraints on the

couplings (Asg;)? and A32jA31; respectively. The relevant Feynman diagrams in
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ALRSM for the decays D — 7v and Dt — 7v are shown in Fig 4.6. Inte-
grating out the heavy energy scales yields the following non-standard effective
Hamiltonian

4G S B
HF (cq — T0) = —= Vi OV A(quyer)(PryuTe) (4.5.6)

V2
where ¢ = s,d for D, DY respectively. In the SM these processes occur (similar
to B — 7v) via W* annihilation and the SM Wilson coefficient is given by unity
in our notation. The corresponding Wilson coefficient C‘C}i parameterizing the

NP effects is given by

VL B 2\/§GF‘/C[] ],kzl kq 2m]glj* ‘ o

We will keep only the leading terms V¢ for D} decay and V4 for D case re-

Wl
¥

Figure 4.6: Feynman diagrams for the decay D} — 7v induced by scalar lepto-
quarks. The corresponding diagram for the decay D™ — 7v can be obtained by

replacing s quark by d quark.

spectively and neglect the subleading Cabibbo suppressed O()) terms. Although
this process occurs in the SM at the tree level, the branching fraction is helicity-
suppressed. For 7, this suppression is less severe but phase-space suppression is
larger compared to that for light leptons. In the presence of the scalar leptoquark
contribution, the SM decay rate is affected in the following way [220,222]

2

2
m
mp, [p,ms X (1 - m; > 1+ CY )2 (4.58)

Dq

GH|Veq”
8

F(D; — TV) =

Here mp, is the mass of charm-mesons D} and D* for ¢ = s,d respectively

and V,, is the relevant CKM element. The decay constant fp, is defined by
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(01qv.y5¢|Dy(pp,)) = i(pp,)ufD,s Where (pp,), is the 4-momentum of the D,

meson.
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Figure 4.7: Dependence of (upper figure) BR(D} — 7v) on the coupling A3,;
[(lower figure) BR(D" — 7v) on the coupling Az2jA31;] for mj ;.. = 800, 1000, 1500,
2000 GeV corresponding to black, blue, orange, and green lines respectively. In
the upper (lower) figure the horizontal brown band shows the 1o experimentally

allowed (disfavored) region.

Assuming that only one combination of the product of scalar leptoquark cou-
plings is nonzero, we get upper bounds on (A3,;)* and Aj,;Ag7;. In Fig 4.7, we
plot the dependence of BR(B — D i) on the coupling As2jAz1;(A3,;) for different

m;;«. Numerically the constraints are given by

2 M« 2
< 0.85 (M 45.
Asmj < 085 (1000Ge\/> ’ (45.9)
m~j* 2
Agzjhar; < 3.12 (m) . (4.5.10)
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4.5.3 Constraints from mixing D" — D’

The phenomenon of meson-antimeson oscillation, being a flavor changing neutral
current (FCNC) process, is very sensitive to heavy particles propagating in the
mixing amplitude and therefore, it provides a powerful tool to test the SM and a
window to observe NP. In the D — D° system, the b-quark contribution to the
fermion loop of the box diagram provides a AC = 2 transition which is highly
suppressed ~ O(\?) (by a tiny V,; CKM matrix element). Therefore, the large
non-decoupling effect from a heavy fermion in the leading one-loop contribution
is small. D° — D° mixing involves the dynamical effects of rather light down-type
particles and therefore it provides information complementary to the strange
and bottom systems where the large effects of heavy top quark in the loops are
quintessential. The D°— D° mixing is described by AC = 2 effective Hamiltonian
which induces off-diagonal terms in the mass matrix for neutral D meson pair and

typically parametrized in terms of following experimental observables

_AM) Iy

= d = — 4.5.11
ID FD , and yp 2FD’ ( )

where AMp and AI'p are the mass and width splittings between mass eigenstates
of D° — DY systems respectively and I'p is the average width. The parameters

xp and yp can be written in terms of the mixing matrix as follows

tp = - Re[2(DY[HIA=2DY) (D) / AXT{HIA= () HI=1(0)}D0) |
2MpI'p

(4.5.12)

yp = s Im(DY / dx x T{HP M (0)}DY), (45.13)
2Mpl'p

with Hl“="(2) being the Hamiltonian density that describes |AC| = 1 transi-
tions at space-point x and T denotes the time ordered product. Since the local
|AC| = 2 interaction does not contain an absorptive part, this term does not

affect yp and contributes to xp only. The measured values of xp and yp as

determined by HFAG are [223]

rp = 0497513 x 1072 (4.5.14)

yp = (0.61+0.08) x 1072, (4.5.15)
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Figure 4.8: Feynman diagrams contributing to D°—D° mixing in ALRSM induced
by scalar leptoquark and slepton.

Charm mixing in the SM is highly affected by contributions from intermediate
hadronic states, and therefore the theoretical estimations in the SM suffer from
large uncertainties and generally stretch over several orders of magnitude (for a
review, see Ref. [224]). Like in the case of mixing in neutral K and B systems,
D — DY mixing is also sensitive to NP effects. Both 2p and yp can receive large
contributions from NP. The contribution to yp in several NP models including
LR models, multi Higgs models, SUSY without R-parity violations and models
with extra vector like quarks has been studied in Ref. [225], while in Ref. [224] the
NP contributions to zp in 21 NP models have been discussed. In this section,
we use the neutral D meson mixing to obtain constraints on Agz;As1;. These
bounds are tighter than those obtained in the previous section from measured
BR of DT — 7v. The relevant Feynman diagrams which contribute to D° — D°
mixing in the ALRSM are shown in Fig 4.8. These box diagrams are similar
to the diagrams generated from internal line exchange of lepton-squark pair or
slepton-quark pair in the case of R-parity violating models [224,226]. The mixing

is described by the effective Hamiltonian

1 1 1
Pt = 55 (As2jA315)” (W * T) (e ur)(Cryuur),  (4.5.16)
T hi*

where we assume that the box diagrams receive contributions from third genera-
tion of leptons only. Taking mj;. ~ msz, the constraints on the size of couplings

is given by

ex T
)‘32j)‘31j S 0.17 $Dpt (m) . (4517)
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In Fig 4.9, we plot the dependence of xAL#5M

on the product of the couplings
Ag2jAg1; for different myj;.. As discussed in the subsection 4.5.3, the branching
ratio of the decay Dt — 7v also constrain the same product of the couplings
A32;A31; (given in Eq. (4.5.9)) and for a 1 TeV leptoquark mass we find AggjAz1; <
3.12. However, D° — D° mixing rules out a large parameter space available for
this coupling product as shown in Fig 4.9. For a 1TeV leptoquark and taking
the upper limit of the experimental value of 23" given in Eq. (4.5.14) for a

conservative estimate, we find the allowed size of product to be AspjAs31; < 1.3 x

10~2 which is about two order of magnitude tighter compared to those from

Dt —1v.
10-1 . ; ,
1 disfavoured
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800 GeV
_9 -
- 107" ¢ 3000 GeV E
5 E
=
2
1073+ 3
10-4 : : ' '
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Az Aapj

Figure 4.9: Dependence of xALRSM

on the coupling A32jA31; for mj;. = 800, 1000,
1500, 2000 GeV corresponding to black, blue, orange, and green lines respectively.

The horizontal brown (light) band shows the 1o experimentally disfavored region.

4.6 Results and discussion

Having discussed the allowed region for 7, which can explain both Rp and Rp-
data simultaneously in section 4.4 and the constraints on the couplings As3; and
Agz; involved in CF, from the leptonic decays D} — 7+v, BY — 770, DY — 7%0

and D°-D° mixing in section 4.5, we are now ready to translate these analysis
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into a simple A33j-A32; parameter space analysis. In Fig 4.10, we plot the range

1LOF

0.8F

0.61

Azzj

04

0.2r

0.0 0.5 1.0 1.5 2.0

Figure 4.10: The region of As3;-A32; parameter space compatible with the ex-
perimental data for R, and constraints from the leptonic decays Df — 777,
Bt — 7y, DY — 770 and D°-D° mixing. We take mj,, = 1000 GeV for
this plot. Blue band between dashed lines shows allowed values considering con-
straints from Rp only, Orange band between bold black lines shows allowed region
favored by experimental data for both Rp« and Rp. The shaded (light blue) rect-
angles correspond to the allowed regions of A33;-Asp; parameter space for different
values of A31; marked with the corresponding allowed upper boundary shown in
dashed lines consistent with the present experimental data on B — 7v, Dy — 71,

Dt — 7v and D — D mixing.

of the couplings As3; and Asp; (for mj;, = 1000 GeV) that can explain both Rp
and Rp« data over the parameter space allowed by the the leptonic decays and
D°-D° mixing. From the decay D} — 7+, we constrain the allowed upper limit
of the coupling Azp;. The decay D* — 7+ and D°-D° mixing give constraints
on the upper limit of the product of couplings Asp;Azi;. We find that among

the two processes the latter gives more stringent constraints and therefore we
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use the constrains on the allowed upper limit of A3p;A31; coming from D°-D°
mixing. Finally, we use the decay B* — 770 to constrain the upper limit of
A33jA315. The latter two constraints on the products of couplings have A3i; as a
common free parameter and the shaded rectangles in Fig 4.10 correspond to the
allowed regions of Asz3;-As2; parameter space for different values of \3;; marked
in the figure with the corresponding allowed upper boundary shown in dashed
lines. The blue band corresponds to the allowed band of Ass;-Ase; explaining
the Rp data and the orange band corresponds to the allowed band of Az3;-As2;
explaining both Rp and Rp+ data simultaneously. We would like to note that the
list of constraints mentioned above is far from exhaustive and many other possible
leptonic and semileptonic decays can give independent constrains. For instance,
the decay process 7+ — wtv can give independent constraint on As;;, which we
find to be consistent with the values extracted out of the above constraints and
used for the parameter space analysis. On the other hand, the semileptonic decay
t — brv can give constraint on As3; which we find to be again consistent with
the values used in the above parameter space analysis. Also the effective NP
operators under consideration may induce B-decays such as b — svv [227,228],
which can be an interesting channel for the future experiments.

In conclusion, we have studied the superstring inspired Fg motivated Alterna-
tive Left-Right Symmetric model to explore if this model can explain the current
experimental data for both Rp and R simultaneously addressing the excesses
over the SM expectations. We use the leptonic decays DY — 770, BT — 770,
Dt — 777 and D°-D° mixing to constrain the couplings involved in the semilep-
tonic b — ¢ transition in ALRSM. We find that ALRSM can explain the current
experimental data on Rp) quite well while satisfying the constraints from the
rare B, D decays D°-D° mixing. Furthermore, ALRSM can also explain both
the eejj and ep_jj signals recently reported by CMS and also accommodate
successful leptogenesis. If these excess signals are confirmed in future B-physics
experiments and at the LHC then ALRSM will be an interesting candidate for
NP beyond the Standard Model.






Chapter 5

Explanation of Anomalies in
RD(*)’ Ry, and (g — Z)N in Fg
Motivated Left-Right Model with
Leptoquarks

Apart from the discrepancies seen in the measured decay rates of semileptonic
decays B — D"7u,, the LHCb collaboration [34] has recently also reported an-
other striking deviation from the SM prediction of the ratio of branching fractions
of charged B — K/{(T(~ decays

Br(B — Kutp™)

= _ _ ) 0.1
Bk Br(B — Kete™) (5:0.1)

The measured value of REIP = 0.745 £3:0% +0.036, in the dilepton invariant
mass squared bin 1 GeV? < ¢ < 6 GeV? corresponds to a 2.6¢ deviation from the
SM prediction R3M = 1.0003 & 0.0001 [35]*.

On the other hand, currently the most precise measurement of the anomalous

muon magnetic moment by E821 experiment at BNL has been reported to show a

significant deviation from the SM prediction Aa,, = a$® —ai™ = (2.840.9) x 1077

*The updated SM estimate for Ry using unquenched lattice QCD results for form factors
involves somewhat larger errors than the quoted value here and is predicted to be Rx =

1.00074 4 0.00035 [36] in the low ¢2 bin 1 < ¢% < 6 GeV>.

87
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amounting to a ~ 3o level deviation [229,230]. This discrepancy also points to
the possible existence of NP beyond the SM.

Several attempts have been made in the literature to explain the above anoma-
lies in B decays by invoking NP models [66, 164,231-237] and separately using
a model independent approach [101,138,151,152,156, 163, 208,238-240]. Among
them, one of the extensively studied class of models relies on scalar or vector
leptoquarks. However, in these models the leptoquark couplings are often taken
at an effective level without any concrete framework. In this chapter we explain
all three anomalies consistently within the framework of a left-right symmetric
gauge theory naturally accommodating leptoquarks. This framework, motivated
by one of the low energy subgroups of Eg, can naturally enhance both B — D7v
and B — D*77 via the exchange of scalar leptoquarks to explain the anomalies,
while the Ry data can be explained simultaneously through one loop diagrams
induced by leptoquarks. The anomalous muon magnetic moment can also be
explained in this model without utilizing a nonzero right handed coupling of lep-
toquarks. We also discuss various constraints from the current measurements of

(semi-) leptonic decays and B? — BY, D° — D° mixings.

5.1 FE; motivated Neutral Left-Right Symmetric
Model

In the previous chapter, we discussed that the breaking of SU(3), to SU(2)p %
U(1)y is fixed by the SM isodoublet structure, for example, (u,d,h)r : (3,3,1)
must break to the usual SM isodoublet (u,d); and an isosinglet h,. However,
there are three choices to break SU(3)g to SU(2)g x U(1)r depending on the
three possible choices of the SU(2)g doublet corresponding to T, U,V isospins of
SU(3)r. The three choices of the residual SU(2)g give three possible left-right
symmetric frameworks. In this chapter, we are interested in the choice where
(h¢,d°)y, is the residual SU(2)p isodoublet [216]. Interestingly, this choice results
in a unique situation where the residual SU(2)g does not contribute to electric

charge [216] and hence we call this model “Neutral” Left-Right Symmetric Model
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(NLRSM). We will denote the residual SU(2)g by SU(2)y. The corresponding
charge equation is given by ) = T3, + %YL + %YN. The fields have the following
transformations under the NLRSM gauge group G' = SU(3).xSU(2),xSU(2)n X
U(l)y [181]

1 o1
(u,d) (3,2,1,6)7 (he,d°)p - (3,1,2,5),
1
(E°,Ng)L (1,2,1,5), (N n)r:(1,1,2,0),
1 . 2
hr : (3,1,1,—5), ug (3,1,1,—5),
Ve V 1
e (1,1,1,1), o (1,2.2,—3). (5.1.1)

e FE
L

The gauge bosons corresponding to SU(2)y are electrically neutral and are de-
noted by Zy, Wﬁ, where the + sign refers to the SU(2)y charge. The interactions

of the new exotic fields with the SM sector are governed by the superpotential

W =\ (v.NiNg + eE°Nf +vpNgn + EEn)
+ M (d°Nih + hhn) + Nu‘e’h + A* (uuNg + u“dE°)

+ N (Vee°E + ee‘vp) + A° (ud°E + ddvp + uhe + dh‘v.).  (5.1.2)

From the superpotential it follows that the leptoquark h has the assignment
B =1/3 and L = 1, while the exotic fields vg, F and n have B = L = 0 and N°
has B = 0, L = —1. In the gauge sector, Wy carries a nonzero lepton number

B=0,L=—1.

In addition to the above superpotential couplings, the gauge couplings of
Wy and Zy to the fermions can also induce FCNC processes such as B® — B°,
K° — K° mixings and in the leptonic sector lepton flavor violating processes such
as the decay u — ev, as well as can contribute to the anomalous muon magnetic
moment in presence of mixing between new exotic fields [202]. To keep things
minimal, in the following analysis we assume that the dominant FCNC and LFV

contributions come from scalar leptoquark induced processes.
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5.2 Explaining R, anomalies

In NLRSM the scalar leptoquark (h*) and slepton (E) can mediate the semilep-

tonic decays B — D70 at tree level. The effective Lagrangian is given by

3
ADa, N0 A8, \Ox
33k "3k — 33k7Y3k = ¢ —c
Eeff = E ‘/QZ - 5 CLbR TRVL + -5 CLTRp VRbL s (521)
; m= m?=
’L,kzl Ek: hk*

where the superscripts are superpotential coupling indices and the generation
indices are written as subscripts. Here mj(my) is the mass of scalar leptoquark
h¥* (slepton E*) and Vj; is the ij-th component of the CKM matrix. Adhering
to the convention used in Chapter 4, the Wilson coefficients are given by

3 5 6%
CT _ 1 i /\33k>\i3k
SL - 7 2 )
2\/§GF‘/CI) ik=1 mEk

3 *
5 2V2GpVy, ot fomg,

where the neutrinos are assumed to be of tau flavor. To simplify further analy-
sis, we assume that except the SM contribution only the scalar leptoquark NP
operator contributes dominantly.

The leptonic decay modes B — 7v, D} — 7v, DT — 7v and D° — D° mixing
induced by scalar leptoquark h** exchange can be utilized to derive constraints
on the product of couplings A, %5, using measured branching fractions for the
decays and D° — D° mixing parameters. In NLRSM, the exchange of the scalar
leptoquark h** leads to an additional tree level diagram for the decay B — v
in addition to the usual SM contribution. Assuming couplings to be real, the
modified rate of the decay process B — Tv gives constraint on the product of
couplings A, A%, given by

mﬁk*

—0.04( —5—
<1000GeV

2 6 16 Mpwe \?

The measured branching ratios of the decays D — 7v and D™ — 7v can be used
to obtain constraints on (AS;;)? and A3, A%, respectively. The decay DI — Tv
gives the constraint

~ 2
6 V2 < 1.9tk 2.4
(Aogp)” < 9(1000Ge\/> ’ (5.24)
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and the decay process D — Tv gives a weaker constraint on A3, \S,, compared
to D® — D°. The relevant box diagrams for D° — D° are similar to the diagrams
generated from internal line exchange of lepton-squark pair or slepton-quark pair
in the case of R-parity violating models [224,226]. The relevant constraint is
given by

mﬁk*

—0.012 ( —%—
0.0 (IOOOGeV

<. A\, <. MY 2.
) < AzgArse < 0.012 (1000GeV) (5:25)

—1.0'. M M " L]
-1.0 -0.5 0.0 0.5 1.0

Aak
Figure 5.1: Rp compatible Ay, — A5, parameter space constrained from B —
Tv, Df — 7v and D° — D° mixing for mj,, = 750 GeV. The (deep) blue bands
show the region consistent with the Rp experimental data at (1o) 20 level and
the (deep) pink bands show the region consistent with both Rp« [at (1o) 20
level] and Rp data simultaneously. See text for details on the constraints from

the flavor processes.

In Fig 5.1, we plot the range of the couplings A3, and XS, (for mj., =

750 GeV) that can explain both Rp and Rp« data over the parameter space
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allowed by the leptonic decays and D°-D° mixing. The shaded (light gray) rect-
angles with dashed boundaries correspond to regions of A3, -5, parameter space
allowed by the constraints from the B — 7v, D — 7v decays and D° — D° mix-
ing for different values of AS;,. The (deep) blue bands correspond to the (1o) 20
allowed band explaining the Rp data and the (deep) pink bands correspond to
the allowed band explaining both Rp and Rp« data simultaneously. Finally,
the effective NP operators under consideration also predict an enhanced decay
rate for b — sy [227,228], which can be an interesting channel for the future

experiments and can be intriguing in the context of radiative neutrino masses.

5.3 Explaining Ry anomaly

The lepton non-universality in the ratio Rx has been analyzed in a model-
independent fashion in Refs. [101, 238] suggesting that a good fit to the data

is obtained for the constraints

AN

-0.7,

—19< ¢, —Ct, <0, (5.3.1)

The study [101] has also discussed leptoquark induced tree level contributions
which require either very large leptoquark masses or small couplings in order
to explain the data. In Ref. [234] it was explicitly pointed out that one loop
box diagrams can also explain the departure from the SM prediction for O(1)
left handed couplings and suppressed right handed couplings. In NLRSM also,
the b — sl flavor changing transition can occur at one-loop level via the scalar
leptoquark and its supersymmetric partner induced box and penguin diagrams
shown in Fig 5.2. We find that the 7- and Z-penguin diagrams (including their
supersymmetric counterparts) give a vanishing contribution T, which is in agree-
ment with Ref. [234]. The contribution to C%; from scalar leptoquark and its

supersymmetric partner induced box diagrams in the limit m% > mi;, is given

T Note that that a careful dimensional reduction ensures a vanishing contribution from Z-
penguin diagrams Ref. [241-244]. Note that there are also diagrams involving charginos and

neutralinos at one loop level independent of the leptoquarks giving a subdominant contribution.
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Figure 5.2: Representative diagrams for b — s¢¢ transition. The supersymmetric

counterparts of these diagrams are also present.
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where repeated indices are summed over and the loop function g(z,y, z) is defined
by

2?2 log
= 1)@ —y)(r—2)

Note that C7; depends on the product of couplings )\gjk)\g;fk with the j = 3 set of

9(z,y,2) = ( + (cycl. perm.).

couplings appearing in the Wilson coefficient C7, in Eq. (5.2.2). The contribution
from the box diagrams also involves one additional set of couplings A\%; A%, which
can be constrained from the measurement of Z — pp decay rate. In Ref. [234],
it was found that for a TeV scale leptoquark, the size of such couplings can be
as large as ~ O(1). Processes such as t — buv,, Dy — uv, etc give similar
constraints on individual couplings AjyA%;. The product of couplings AS;A5%,
contributes to B, — B, mixing amplitude. Following the suggestion of the UT fit
collaboration [245] we define the ratio Cp, e*98:s = (B,|H| B,) /(B|H3M|B,) to
obtain

6 6 6% 6%
/\Sjk)‘3lm/\2jm)‘2lk

. 2 1 1
Cp %8s =1+ m—W( + _> (5.3.3)

gtSo(x) Ny mi /o (Vi V)2
which gives an allowed range consistent with the value of )\gjk)\gjk required to ex-

plain the R data using the latest UT fit values of the B, — B, mixing parameters.
As a benchmark point taking A§;, A5, ~ 0.07 for mj ~ 750 GeV, my, ~ 600 GeV
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and taking A%, ~ O(1), we obtain the standard benchmark solution C%; = —1
and C%, = 0 which satisfies the conditions given in Eq. (5.3.1). Note that in this
model the leptoquark induced additional contribution to C7, turns out to be too

small to have any perceptible effects.

5.4 Explaining anomalous muon magnetic mo-
ment

In the SM the muon anomalous magnetic moment is chirally suppressed due to
the small muon mass, a, ~ mi/m%v In NLRSM, leptoquarks can induce an
additional contribution to the anomalous magnetic moment of the muon through
one-loop vertex diagrams. However, the sole contribution from leptoquark in-
duced diagrams cannot explain the experimental deviation from the SM. One
way out is to follow the approach taken in Ref. [234], where a nonzero right
handed coupling of leptoquark is utilized. Interestingly, in NLRSM it is possible
to explain the experimental data through a dominant contribution from A\° terms

in Eq. (5.1.2). The new contribution from /\?jk terms in Eq. (5.1.2) is given by

m?2 1

2x 1 3 2+
A6) — u N1z (1 ! — 1
a,(A°) 3972 | 2 —m§| 32,1 + -1, 5 +1—:Ut + (1 — )2 n|,

*
hig

(5.4.1)

5

where x, = m7/m2. The A2, terms in Eq. (5.1.2) give the following contribution

induced by sleptons

2
m
8a,(X°) = 16752 U)\izk|2F(€k7ﬂEi) — | Xiak|*F (€, vei) + | Nijol*Fej, Ugi)

—Nip2PF (&), ve) + | N2 P F(Ej, Uei) — | Nije P F(Ej, vei) | (5.4.2)

where F'(a,b) is defined as

$2—x3

F(a,b) = /01 dx (5.4.3)

m2x? 4 (m2 —m2)z +my(l —z)’
The existing measurements of the decay rates like 7 — pvy, 7 — 3, and 7 — pvv

can give constraints on A%, and A, separately in combination with some other
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independent couplings [246]. Assuming a hierarchy between mpg . and m;, 5.,
and taking mp . ~ 700 GeV and my, 5 ~ 250 GeV as a benchmark point, we
find that the current experimental data can be explained with less than order
unity values of the couplings. Interestingly, in the presence of a mixing between
left and right handed leptoquarks (iL L.r) it is possible to enhance the leptoquark
contribution significantly to explain the data even without the slepton induced

contributions.

5.5 Conclusions

We have presented a minimal framework of a left-right symmetric gauge theory
naturally accommodating leptoquarks which can provide a unified explanation
of the B-decay anomalies in Rp) and Ry together with the anomalous muon
magnetic moment, while being consistent with the constraints from the current
measurements of (semi-)leptonic decays and B? — B?, D° — D° mixings. In this
model both Rp and Rp- anomalies can be explained via the exchange of scalar
leptoquarks at tree level, while the Ry data can be explained simultaneously
using one loop diagrams induced by leptoquarks. The anomalous muon magnetic
moment can also be addressed in this model without utilizing a nonzero right

handed coupling of leptoquark.






Chapter 6

Constraining Scalar Leptoquark

from the Kaon Sector

6.1 Introduction

In view of recently observed anomalies in the flavor sector, we are motivated to
study a TeV-scale leptoquark model in this chapter, and analyze NP effects on the
kaon sector. It is known that the studies of kaon decays have played a vital role
in retrieving information on the flavor structure of the SM. In particular, neutral
kaon mixing and rare decays of the kaon have been analyzed in various extensions
of the SM and are known to provide some of the most stringent constraints on
NP [247-256]. The NP model we consider in this chapter is a simple extension
of the SM by a single scalar leptoquark. The leptoquark ¢ with mass M, has
(SU(3)¢, SU(2)L) quantum numbers (3,1) and is of charge —1/3. This model is
interesting considering that it has all the necessary ingredients accommodating
semileptonic b — ¢ and b — s decays [101,234] to explain the anomalies in the
lepton flavor universality ratios discussed in the previous chapter. To this end,
we must mention that along with anomalies observed in the flavor sector, the
leptoquark model under study is also capable of explaining the new diphoton
excess recently reported by the ATLAS and CMS collaborations in their analysis
of /s =13 TeV pp collision [257].

Following the conventions of Ref. [234], the Lagrangian governing the lepto-

97
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quark interaction with first-family fermions is given by
L9 35\ a¢ et + MR aSGerd® — No dSvpo® + hee. (6.1.1)

where L/R are the left/right projection operators (1 F 7;)/2. The couplings \’s
are family dependent, and u=Cu’ are the charge-conjugated spinors. Similar in-
teraction terms for the second and third families can also be written down. In this
model, B — D™t proceeds at tree level through the exchange of leptoquark
(¢). Integrating out the heavy particles gives rise to low-energy dimension-6
effective operators, which can produce the required effects to satisfy the experi-
mental data. In Ref. [234] it was shown that with O(1) left-handed and relatively
suppressed right-handed couplings, one can explain the observed excesses in the
rate of B — D™ 75 decays. The authors of Ref. [234] were also able to simul-
taneously explain the observed anomalies in Rx with large [~ O(1)] left-handed
couplings for a TeV scale leptoquark. In this model, such large couplings are
possible because the leading contribution to B — Kpu*pu~ comes from one-loop
diagrams and therefore additional GIM and CKM suppression compensates for
the “largeness” of the couplings. This is in contrast to NP models [101, 258, 259
in which Ry arises at tree level, which renders the couplings very small in order
to have leptoquarks within the reach of the LHC. Apart from B system, this
model has also been explored in the context of FCNC decays of D-meson. In
Refs. [260-262] impact of scalar (as well as vector) leptoquarks on the FCNC
processes D° — ptp~ and DY — 7t~ have been studied, and using the ex-
isting experimental results, strong bounds on the leptoquark coupling have been
derived. However, to the best of our knowledge, the effects of new physics on the
kaon sector have not been investigated before in the scalar leptoquark (3,1)_1/3
model. We start by writing the effective Hamiltonian relevant for each case and
discuss the effective operators and corresponding coupling strengths (Wilson co-
efficients) generated in the model. The explicit expressions of new contributions
in terms of parameters of the model are derived. We then discuss NP affecting
the various kaon processes such as K+ — ntvo, K; — v, K, — puTp~, and
the LFV decay K; — pu*eT. Using the existing experimental information on

these processes, constraints on the leptoquark couplings are obtained.
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The rest of the chapter is organized in the following way. In section 6.2 we
study K° — K° mixing in this model and obtain constraints on the couplings.
In section 6.3 and 6.4 we constrain the parameter space using information on
BR(K"™ — 7tvw) and CP-violating BR(K — 7'vr) respectively. In section
6.5 we discuss the new contribution to the short-distance part of the rare decay
K — ptp~ in this model and obtain constraints on the generation-diagonal
leptoquark couplings using the bounds on BR(K; — pu )sp. In section 6.6,
we discuss the LFV process K — pTe® and constrain the off-diagonal couplings
of the leptoquark contributing to NP Wilson coefficients. Finally, we summarize

our results in the last section.

6.2 Constraints From K° — K Mixing

The phenomenon of meson-antimeson oscillation, being a FCNC process, is very
sensitive to heavy particles propagating in the mixing amplitude, and therefore,
it provides a powerful tool to test the SM and a window to observe NP. In this
section, we focus on the mixing of the neutral kaon meson. The experimental
measurement of the K — K% mass difference Amy and of CP-violating param-
eter ex has been instrumental in not only constraining the parameters of the
unitarity triangle but also providing stringent constraints on NP. The theoreti-
cal calculations for K° — K° mixing are done in the framework of effective field
theories (EFT), which allow one to separate long- and short-distance contribu-
tions. The leading contribution to K° — K oscillations in the SM comes from the
so-called box diagrams generated through internal line exchange of the W boson
and up-type quark pair. The effective SM Hamiltonian for |AS| = 2 resulting
from the evaluation of box diagrams is written as [263,264]

_ G2 M2
IS = ZETW 1320 S0 () + NnuSo(0) + 2 MAnierSo (e, 71)] K (11)Qs(1),

472
(6.2.1)

where r; = mz2 / M%,, G is the Fermi constant, and \; = V2V, contains CKM ma-

trix elements. Q(y) is the dimension-6, four-fermion local operator (5v,Ld)(57*Ld),
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and K (u) is the relevant short-distance factor which makes product K (u)Qs(1)
independent of p. The Inami-Lim functions Sy(z) and Sy(z;, ;) [265] contain

contributions of loop diagrams and are given by [266]

3 Ln x,
S ) = c - b-2
(we, x4) LTt 41— 2c)(1 — 2y) i (ry — ) (1 — 24)? ( n )
Lnz, 2
+ (xc—xt>(1_xc)2 ( xXr + 4 ):| ( )

and the function Sp(z) is the limit of Sp(x,y) when y — =, while 7; in Eq. (6.2.1)
are the short-distance QCD correction factors 7.. = 1.87, ny = 0.57, and 7, =
0.49 [267-269]. The hadronic matrix element (K°/Q,|K°) is parametrized in
terms of decay constant fx and kaon bag parameter By in the following way:

3 K%Q,|K°
- o IS

(6.2.3)

The contribution of NP to |[AS| = 2 transition can be parametrized as the ratio

of the full amplitude to the SM one as follows [245]:

Re( K|HI|K)
Cam. = oft 172/ 6.2.4
A = Re(K|HMIK) (6:2.4)

m (K || K)

C. L
) m(K|H! | K)

(6.2.5)

In the SM, Capm, and C.,. are unity. The effective Hamiltonian (K°|Hg|K°) can

be related to the off-diagonal element M, through the relation *
(K| Heg" | K°) = 2mie My, (6.2.6)

with My = (Mia)sy+(Miz) np. In the SM, the theoretical expression of (Mia)snm

reads [247]
GQ

(Mia)sm = 102

£ 2 Bremug M2, F* (A, M, Te, T4), (6.2.7)

*The observables mass difference Amg and CP-violating parameter g are related to off-
diagonal element M;y through the following relations: Amy = 2[Re(Mi2)sy + Re(Mi2)np],

and e = %[lm(mg)m +Im(Mj5) yp], where ¢, ~ 43° and k. ~ 0.94 [270-272].
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where the function F(A, A, Z., 2¢) stands for

F()\cy )\ta Le, xt) = )\;2;770650<xc) + )\?ntts(] (xt)
+ 2 )\t)\cnctS()(iCC,.’L't), (628)
with z; =m?/MZ,.
In the leptoquark model considered, the internal line exchange of the neutrino-

leptoquark pair induces new Feynman diagram shown in Fig 6.1, which con-

tributes to K° — K° mixing. The new effects modify the observables C,,, and

d v s

I I
| |
| |
| |
Ol L@
| |
| |
| |
| |

Figure 6.1: New contribution to K — K mixing induced by the scalar leptoquark
(¢).

C.

<> and in the approximation M7 > m7y,, their expressions are given by

1MW Mtt
93 M? Re(F")

Campe = 14— Re (£4:)°, (6.2.9)

1 Mgv U

c.. = 1+—--"W% I )7, 6.2.10
o T Ty (0:2:10)

where we have used notation F' for F(A., A, z¢, z¢) for simplicity. g is the SU(2)

gauge coupling and we define
Eas = (NAFT) 4 Z AL A (6.2.11)

Solving Egs. (6.2.9) and (6.2.10) for real and imaginary parts of £ in terms of the

experimental observables Ca,, , and C;,, we obtain the following expressions:

EK

4 M2 Re(F™) ImF* C., —1\"
Re&y,)? = 92 "¢ 14 Cap 1 1 LK
(Retas) (2 Mgv) ( e (—1+ Came) J{1+/1+ (ReF* CAmK—1> ’

(6.2.12)
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4 M2 Re(F* ImF™ C -1 ?
- 9_2 5 e( ) B B ] €K

(6.2.13)

To constrain the leptoquark couplings Re g5 and Im &ys, we use the latest
global fit results provided by the UTHfit collaboration and to be conservative evalu-
ate the constraints at the 2o level: Cay,e = 1.10£0.44 and C.,, = 1.0540.32 [245].
Here, to account for the significant uncertainties from poorly known long-distance
effects [273], we allow for a £40% uncertainty in the case of AMg. For Re &y

and Im &4, we obtain the following upper bounds:

M 2
2<60x1074 | ——2 2.14
(Re&as)” < 6.0 107\ Joorasy ) (6.2.14)
M 2
I 2<38x1074(—2 ) . 21
(I §:)” < 3.8 x 10 (1000G6V> (6.2.15)

As discussed in the next section, we find that a more constraining bound on
the product of the couplings Re(€;s) and Im(€ys) can be obtained from the the-
oretically rather clean rare processes K+ — 77vv and K; — 7'vi as compared

to K — K mixing.

6.3 Constraints from rare decay K+ — 7w vv

The charged and neutral K — mri are in many ways interesting FCNC processes
and considered as golden modes. Both the decays can play an important role in in-
direct searches for NP because these decays are theoretically very clean and their
branching ratio can be computed with an exceptionally high level of precision (for
a review, see Ref. [274]). In the SM these decays are dominated by Z-penguin
and box diagrams, which exhibit hard, power-like GIM suppression as compared
to logarithmic GIM suppression generally seen in other loop-induced meson de-
cays. At the leading order, both modes are induced by a single dimension-6 local
operator (5d)v_a(Pv)v_a. The hadronic matrix element of this operator can be

0

measured precisely in KT — 7%tv decays, including isospin breaking correc-

tions [275,276]. The principal contribution to the error in theoretical predictions
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originates from the uncertainties on the current values of A\; and m.. The long-
distance effects are rather suppressed and have been found to be small [277-279].

In the SM, the effective Hamiltonian for K — mvv decays is written as [280]

. GF 2c0

Heg = ﬂmez (AeXonr + MX (20)) (S179,dL) (Pory ver), (6.3.1)

:e7IJ’7T

The index ¢ = e, u, 7 denotes the lepton flavor. The short-distance function X (z;)

corresponds to the loop-function containing top contribution and is given by

l‘t+2 3$t—6

Tt I
Tt — 1 (.’,Ct — 1)2

X(l‘t):UX'g[

Lnz|, (6.3.2)

where the factor nx includes the next-to-leading-order (NLO) correction and is
close to unity (nx = 0.995) while the remaining part describes the contribution
of the top quark without QCD correction. The NLO QCD corrections have been
computed in Refs. [281-283], while two-loop electroweak corrections have been
studied in Ref. [284]. The loop-function Xyni, summarizes the contribution from

the charm quark and can be written as [249]

2 1
XNNL = gXleVNL + §X1TVNL = X'P2P(X), (6.3.3)

where A = |V,5]. The NLO results for the function Xy, can be found in [280,283]
while next-to-next-leading-order (NNLO) calculations are done in Refs. [285,286].
In the model considered, leptoquark ¢ mediates Kt — wtvi at tree level.
The corresponding Feynman diagram is shown in Fig 6.2. The NP effective
Hamiltonian relevant for K™ — 7tvv decay is given by
Lx \L

AL\
HYP = — 2343 (57, Ld) (57" Ld). (6.3.4)
¢

The new contribution alters the SM branching ratio of K™ — 7w [287] as

B

Figure 6.2: Feynman diagram for the decay K — mwrv induced by the exchange

of the scalar leptoquark ¢.
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Im \, 2 /Re), Re \; ?
—Xnew Pc X —Xnew ’

(6.3.5)

BR(K+ — 7T+V77) = /{+(1 -+ AEM)

where k. contains relevant hadronic matrix elements extracted from the decay

rate of K™ — 7% v along with an isospin-breaking correction factor and is given

by [287]

A 8
Ky = (5.1734£0.025) - 10~ (m) : (6.3.6)

In Eq. (6.3.5), Agy describes the electromagnetic radiative correction from pho-
ton exchanges and amounts to -0.3%. The charm contribution P.(X) includes the
short-distance part PSP(X) plus the long-distance contribution P, (calculated
in Ref. [276]). We use P.(X) = 0.404 given in [287]. The function X, con-
tains a new short-distance contribution from the leptoquark-mediated diagram

and modifies the SM contribution through

Re(£gs) (107%)
N

-4 -2 0 2 4 6
Im(&gs) (1074

Figure 6.3: The constraints on Re({4) — Im(&;5) parameter space from the mea-
sured value of BR(Kt — ntvw). The blue colored region shows experimentally

allowed values at the 1o level.

(6.3.7)
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where X(z;) is the top contribution in the SM already defined in Eq. (6.3.2)
and Xy is the contribution due to leptoquark exchange. In terms of the model

parameters, Xy is given by

X :_QM Sds (6.3.8)
¢ 4Gp o M o

where a(Mz) = 1/127.9 is the electromagnetic coupling constant and sin? Oy =
0.23 is the weak mixing angle. Using the experimental value of the branching
ratio provided by BNL-E949 experiment, BR(K* — 7tvw) = (1.74+1.1) x 1071°
[288], we obtain the constraint on Re&ys and Im &5, shown in Fig 6.3. A most
conservative bound on individual couplings Re ;5 and Im £y, can be obtained by
taking only one set to be nonzero at a time. We find that for a leptoquark of
1 TeV mass the constraints are given by —7.2 x 107 < Re &z < 2.2 x 107% and
—3.3x 107* < Im¢&y < 4.9 x 107*. As pointed out before, these bounds rule
out a large parameter space allowed from K° — K° mixing. The coupling Im &4,
can also be probed independently through the decay K; — 7°v, which is the

subject of our next section.

6.4 Constraints from K; — 7'vp

The neutral decay mode K; — w%vi is CP-violating. In contrast to the decay
rate of K™ — 7tv which depends on the real and imaginary parts of \;, with a
small contribution from the real part of )., the rate of K; — 7°vi depends only
on Im)\;. Because of the absence of the charm contribution, the prediction for
BR(KL — 7%vi) is theoretically cleaner. The principal sources of error are the

uncertainties on ImA; and m;. In the SM, the branching ratio is given by [274]

BR(K, — mv7) = &y (TX(xt))2, (6.4.1)

with [287]

A 8
=2231x 1070 ( — ) . 4.2
K, 31 x 10 (0.225> (6.4.2)



106 Chapter 6. Constraining Scalar Leptoquark from the Kaon Sector

The exchange of leptoquark ¢ induces a new contribution to the rate which
can be accommodated in the expression for the branching ratio by replacing
X (x) by Xpew given in Eq. (6.3.7). KEK-E391a experiment has searched for
K — 7w and set an upper limit on BR(K;, — 7%p) < 2.6 x 107% at 90%
C.L. [289]. In Fig 6.4, we plot the dependence of the K — wvv branching ratio
on the imaginary part of the effective couplings £;,. Numerically, the constraints

are given by

Exp. disfavored region
4x1078F (90% C.L.)
=
HS
Py -8l
" 3x10
t
)
= 2x10-8}
=4
=]
Ix10-% ¢

-3.0 -20 -1.0 0 1.0 2.0 3.0
Im(£gs) (in units of 1073)

Figure 6.4: The dependence of BR(K — 7vv) on Im £y,. The red shaded region
is currently disfavored by the experimental data at 90% C.L.

Im &5
_Am&a 002, (6.4.3)

My
1000 GV

—0.0021 <

Since the decay has not been observed so far and the present experimental limits
are 3 orders of magnitude above the SM predictions [287], we find that constraints
from K; — 7%vv are weaker compared to those obtained in the case of KT —
TtuD.

Before proceeding further, we summarize the analysis done so far and present
combined constraints on Re (£4,) - Im (£4,) parameter space from K°— K° mixing,

O»v in Fig 6.5 for a scalar leptoquark

rare decays Kt — 7ntvp and K, — 7
(¢) of 1 TeV mass. The real and imaginary part of NP amplitude for neutral

kaon mixing give individual bound on Re (£4s) and Im (4), respectively and are
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Re(fds)
-]

-0.01+

-0.02+

—0‘,02 —0‘.01 0,‘00 0,b1 0.62
Im(fds)
Figure 6.5: Re (&45) - Im (&45) parameter space allowed by neutral kaon mixing
(gray), rare decays K — mvu (orange) and K+ — ntvw (dark blue) for a 1 TeV

leptoquark (¢) mass. For details see text.

the weakest among processes considered in this work. The CP violating process
K1 — 7vi gives bounds on Im (£4,) only and is relatively tighter than those from
neutral kaon mixing. But the most stringent constraints come from K+ — 7tuvw

and allows only a very small parameter space as discussed in section 6.3.

6.5 Constraints from K; — uu~

The decay Ky — ptp~ is sensitive to much of the same short-distance physics
(i.e., \; and m;) as K — 7w and therefore provides complementary informa-
tion on the structure of FCNC |AS| = 1 transitions. This is important because
experimentally a much more precise measurement compared to K — 7wvv is

available: BR(K — ppu) = (6.84 £0.11) x 1072 [9]. However, the theoretical
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situation is far more complex (for a review, see Refs. [290,291]). The amplitude
for K;, — ptp~ can be decomposed into a dispersive (real) and an absorptive
(imaginary) part. The dominant contribution to the absorptive part [as well as
to total decay rate (K, — putp™)] comes from the real two-photon intermediate
state. The dispersive amplitude is the sum of the so-called long-distance and
the short-distance contributions. Only the short-distance (SD) part can be re-
liably calculated. The most recent estimates of the SD part from the data give
BR(K, — ptu)sp < 2.5 x 1072 [292]. The effective Hamiltonian relevant for

the decay K — u"u~ is given by [280]

B G « _ _
Heg(Kp = ptu™) = Tﬁém[/\cyl\m + XY (2)] (39" (1 = 5)d) (s,
Gr

= EVJSVM Ay (37 (1 = v5)d) (Evuysm),

(6.5.1)

where A%, describes the Wilson coefficient of the effective local operator [sy#(1—

vs)d][fiv,Ys51) and is given as

Oé()\CYNL + AtY(xt»

AK =
SM :
27 sin%6,, Vi Vi ’

(6.5.2)

The short-distance function Y (x;) describes contribution from Z-penguin and
box diagrams with an internal top quark with QCD corrections. Its expression

at NLO can be written as [282,283]

T (4 — x4 3T
Y =Ny - — L 5.
(x) =ny 3 (1 ., + 1= nxt) ) (6.5.3)

where the factor 1y summarizes the QCD corrections (ny = 1.012). The function
Y1 represents the contribution of loop-diagrams involving internal charm-quark
exchange and is known to NLO [280,283] and recently to NNLO [293]. The charm
contribution is also often denoted by P.(Y) and is related to Yy analogous to
the relation in Eq. (6.3.3). In the SM, the branching ratio for the SD part is
written as [293,294]

N2 m, \ 2 4m?
BR(Kp — p" 1 )smu(SD) = o I{; (m—Z) \ 1= m—Q“ff(mi((Re Adw)?,
L K

(6.5.4)
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where Ng = GpV,);V,q and 'k, is the decay width of K. Before proceeding

Iz W d d 0 ju
N\N\N\NN——— —_— = =
v t v t
S 0 K S o) jz

Figure 6.6: Feynman diagrams relevant for the decay K; — pu*u~ induced by

the scalar leptoquark ¢.

to discuss the constraints on leptoquark couplings from K; — u™u~, we give a
description of the “operator basis” we use in the present and the next sections.
The effective Hamiltonian for K; — p™p~ in Eq. (6.5.1) is written in the oper-
ator basis of {Q7y, @74} following [294]. In what follows, we will switch to the

{QK, . QE, .} operator basis. The operators in the two bases are written as

Qv = (37(l —5)d) (v p),

Qra = (57l —75)d) (A" vsp), (6.5.5)

and

Qv = (57Ld)(iv* L),

Q¥in = (7aLd)(I*Rp). (6.5.6)

To change from the basis {Q7y, Q74} to the basis {QF;,, Q% .}, the following

transformation rules hold:

(Qrv — Qra), Qvrp= i (Qrv + Q7a) .

A~ =

K
QVLL =

(6.5.7)

The scalar leptoquark ¢ contributes to the quark-level transition 5 — du*pu~
at the leading order through loop diagrams. The Feynman diagrams relevant
for K;, — p*p~ are shown in Fig 6.6. These diagrams are similar to the ones
calculated in the case of b — spp in Ref. [234]. Correcting for the different quark

content and coupling, and taking into account the prefactors in the definitions of
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the effective Hamiltonian for K and B system, we obtain the following NP Wilson

coefficients of effective operators Q¥,; and Q¥ .:

L
CK(TLew) — ]- )\t mt ‘)\ ’2 \/5 fds fup, (6 5 8)
VEE 8w, M2 64GF7T2M; M o
K(new 1 )\t m Md2>
CVL(R b= _167T2/\_thg| t,u|2 (an_? — f(xt)
V2 s (6.5.9)

64GF7T2M¢2) )\u ’

where the function f(z;) depends on the top-quark mass and is given in Ref. [234]

and we define

R = ZAW AEUD, (6.5.10)

il

The one advantage we get by the change of basis is that the contribution of

8. %1079 F
—9L
2 6x10

EY
=4

T. 4.x1079F
-
=4
o
=

2.x107%

ot

I —{.0 I I I I —(I).:'\ I I I I 0.0 I I I I (}TS

Re[C{™™ ] (in units of 1074)
Figure 6.7: The dependence of BR(K;, — p*pu~) on the Wilson coefficient
CKmew) - We have assumed one-operator dominance as discussed in the text.

The red shaded area shows the disallowed values satisfying the conservative up-

per bound on BR(K7 — p " )sp < 2.5 x 107°.

right-handed interaction terms in the Lagrangian [Eq. (6.1.1)] is contained only
in C, L%ew After adding the leptoquark contribution to the SM value, the total

SD branching ratio for the decay K — p*pu~ is given by
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B N2 my, 2 4m2 Re)l, aP.(Y
BR(KL — p"p")sp = — (—“) 1— m Mff(mic)\lo{ )

2n Tk, \mx 2 A 2msin®Oy A,

1 (0% Y(.Tt) 1 K(new) K(new) ?
+F Re/\tm + ZRe(CVLR —Cyrr ) )

(6.5.11)

To simplify further analysis, we invoke the assumption that, except the SM
contribution, only one of the NP operators contributes dominantly. This as-
sumption helps us in determining the limits on the dominant Wilson coefficient
from BR (K, — p*pu " )sp, and the generalization of this situation to incorpo-
rate more than one NP operator contribution is straight forward. Therefore,
in what follows, we will ignore the contribution of the right-handed operator
in further analysis. In Fig 6.7, we show the dependence of the SD part of
BR(K, — ptp~) on Re C‘[/{L(zew) . Numerically, the bound on the Wilson co-
efficient reads —1.00 x 107* < Re C{") < 0.27 x 107*. We use the upper
bound to constrain the generation-diagonal leptoquark couplings in the following
way. Employing Eq. (6.5.8), the upper bound on the Wilson coefficient can be

written in terms of model parameters as

pp

(_LRQ)\tm_gp\L |2+ \/§ Re &qs
tp

L —4
< 027 x 107, (6.5.12
872 N, M 6102 A, ) X 1077, (65.12)

Assuming the worst possible case in which the bound on Re &4 from K+ — v
(as obtained in section 6.3) is saturated, i.e., using Refgs = 2.2 x 107* in the

above equation, we get

2.52
IALJ2 + AL+ (1 + TQ) IAL]2 < 11.83, (6.5.13)

1000 GeV

We find that constraints from the SD branching ratio of K; — putu~ are not
severe and large ~ O(1) generation-diagonal leptoquark couplings are allowed.
In this context, we must mention that the above bound is in agreement with
the constraint obtained in Ref. [234] while explaining the anomaly in Ry in this

model. We also note from Eq. (6.5.13) that the top contribution to 5 — du*p~
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for the considered masses of the leptoquark (~ 1TeV) is enhanced in contrast
to the effects found in the case of b — sutpu~ processes [234] where the top

contribution is suppressed for the same choice of the leptoquark masses.

6.6 Constraints from LFV decay K; — uTe™

In this section, we discuss the effects of the leptoquark ¢ on the LE'V process
K — pFe*. BNL E871 experiment has searched for this decay and provided an
upper limit on BR(K; — pFe®) < 4.7 x 10712 at 90% C.L. [295]. LFV processes
are interesting because in the SM they are forbidden. Therefore any observation
of such a process immediately indicates the presence of NP. The leptoquark ¢
can mediate K — pe decay through diagrams similar to those shown in Fig 6.6
with one of the u lines replaced by e. After integrating out heavy particles, new
effective operators relevant for K — ue are generated. The operators are similar
to those in Eq. (6.5.6) but with one of the p changed to e. The branching ratio

in terms of the new Wilson coefficients C{;; and C{/] ; is given by [294]

2 £2 2 2\ 2
BR(K, - ie) — —VicS& (m—) ( —ﬂ) (108, 2+ |0t 1) . (6.6.1)

64rlx, \mgk m2

Adapting the results of Eq. (6.5.8) to the LF'V case, we find

e L\ mf L\ L% V2 fdste
CViL = —@A—uﬁé(&e%u)JFMGFWgM; )\u“7 (6.6.2)
e 1 )\t m2 M£
CVir = —@)\—uﬁé()\iAﬁ) (an—? — f(x4)
2 s ER
v2 25‘1 Sue. (6.6.3)
64GF7T2M¢ )\u

Using the current experimental bound on K — pie, we get [|C1S |2 + [CFe |2/

3.9 x 1075, Following a similar analysis as done in section 6.5 for the case of

K — pp, we obtain the constraints on the leptoquark couplings,

2.52
(ALAL) + (AEAL) + <1+T) (MEAL) < 449, (66.4)

up ue 9
1000 GeV>

<
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where the top contribution is again enhanced. For simplicity, we assumed the cou-
plings to be real. Here, we would like to mention that the same Wilson coefficients
also contribute to other LF'V processes such as K — mue. However, as pointed
out in Ref. [294], the constraints on Wilson coefficients (|C%7,|* + |C{}6LR\2)1/2
are about an order of magnitude weaker than the one from K; — pFe*. There-
fore, experimental data on K — mwue do not improve the constraints obtained in

Eq. (6.6.4).

6.7 Results and Discussion

In light of several anomalies observed in semileptonic B decays, often explained
by invoking leptoquark NP models, we have studied a scalar leptoquark model
in the context of rare decays of kaons and neutral kaon mixing in this chapter.
The model is interesting because it can provide one of the possible explanations
for the observed discrepancies in semileptonic B decays. We examined the effects
of leptoquark contributions to several kaon processes involving K° — K° mixing,
Kt = ntvi, K; — v, K — putp~, and LFV decay K, — uTe*. Working
in the framework of effective field theory, we have discussed the effective opera-
tors generated, and written down the explicit expressions for the corresponding
Wilson coefficient in terms of the leptoquark couplings. Using the present experi-
mental information on these decays, we derived bounds on the couplings relevant
for kaon processes. We found that the constraints from K° — K° on the real and
imaginary parts of left-handed coupling &, are ~ O(1072). However, the same set
of couplings can also be constrained from BR(K™ — ntvw), BR(K; — 7vi),
and it was found that constraints from the rare process BR(K™ — ntvw) are
about 2 orders of magnitude more severe than those obtained from the mixing
of neutral kaons. In fact, the decay BR(K™ — 7tvp) gives the most stringent
constraints on the leptoquark couplings among all the processes studied in this
chapter and therefore is the most interesting observable to test the NP effects of
the scalar leptoquark in the kaon sector. Assuming a one-operator dominance

scenario, we constrained the NP Wilson coefficient contributing to the rate of
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K; — prp~. We further used the bounds on the NP Wilson coefficient to ob-
tain the constraints on generation-diagonal leptoquark couplings. We found that
the present measured value of BR(K — u*u~) allows generation-diagonal cou-
pling of the leptoquark to be ~ O(1). The constraint on the combination of
generation-diagonal couplings from K; — p*p~ is in agreement with the one
obtained in Ref. [234] for explaining experimental data on Rx. However, whereas
the top contribution to b — su™pu~ is suppressed, we found that in the case of
5§ — dutp~ the top contribution is enhanced for the considered range of lep-
toquark masses. We also did a similar analysis for the case of the LFV decay
K1 — pFe*, which involves generation-diagonal as well as off-diagonal couplings.
We found that present experimental limits on BR (K — puFe®) do not provide

very strong constraints and involved couplings can be as large as ~ O(1).
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Summary

In recent years, a great amount of experimental data on flavor physics has been
accumulated which has contributed to a better understanding of flavor structure
of the SM and beyond it. A more precise study of rare FCNC decays of hadrons
is now possible at collider experiments such as the LHC, which are capable of
providing sufficient luminosity to overcome the problem of low statistics. Inter-
estingly, the recent measurements reported on flavor changing decays of b quark
show several deviations from the SM predictions, which have received a lot of
attention theoretically. In particular, a significant deviation has been reported
for the observable Ry, which, if true, signals the violation of lepton universal-
ity. Another set of remarkable deviations has been seen in the decay rates of
B — D® 71y, which is more interesting considering that these decays proceeds at
the tree level in the SM, and the observation of deviation is against the general
expectation that the first sign of NP in flavor physics is most likely to come from
the loop induced processes. The full angular analysis of B — K*{*{~ performed

by the LHCb collaboration also indicates deviations from the SM expectations.

In this thesis, in Chapter 2, we have studied the four-body angular distribution
of the rare decay B — K*{*¢~, which is one of the most promising candidates
to search for NP due to multiple observables it offers. In order to predict the
theoretical value of the observables, the knowledge of hadronic form factors is
required. The estimates of hadronic effects involve sizeable uncertainties, thereby

inducing the errors in the theoretical predictions. This issue calls for measur-
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ing observables which are more or less free from such hadronic effects. We have
shown that similar to the celebrated zero crossing of the forward-backward asym-
metry of the lepton pair, App, the zero crossings of the observables P, and P} are
also free from form factors in the large recoil region and heavy quark limit. We
also proposed a new observable, O:I;’R, which has a unique property that its zero
crossing, in the SM-like operator basis, coincides with the zero of Apg. But, in
the presence of NP (for example, finite contribution of right-handed operators),
the zero crossings of O;’R and App shift differently. This feature can be useful to
probe NP once the precise measurements on the value of zero crossings are avail-
able. All the zero crossings of the considered observables depend on the Wilson
coefficients and the mass of the B meson, and therefore are sensitive to NP and
theoretically cleaner observables to measure experimentally. We have pointed
out that in the heavy quark and large recoil limit, the zero crossings of Agg, P%,
P;, and O;’R are correlated in the SM. The relations, in the considered approx-
imation, are also independent of form factors. Since the zeros and the relation
among them are functions of the Wilson coefficients only, their measurement can
be used to constrain the NP contribution present in the Wilson coefficients. We
have discussed the constraints on the CN* — CJ plane, stemming from the zeros
of these observables. We considered multiple BSM scenarios, which are favoured
over the SM by the present global fits to present data on b — s¢™¢~, and showed
that precise measurements of the zero crossings have the potential of differen-
tiating between different BSM cases. Interestingly, the LHCb collaboration has
started measuring the zero crossing of these observables. Current measurements
still have large uncertainties to have any conclusive result on the presence of NP.
But, high precision data on these zeros in the future can certainly provide crucial

information in this regard.

In Chapter 3, we have studied the semileptonic b — s baryonic decay A, —
A0t~ . The angular distribution of the final state, similar to mesonic counterpart
B — K*{"(~, gives access to many observables. The analysis of these observables
can offer information which can complement the current search of NP in b — s

transition. We have listed the angular observables and asymmetries which can be
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used to extract all the angular coefficients independently. In order to probe the
short-distance NP, it is necessary to focus on observables which do not depend on
hadronic form factors or are largely insensitive to them. With this in mind, we
have presented three new observables [T1(¢?), T2(¢?), and T3(¢?)], which can be
experimentally probed. The new observables are constructed such that the zero
crossings of these observables lie in the large ¢* region. In the HQET and large
¢* approximation, these zeros turn out to be less sensitive to the form factors
(especially the zero of Ti(¢?)), and therefore their measurement holds a better

chance of probing the NP effects in b — s transitions.

In Chapter 4 and 5, we have presented an NP explanation of the flavor anoma-
lies seen in B decays in the framework of Eg motivated left-right symmetric gauge
theories. Ejg provides one of the natural, anomaly free choices for grand unified
theories which have a unique virtue of unifying matter—leptons and quarks. Due
to the presence of new particles in the theory, the phenomenology of low en-
ergy subgroups is quite rich and interesting. We have considered the maximal
subgroup, SU(3)cx SU(3)r, x SU(3)g, of Es. The SU(3)(z,r) in the maximal sub-
group can further break into SU(2)(z,z) x U(1),r). Among the three possible
options for choosing SU(2)g, in Chapter 4, we have considered the choice where
(h¢, u®) is assigned to the SU(2)g doublet. This subgroup is referred to as the
Alternative Left-Right Symmetric Model (ALRSM). We have studied ALRSM
in the context of charged decay modes B — D™y, and have shown that the
enhanced decay rates reported by the Belle, BaBar and LHCb collaborations can
be explained with new contributions involving the tree level exchange of scalar
leptoquark. We have discussed the constraints on the NP couplings coming from
B — 1v, Dy — v and D — DY in detail. The constraints are compati-
ble with the size of the couplings required to explain the data. In Chapter 5,
we have studied Eg motivated Neutral Left-Right Symmetric Model (NLRSM),
which corresponds to the choice where (h¢, d¢)y, is chosen as the SU(2)g doublet.
Working in this framework, we have shown that anomalies observed in Rx and
Rp can be simultaneously explained. In this model, Ry can be explained via

new contribution from tree level Feynman diagrams involving exchange of scalar
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leptoquarks, while Rx can be explained by the one loop diagrams involving lep-
toquarks. We have also shown that the anomalous magnetic moment of the muon
can also be explained simultaneously. The analysis is compatible with present
measurements of other flavor observables like B — B° and D° — D° mixings, and

(semi) leptonic decays of B and D.

In Chapter 6, noticing that NP models having a scalar leptoquark ¢ of charge
—1/3 with (SU(3)¢, SU(2)1,) quantum numbers (3, 1) are capable of explaining the
flavor anomalies in semileptonic B decays, we have investigated the constraints
from the kaon sector. This study provides the information on the allowed size
of the couplings of the scalar leptoquark, and helps in shedding light on the
kaon observables where promising signals of the considered leptoquark can be
expected. We have analysed the effects of the leptoquark on the neutral kaon
mixing, rare decays K+ — 7w, K; — 7vi, K;, — ptpu~, and lepton flavor
violating decay K; — uTe®. The scalar leptoquark ¢ contributes to K° — K°
via new box diagrams involving internal exchange of leptoquark and neutrinos.
We noticed that constraints from K° — K° on the left-handed coupling &4 are
~ O(1072). On the other hand, scalar leptoquark ¢ contributes to rare decays
Kt — 7tvi and K — 7vi via tree level exchange. We found that the con-
straints from BR(K™ — 7tvw) turn out be about 2 orders of magnitude tighter.
We then discussed the effects of leptoquark ¢ on the decay K; — putp~. The
leptoquark ¢ contributes to K7 — p*u~ via box diagrams. We have found that
present measurement of BR(K; — p*pu~) allows generation-diagonal coupling of
the leptoquark to be ~ O(1), which is compatible with the required size of the
relevant couplings needed to explain the B decay anomalies. We also studied the
leptoquark effects on the LFV decay K — uTe*, which allows to constrain the
off-diagonal couplings as well. We found that the present experimental data on
K — pFe* allows the involved coupling to be ~ O(1). Therefore, at present, the
tightest bounds on the leptoquark couplings in kaon-related observables are from
the decay BR(K*™ — wvr), and therefore appears to be the most interesting

observable to test the NP effects of scalar leptoquark in the kaon sector.

In the end, we would like to conclude with the following remarks. At present,
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in the face of non-observation of new particles at direct collider searches, and
with the lack of any unambiguous signal of NP in flavor precision data, the task
of uncovering NP seems to be challenging. However, there are some tantalizing
hints of NP in the flavor sector, as discussed in this thesis, which demand for
a more careful scrutiny of these signals in order to probe NP. The advancement
of flavor physics has always banked on close interplay and cooperation between
experiment and theory. On the theory side, there has been immense progress in
calculating the low-energy observables with high precision. The theoretical uncer-
tainties in the estimation of several observables have reduced significantly, and the
current values are sufficiently accurate to be compared with the high-precision
experimental data to detect any discrepancy between the SM and experiment.
On the other hand, very high-luminosity particle physics experiments are now
able to measure the flavor-precision observables with great accuracy and large
statistics. With the upgraded LHC, and the possible future experimental facil-
ities such as super B-factories, capable of providing higher luminosity, the level
of precision in the measurements of low-energy observables is certainly going to
improve. Hopefully, with these improvements, flavor physics will be able to either

provide unambiguous signs of NP or give us a clear direction towards this goal.






Appendix

A A compendium of effective operators
Here, we present a partial list of the effective operators relevant for weak decays

of hadrons given in Refs. [264] (for a recent review, see [296] ).

A.1 The effective AF = 1 nonleptonic operators

Current-Current operators

O1(AS =1) = (59"Luy) (u;v,Ld;), (A.1)
O:AS =1) = (57" Lus) (L), (A2)
O:1(AC =1) = (5"Ley) (uy.Ld;), (A.3)
O:(AC=1) = (57"Ler) (i7uLds), (A4)
ONAB=1) = (br"Ley) (ay7,Ldy), (A5)

QCD-Penguin operators

Os = (57"Lb)) Y (q77uLay), (A.7)

q

Os = (57"Lby) Y (a7.Las), (A.8)

q
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Os

Os

(5:9"Lbi) > _(@7uRay),

q

(5:9"Lb;) > (g, Rap)-

q

Electroweak-Penguin operators

EW
O7

EW
Os

EW
Oy

EwW
OlO

3 )

5 (8in"Lbi) > ei@mRay),
q

3 i

5 (5:7"Lby) Y eq(37uRa),
q

3 ]

5 (5:7"Lbi) D eq(@rmlay),
q

3 i

5 (5:7"Lb;) > cal@rLa)-

q

Magnetic-Penguin operators

O7
Os

e
1671'2 mb(gia“”Rbi)FW,
Js < a v a
167T2mb(8iirijo—u R,bj)ij.

A.2 AS=2and AB = 2 operators

O(AS =2) =
O(AB=2) =

(5:7"Ld;)(557.Ld;),

(biy"Ld;) (bjy,Ld;).

A.3 Semileptonic operators

= (85:7"Lb;) ((y,.0),
= (@’Y“Lbz’)(z’m%@,

= (5"Lb;) (vy,Lv).

where 4, j are the color indices and L/R = (1 F 75)/2.

(A.9)

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)

(A.15)
(A.16)

(A.17)
(A.18)

(A.19)
(A.20)
(A.21)
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Figure A: Representative Feynman diagrams in the full theory. (a), (b) the
current-current diagrams, (¢) QCD-penguin diagram, (d), (e) electroweak pen-
guin diagram, (f) QED magnetic penguin diagram, (g) QCD magnetic penguin

diagram, (h) AF = 2 box diagram, and (i) semileptonic penguin diagram.

B Form Factors for B — K*

Here, we give ¢> dependence of the form factors for the process B — K*. We
have employed two sets of form factors (V, Ag12, Ti23) [75] and (&1, &) [79]
for numerical evaluation of the zeroes of the angular observables in chapter 2.
The form factors (V, Ag1.2, T123) are valid in full kinematical range of q?, while

the form factors (£, ) are applicable in the large recoil (low-¢*) region. The
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parametrization of ¢* dependence of V', Ag 12, T123 is given by [75]

(&1 )

3 = B.1
V) = [ T T (B.1)
1 T
Ao(?) = , B.2
ola’) L—¢?/m3 11— q¢*/mg, (B:2)
T
A6 = T (B:3)
fit,
A(P) = g b (B.4)
2 - )
L=¢*/m§ ~ (1—q2/mi,)’
(&1 T2
T(¢®) = , B.5
WO = T T e, 9
T
Ty(q®) = T%’ (B.6)
~ T T
T3(¢?) = : 2 (B.7)

+ ;
L=g*/mi (1 q*/m},)"
where form factor Ty is related to T3 through the following relation
= L Ts(¢%) - Ta(q?): (B.8)

The values of the parameters 71, 75, m%, and m3, are given in Ref. [75], and are

listed in the Table below.

1 m% 9 m%t
V(g?) 0.923 28.30 -0.511 49.40
Ao(q?) 1.364 27.88 -0.990 36.78
Ai(g?) 0.290 40.38
Ay(g?) -0.084 0.342 52.00
T (¢?) 0.823 28.30 -0.491 46.31
Ty(¢?) 0.333 41.41
Ts(q?) -0.036 0.368 48.10

Table A: Values of the fit parameters for B — K* form factors.

On the other hand, for the form factors £, , £, we use the following parametriza-
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tion [78]
) = 0 (=g ) B.9)
§i(a®) = &(0) (%) : (B.10)

where &, (0) = 0.266 = 0.032 and &(0) = 0.118 = 0.008 [74].

C Ay — A Helicity Form Factors

Here we provide the relations of helicity amplitudes and A, — A form factors for
a particular Dirac spinor [u (p(k), Sy A))] representation as obtained in Ref. [124].

V,A, T, T5
H)

The helicity amplitudes are defined by

Hf(sp,, s0) = €°(A) - (A(K, sp|ST"b|Ap(p, sa,), (C.1)

where sy, are the spin vectors associated with the baryons; €*(A = ¢,+, —,0)
are virtual polarization vectors with g.e(£) = 0 = q.€(0); and ' = ~#  ~Hys,
io"q,, and ic"q,vs correspond to helicity amplitudes H} Hf’, HY, and H]®,
respectively.

For the vector current, the corresponding helicity amplitudes H} (s4,, s7) in terms

of helicity form factors fY, fy, fV are given by

mpa, — MA

Htv(l/2’1/2) = Ht‘/(_1/27_1/2) = ftv<q2> \/? \/a’ (62)

mp, + ma

) ey VERE
V&
HY(=1/2,1/2) = HY(1/2,-1/2) = — f/(¢*)v/2s_. (C.4)

HY(1/2,1/2) = HY(-1/2,-1/2) (C.3)

For the axial-vector current, the analogous expressions for the corresponding

helicity amplitudes H{'(sy,,sx) are given by

mpa, +ma

HAY2YD) = —HA1251D) = T ()

ma, — mp

Hi'(1/2,1/2) = —Hg(-1/2,-1/2) = f{‘(f)T\/Z, (C.6)
H{(-1/2,1/2) = —HA(1/2,-1/2) = — fi(¢")\/2s+. (C.7)
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For the tensor current, the corresponding nonzero helicity amplitudes H{ (sy,, s5)

involve two form factors fI and f7 only

HI(1/2,1/2) = HT(-1/2,-1/2) = [ (@ P V5. (C.8)
HI(=1/2,1/2) = H'(1/2,-1/2) = f1(@*)(ma, +ma)y/25_. (C.9)

. T .
The expressions for nonzero H,”(sy,, sa) corresponding to pseudo-tensor current

involve two more form factors fg > and ff5

HI(1/2,1/2) = —HP(=1/2,-1/2) = [TV P /57 (C.10)
HP(<1/2,1/2) = —H™(1/2,-1/2) = —fT(q?) (ma, — ma) /255
(C.11)
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We calculate the zeros of angular observables P} and P of the angular distribution of 4-body decay
B — K*(— Kx)I*l~ where LHCD, in its analysis of form-factor independent angular observables, has
found deviations from the standard model predictions. In the large recoil region, we obtain relations
between the zeros of P, P and the zero (§,) of forward-backward asymmetry of lepton pair, Ar. These
relations are independent of hadronic uncertainties and depend only on the Wilson coefficients. We also
construct a new observable, O#'R, whose zero in the standard model coincides with 5, but in the presence
of new physics contributions will show different behavior. Moreover, the profile of the new observable,
even within the standard model, is very different from A 5. We point out that precise measurements of these
zeros in the near future would provide a crucial test of the standard model and would be useful in
distinguishing between different possible new physics contributions to the Wilson coefficients.

DOI: 10.1103/PhysRevD.93.054041

I. INTRODUCTION

Rare B decays are mediated by flavor changing neutral
current (FCNC) transitions (e.g. b — s) which are absent in
the standard model (SM) at tree level. The leading
contributions come from one-loop diagrams. Being sup-
pressed by Glashow-Iliopoulos-Maiani mechanism (GIM)
and Cabibbo-Kobayashi-Maskawa (CKM) factors, their
predictions in SM are very tiny. As these processes are very
sensitive to heavy particles in the loops, any effect of new
physics (NP) will show significant deviation from SM
predictions. This makes these decays assets in probing
NP. So far data collected on rare B-decays by dedicated
experiments (LHCb, B-factories) are in excellent agreement
with the predictions of SM. The data have been used to
retrieve information on flavor structure of possible new
physics and to put stringent constraints on beyond Standard
Model (BSM) scenarios, but expectations of looking for any
definitive hints of NP have not met with success. The results
seem to be consistent with the Cabibbo-Kobayashi-
Maskawa mechanism of the SM [1]. However, recent data
on angular observables of 4-body distribution in the process
[B — K*(— Kx)I*I7] indicate a plausible change in this
situation. LHCb has measured several angular observables
as a binned function of the dilepton invariant mass squared
(¢?). The data indicate some tension with the SM [2]. These
discrepancies might be a result of statistical fluctuations or
inevitable theoretical uncertainties inherent to the calcula-
tion of these observables [3]. One has to wait for more
experimental data and a more careful analysis of theoretical
uncertainties to clear the smoke. Assuming that these
discrepancies are solely due to NP effects, there have been

. girishk @prl.res.in
nmahajan @prl.res.in

2470-0010/2016/93(5)/054041(10)
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attempts in the literature to resolve this tension between
theory and the experimental side (see for example [4]).

In this paper, we study some of the angular observables
P),, P§, Arp and anew observable, which we call OLR witha
different approach. We look at the zeros of these observables.
The expressions, under certain reasonable assumptions, are
more or less independent of theoretical uncertainties, and
depend solely on the short distance Wilson coefficients, and
thus have very clean predictions in SM. Precise measure-
ment of these quantities gives certain relations (experimen-
tally testable) among the Wilson coefficients and therefore
provides tests of short-distance physics. The most favored
solutions to the present data explaining these deviations
generally indicate towards new physics in the Wilson
coefficient (CST) of the semileptonic operator Og [5].
Since these zeros essentially probe new contributions to
the Wilson coefficients, their experimental measurement in
the near future can be worthwhile.

We proceed as follows. In the next section, we recall the
effective Hamiltonian for b — sI*1~. We discuss the 4-body
angular distribution of B — K*(— Kz)I™I~ and various
observables in the large energy recoil limit. In Sec. III, we
calculate zeros of the observables P, P’S, O%‘R and obtain
correlations among them. In Sec. IV, we give SM predictions
for the zeros of the considered observables and discuss the
implications of the zeros and their correlations in providing
the new constraints on the BSM scenarios. The NP sensi-
tivity of these zeros is discussed in detail. Finally, we
summarize the results of this paper in Sec. V.

II. ANGULAR OBSERVABLES OF B — K*I'I~
IN THE LARGE RECOIL LIMIT

The basic framework to study rare FCNC decays is that
of the effective Hamiltonian which is obtained after

© 2016 American Physical Society
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integrating out the heavy degrees of freedom. The rare

decay B — K*ITI~ is governed by the effective
Hamiltonian,

4G
Hefe = F Vo #)0; +Ci(u)0}) +He., (1)

Vi Vi

where contribution of the term Vv is neglected. O; are

the effective local operators and C;(u) are called Wilson
coefficients evaluated at scale . The factorization scale u
distinguishes between short distance physics (above scale
) and long distance physics (below scale y). The Wilson
coefficients encode information about heavy degrees of
freedom which have been integrated out while matrix
elements of local operators O; dictate the low energy
dynamics (for a review, see [6]). The operators contributing
significantly to the process B — K*I*1~ in SM are

e _
07 = @mb(sagyl/Rba)F’w?
2
Oy = 16722 (anﬂLba)(l}/ﬂl)’
ez -
Oy = 162 (3a7"Lbg)(Ilyrsl)- (2)

Here, a, p are the color indices, L, R = “WS) represent

chiral projections and m,, is the b-quark mass The primed
operators come with flipped helicity. Their contribution
within SM is either severely suppressed or not present. The
effective coefficient of operator Oy 1is given by
|

#T(b = K* (= Kn)I*I7) 9
==—J(q".0,, 0k
dg?d cos Og.d cos 9,d¢p 3 (4%, 0,0k, b)
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Ct = Cy + Y( ). Here s is lepton invariant mass (g)
and § = s/m3%. Y(3) contains contributions from one- loop
form of Y(3) can be found in [7]. Due to Y( ), CST is not
real but has a small imaginary part. In the analytic relations
below, Y (5) is neglected and all the Wilson coefficients are
assumed real, but for numerical calculations we include
Y(8) in CT. As we will see, this turns out to be a good
working approximation.

To calculate observables for the B — K* process, one
needs to calculate matrix elements of the local operators
0O;’s. These matrix elements are generally expressed in
terms of seven form factors V, A, A, A, Ty, T, and T;.
These form factors are calculated via nonperturbative
methods like QCD sum rules on the light cone [8].
Working in the QCD factorization framework and heavy
quark and large recoil limit, all seven form factors can be
written in terms of only two independent universal factors:
&1 and & [9]. The two sets of form factors are related to
each other as (see for example [10])

mpg

=—— 2  V(g?),
& Pe— (g%)
mpg + Mg~ mp — Mg+
g :%Al(qz) —BTBKAQ(CIZ)- (3)

The angular distribution of B — K*(— Kx)ITI~ offers
experimentally accessible observables which are indepen-
dent of form factors and hence theoretically cleaner. The
fully differential decay distribution is given by [11]

= J3sin?0k- + J§cos* O + (J5sin®Ox + J5cos?Ok-) cos 20,

+ J38in%0k-sin’6, cos 2¢p + J 4 sin 20+ sin 20, cos ¢ + J s sin 20k sin §; cos ¢

+ (J5sin®Og- + Jicos?Ox ) cos 0 + J; sin 20 sin 0, sin ¢

+ Jg sin 20 sin 26, sin ¢p + Josin?@-sin’0, sin 2¢),

)f(el7 91(* ’ ¢)

= Zji(qz

4)

The angular coefficients J;(g?) are expressed in terms of complex transversity amplitudes Ai’g‘”, A, and A,. For m; # 0, we

have [11]

2+ 47)
= IALP + AP +
JS = |A* + |AR?

S5 = [IA [+ Af1 +

S5 = —ﬂz [1AG> + (L — R).

+(L->R)]+

+ (L - R)],

Re(AL AR ALAR"),

2
m
+—5E 1A + 2Re(AGATY)] + B7|A, .
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1
J3 = 5 BIALP = [Af* + (L = R)).

i

Jy = PLIRe(A5AL) + (L - R)),

V2

m
Js = VI [Re(AFAL) = (L = R) = T Re(afa; + Afa) |

Js = 28/Re(A[AL") = (L > R)].

m;

Ve

J¢ = 4p,—=Re[A[A; + (L — R)],

\/?

I = /35, {Im (AgAﬁ* S (L > R)+ " Im(AL Az + AﬁA;ﬂ ,

1

Jo =
V2

Jo = p7ImAf*AL) + (L > R)].

where

b=

4’”12

Ve

i Im(AGAT) + (L — R)].

5 (6)
q

Note that A, contributes only when scalar operators are taken into account. In this paper, we do not consider contributions
from scalar operators. However, for the sake of generality, we have included A, in the expressions of J;(¢?). Also, we have
dropped the explicit ¢> dependence of the transversity amplitudes for notational simplicity. At the leading order in 1/m, and

a,, the transversity amplitudes read

N eff eff mn eff eff

ALR = V2Nmg(1 -3) {(c;f + C5™)F(Cro + Chp) + 271’ (5T + 5 ff)} £1(Ex), ()
A off e mn eff eff

ALR = —\/aNmg(1 - 3) [(cgf‘ =~ C§M)F(Cro = Clg) +27 (G5 - ¢ ﬁ)] &L (Ex), (8)
Nm N e e A e S

AR = L-(1- $)?[(CS" = C§™)F(Crp = Cig) + 27, (CF" = CF1)E (Exc), ©)

23

Nm .
Ay =—L2(1=3)2[Cho = C1oJ&y (Ex). (10)
mK*\/E
In the above expressions,
Gpa’ Py
N = WWWM aAp| (11)

Here, 1 = mj + my. + q* = 2(mym%. + m%.q> + m3q*),
Ay, = my,/mpg, and Eg- is the energy of K* meson. Terms of
O(#%. ) have been neglected. However, it is worth mention-
ing that these relations hold only in the kinematic region
1 < ¢? (GeV?) < 6,whichisprecisely the region of interest.
There are in total 24 angular coefficients [J;(¢) and J;(¢*)].
The charge-parity (CP) conjugated coefficients J; [corre-
sponding to CP conjugate mode of B — K*(— Kx)I*i7]

|
are given by J; with the weak phases conjugated.
The full angular analysis of B — K*(— Kx)ItI~ offers
opportunities to construct observables which are insensitive
to form factors as much as possible and therefore

are theoretically cleaner and have high sensitivity to NP
effects [11,12].

III. ZEROS OF ANGULAR OBSERVABLES
AND RELATIONS IN SM

The zero crossing of the forward backward asymmetry of
the lepton pair (§;) is known to be highly insensitive to
form factors. This was first pointed out in [13] where a
number of form-factor models were considered and was
noted that the value of 3, is practically independent of
hadronic form factors. Later Ali et al. [14] in their analysis
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showed that 5§, depends on the Wilson coefficients and
ratios of form factors and in the heavy quark limit and large
Ex- ~O(mp/2), the hadronic uncertainties in ratios of
form factors drop out, and 5, essentially depends on a
combination of short distance parameters only. This leads
to a nearly model-independent relation between the Wilson
coefficients. The position of the zero crossing is thus
heralded as a test of SM.
In SM, 5, is given by [14]
eff (4 _ ﬁ/lb eff 1- 30 rhb eff
Re(C§" (8¢)) = -2 5 Cs gy _§O~ 2 5 cst.
(12)

Note that existence of zero from the above Eq. (12)
necessarily requires the condition Sign[Re(CT)CEl] =
-1 to be satisfied. For NP models where Cf has the
same sign as CSf, there will then be no zero crossing.
The LHCb collaboration [15]l has measured the zero of
forward-backward asymmetry of the lepton pair to be g5 =
4.9 4+ 0.9 GeV? which, within errors, is consistent with SM
predictions. The SM predictions for §, typically lie in
the range (3.7-4.3) GeV? which in units normalized by
mass of B-meson (§=¢?/m3%) translates to range
(0.13-0.16) and have relative uncertainties below 10%
level [10,17,18].

The value of zero §; can be easily obtained from
integrated g> angular observable, Apz. In terms of the
angular coefficients (J;(¢?)), Apg is defined as

3 JdgP(Jes +Jss)
4 [dq*(dT'/dg* + dT'/dgq*)’

App = (13)

To calculate 5, we use the expressions of the transversity
amplitudes given in Eqs. (7)—(10), which are valid in the
large recoil region. We retain contributions of helicity-
flipped Wilson coefficients so that analysis done includes a
subset of NP models involving primed Wilson coeffi-
cients.> We now discuss the angular variables of interest
and work in the basis where SM operators are augmented
with their helicity flipped counterparts. The expressions
below clearly show the power of the zero-crossing point of
these angular observables to probe different NP scenarios.
The zero crossing of any observable is easily obtained by
equating the numerator to zero. From Eq. (13), we obtain

(C1oCs" = CloCY)
(C Ceff _ C/ C/ ) mp.
10%~9 10~9

§o = —2 (14)

'"The LHCb collaboration has recently updated its measured
lue: 2:37+0.8 16
value: gj T [16].
We reiterate that in the analytic relations, we assume C;’s to
be real but retain the complex nature in numerical analysis.

PHYSICAL REVIEW D 93, 054041 (2016)

Within SM (C} — 0), dependence on C cancels out and
the expression reduces to Eq. (12), sensitive to the ratio of
Ct and CgT.

The angular observables P; and P, both have zero-
crossing point in their mass spectrum. The value of zero
crossing for both lies in the “theoretically clean” low-g>
region; interestingly the same region where LHCb has
measured deviation from SM prediction for angular observ-
ables P5.

Observable P is related to angular coefficients Js
through the following relation:

P — quz(Js +Js)
L= = —.
2\/—qu2(st +J25)qu2(‘]2c +J2.)

(15)

The numerator of P; in the massless lepton limit is
proportional to [Re(A§AL*) — (L<>R)]. Then the zero of
P%, in the low-recoil region, is given by the following
combination of short-distance parameters:

3‘55 _ (Cgff + C,7)(C,10 - CIO) ”hb-
[C1oC8T = C'Cy + (C5T = C7)(Cio + Clo)iiy]
(16)

The zero of P% turns out to be insensitive to hadronic form
factors similar to the zero of App. In the SM limit, C
dependence disappears and the expression reduces to a very
simple relation between the value of zero and the Wilson
coefficient CT and Cgff,

Pe SM Ceff
80 = — g (17)
C9 + C7 my,

Interestingly enough, we find that within SM, the zero of
P% can be written solely in terms of §y: zero of Agp

~Ps,SM gSM/z (18)
O T 1—sM/2°

We find this correlation between zero of Ay and that of P%
an important result. Equation (18) can be expanded in a
Taylor series and dropping out terms of order O((551/2)?)
and higher, the relation predicts that zero of P is
approximately half of the value of §, in SM.

A similar analysis can also be done for observable P}. In
terms of angular coefficients J;'s, observable P is written
as

P Jdq*(Jy+ Ty)
= = —.
\/— Jda*(Jos + Toy) [dg*(Jae + Toe)

(19)

The numerator of P is o« [Re(AfA[*) + (L<>R)]. Using
expressions (8) and (9) for transversity amplitudes Aé and
AILI’ we find zero of P} to be
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oPa

(G5 = CICE" = Cy +2(CH" = i)
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St =-—

The expression is again very “clean” and has a nontrivial
dependence on short-distance parameters in the large recoil
region. In the SM limit, this relation yields

o CFGT 2C )y,
So =2 off\2 off ~cft 7, b (21)
Cio + (C§")* +2C5" C§ iy,

The zero of P/, can also be written in terms of §, only as

APy, SM S‘SM(I B g(S)M) (22)
" T T e

Again using the fact that the value of §, is very small
compared to unity, we find the value of zero of P} to be
approximately half of §, similar to the case of P%. However,
if we keep effects of higher order terms in 3, the value of
zero of P and that of P turns out be a bt larger and smaller
than §3M/2 respectively and the leading effect is of order
(59)2. From the experimental point of view, this accuracy is
currently not there and therefore the effect can be safely
neglected. The correlation between zeros of Agg, Pjj, P5 is
quite intriguing since in a chosen optimal basis of observ-
ables, Agp, Ps' and P/, are independent observables and
there is no a priori reason for their zero-crossing points to
develop this dependence on each other.

With enough data available, one would be able to
perform a full angular analysis of the final state distribution
in the decay B — K*(— Kx)I"1~ and this would allow
complete determination of the K* spin amplitudes.
Therefore one can use the spin amplitudes to design
observables which are sensitive to specific NP and have
relatively controlled theoretical uncertainties. With this in
mind, we propose a new CP conserving observable which
we call OF". Tt has the following form:

|AL [+ |Af P = (L<R)
8(Ja5 + Jay)

Ok = (23)

This new observable is constructed out of both parallel and
perpendicular spin amplitudes of K* and has not been
explored before in the literature. The ratio of amplitudes
is chosen such that theoretical uncertainties due to the
hadronic form factors cancel at the leading order. The
profile of O%’R also has a zero in the low-g® region. In a
basis where SM operator structure is augmented with right-
handed currents, the zero of O%‘R has NP sensitivity differ-
ently from that of Agp. Its zero-crossing point occurs at

LOLE (C1oCS" + C1pCY)
§o7 =-2 C T O . (24)
(C1oC§" + CyCy)

[(C§" = C9)* + (Cig = Clg)? + 2(C5" = C7)(CE = Cy)rny

. (20)

L.R
The expressions §, [Eq. (14)] and §(()9 " [Eq. (24)] have some
interesting features. By definition, observables Az and
O%® have nonidentical dependence on invariant mass § and
therefore vary differently as a function of §. But within SM,
in spite of the different profiles, the values of zero crossings,

L.R
$5Mand 3(()9 M are degenerate. However, in the presence of
helicity flipped operators, the positions of zero-crossing
shift in a dissimilar fashion and the degeneracy gets lifted.
This rather utilitarian feature can be used to probe contri-
butions from helicity flipped operators once the values of §,
L.R

and 3(()9 T are known experimentally with good precision.

Let us remark that all the expressions and relations
obtained above have been worked out under the hypothesis
of no scalar and tensor contributions. Observables Arg, P

and the proposed new observable 389 o are blind to the
presence of scalar/tensor contributions. Therefore,
the expressions for zeros will remain unaltered even in
the presence of these new contributions. Observable P~,
however, does receive contributions from the scalar com-
ponent of K*-spin amplitudes. But the sensitivity to this
contribution is highly suppressed (m,% /q* is the suppression
factor) and in the limit of massless leptons limit, which we
have entertained in this paper, these contributions vanish.

IV. CONSTRAINING NEW PHYSICS

All the Wilson coefficients are real in this analysis, i.e.,
NP does not introduce any new weak phase in the Wilson
coefficients and we assume that the sign of C; is as in the
SM. We will ignore NP scenarios where C5 and Cy have the
same sign. The expressions of zeros of these observables
depend only on the Wilson coefficients, practically inde-
pendent of form factors, thereby leading to theoretically
clean predictions. To calculate these zeros, we use
Cy = 42297, Cjy = —4.2068, C$T=-0.2974 [19] at
scale m,. Other input parameters are mb”°=4.80GeV,
Gr = 1.166 x 1075, mp=5.280GeV, my = 0.895 GeV,
m, = 0.106 GeV, a = 1/129, and o, = 0.21.

In Table I, we give the numerical values of zeros of the
observables in the SM. The values in the second column are
obtained using the relations in Egs. (14), (18), (22), and
(24). To compare with the exact predictions in the SM and
to have a consistency check of these relations, we also
calculate values of these zeros in the SM using the form
factors and retaining Y(3) in C§, which we had ignored for
obtaining analytic relations among the zeros. We use the
form factors calculated in [8] using the light-cone sum rule
and tabulate the results in the third column of Table I
whereas in the last column we tabulate the same results
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TABLE 1. Zeros in the SM. In the second column, we quote the
values calculated using Eqgs. (14), (18), (22), and (24), while the
third and fourth columns have entries predicted in the SM using
form factors from [8,9], respectively.

Value of zero ~ Exact values of zero crossings

Using analytic Using FFs Using FFs
Observable relations from [8] from [9]
App 0.128 0.122 0.125
P 0.068 0.069 0.069
P} 0.059 0.054 0.056
oLk 0.128 0.122 0.125

using form factors as in Beneke et al. [9]. As is evident, the
two sets of form factors yield very similar values, thereby
confirming that these zeros are (almost) independent of
form factors. Clearly, the employed analytic relations yield
values close to those when no approximations are made,
showing the robustness of these relations. All the zeros lie
in the low-¢* region, where form factors are known with
relatively greater precision. At leading order, soft form
factors cancel precisely and predictions of zeros are clean.
Largest corrections to the values of zeros come from form-
factor uncertainties when next-to-leading order effects are
included (as noted in [20] for the case of §;). The typical
error on form factors is ~10%—12% (see [8]). Assuming the
size of errors in all the form factors of the same order, we
find the relative uncertainties in our estimates of these zeros
to be of order ~30%. So far experimentally as well as
theoretically only §; has received attention. The experi-
mental value of §, has large relative uncertainties (of order
35%) [15,16]. Though we have ignored O(a,) contribu-
tions in favor of obtaining form-factor insensitive correla-
tions among the zeros, our theoretical estimate of 5 is still
competitive with the experimental value with current
precision as discussed above. The zeros and the relations

PHYSICAL REVIEW D 93, 054041 (2016)

among them can be used to constrain the Wilson coef-
ficients in the following ways:

(1) Under the hypothesis of no NP-induced right-
handed currents and real Wilson coefficients, all
the zeros including that of the new observable OF*
are functions of C$T and CSf only. With the
magnitude of CST stringently constrained from
branching ratio of decay B — K*y (and B — Xy),
the zeros provides new information on Cg.

(i) Some of the zero-crossing points are sensitive to the
right-handed currents (more details below). These
contributions can be probed once the precise mea-
surements of zero crossings are made.

Global fits to recently updated data on angular analysis
of the B — K*up indicate significant tension with the SM
[5]. It has been suggested that solutions having a destruc-
tive NP contribution to Cg or with C}¥ = —C\f' < 0 are in
very good agreement with the data. From this perspective,
the measurement of these zero-crossing points would
provide a very clean and good test of the hypothesis of
the NP contribution to Cy. In Fig. 1, we show the
constrained region in C; and Cq plane in the SM-like
operator basis. The most stringent bounds on C; come from
decay B — X,y. Then the precise measurement of 5§,
essentially determines the effective coefficient CS. The
recently measured value of §, currently involves large
errors (~35%) [16]. Therefore, bounds on CT are not as
stringent. But a qualitative analysis shows that §, is
compatible with models having NP contribution to C,.
We also provide a constrained region in the C;—Cq plane
using bounds from the zero of P} and P%. To this end, we
employ derived relations between 3, and zeros of P} and
P5. Further, we use the experimentally measured value of
$o as an input to get constraints from zeros of P} and P%.
We find that the measurement of these zeros will provide
equally efficient constraints on Cg as drawn from 5§,. We

i

<

-0.15-0.10 -0.05 0.00 0.05 0.10 0.15

NP
C7

-0.15-0.10 -0.05 0.00 0.05 0.10 0.15

-0.15-0.10 -0.05 0.00 0.05 0.10 0.15

NP NP
C7 C7

FIG. 1. Constraints on C}¥ — C)¥ from zeros of observables A (gray), P (red) and P} (cyan) using analytic relations [Eqs. (14),
(18), (22), and (24)]. The light orange band shows the constraints on the values of C; from B — X,y. The black filled circle shows the
SM point whereas the blue colored “+” in the plots corresponds to the simplest possible NP solution C}'¥ = —1.5 to explain the observed
tension in the experimental data on b — suy™u~. The NP solution C)¥ = —1.5 corresponds to the “BSM1” scenario and has been

discussed in detail later in the text.
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FIG.2. The ¢* spectrum of observables A5, PL, P} and O%’R in SM (black curve) and two BSM scenarios: Z' motivated models (blue

curve) and SUSY models (green curve). The Z' model [21,22] corresponds to

CYP ~ —1.5. The SUSY model (green curve) corresponds

to large tan # with superpartners being heavy [23]. The red interval on the x-axis shows the experimentally allowed 1o region. We

use § = ¢*/m3.

also note that zero-crossing points of these observables are
rather sensitive to a slight change in the Wilson coefficient
C; compared to a change in C9 and Cj, in the SM-like
basis. For illustrative purposes, we individually varied C,
Cy, and C( by 15% with respect to their SM value. We find

/ !

. A AP5 4
that the change in C; causes central values of 5, $§,°, 5,°

LOLR . .
and §," to shift by about 15% with respect to the SM value
on the negative side, the change in Cy causes relatively less
. .. WPLLP NOLR oo AP
shift (about 13%) in 8y, 3,,°, §,* and sg) " and no shiftin §,*
while the change in the Wilson coefficient C;, does not

. L . AP
cause any modification in the SM value of the 5, §,° and

L.R
N

5" but shifts the SM value of §gi‘ by a positive 15%.

In Fig. 2, we plot the ¢? spectrum of all four observables

(App, P§, Py and O%’R) in different NP models along with
SM. On the x-axis, the red interval shows the 1o allowed
region currently supported by experimental data on . In the
plot App vs §, the red interval corresponds to experimental
value g3 = 3.719% GeV? [16]. Since at present measure-
ments of zeros except App are not available, we employ
the correlations in Egs. (14), (18), (22) and (24) and use the
experimental value of §, with associated errors to obtain the
values and corresponding errors in the values of other zeros.
As an illustration of how much these zeros can constrain the
NP models, we include two scenarios of new physics in our

analysis. First is the often discussed NP scenario which
postulates a new U(1)" gauge boson. These models, typi-
cally known as Z’' models, have been shown to explain the
observed anomaliesin B — K*uu [21,22]. We find that such
models, which have NP contribution to C)* ~ —1.5, are at
1.10 tension with the current data on §,. The same tension
translates to the zero of P} as well. The theoretical value of

WP . . . :
§,° in this model is at 1.5¢ tension with the data while the

L.R
value of S? " has 1.3¢ tension with experimental data.” We
also show the g profile of all four observables with their
zeros in the supersymmetric models (SUSY). The decays
B — (K, K*)ll are sensitive to the new contributions in these
models and the invariant mass spectrum, forward-backward
asymmetry, and lepton polarizations of these modes can
constrain these models [23]. The variant of SUSY we have
considered corresponds to large tan # with the masses of
superpartners being relatively large. The details of the model
can be found in [23]. Here we only show that zeros of all
four observables in this model are consistent with the

*Let us remind again that since no actual data is available for
the zeros if P}, P, and 0§‘R, what is meant by data in this
specific context is the values obtained using correlations
[Egs. (18), (22) and (24)] with §y as measured by LHCb as an
input.
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experimental data within 1¢. This good agreement between
predictions in the discussed models and the measurement
can be expected given the fact that substantial uncertainties
are affecting the present experimental measurement of these
zeros. Let us remark that the analysis in Fig. 2 for the cases of
P’S, s O%‘R is of qualitative nature since the zeros of these
observables have not been measured so far (we again
reiterate that we have used the experimental value of §,
to obtain the “experimentally allowed” red interval for these
observables in Fig. 2). Our purpose here is just to illustrate
that not only the ¢ profile, but the precise measurement of
the zero-crossing points can also be used to discriminate
various NP models. Once precise measurements of the zeros
are available, the analysis can be done more precisely and the
relations can certainly provide improved constraints on NP,
especially on the Cg'.

Finally, we investigate the BSM reach of these zeros by

/ / L.R

carrying outanumerical study of vaPS, SOP“ and fvgr inTableII.
In the SM, their values lie in the large recoil region and
therefore these observables, like zero of Az, are expected to
be very clean. These zeros also have sensitivity to BSM
effectsinduced by right-handed currents. The BSM scenarios
we have chosen in Table IT are motivated from the analysis [5]
of the updated data on B — K*uu and are obtained by
allowing variation in a single Wilson coefficient at a time.
The case BSM1 is most favored while the cases BSM2 and
BSM3 are less favorable. The three columns in Table II
correspond to these scenarios as follows:

(i) The scenario BSMI1 corresponds to a negative
contribution of —1.5 to the SM value of Cqy (shown
in Fig. 1 by the symbol “+4”). This kind of scenario
could, for example, be generated by a Z’' boson
which has vectorlike coupling to muons [24], where
Cy has a nonzero contribution while the NP con-
tribution to the Wilson coefficient Cy vanishes.

(i1) The other two columns correspond to cases where
NP enters in a correlated way in two Wilson
coefficients. The second scenario, BSM2, has new
physics in the SU(2), invariant direction C}* =
—CNF and can be realized in Z' models with the Z’
boson having coupling to left-handed muons [24]. A
scalar leptoquark ¢ transforming as (3,3)_; ;3 under

TABLE II.

PHYSICAL REVIEW D 93, 054041 (2016)

(SU(3),8U(2))y() with couplings to left-handed
muons can also generate this scenario [25].
(iii) The third scenario stems from new contributions from
helicity-flipped semileptonic operators Og and O.
This case was specifically chosen to show the dis-
tinguishing features of these zeros when only right-
handed currents have new physics contributions.
In each of the BSM scenarios, estimates of uncertainties are
the same as discussed for the SM case. Our numerical
analysis explicitly shows that the observables 355, §0P4 and

L.R

35) " along with §, can certainly distinguish between the SM
case (SM predictions for zeros are given in Table I) and
different BSM hypotheses. An important point we would like

to make here is that from Table 11, it is clear that §, has very
L.R

similar values as 3(()9 " inall scenarios. This is true only when
there is no contribution from right-handed currents (like the
cases BSM1 and BSM2). The values of zero-crossing points
would not be identical when right-handed currents are
invoked (like in the case BSM3). However, the difference

L.R
between §, and §(()9 " inthe case BSM3 is arising only beyond

the third decimal place and therefore, at present, can be
neglected in favor of experimental errors. We would like to
draw attention to the fact, as emphasized above also, that not
just the position of the zero of an angular observable but also
the complete profile as a function of § is a powerful tool at
hand. This is illustrated in Fig. 2 where one can clearly see

A . NG
that, though the value of $3M coincides with §,” in the SM,

the g* spectrums of Ay and O%’R are quite different.

We would be able to identify distinctions among differ-
ent NP scenarios more accurately once these zeros are
precisely measured. Experimentally, only §, has received
attention. We stress that the other zeros are equally
important and should be measured or extracted experimen-
tally, since this could already yield crucial information
about NP, if present. Further, it may happen that some of the
observable profiles (i.e. values in experimentally measured
bins) turn out to be different from SM, as is the case say
with Pé. In such a situation, a further check would be the
position of the zero. These two pieces of information put
together will clearly point out to any NP present.

Values of zeros compared between different BSM scenarios. Only nonzero NP Wilson coefficients are

shown in each scenario. The values in the parentheses correspond to beyond the third decimal place. See Table I for

values in the SM.

BSM1 BSM2 BSM3
Observable ChP =-15 CYP = - =-0.53 Cy=Cy=-0.10
So 0.198 0.146 0.127(76)
e 0.109 0.078 0.067
e 0.050 0.067 0.061
s0r 0.198 0.146 0.127091)
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B — K*II7: ZEROS OF ANGULAR ...
V. SUMMARY AND CONCLUSIONS

The radiative and semileptonic b — s decays have a
potential sensitivity to effects beyond the SM. With
LHCb’s dedicated efforts to measure the decay B —
K*1l and associated angular observables extensively, the
decay B — K*Il seems to be a promising field to identify
patterns of NP which can be provided by experimental data.
Recent data shows some discrepancies in comparison to
SM predictions but due to uncertainties inherent in the
theoretical calculations of such processes, at present, it is
difficult to infer the same in affirmation. Precise measure-
ments of theoretically clean observables hold the best
chance of unambiguously revealing the presence of physics
beyond the SM, if any. The zero of forward-backward
asymmetry (3o) is known to fall under this category of
observables. But the current measurement is not precise
enough to say anything definitive and is totally consistent
with the SM. It may be useful to have more such
observables measured with precision. In this paper, we
point out that along with §, the zeros of observables P%, P,

and O’;’R (a new angular observable proposed in this paper)
are suitable candidates in this regard. The zeros of these
observables, like the case of §;, have good theoretical
control over hadronic uncertainties and can provide crucial
tests of the SM. We note that there exist correlations among
zeros of different observables within the SM and the
position of all the zeros is essentially fixed by §,, up to
small corrections. We further use these relations to model-
independently constrain the C)* — C)* plane. To this end,
we define our framework by considering that NP enters in
electromagnetic (O7) and semileptonic operators (O, O1),
together with their chirally flipped counterparts. We have
assumed the Wilson coefficients to be real, but generali-
zation to complex coefficients is straightforward.

We studied the implications of these zeros on C}'* — C)*
plane in the SM-like operator basis. The conservative
bounds on C)” are taken from B — X,y experimental
data. Owing to the rather large uncertainties in the current
measured value of 5,, the constraints on the Wilson
coefficient Cy are rather weak and the deviations of up
to ~— 1.5 in Cy are compatible with experimental data
within the 1o range. Using relations between §, and zeros

! /

~Ps AP
of P{ and P}, we show that observables §,°, §,* have

PHYSICAL REVIEW D 93, 054041 (2016)

equally good sensitivity to Cy and C; as present in ;. In
addition to the SM-like basis scenario, we further inves-
tigated the cases where operator basis is augmented by
helicity-flipped operators. We note that these observables
are quite sensitive to the effects stemming from BSM
models. This can be observed from the numerical analysis
we performed in Table II and Fig. 2. The analysis clearly
shows that these observables have the capability to dis-
criminate between different BSM models. Especially, the
new proposed observable O%’R and its zero are relatively
more sensitive to the scenarios where one only includes the
NP contribution to semileptonic vector operator Oq (e.g.
Z'-model). These scenarios are currently favored by data
over SM (by 3.7¢ for CJ¥ ~ —1.1) as noted in [5]. This
sensitivity can be further exploited to test such scenarios
once more precise data on this new observable as well as on
the zeros of aforementioned observables become available.
To date, only 5, has received attention but we have shown
that zeros of other angular observables also carry important
and complementary information on short-distance param-
eters. We thus hope that these observables will be measured
precisely by the LHCb collaboration and data on these
observables can certainly be used to put stern constraints on
NP. The relations are obtained in the large recoil region in
the large energy limit where theoretical uncertainties are
supposed to be minimal. To the best of our knowledge, this
is the first attempt to use such correlations as a stringent test
of SM itself. A simultaneous accurate determination of
these zeros will surely provide conclusive evidence of any
NP present. Moreover, in a general setting, the zeros by
themselves carry complementary information about the
Wilson coefficients and their measurement together with
the existing data can be used to pinpoint the class of NP

scenarios which can give rise to such predictions. This is
L.R

clearly evident from the position of §89 " which in the
standard model limit yields the same value as 5, but when
the helicity flipped operators are included, leads to com-
plementary information on the Wilson coefficients com-
pared to what was inferred from 5,. We also hope that with
more data, not just the position of various zeros, but also the
complete profiles of angular observables will be known
with high precision, which can be used further as a crucial
test of the standard model.
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1 Introduction

Recently the LHCb collaboration has reported the ratio of branching fractions for the
semitauonic decay of B meson, B — D*7, to be R(D*) = 0.336+0.027(stat.)£0.030(syst.)
with the Standard Model (SM) expectation 0.252 £ 0.005, amounting to a 2.1c excess [1].
In general, the observables are introduced as ratios to reduce theoretical uncertainties
B(B — X7v)

R(X) = m, (1.1)
where [ = e, . This measurement is in agreement with the measurements of B — D)7
reported by the BaBar [2, 3] and Belle [4] collaborations. The results reported by BaBar
and Belle are given by R(D)B2Bar = 0.4404-0.0584:0.042, R(D)B!"® = 0.3754:0.06440.026
and R(D*)BaBar — (.332 +0.024 £ 0.018, R(D*)Bell® = 0.293 +0.038 £ 0.015, with the SM
expectations given by R(D)M = 0.300 £ 0.010 and R(D*)SM = 0.252 4+ 0.005. These
results are consistent with earlier measurements [5, 6] and when combined together show
a significant deviation from the SM.

Several new physics (NP) scenarios accommodating semileptonic b — ¢ decay have
been proposed to explain these excesses. The two-Higgs Doublet Model (2HDM) of type
IT is one of the well studied candidates of NP which can affect the semitauonic B decays
significantly [7-13]. However, the BABAR collaboration has excluded the 2HDM of type
IT at 99.8 % confidence level [2, 3]. Phenomenological studies of the four fermion operators
that can explain the discrepancy have been addressed in refs. [14-22]. The excesses have
been explained in a more generalized framework of 2HDM in refs. [23-25] and in the
framework of R-parity violating (RPV) Minimal Supersymmetric Standard Model (MSSM)



in ref. [26]. While in refs. [16, 20, 21, 27, 28] the excesses have been addressed in the context
of leptoquark models. In ref. [29], a dynamical model based on a SU(2)y, triplet of massive
vector bosons, with predominant coupling to third generation fermion was proposed to
explain the excesses, while other alternative approaches have been taken in refs. [30-32].

From a theoretical point of view, NP scenarios explaining the above discrepancies and
addressing other direct or indirect collider searches for NP are particularly intriguing. To
this end, we must mention the recently announced results for the right-handed gauge boson
W search at /s = 8TeV and 19.7fb~! of integrated luminosity by the CMS Collaboration
at the LHC. They have reported 14 observed events with 4 expected SM background events,
amounting to a 2.8¢0 local excess in the bin 1.8 TeV < mygej; < 2.2TeV, which cannot be
explained in the standard framework of Left-Right Symmetric Model (LRSM) with the
gauge couplings g = ggr [33]. On the other hand, the CMS search for di-leptoquark
production at /s = 8TeV and 19.6fb! of integrated luminosity have been reported to
show a 2.40 in the eejj channel and a 2.60 local excess in the ep,.jj channel corresponding
to 36 observed events with 20.49 + 2.4 4+ 2.45(syst.) expected SM events in the eejj
channel and 18 observed events with 7.54 + 1.20 + 1.07(syst.) expected SM events in the
epjj channel respectively [34]. These excesses has been explained from Wx decay in the
framework of LRSM with g # gr embedded in the SO(10) gauge group in refs. [35-37]
and in LRSM with gy = ggr by taking into account the CP phases and non-degenerate
masses of heavy neutrinos in ref. [38], while other NP scenarios have been proposed in
refs. [39-51]. Interestingly, in some of these NP scenarios attempts were made to explain
the discrepancies in decays of B meson in an unified framework [43] or separately [26].

In this paper we study the flavor structure of the Fg motivated Alternative Left-Right
Symmetric Model (ALRSM) [52], which can explain the CMS excesses and accommodate
high scale leptogenesis! [46], to explore if this framework can address the experimental
data for R(D(*)) explaining the discrepancy with the SM expectations. This scenario is
particularly interesting because unlike the R-parity violating MSSM in refs. [26, 41, 43],
this model involves only R-parity conserving interactions. Furthermore, a careful analysis
of the flavor physics constraints, such as the rare decays and the mixing of mesons can
play a crucial role in determining the viability of any NP scenario. Therefore, we study the
leptonic decays Df — 7+, Bt — 770, D¥ — 777 and D°- DY mixing to constrain the
semileptonic b — ¢ transition in ALRSM. We find that despite being constrained by the
above processes ALRSM can explain the current experimental data on R(D(*)) quite well.

The rest of this article is organized as follows. In section 2, we discuss the effective
Hamiltonian and the general four-fermion operators that can explain the R(D™)) data.
In section 3, we introduce ALRSM and present the viable interactions, followed by the
evaluation of the Wilson coefficients. In section 4, we discuss the constrains from the
leptonic decays D} — 7tp, Bt — rtp, DY — 770 and mixing between D°-D°. In

section 5, we summarize our results and conclude.

Note that in the conventional LRSM framework the canonical mechanism of leptogenesis is inconsistent
with the range of Wg mass (~ 2TeV) corresponding to the excess at CMS [53, 54].



2 The effective Hamilonian for B — D®) & decay

To include the effects of NP, the SM effective Hamiltonian for the quark level transition
b — cly; can be augmented with a set of four-Fermi operators in the following form [15]

AGFp

Hep = —=
RN

l=e,u,T

where G is the Fermi constant, V,, is the appropriate CKM matrix element and Cf
(i = ViR, St R, TL) are the Wilson coefficients associated with the new effective vector,
scalar and tensor interaction operators respectively. These new six dimensional four-Fermi
operators are generated by NP at some energy higher than the electroweak scale and are
defined as

oY, = (eLy"br)(lLvumin),

O%/R (erY"br)(ILvuviL),

Os, = (eLbr)(IrviL),

0%, = (erbr)(IruL),

0%, = (cro™b)(IrowuiL), (2.2)

where o = (i/2)[y*,7"]. The SM effective Hamiltonian corresponds to the case C! = 0.
Note that in writing the general Hes, we have neglected the tiny contributions from the
right-handed neutrinos and therefore, we treat the neutrinos to be left-handed only.

In order to perform the numerical analysis of the transition B — D® 1y, we need to have
the knowledge of the hadronic form factors which parametrize the vector, scalar and tensor
current matrix elements. The B — D™ 7v matrix elements of the aforementioned effective
operators depend on the momentum transfer between B and D) (gt = ply — k*) and are
generally parametrized in the following way [15, 55]

m2 —m2 m2 m2
(DWeblBos)) = | e +h) - "2 g, | F() + 0, "B R R, (23
2
(D (b bl Bp)) = =iy vt =2 (2.4)
2

(D" (k, ) eyysb| Bos)) = e (ms +mp-)A1(@®) — (ps + k) (" - @) —20)_

mp + mpx
gl )R (A5(e?) — Ao(e?)) (2.5)

(D" (k. ) c0, bl B(p5)) = { (o + R) T (¢2)
m2 — m2 *

s MR () - Ta(e?) (2.6)

*

€q pio 2 2 ¢ 2
2l <T1<q )T - —- Ty >)}




where F3(0) = Fy(0), A3(0) = Ap(0) and
mp + mpx
2mD*

mp — Mmp=

As(?) = Ai(¢?) — As(q?). (2.7)

2mD*
€, is the polarization vector of the D*. Note that the hadronic matrix elements of
the scalar and pseudoscalar operators can be conveniently derived from their vector
counterpart by applying the equations of motion —i0"(quvuqs) = (Ma — Mp)Gaqy and
— 10" (GaYu5q) = (Ma + ™Mp)qay5qy- However, in what follows, we choose to work with
the following parametrization of the form factors which are more suitable for including the
results of the heavy quark effective theory (HQET). The matrix elements of the vector and

axial vector operators can be expressed as [10, 56]
(Dbl B)) = Vimgmp (€4 (w)(v + )+ - (w)(o 1)}
(D*(v', €)|eyud B(v)) = iy/mpmp-&v (w)eupoe™ v 07, (2.8)

(D* (v, ) @3l Bv)) = vimpmps {Ea, (w)(w +1)e, — (€ - v) (€a ()£, (wp) }.

The form factors of tensor operators are defined as [20]
(D(v)) 0, bl B(v)) = —iv/mpmper(w) (v} — vl
(D*(v")eoub| B(v)) = —iy/mBmp-€uvps {&1 (W)€ (v + ') + &r, (w)e™ (v = ')°
+&ny (W) (€ - v) (v + ) (v =)}, (2.9)

where v = pp/mp and v = k/mp) are the four-velocities of the B and D™ mesons

respectively, and the kinematic variable w(q?) is the product of the velocities of initial and
final mesons w(q?) = (m% + mpe) — ¢*) /2mpmpe . The HQET and QCD dispersive
techniques can be used to constrain the shapes of these form factors [57]. To this end,
the HQET form factors are redefined as linear combinations of the different form factors
Vi(w), Si(w), Ai(w) and Ri23(w) [20, 57], which reduces to the universal Isgur-Wise
function [58, 59] normalized to unity at w = 1 in the heavy quark limit. The form factors
in the parameterization of Caprini et al. [57], which describes the shape and normalization
in terms of the four quantities: the normalizations Vi (1), A;(1), the slopes p2), p%. and
the amplitude ratios R;(1) and Ry(1) are determined by measuring the differential decay
width as a function of w. The form factors Vi(w) and S;j(w) contribute to the decay
B — Diy; (I = e, p,7), while the decay B — D*1p; receives contributions from A;(w) and
Ry 23(w). However, the semileptonic decay into light charged leptons B — DIy, involves
only Vi (w) and therefore, V;(w) can be measured experimentally. The parametrization of
the form factors in terms of the slope parameters p%, p2D* and the value of the respective
form factors at the kinematic end point w = 1 is given by [57, 60]

Vi(w) = Vi(1) {1 — 8ppz + (51pp — 10)2* —(252p7, — 84)2°}, (2.10)
Ai(w) = A1(1) {1 — 8phez + (53ph+ — 15)2* —(231pF. — 91)2°}, (2.11)
Ri(w) = Ry(1) — 0.12(w — 1) + 0.05(w — 1),
Ry(w) = Ry(1) 4+ 0.11(w — 1) — 0.06(w — 1),
Rs(w) = 1.22 — 0.052(w — 1) + 0.026(w — 1), (2.12)



with z = (Vw +1 —v/2)/(vVw + 1+ +/2). For S;(w) we use the parametrization given in
ref. [13]

Si(w) = Vi(w) {1+ A(—0.019 + 0.041(w — 1) —0.015(w — 1)*)}, (2.13)

with A =14 1. By fitting the measured quantity |Vg|Vi(w) to the two parameter ansatz
as given in eq.(2.10), the heavy flavor averaging group (HFAG) extracts the following
parameters: V;(1)|Vep| = (42.65 & 1.53) x 1073, p%, = 1.185 £ 0.054 [61]. In the case of
B — D*liy;, HFAG determines A;(1)|Vyp| = (35.81 & 0.45) x 1073, p%. = 1.207 £ 0.026,
R;(1) = 1.406 £ 0.033 and R2(1) = 0.853 £ 0.020 by performing a four-dimensional fit of
the parameters [61]. However, since the fitted curve are plagued with large statistical and
systematic uncertainties, for form factor normalizations, we use Vj(1) = 1.081+0.024 from
the recent lattice QCD calculations [62] and for A;(1) we use the updated value A;(1) =
0.920 + 0.014 from the FNAL/MILC group [63]. The amplitude ratios R;(1) and Ra(1)
are determined from the fit by HFAG R;(1) = 1.406 £ 0.033, R2(1) = 0.853 £ 0.020 [61].

3 Alternative Left-Right Symmetric Model and analysis of operators
mediating B — D™ 1

One of the maximal subgroups of superstring inspired Eg group is given by SU(3)¢ X
SU(3)r x SU(3)g. The fundamental 27 representation of Fg can be decomposed under this
subgroup as

27=(3,3,1) + (3*,1,3") + (1, 3%,3) (3.1)

where the fields are assigned as follows. (3,3,1) corresponds to (u,d,h), (3%, 1,3%) corre-
sponds to (h¢,d®, u®) and the leptons are assigned to (1,3, 3). Here h represents the exotic
—% charge quark which can carry lepton number depending on the assignments. The other
exotic fields are N¢ and two isodoublets (v, E) and (E¢, N§,). The presence of these exotic
fields makes the phenomenology of the low energy subgroups of Fg very interesting. The
superfields of the first family can be represented as

U E¢ v vg
d|+(wd n)+ | Ng e B, (3.2)
h e N¢ n

where SU(3), operates along columns and SU(3)g) operates along rows. The SU(3)(z, g
in the maximal subgroup of Eg can further break into SU(2)z, gy x U(1)(, gy and there are
three choices of assigning the isospin doublets corresponding to T', U, V' isospins (generators
of SU(2)) of SU(3). One of the choices have (d¢, u®)y, assigned to the SU(2) g doublet giving
rise to the usual left-right symmetric extension of the standard model including the exotic
particles. In another choice, the SU(2)r doublet is chosen to be (h¢, d°) [64] with the charge
equation given by Q = Tsr, + %YL + %YN , where the chosen SU(2) g does not contribute to
the electric charge equation and is often denoted by SU(2)y. While these two subgroups
are quite interesting from a phenomenological point of view, the superpotential couplings in
these two subgroups can not explain the R(D(*)) data. The third possible choice where the



SU(2)g doublet is chosen to be (h¢,u¢) gives the subgroup referred to as the Alternative
Left-Right Symmetric Model (ALRSM) [52] and it has the right ingredients to address
R(D™) excesses.

In ALRSM, the superfields have the following transformations under the subgroup
G =SU(3), x SU(2)r, x SU(2)pr x U(1)y~

1
(u,d)p, : (3,2,1,6)

_ 1
(hcvuc)L : <37172a_6>
1
(VE'aE)L : (172715_2>
1
(ec7n)L : <171727 )
2
1
hy - (3,1,1,—3)
_ 1
ds : 13,1,1, =
L ( 5 Ly a3>
Ec
e ) (1,2,2,0)
e Ng .
N - (1,1,1,0), (33)

where Y’ = Y7, + Y},. The charge equation is given by Q = Ts, + £V, + T4 + Y}, where
Tip = %T;),R + %YR, Y} = %TgR - %YR. The superpotential governing interactions of the
superfields in ALRSM is given by [65]

W = A\ (wu’Ng — du®E° — uh®e + dhv,) + A2 (ud°E — dd°vg) + A3 (hu®e® — hh‘n)
+A4hd°Nf + X5 (ee‘vp + EE‘n — Ee‘ve — vpNgn) + Xg (Ve NN — eE°NY) .
(3.4)

The superpotential given in eq. (3.4) gives the following assignments of R-parity, baryon
number (B) and lepton number (L) for the exotic fermions ensuring proton stability. h
is a leptoquark with R = —1,B = %,L = 1. vg,F and n have the assignments R =
—1,B = L = 0. N€ has two possible assignments. If N¢ has the assignments R = —1 and
B = L =0 (in a R-parity conserving scenario demanding \y = A¢ = 0 in eq. (3.4)), Ve
becomes exactly massless. However if N€¢ is assigned R = +1, B =0, L = —1, then v, can
acquire a tiny mass via the seesaw mechanism.

ALRSM can explain both eejj and ep,.jj signals from the decay of scalar superpartners
of the exotic particles, for example, through (i) resonant production of the exotic slepton
E, subsequently decaying into a charged lepton and a neutrino, followed by R-parity con-
serving interactions of the neutrino producing an excess ~0f events in both eejj and ep..jj
channels [46] (ii) pair production of scalar leptoquarks h. On the other hand, high scale
leptogenesis can be obtained via the decay of the heavy Majorana neutrino N¢in ALRSM.



Figure 1. Feynman diagrams for the decays B — D™ 77 induced by the exchange of scalar
leptoquark (h*) and E.

From the interaction terms Ay and Ag in eq. (3.4), it can be seen that the Majorana neu-
trino N can decay into final states with B — L = —1 given by yeszEj, yezNEj,elE €i, EJ
and diﬁj, cifliaj and to their conjugate states. Thus, ALRSM has the attractive feature that
it can explain both the excess eejj and ep.jj signals and also high-scale leptogenesis [46].

Having introduced ALRSM above now we are ready to analyze the semitauonic B
decay B — D™ 7 based on the general framework introduced in section 2. From the
superpotential given in eq. (3.4) it follows that in ALRSM there are two possible diagrams
shown in figure 1. which can contribute to the decay B — D®*) 7. The effective Lagrangian

corresponding to these diagrams is given by

& )‘33])‘2’k A3 3J>\3k]
Log=— Y Vo | 228 erbp Try + —2 e, (%) g (7°)RbL | | (3:5)
i B e

where the superscript corresponds to the superpotential coupling index and the generation
indices are explicitly written as subscripts. Here mz(mj ) is the mass of slepton Ei (scalar
leptoquark ﬁj*) and V;; corresponds to the ij-th component of the CKM matrix. Using
Fiertz transformation the second term of eq. (3.5) can be put in the form given by

1
cr(t°)r (V) RrbL = §5LW“5L TLYuVL- (3.6)

We can now readily obtain the expressions for the corresponding Wilson coefficients, defined
in eq. (2.2), given by

or = 1 3 )\33j)\3k']
S, = S a1 2k7 ;
3
1 Ao AL
Ty = e > Vg, (3.7)

2V2G Vi = 2M

where the neutrinos are assumed to be predominantly of tau flavor.

To simplify further analysis, we invoke the assumption that except the SM contribution
only one of the NP operators in eq. (2.2) contributes dominantly. This assumption helps
us in determining the limits on the dominant Wilson coefficient from the experimental
data for R(D™) and the generalization of this situation to incorporate more than one NP
operator contribution is straight forward.

The case where CEL is the dominant contribution, similar to 2HDM of type II or type
IIT with minimal flavor violation, can not explain both R(D) and R(D*) data simultane-
ously [16, 25], as can be seen from figure 2. However, Cy, has an allowed region which can
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(Rp~), and the horizontal light red (blue) band corresponds to the experimentally allowed 1o values.
CY, can explain both Rp and Rp- data.

explain both R(D) and R(D*) data as shown in figure 3. We find that for ‘C"T/L > 0.08

the current experimental data can be explained. A comment regarding the renormalization

group (RG) running of these Wilson coefficients is in order. Wilson coefficients are com-
puted at the matching scale (electroweak scale) by a matching between the full theory and
effective theory. With these Wilson coefficients at electroweak scale as initial conditions,
their evolution from matching scale down to scale O(my) is governed by the RG equations.
Note that, the Wilson coefficient C'§ ~has a non-trivial running while C7, does not run.
Since we focus on the case where only CY, contribution is present, RG running does not
affect the analysis of this work. Also note that, we use the central values of the theoreti-
cal predictions because the theoretical uncertainties are sufficiently small compared to the
experimental accuracy.
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Figure 4. Feynman diagrams for the decay B — 7v induced by the exchange of the scalar
leptoquark hi*.

4 Constraints from B, D decays and D° — D° oscillation

4.1 Constraints from B — Tv

In this section we discuss the new contributions to purely leptonic decay mode B — 7v due
to scalar leptoquark hi* exchange and utilize the measured branching fractions of the decay
to derive constraints on the product of couplings )‘é:%j)‘él*j' In the SM, the decay B — Tv
proceeds via annihilation to a W boson in the s-channel. In the ALRSM, the exchange
of the scalar leptoquark h7* leads to the additional diagrams shown in figure 4. Since the
mass scale of scalar leptoquark is far above the scale of the B meson, we can integrate out
the heavy degree of freedom to generate new four-fermion interaction ~ ¢r.(7¢)g (7°)gbr,
with the Wilson coefficients parameterizing the effects of the integrated out non-standard
particles. The NP effective Hamiltonian is given by

4G
V2

where Vi (here ¢ = u) is the relevant CKM matrix element. The Wilson coeflicient C%}?

_ _ b _
it (b — 77) = Vo CY (Gry"or)(Tryvuve), (4.1)
in terms of the couplings \'s is given by
3 *
1 . >‘:1%3j Ail’)kj
- P L
2V2G Vo Py 2m?

In our notation, the Wilson coefficient of the SM effective operator is set to unity. In

Ci = (4.2)

what follows, we will neglect the subleading O(\) terms and retain only the leading CKM
element V77.

Note that, the decay B — 7v is the only experimentally measured purely leptonic
mode of charged B¥. The current experimental value of the branching ratio of B — 7v is
(1.14£0.27) x 10~* [66]. The presence of NP modifies the expression of the SM decay rate
in the following way

£(B — TV) = 7G%|VUb’2m
dq? 8

where mp is the mass of B* and fp is the decay constant which parametrize the matrix

m2 2
nfpmx (1= 25 ) s Gl (13)
mp

elements of the corresponding current as

(0[bry"aL| By(pB)) = P fB- (4.4)

Here pp is the 4-momentum of the B¥ meson.



1500 GeV

2000 GeV

1o allowed

BR(B - 1 v) [x 107¢]

0.00 0.05 0.10 0.15 0.20 0.25

Az Asj

Figure 5. BR(B — 7v) as a function of couplings A33jA31; for mj,;. = 800, 1000, 1500, 2000 GeV
corresponding to black, blue, orange, and green lines respectively. The horizontal brown (light)
band shows the 1o experimentally favored values.

We use the CKM matrix elements, the lifetimes, particle masses and decay constants
By [p., [p+ from PDG [66] for numerical estimations throughout the paper. There have
been attempts to account for flavour symmetry breaking in pseudoscalar meson decay
constants in literature [67, 68]. Here, we assume that contribution from only one type
of scalar leptoquarks is dominant and real. For simplicity, we will further assume the
couplings to be real in the rest of this paper. In figure 5 we plot the BR(B — 7v) as a
function of the product of the couplings A33;A31; for different values of myj ;.. Numerically
these constraints are given by

me, N2
AsajAst; < 0.04 (m) . (4.5)

4.2 Constraints from D;*‘ — 7v and DT — v

Along with rare B decays, the study of the decays of charmed mesons also offer attractive
possibilities to test the predictions of extensions of the SM [69, 70]. In fact, these processes
are quite sensitive to the contributions of charged Higgs boson and scalar leptoquarks [71]
and to the new contributions from squark exchange in the framework of R-parity violating
SUSY as examined in ref. [72]. In this section we consider the purely leptonic decays D} —
7vand DT — 7v in ALRSM and use their measured branching ratios to obtain constraints
on the couplings ()\32j)2 and A32jA31; respectively. The relevant Feynman diagrams in
ALRSM for the decays D} — 7v and DT — 7v are shown in figure 6. Integrating out the
heavy energy scales yields the following non-standard effective Hamiltonian

4G
Mt (64 = 77) = - Vey O (@17 e1) (2771) (4.6)
where ¢ = s,d for D}, D" respectively. In the SM these processes occur (similar to

B — 7v) via W¥ annihilation in the s-channel and the SM Wilson coefficient is given by
unity in our notation. The corresponding Wilson coefficient C‘C/‘i parameterizing the NP
effects is given by

1 L Mgy
Cy = e 4.7
Vi 2\/§GF‘/;:q j;l kq Qm%j* ( )

~10 -
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Figure 6. Feynman diagrams for the decay D — 7v induced by scalar leptoquarks. The cor-
responding diagram for the decay DT — 7v can be obtained by replacing s quark by d quark.

We will keep only the leading terms V.5 for D} decay and V,4 for DT case respectively
and neglect the subleadiing Cabibbo suppressed O(\) terms. Although this process occurs
in the SM at the tree level, the branching fraction is helicity-suppressed. For 7, this
suppression is less severe but phase-space suppression is larger compared to light leptons.
In the presence of scalar leptoquark contribution, the SM decay rate is affected in the
following way [71, 73]

2
dr G2|Veq|? m?
d—qz(D;‘ —TV) = F;;qm[)q]%qmz X (1 — m2T |1+ C"C/‘i|2. (4.8)
Dq

Here mp, is the mass of charm-mesons Df and D% for g = s,d respectively and V,, is
the relevant CKM element. The decay constant fp, is defined by (0|cLy*qr|Dy(pp,)) =
p’]‘)q Ip,, where pp, is the 4-momentum of the D, meson.

Assuming that only one product combination of the scalar leptoquark couplings is
nonzero, we get upper bounds on ()%Qj)2 and A%Qj)\é”{j. In figure 7, we plot the dependence
of BR(B — D(s)+y) on the coupling Aggj)\glj()\§2j) for different mj ;.. Numerically the

constrains are given by

2 Mpix )2
Moy <085 ({0067

Noajdatj < 312 (oo )2 (4.9)

207817 =272\ 1000GeV /) '
As discussed in the next subsection, we find that a more constraining bound on the product
of the couplings A32;\31; can be obtained from DY — DY mixing as compared to those
obtained from DT — 7v.

4.3 Constraints from D° — D° mixing

The phenomenon of meson-antimeson oscillation, being a flavor changing neutral current
(FCNC) process, is very sensitive to heavy particles propagating in the mixing amplitude
and therefore, it provides a powerful tool to test the SM and a window to observe NP.
In the D° — D° system, b-quark contribution to the fermion loop of the box diagram
provides a AC = 2 transition which is highly suppressed ~ O(A3) (by a tiny V,, CKM

- 11 -
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Figure 7. Dependence of (left figure) BR(D} — 7v/) on the coupling A3, [(right figure) BR(D' —
7v) on the coupling AszjAsi;] for mj ;. = 800, 1000, 1500, 2000 GeV corresponding to black, blue,
orange, and green lines respectively. In the left (right) figure the horizontal brown band shows the
lo experimentally allowed (disfavored) region.

matrix element). Therefore, the large non-decoupling effects from a heavy fermion in the
leading one-loop contributions is small. DY — D° mixing involves the dynamical effects of
rather light down-type particles and therefore it provides information complementary to
the strange and bottom systems where the large effects of heavy top quark in the loops are
quintessential. The D° — D° mixing is described by AC = 2 effective Hamiltonian which
induces off-diagonal terms in the mass matrix for neutral D meson pair and typically
parametrized in terms of following experimental observables

= and = —, 4.10
tp = —and yp = - (4.10)
where AMp and Al'p are the mass and width splittings between mass eigenstates of
DY — D systems respectively and I'p is the average width. The parameters xp and yp
can be written in terms of the mixing matrix as follows

tp = — Re 2D [HIAC=2D%) 4+ (D) / AT{HPT MR (0)1D) |
2MpT'p

w0 = gD [ dix x THEOT O D) (a.11)
2Mpl'p

with i C‘:l(x) being the Hamiltonian density that describes |[AC| = 1 transitions at

space-point z and T denotes the time ordered product. Since the local |AC| = 2 interaction
does not contain an absorptive part, this term does not affect yp and contributes to zp
only. The measured values of xp and yp as determined by HFAG are [74]

rp = 0497012 x 1072,

yp = (0.6140.08) x 1072, (4.12)

Charm mixing in the SM is highly affected by contributions from intermediate hadronic
states, and therefore the theoretical estimations in the SM suffers from large uncertainties
and generally stretched over several orders of magnitude (for a review, see ref. [75]). Like

- 12 —



Figure 8. Feynman diagrams contributing to D° — D° mixing in ALRSM induced by scalar
leptoquark and slepton.

in the case of mixing in neutral K and B systems, D — D° mixing is also sensitive to NP
effects. Both zp and yp can receive large contributions from NP. The contribution to yp
in several NP models including LR models, multi Higgs models, SUSY without R-parity
violations and models with extra vector like quarks has been studied in ref. [76], while in
ref. [75] the NP contributions to zp in 21 NP models have been discussed. In this section,
we use the neutral D meson mixing to obtain constraints on A3z;A31j. These bounds are
more tighter than those obtained in the previous section from measured BR of D" — 7v.
The relevant Feynman diagrams which contribute to D° — D° mixing in the ALRSM are
shown in figure 8. These Box diagrams are similar to the diagrams generated from internal
line exchange of lepton-squark pair or slepton-quark pair in the case of R-parity violating
models [75, 77]. The mixing is described by the effective Hamiltonian

1 1 1 _ _
et = o5 azhany)’ <m + m> (e ur) L), (4.13)
T hJ*

where we assume that the box diagrams receive contributions from third generation of
leptons only. Following ref. [75, 77] and taking mj,;. ~ mz, the constraints on the size of
couplings is given by

ex My jx
)\32]‘)\31]‘ S 0.17 J}Dpt (m) . (4.14)

ALRSM
D

In figure 9, we plot the dependence of x on the product of the couplings A32;A31; for

different mj ;..

5 Results and discussion

Having discussed the allowed region for C7, which can explain both R(D) and R(D*) data
simultaneously in section 3 and the constraints on the couplings A33; and A3p; involved in
Cy, from the leptonic decays D — 777, BY — 770, DT — 777 and DY-DP mixing in
section 4, we are now ready to translate these analysis into a simple A33;-A32; parameter
space analysis. In figure 10, we plot the range of the couplings A33; and A3; (for m;;, =
1000 GeV) that can explain both R(D) and R(D*) data over the parameter space allowed
by the the leptonic decays and DY-D® mixing. From the decay D} — 777, we constrain
the allowed upper limit of the coupling A32;. The decay Dt — 7 and D%-D° mixing

~13 -
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Figure 9. Dependence of m%LRSM on the coupling A3z;A31; for my,;. = 800, 1000, 1500, 2000 GeV
corresponding to black, blue, orange, and green lines respectively. The horizontal brown (light)
band shows the 1o experimentally disfavored region.
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Figure 10. The region of A33;-A32; parameter space compatible with the experimental data for
R(D™) and constraints from the leptonic decays Df — 7+o, Bt — 7+, DT — 75 and D°-D°
mixing. We take mj;, = 1000GeV for this plot. Blue band between dashed lines shows allowed
values considering constraints from Rp only, Orange band between bold black lines shows allowed
region favored by experimental data for both Rp« and Rp. The shaded (light blue) rectangles
correspond to the allowed regions of As3j-As2; parameter space for different values of A3i; marked
with the corresponding allowed upper boundary shown in dashed lines consistent with the present
experimental data on B — v, Dy — 7v, Dt — 7v and D — D mixing.

give constraints on the upper limit of the product of couplings A3a;A31;. We find that
among the two processes the latter gives more stringent constraints and therefore we use
the constrains on the allowed upper limit of A32;A31; coming from D-DY mixing. Finally,
we use the decay BT — 77 to constrain the upper limit of A33;A315. The latter two
constraints on the products of couplings have A31; as a common free parameter and the
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shaded rectangles in figure 10 correspond to the allowed regions of A33;-A32; parameter
space for different values of A31; marked in the figure with the corresponding allowed
upper boundary shown in dashed lines. The blue band corresponds to the allowed band of
A33;-A32; explaining the R(D) data and the orange band corresponds to the allowed band
of A33j-Asz; explaining both R(D) and R(D*) data simultaneously. We would like to note
that the list of constraints mentioned above is far from exhaustive and many other possible
leptonic and semileptonic decays can give independent constrains. For instance, the decay
process 7T — 7 v can give independent constraint on Ag;;, which we find to be consistent
with the values extracted out of the above constraints and used for the parameter space
analysis. On the other hand, the semileptonic decay ¢ — brv can give constraint on As3;
which we find to be again consistent with the values used in the above parameter space
analysis. Also the effective NP operators under consideration may induce B-decays such
as b — svw 78, 79], which can be an interesting channel for the future experiments.

In conclusion, we have studied the superstring inspired Fg motivated Alternative Left-
Right Symmetric model to explore if this model can explain the current experimental
data for both R(D) and R(D™) simultaneously addressing the excesses over the SM
expectations. We use the leptonic decays D} — 7o, BY — 7tp, DT — 775 and D°-D°
mixing to constrain the couplings involved in the semileptonic b — ¢ transition in ALRSM.
We find that ALRSM can explain the current experimental data on R(D™) quite well
while satisfying the constraints from the rare B, D decays D°-D° mixing. Furthermore,
ALRSM can also explain both the eejj and ep..jj signals recently reported by CMS and
also accommodate successful leptogenesis. If these excess signals are confirmed in future
B-physics experiments and at the LHC then ALRSM will be an interesting candidate for
NP beyond the Standard Model.
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Recently, several anomalies in flavor physics have been observed, and it was noticed that leptoquarks
might account for the deviations from the Standard Model. In this work, we examine the effects of new
physics originating from a scalar leptoquark model on the kaon sector. The leptoquark we consider is a
TeV-scale particle and within the reach of the LHC. We use the existing experimental data on the several
kaon processes including K° — K° mixing; rare decays K* — 7tvi, K; — n°u; the short-distance part of
K, — ptu~; and lepton-flavor-violating decay K; — u*eT to obtain useful constraints on the model.

DOI: 10.1103/PhysRevD.94.014022

I. INTRODUCTION

The discovery of the last missing piece, the Higgs boson,
in the first run of the LHC marks the completion of the
Standard Model (SM) [1,2]. Though the SM has been
exceptionally successful in explaining the experimental
data collected so far, there are many evidences which point
towards the existence of physics beyond the SM (see, for
example, Ref. [3]). Therefore, it is natural to consider the
SM as the low-energy limit of a more general theory above
the electroweak scale. The direct collider searches at the
high-energy frontier (TeVscale) have not found any new
particle, but, interestingly, there are some tantalizing hints
toward new physics (NP) from high-precision low-energy
experiments in the flavor sector. To be specific, in 2012,
BABAR measured the ratios of branching fractions for the
semitauonic decay of the B meson, B — D*rp,

BR(B = D"1p)
R(DW) = ————— 2| 1
(D) BR(B — D™ ¢p) M)

with £ = e, u, and reported 2.00 and 2.7 excesses over the
SM predictions in the measurements of R(D) and R(D*),
respectively [4]. Very recently, these decays have been
measured by BELLE [5] and LHCb [6]. These results are in
agreement with each other and when combined together
show a significant deviation from the SM. A summary of
the measurements of R(D*)) done by different collabo-
rations together with the SM predictions is given in Table I.

Another interesting indirect hint of NP comes from the
data on b — su*u~ processes. The LHCb Collaboration
has seen a 2.6¢0 departure from the SM prediction in the
lepton flavor universality ratio Rx = BR(B — Ku'tu~)/
BR(B - Kete™) = 0.74570:97) +0.036 in the dilepton
invariant mass bin 1 GeV? < ¢*> < 6 GeV? [8]. Though
the individual branching fractions for B — Ku*u~ and
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B — Ke*'e™ are marred with large hadronic uncertainties in
the SM [9], their ratio is a very clean observable and
predicted to be Rx = 1.0003 £ 0.0001 [9,10]. Also, the
recent data on angular observables of four-body distribu-
tion in the process (B — K*(— K —)¢*¢~ indicate some
tension with the SM [11,12], particularly the deviation of
~3 in two of the ¢ bins of angular observable P5 [13]. In
the decay B, — ¢u*u~, a deviation of 3.5¢ significance
with respect to the SM prediction has also been reported by
LHCb [14]. The model-independent global fits to the
updated data on b — sutu~ observables point toward a
solution with NP that is favored over the SM by ~4¢ [13].

Several NP scenarios have been proposed to explain
these discrepancies. The excesses in R(D')) have been
explained in a generalized framework of 2HDM (two Higgs
doublet model) in Refs. [15—17], in the framework of the
R-parity-violating minimal supersymmetric Standard
Model in Ref. [18], in the E¢-motivated alternative left
right symmetric model in Ref. [19], and using a model-
independent approach [20-23], while in Refs. [24-27] the
excesses in (D)) have been addressed in the context of
leptoquark models. The possible explanation for the
observed anomalies in b — sutu~ processes preferably
demands a negative contribution to the Wilson coefficient
of semileptonic operator (3b)y_a (fyep) [13,28]. Several
NP models, generally involving Z' vector bosons [29-35]
or leptoquarks [36—44], are able to produce such operators
with the required effects to explain the present data.

In view of this, we are motivated to study a TeV-scale
leptoquark model and analyze NP effects on the kaon
sector. It is known that the studies of kaon decays have
played a vital role in retrieving information on the flavor
structure of the SM. In particular, neutral kaon mixing and
the rare decays of the kaon have been analyzed in various
extensions of the SM and are known to provide some of the
most stringent constraints on NP [45-56]. The NP model
we consider in this paper is a simple extension of the SM by
a single scalar leptoquark. The leptoquark ¢ with mass M,

© 2016 American Physical Society
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TABLEI. Summary of experimental measurement for the ratios

R(D™) and the expectation in the SM. Here, the first (second)
errors are statistical (systematic).

R(D) R(D)
LHCb [6] 0.336 +0.027 £ 0.030 e
BABAR [4]  0.332£0.024 £0.018 0.440 £ 0.058 £ 0.042
BELLE [5] 0.293 £0.038 £0.015 0.375 £ 0.064 £ 0.026
SM Pred.[7] 0.252 +0.003 0.300 +0.010

has (SU(3), SU(2))y (1) quantum numbers (3, 1)_, /5. This
model is interesting, considering that it has all the necessary
ingredients accommodating semileptonic b — cand b — s
decays to explain the anomalies in the LFU (lepton flavor
universality) ratios discussed above [40,41]. To this end, we
must mention that, along with anomalies observed in the
flavor sector, the leptoquark model under study is also
capable of explaining the new diphoton excess recently
reported by the ATLAS and CMS collaborations in their
analysis of y/s = 13 TeV pp collision [57].

Following the conventions of Ref. [40], the Lagrangian
governing the leptoquark interaction with first-family
fermions is given by

L)L S er* + M igerd” — AL dSv ¢ +He.,  (2)

where L/R are the Ileft/right projection operators
(1 F y5)/2. The couplings A’s are family dependent, and
u¢ = Cu' are the charge-conjugated spinors. Similar inter-
action terms for the second and third families can also be
written down. In this model, B — D™*)z7 proceeds at tree
level through the exchange of leptoquark (¢). Integrating
out the heavy particles gives rise to low-energy six-
dimension effective operators, which can produce the
required effects to satisfy the experimental data. In
Ref. [40], it was shown that with O(1) left-handed and
relatively suppressed right-handed couplings one can
explain the observed excesses in the rate of B — D)z
decays. The authors of Ref. [40] were also able to
simultaneously explain the observed anomalies in Ry with
large [~O(1)] left-handed couplings for a TeV scale
leptoquark. In this model, such large couplings are
possible because the leading contribution to B — Ku*u~
comes from one-loop diagrams and therefore additional
GIM (Glashow-Iliopoulos-Maiani) and CKM (Cabibbo-
Kobayashi-Maskawa) suppression compensates for the
“largeness” of the couplings. This is in contrast to NP
models [37,41,58] in which Ry arises at tree level, which
renders the couplings very small in order to have lepto-
quarks within the reach of the LHC. Apart from the B
system, this model has also been explored in the context of
flavor changing neutral current (FCNC) decays of the D
meson. In Refs. [59-61], the impact of scalar (as well as
vector) leptoquarks on the FCNC processes D — ptu~

PHYSICAL REVIEW D 94, 014022 (2016)

and Dt — z"utu~ have been studied, and using the
existing experimental results, strong bounds on the lep-
toquark coupling have been derived. However, to the best
of our knowledge, the effects of new physics on the kaon
sector have not been investigated before in the scalar
leptoquark (3,1)_;/,; model. We start by writing the
effective Hamiltonian relevant for each case and discuss
the effective operators and corresponding coupling
strengths (Wilson coefficients) generated in the model.
The explicit expressions of new contributions in terms of
parameters of the model are derived. We then discuss NP
affecting the various kaon processes such as K+ — ztvp,
K, — 7w, K, - p"u~, and LFV (lepton flavor violat-
ing) decay K, — uFeT. Using the existing experimental
information on these processes, the constraints on the
leptoquark couplings are obtained.

The rest of the article is organized in the following
way. In Sec. II, we study the K — KY mixing in this model
and obtain constraints on the couplings. In Secs. III and IV,
we constrain the parameter space using information on
BR(K* — ztvp) and CP-violating BR(K; — 7°uvp),
respectively. In Sec. V, we discuss the new contribution
to the short-distance part of rare decay K; — u"u~ in
this model and obtain constraints on the generation-
diagonal leptoquark couplings using the bounds on
BR(K; —utu)gp. In Sec. VI, we discuss the LFV process
K; — uFe* and constrain the off-diagonal couplings of
the leptoquark contributing to NP Wilson coefficients.
Finally, we summarize our results in the last section.

II. CONSTRAINTS FROM K° — K® MIXING

The phenomenon of meson-antimeson oscillation,
being a FCNC process, is very sensitive to heavy particles
propagating in the mixing amplitude, and therefore it
provides a powerful tool to test the SM and a window
to observe NP. In this section, we focus on the mixing of the
neutral kaon meson. The experimental measurement of the
K° — K° mass difference Amy and of CP-violating param-
eter €x has been instrumental in not only constraining the
parameters of the unitarity triangle but also providing
stringent constraints on NP. The theoretical calculations
for K — K° mixing are done in the framework of effective
field theories (EFT), which allow one to separate long- and
short-distance contributions. The leading contribution to
K° — K° oscillations in the SM comes from the so-called
box diagrams generated through internal line exchange of
the W boson and up-type quark pair. The effective SM
Hamiltonian for |AS| = 2 resulting from the evaluation of
box diagrams is written as [62,63]

- GiM;
Hap' = = 23 (03n1ecSo(xc) + B So(x)
+ 24 AN So(xe. X)) K (1) Q5 (1), (3)
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where Gy is the Fermi constant and 4, = ViV,
contains CKM matrix elements. Q,(u) is a dimension-6,
four-fermion local operator (5y,Ld)(5y*Ld), and K(u) is
the relevant short-distance factor which makes product
K(u)Q,(u) independent of p. The Inami-Lim functions
So(x) and Sp(x;.x;) [64] contain contributions of loop
diagrams and are given by [65]

3
S(xe.x,) = xcx, [_ 41 —-x)(1-x,)

Lnx, x?
1—2x, + 230
(-2 ( e 4)
Lnx,

*(xc—x»(l—mz<1‘2"“+)f>]’ @

and the function Sy(x) is the limit when y — x of Sy(x, y),
while #; in Eq. (3) are the short-distance QCD correction
factors .. = 1.87, n;, = 0.57, and ., = 0.49 [66—68]. The
hadronic matrix element (K°|Q,|K®) is parametrized in
terms of decay constant f and kaon bag parameter By in
the following way:

_ 3 (KOIOSIK?)
DR T

The contribution of NP to |AS| = 2 transition can be
parametrized as the ratio of the full amplitude to the SM
one as follows [69]:

(5)

o Re(KIHIK)
A e<K|Heff > '
c - Im K|H§§“ > (6)
« Im(K|HMIK)
m eff

In the SM, C,,, and C, are unity. The effective

Hamiltonian (K°|H.4|K°) can be related to the off-
diagonal element M, through the relation'

(K°|HE|K) = 2myx M, (7)

with M, = (M3)gm + (M12) yp- In the SM, the theoreti-
cal expression of (M ,)gy reads [54]

2

Gr
2—”2f%<BKmKM%VF

(MIZ)SM = *(/IC’/INxc’xt)’ (8)
1

where the function F(4.,4,,x,,x,;) stands for

'"The observables mass difference Amyg and CP-violating
parameter e are related to off-diagonal element M, through
the following relations: Amy = 2[Re(My5)gy + Re(My2)yp)

fz,;ka Im(M y)gm +1Im(M 3)yp, where ¢, = 43°

and k, = 0.94 [70 72].

and ex =
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FIG. 1. New contribution to K — K mixing induced by the
scalar leptoquark (¢).

F(/{cv /119 Xes xt) = j'%"]ccSO (xc) + /?'tzrlttSO('xt)

+ Zﬂt/Ic"lc‘ISO(xc’'xt)7 (9)

with x; = m?/M?%,.

In the (3,1)_;/5 leptoquark model, the internal line
exchange of the neutrino-leptoquark pair induces new
Feynman diagrams, which contributes to K — K% mixing.
The diagrams are shown in Fig. 1. The new effects modify
the observables C,,,, and C,,, and in the approximation
M7, > m7y,, their expressions are given by

1 M3, 7
=145 2 10
CAmK +g4 M2 RC(F ) e(éds) ’ ( )
1 M3, g
=14+ X 2 11
C +g4 M2 Im(F ) m(éds) ’ ( )

where we have used notation F for F(A.,4,,x.,x,) for
simplicity. g, is the SU(2) gauge coupling, and we define

Za k.

Solving Eqgs. (10) and (11) for real and imaginary parts of
&4s in terms of the experimental observables Cy,,, and C,,,
we obtain the following expressions:

o 9> ch, RG(F*
(Reéds)z - (2 M2 ) < N -1+ CAmK
ImF* C, -1
1 1 —
X( +\/ i (ReF* Camy — 1) >
2
gt M3\ (Re(F")
(Iméds) - <2 MZ > < N -1+ CAmK
ImF* C,. —
-1 1 e . (14
(e (e )
To constrain the leptoquark couplings Reé;, and

Im&,,, we use the latest global fit results provided by the
UTfit collaboration and to be conservative evaluate the

£gs = (ALALT), (12)
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constraints at the 2¢ level: Cy,,, = 1.10 £0.44 and C,, =
1.05 +£0.32 [69]. Here, to account for the significant
uncertainties from poorly known long-distance effects
[73], we allow for a +40% uncertainty in the case of
AM . For Reéy, and Im&,,, we obtain the following upper
bounds:

M 2
Re&, )2 <60x 1074 (——2 ), 15
(Regys)* < 6.0 x <1000 GeV> (13)

M 2
mé, )2 <38x 1074 ——? ). 16
( m‘fds) = X <]OOO GeV> ( )

As discussed in the next section, we find that a more
constraining bound on the product of the couplings Re(&y;)
and Im(&y,) can be obtained from theoretically rather clean
rare processes K+ — zvp and K; — 7% as compared to
K — K mixing.

III. CONSTRAINTS FROM RARE
DECAY K — ntvp

The charged and neutral K — zvv are in many ways
interesting FCNC processes and considered as golden
modes. Both the decays can play an important role in
indirect searches for NP because these decays are theo-
retically very clean and their branching ratio can be
computed with an exceptionally high level of precision
(for a review, see Ref. [74]). In the SM, these decays are
dominated by Z-penguin and box diagrams, which exhibit
hard, powerlike GIM suppression as compared to loga-
rithmic GIM suppression generally seen in other loop-
induced meson decays. At the leading order, both modes
are induced by a single dimension-6 local operator
(5d)y_n(Pv)y_a. The hadronic matrix element of this
operator can be measured precisely in K+ — 7%¢*v decays,
including isospin breaking corrections [75,76]. The princi-
pal contribution to the error in theoretical predictions
originates from the uncertainties on the current values of
A, and m,. The long-distance effects are rather suppressed
and have been found to be small [77-79].

In the SM, the effective Hamiltonian for K — zvp
decays is written as [80]

GF 20 v
Hes:}\f/[ = %ﬂsinzew f; T(iCXNNL +4:X(x,))

X (5.7ud)(Der?"ver)- (17)

The index ¢ = e, p, T denotes the lepton flavor. The short-
distance function X(x,) corresponds to the loop-function
containing top contribution and is given by

X (x,+2
8 |x,—1

3x,— 6
(x,t—l)anxt . (18)

X(x,) =nx
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where the factor 5y includes the next-to-leading-order
(NLO) correction and is close to unity (7y = 0.995), while
the remaining part describes the contribution of top quark
without QCD correction. The NLO QCD corrections have
been computed in Refs. [§1-83], while two-loop electro-
weak corrections have been studied in Ref. [84]. The loop-
function Xy, summarizes the contribution from the charm
quark and can be written as [55]

XL = %XIe\JNL + %XIT\INL = 2'PP(X), (19)
where A = |V ,|. The NLO results for the function Xy can
be found in Refs. [80,83], while next-to-next-to-leading-
order (NNLO) calculations are done in Refs. [85,86].

In the considered model, leptoquark ¢ mediates K+ —
#tub at tree level. The corresponding Feynman diagram
is shown in Fig 2. Integrating out the heavy degrees of
freedom, we obtain the following NP effective Hamiltonian
relevant for K* — ztup decay:

Lx 9L

/151/ dyf _ —
HY; = — 2;435 “ (57,Ld) (57" Ld). (20)

The new contribution alters the SM branching ratio of
K™ — ntup [87] as

ImA 2
BR(K+ e d 77.'+I/17) = K+(1 + AEM) |:< tX“ew>

/15
Rel, R 2
+ < iﬂc PC(X)_._L/LXneW) :|v

/15

(21)

where x, contains relevant hadronic matrix elements
extracted from the decay rate of K* — z%¢*v along with
an isospin-breaking correction factor. The explicit form of
k, can be found in Ref. [88]. Agy describes the electro-
magnetic radiative correction from photon exchanges and
amounts to -0.3%. The charm contribution P.(X) includes
the short-distance part PSP(X) plus the long-distance
contribution 5P, (calculated in Ref. [76]). We use P.(X) =
0.404 given in Ref. [87]. The function X,.,, contains a new
short-distance contribution from the leptoquark-mediated
diagram and modifies the SM contribution through

Xy

Xoew = X(X,) + -, (22)
A

FIG. 2. Feynman diagrams for the decay K — zvv induced by
the exchange of scalar leptoquark ¢.

014022-4



CONSTRAINTS ON A SCALAR LEPTOQUARK FROM THE ...

where X(x,;) is the top contribution in the SM already
defined in Eq. (18) and X, is the contribution due to
leptoquark exchange. In terms of the model parameters, X
is given by

X, = _ V2 msin’ly éd; , (23)
4GF a M¢

where  a(M;)=1/127.9 is the electromagnetic
coupling constant and sin” @y, = 0.23 is the weak mixing
angle. Using the experimental value of the branching
ratio from the Particle Data Group, BR(K' — ztwp) =
(1.7 £ 1.1) x 107'° [89], we obtain the constraint on Re&
and Im¢&y,, shown in Fig 3. A most conservative bound on
individual couplings Re&y, and Imé,, can be obtained by
taking only one set to be nonzero at a time. We find that
for a leptoquark of 1 TeV mass the constraints are given
by =7.2 x 107* < Reéy, <22 x 107 and —=3.3 x 107 <
Iméy, < 4.9 x 107*. As pointed out before, these bounds
rule out a large parameter space allowed from K° — K°
mixing. The coupling Imé,, can also be probed independ-
ently through the decay K; — 7°v, which is the subject of
our next section.

IV. CONSTRAINTS FROM K, — v

The neutral decay mode K; — z’vi is CP violating. In

contrast to the decay rate of K™ — ztvi which depends on
the real and imaginary parts of 4,, with a small contribution
from the real part of 4., the rate of K; — 7% depends only
on ImJ,. Because of the absence of the charm contribution,

-4 -2 0 2 4 6
Im (&) (107%)

FIG. 3. The constraints on Re(y,) — Im(&ys) parameter space
from the measured value of BR(K* — z"vo). The blue colored
region shows experimentally allowed values at the 1o level.
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the prediction for BR(K; — z%0) is theoretically cleaner.
The principal sources of error are the uncertainties on Im4,
and m,. In the SM, the branching ratio is given by [74]

i ImA 2
BR(KL i ﬂ'l/l/) = K, (l—StX(x’)) ) (24)
with [87]
—10 4 ’
Ky =2.231x 10 (m) : (25)

The exchange of leptoquark ¢ induces new contribution
to the rate which can be accommodated in the expression
of branching ratio by replacing X(x,) with X, given in
Eq. (22). Experimentally, only a upper bound on the
branching ratio is available: BR(K; — 7%p) <2.8 x 1078
at 90% C.L. [89]. In Fig 4, we plot the dependence of
the K; — zvv branching ratio on the imaginary part of the
effective couplings &;. Numerically, the constraints are
given by

Im¢&,
ﬁ < 0.0023. (26)

q

1000 GeV

—0.0021 <

Since the decay has not been observed so far and the
present experimental limits are 3 orders of magnitude above
the SM predictions [87], we find that constraints from
K, — n°vb are weaker compared to those obtained in the
case of K — ntub.

V. CONSTRAINTS FROM K, — p*p~

The decay K; — u"u~ is sensitive to much of the same
short-distance physics (i.e., 4, and m,) as K — zvv and
therefore provides complementary information on the
structure of FCNC |AS| = 1 transitions. This is important

Exp. disfavored region

4x1078 | (90% C.L.)
=
-

-8

& 3x10
Tv
X 2x10-8}
I~
)

1x1073 -

-3.0 -20 -1.0 0 1.0 20 3.0

Im(&4s) (in units of 10~3)

FIG. 4. The dependence of BR(K; — 7°v) on Im&,. The red
shaded region is currently disfavored by the experimental data
at 90% C.L.
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because experimentally a much more precise measurement
compared to K — mvb is available: BR(K; — pu) =
(6.84 4+ 0.11) x 107 [89]. However, the theoretical situa-
tion is far more complex (for a review, see Refs. [90,91]).
The amplitude for K; — up~ can be decomposed into a
dispersive (real) and an absorptive (imaginary) part. The
dominant contribution to the absorptive part [as well as to
total decay rate (K; — upu~)] comes from the real two-
photon intermediate state. The dispersive amplitude is the
sum of the so-called long-distance and the short-distance
contributions. Only the short-distance (SD) part can be
reliably calculated. The most recent estimates of the SD
part from the data give BR(K;, — pu~)gp <2.5x 107°
[92]. The effective Hamiltonian relevant for the decay
K; — putu~ is given by [80]

Hegt (K = puu)

G a ) i
= 3 e Yo Y () 57 (1 = 15)d) 5w,
w
G . —_
=75 Vi Va7 (= 15)d) (ir,rsm). (27)

where A%, describes the Wilson coefficient (WC) of the
effective local operator (5d)y_, (fiy,ysp) and is given as

AY ALY
27sin“0,, V.V 4

The short-distance function Y(x,) describes contribution
from Z-penguin and box diagrams with an internal top
quark with QCD corrections. Its expression in NLO can be
written as [82,83]

X, (4 —x, 3x,
Y = py 2
(x) =y 8 (1 -x, (1= x1)2

Lnx,> . (29)
where the factor 7y summarizes the QCD corrections
(ny = 1.012). The function Yy represents the contribution
of loop-diagrams involving internal charm-quark exchange
and is known to NLO [80,83] and recently to NNLO [93].
The charm contribution is also often denoted by P.(Y) and
is related to Yy analogous to the relation in Eq (19). In the
SM, the branching ratio for the SD part is written as [93,94]

N2 2 4 2
BR(K;, = i )sm(SD) = =% <mﬂ> 7

27[FKL m_K
x frmi (ReAdy)?, (30)

where Ng = GV, V4 and Ty, is the decay width of K .
Before proceeding to discuss the constraints on leptoquark
couplings from K; — p*u~, we give a description of the
“operator basis” we use in the present and next sections.
The effective Hamiltonian for K; — u*u~ in Eq. (27) is

PHYSICAL REVIEW D 94, 014022 (2016)

written in the operator basis of {Q;y, 074} following
Ref. [94]. In what follows, we will switch to the
{0X, . O &} operator basis. The operators in both bases
are written as

Qv = (Sro(1 —ys)d)(y*u),
Q74 = (Syo(1 =ys)d)(fay“ysp). (31)

and

O%¥1L = (574Ld)(ay*Lu),
Of1r = (57,Ld)(ay"Rp). (32)

To change from the basis {Q;y, 074} to the basis
{0X, ., 0% r}. the following transformation rules hold:

1
o8 = 1 (Q7v = Q74).
1
O¥ir = 2 (Q7v + Q7). (33)

The scalar leptoquark ¢ contributes to the quark-level
transition 5 — dutu~ at the leading order through loop
diagrams. The Feynman diagrams relevant for K; — ppu~
are shown in Fig 5. These diagrams are similar to the ones
calculated in the case of b — suu in Ref. [40]. We adapt the
results in Ref. [40] to the case of s — du™p~ to obtain the
NP Wilson coefficients of effective operators QX and

X, r given by,

1 A, m? 2 L
cifn) = - LIy VS g
87~ Ay M, 04Grn°M, 4,
2 M?>
K(new) 1 /11 my [
Cyir ——WA—MM—éMW(an—%—f(M))
2 R
+ \/_ gdséﬂﬂ (35)

64GF7[2M5) /114 ’

where the function f(x,) depends on the top-quark mass
and is given in Ref. [40] and we define

L(R L(R)x ,L(R
55’;') = Zﬂu[(f) ﬂu,(f’)' (36)
" W d d 9] iz
v t v t
s 9] 14 s 0] n

FIG. 5. Feynman diagrams relevant for the decay K; — putu~
induced by the scalar leptoquark ¢.
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The one advantage we get by the change of basis is that
the contribution of right-handed interaction terms in the

Lagrangian [Eq. (2)] is contained only in Cvgfw After

accommodating the leptoquark contribution to the SM
value, the total SD branching ratio for the decay K; —
utp is given by

NZ  [(m,\?2 4m>
BR(K;, - utu~ - 'K (_/‘) | ——H#
(Ky )SD ZIZ'FKL mg m%(

Rei, aP,(Y)
2 3/110 c A1)
X Smi { 2 2asin20y1,

aY(x;)
" 27sin20y A,

1 new new 2
+4 (CV(LR CV(LL ))>} .

(37)

To simplify further the analysis, we invoke the assumption
that, except the SM contribution, only one of the NP
operators contributes dominantly. This assumption helps
us in determining the limits on the dominant WC from
BR(K; — u*u~)gp, and the generalization of this situation
to incorporate more than one NP operator contribution is
straight forward. Therefore, in what follows, we will ignore
the contribution of the right-handed operator in further
analysis. In Fig. 6, we show the dependence of the SD part

of BR(K; — u*~) on ReC5 ™™, Numerically, the bound
on the WC reads —1.00x 104 < ReCh ") <027 x 1074,
We use the upper bound to constrain the generation-diagonal
leptoquark couplings in the following way. Employing
Eq. (34), the upper bound on the WC can be written in
terms of model parameters as

8.x 10~ 9

6.x1079F

4.x1079%

BR (K- p wsp

2.x1079}

—llAO —65 0.0 0.5
Re[CH{™™] (in units of 10™%)

FIG. 6. The dependence of BR(K; — u*u~) on the Wilson

ﬂeW

coefficient CVLL . We have assumed one-operator dominance
as discussed in the text. The red shaded region shows the
experimentally disallowed values at lo.
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__1 Redymi L2 V2 Redy
87> Ay Mj M; S,

64Gr
<027 x 107, (38)
Assuming the worst possible case in which the bound
on Reéy, from KT — 7w (as obtained in Sec. IN) is
saturated, i.e., using Re&y, = 2.2 x 107* in the above
equation, we get

2.52
\/MWI2 + 124, (1 T,
(1000 GeV)

We find that constraints from the SD branching ratio of
K; — ptu~ are not severe and large ~O(1) generation-
diagonal leptoquark couplings are allowed. To this end, we
must mention that the above bound is in agreement with the
constraint obtained in Ref. [40] [see Eq. (17) therein] while
explaining the anomaly in Ry in this model. We also note
from Eq. (39) that the top contribution to 5 — du*u~ for the
considered masses of the leptoquark (~1 TeV) is largely
enhanced in contrast to the effects found in the case of
b — sutu~ processes [40] where the top contribution is
suppressed for the same choice of the leptoquark masses.

)A,ﬂ|2 < 11.83. (39)

VI. CONSTRAINTS FROM
LFV DECAY K; — p¥Fe*

In this section, we discuss the effects of the leptoquark ¢
on LFV process K — uFe®. Experimentally, there is
only an upper bound on this process: BR(K; — uFe®) <
4.7 x 1072 [89]. LFV processes are interesting because in
the SM they are forbidden. Therefore, any observation of
such process immediately indicates toward the presence of
NP. The leptoquark ¢ can mediate K; — pe decay through
similar diagrams shown in Fig. 5 with one of the u lines
being replaced with e. After integrating out heavy particles,
new effective operators relevant for K; — ue are gener-
ated. The operators are similar to those in Eq. (32) but with
one of the y changed to e. The branching ratio in terms of
the new Wilson coefficients Cy;p ; and C¥; y is given by [94]

Nifk

2 | ml24 2
64nlk, m%

x (| VLL|2+| Cyy

BR(K; — ue) =

Cyirl?)- (40)

Adjusting the results of Eq. (34) to the LFV case, we find
1 A, m?
82, M

V2
64GF7Z2M%¢

Cui = (Afedi)

gdsgﬁe
Au
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e 1 2 mt2 M;
Cyir = —@EM—é(AM) an—? - f(x,)
\/E gdsf/lfe

42
4G’ M3, 7, (42)

Using the current experimental bound on K; — pe, we get
[ ? + IC R IP]V? < 3.9 x 1075, Following the similar
analysis as done in Sec. V for the case of K; — uu, we
obtain the constraints on the leptoquark couplings,

2.52
<\/ (k) + )+ (14— u%@)
(1000 GeV)

<449, (43)

where the top contribution is again enhanced. For simplic-
ity, we assumed the couplings to be real. Here, we would
like to mention that the same Wilson coefficients also
contribute to other LFV processes such as K — zue.
However, as pointed out in Ref. [94], the constraints on
Wilson coefficients (|Cyy; >+ |Cyir|?)!/? are about an
order of magnitude weaker than the one from K, — uTe®.
Therefore, experimental data on K — zue do not improve
the constraints obtained in Eq. (43).

VII. RESULTS AND DISCUSSION

In light of several anomalies observed in semileptonic B
decays, often explained by invoking leptoquark NP models,
we have studied a scalar leptoquark model in the context
of rare decays of kaons and neutral kaon mixing. The
model is interesting because it can provide one of the
possible explanations for the observed discrepancies in
semileptonic B decays. We examined the effects of lep-
toquark contribution to the several kaon processes involv-
ing K® — K% mixing, K* — ztvi, K, — 2%, K, — ptp~,
and LFV decay K; — uTe*. Working in the framework of
EFT, we have discussed the effective operators generated
after integrating out heavy particles and written down the
explicit expressions of the corresponding Wilson coeffi-
cient in terms of the leptoquark couplings. Using the

PHYSICAL REVIEW D 94, 014022 (2016)

present experimental information on these decays, we
derived bounds on the couplings relevant for kaon proc-

esses. We found that the constraints from K° — K° on the
real and imaginary parts of left-handed coupling &, are
~0(1072). However, the same set of couplings can also be
constrained from BR(K* — z*wp), BR(K; — 7’vp), and
it was found that constraints from the rare process
BR(K* — ztwp) are about 2 orders of magnitude more
severe than those obtained from the mixing of neutral
kaons. In fact, the decay BR(K" — ntuD) gives the most
stringent constraints on the leptoquark couplings among all
the processes studied in this work and therefore is the most
interesting observable to test the NP effects of a scalar
leptoquark in the kaon sector. Assuming a one-operator
dominance scenario, we constrained the NP Wilson
coefficient contributing to the rate of K; — utpu~. We
further used the bounds on the NP Wilson coefficient to
obtain the constraints on generation-diagonal leptoquark
couplings. We found that the present measured value of
BR(K; — utu™) allows generation-diagonal coupling of
the leptoquark to be ~O(1). The constraint on the combi-
nation of generation-diagonal couplings from K; — u*pu~
is in agreement with the one obtained in Ref. [40] for
explaining experimental data on R. However, whereas the
top contribution to b — su ™~ is suppressed, we found that
in the case of 5 — du*u~ the top contribution is enhanced
for the considered range of leptoquark masses. We also did
a similar analysis for the case of LFV decay K; — uTe™®,
which involves generation-diagonal as well as off-diagonal
couplings. We found that present experimental limits on
BR(K; — uFe*) do not provide very strong constraints,
and involved couplings can be as large as ~O(1).
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