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SYNOPSIS

Flavor is the mechanism by which the fermions in the Standard Model (SM)
are distinguished from each other. In SM, this mechanism is intimately related to
Higgs mechanism, because different fermions in the SM have different strength of
Yukawa coupling to the Higgs particle and hence different masses. Also in SM, the
source of the CP violation is related to the Higgs mechanism via the Kobayashi-
Maskawa (KM) mixing matrix. But in general we can say that one of the least
understood parts of the SM is the flavor sector of the SM, e.g why is the top quark
mass much heavier than that of the say u quark? Why does the Higgs have such
varied strength of couplings to the fermions while all the gauge bosons seem (to
a very good precision) to have same coupling strength to all three generations?
Flavor measurements provide very sensitive ways to probe SM and possible effects
of New Physics (NP) if its effects can be observed at the LHCb or Belle -IT or
other current and future colliders, and so it can then put strong constraint on NP
models. Currently there are several measurements showing deviations from SM
predictions in the range of (2-4)o level. In the following paragraphs, we will give
a brief chapter wise summary of this thesis.

In chapter I, we will give a brief introduction of the key concepts underpinning the
SM of particle physics, like Yang-Mills principle of local gauge invariance, sponta-
neous symmetry breaking and Higgs mechanism.

In chapter II, we will give a brief review of the flavor physics, especially related to
the experimentally observed anomalies by Babar, Belle and LHCb in recent years.
Currently there are several measurements showing deviations from SM predictions
in the range of (2—4)o level. In the following we will enumerate the most significant
ones briefly.

Ry = Br(B—Kptp™).

= Bk The LHCb collaboration announced a 2.60 deviation in the



measurement of the ratio of the branching fraction of B to K and dimuons to that
of B to K and dielectrons [50].

Muon (g —2): The muon (g — 2) measurement has been reported to deviate from
the SM expectation by more than 30 though there still are quite large uncertain-
ties in the SM predictions of this process.

R(DW) = %@i—lm : BaBar [20], Belle [21] and LHCb [22] measurements of
R(D™) decays with respect to SM predictions for these decays shows about 4o
(if we take the three deviations together). One of the main topics of this thesis is
concerned with explaining the R(D®™) anomaly. Also there is the Babar collabo-
ration’s reported anomaly [4] in the measurement of CP asymmetry in 7 — Kgmv,
in the time integrated decay rate.

Chapter III focuses on the “Possible Hints of Lepton Flavor Universality Violation
in R(D®)”. In the following paragraphs we will give a summary of the key results
and conclusions [27]. BaBar [20], Belle [21] and LHCb [22] have reported an excess
in the measurements of R(D*), R(D) and Br(B — Tv,) than expected from SM, a
possible signature of lepton flavor universality violating NP. In this work we have
analyzed the implications for these decay modes in a Flipped/Lepton-Specific two
Higgs doublet model (2HDM) with enhanced Yukawa coupling of H* to 7 lepton
with an enhancement factor of n. In general 2HDM the Yukawa Lagrangian can
be writen as [29]:

LY = =3 oy TG T D+ € FFH — i€ frs fA)

3V,
—[\/; dﬂ(mufff‘PL + mg€4 Pr)dH™ +
0

where £%!s depend on the type of 2HDM being used and Vy = 246 GeV is the

I/_LZRH+ —I—hc] (1)

V2em,
Vo

vacuum expectation value of the Higgs field. But since we require a constructive
interference of SM and charged Higgs contribution to fit all three of R(D®)) and
Br(B — tv;), only Lepton specific and Flipped 2HDM can achieve it. But con-
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tributions to the interference from just Lepton specific or Flipped 2HDM turn out
to be too small to fit the three data simultaneously since the tan § dependence
between my and m, cancels out in these models although they give constructive
interference with SM unlike Type-I and Type-II 2HDM. Some additional factor
has to be introduced into these models so that it can fit the three observables,
R(D™) and R(B — 7v,) simultaneously. The simplest and most straight forward
way to achieve this enhancement is if we require that the 7 lepton is screened
from interacting with the full strength to the Higgs VEV vy and to all the neutral
excitations from Higgs vacuum like the scalars h, H" and the pseudo-scalar A° in
Flipped 2HDM. Since the Yukawa sector of the 7 lepton breaks the SU(2) sym-
metry the theory is not renormalizable in itself, so it has to be embedded inside
a larger model in which Flipped 2HDM comes out as a 400 GeV—few TeV scale
effective theory. The details of how such an anomalous interaction can be embed-
ded inside a complete model is outside the scope of the present work and will be
assigned to a future work. Here we focus on the phenomenological consequences
of such a screening on observed B decay anomalies. Now since 7 lepton is screened
from seeing the full depth of vy, its Yukawa coupling must increase so that its
mass which is proportional to Yy rawe X 2;—]2 now is the same as the observed mass
m,, which will effectively enhance the Yukawa coupling of 7 lepton to the charged
Higgs by a factor of 1 while Yukawa coupling of 7 to h, H? and A° remains same as
in usual Flipped 2HDM as the 7 factors in the neutral scalar Yukawa interaction
cancel out with that of the 7 factor coming from reduced Higgs vacuum V,. Then
the §£ factors in the charged Higgs interactions in this anomalous Flipped 2HDM

with the screening factor 7 is given by:
&% =cot B, €4 = tan B and £9" = — cot B and £} = —n cot . (2)

Finally the charged Higgs Lagrangian contributing to b — clv in this model can

be written in the most general form using Yukawa couplings derived from ff‘s and
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is given as:

Lyt = —[Via(gs + gp7s)0H " — Gi(fo + fors)lH T + H.C] (3)
where
_ (mptanB+mecot ) (mytan B —m.cot 3)
Js \/§V0 7gp \/§VO )
en _ pem _ M, cOt 3 and 7 — £ — m., cot 3 4
I Iy ; Is =1, NN n. (4)

V2Vs
Note the relative negative sign between the hadronic current and leptonic current
which will ensure constructive interference between SM and charged Higgs con-
tributions. In this model, SM and charged Higgs interfere constructively, unlike
Type-I and Type-II 2HDM models where they interfere destructively. In this mod-
ified Flipped 2HDM, the charged Higgs coupling to 7 is enhanced by a factor of n
than that of a simple Flipped 2HDM. Although the n is an independent parameter
but if we require n = tan? 8, then the Yukawa interactions in the hadronic sector
of our model has the same form as in the Type-II 2HDM but interaction in the
leptonic sector of our model has the same form as in Flipped 2HDM except the 7
lepton coupling to the charged Higgs, which has same form as in Type-11 2HDM
but with opposite sign. In Table 1 we have shown three different values of the

parameters tan S and M, that fits at same accuracy. From Table 1, we see that

Smo | tanf | My GeV | R(D)py, | R(D*)py | Brow(B — 1v)
1 39.98 400 0.348 0.255 1.29x10~*
2 69.97 700 0.348 0.255 1.29x10~*
3 99.95 1000 0.348 0.255 1.29x107*

Table 1: x2. = 10.95 and we have restricted the tan 3 in the range of 100 >

tan g > 1.
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in the range 1 TeV > My+ > 400 GeV and 100 > tan 5 > 1, we have:

R(D)r, = 0.348 £ 0.16 (5)

R(D*)rp, = 0.255 4+ 0.07 (6)
and

Bron(B — 1v) = (1.29 4 0.89) x 107, (7)

compared to the combined [Babar,Belle, LHCb| [23] experimental values:

R(D)pxp = 0.388 £0.047 (8)

R(D*)pxp = 0.321 +0.021 (9)
and

Brpxp(B — mv) = (1.14 £0.27) x 107", (10)

By adding theoretical and experimental errors in quadrature from Eqs(5,6,7) and
Eqs(8,9,10) respectively, we conclude that our phenomenological model can give
results in agreement within lo deviation for the combination of R(D™) and
Br(B — 7v,) compared to about 40 deviation from SM for the latest combined
[Babar,Belle, LHCb] experimental data for these observables. The same results can
be achieved if b quark replaces the 7 lepton in a Lepton Specific 2HDM. In that
case Yukawa coupling of the leptonic sector will be same as Type-IT 2HDM and
Yukawa coupling of the quark sector will be same as Lepton Specific 2HDM [29]
except the b quark which will have the effective Yukawa coupling same as in Type-
IT with opposite sign. In that case charged Higgs mass may be allowed to be lower
than 400 GeV. We also observed that from the form of the Yukawa couplings it is
expected that if we require n = —1 for the b quark or 7 lepton in the 2HDM-II,

then also it will fit the three observables at about same accuracy as above model
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of Flipped/Lepton-Specific 2HDM. This is interesting in a sense that it will be like
2HDM-II but with a wrong sign in either b quark or 7 lepton Yukawa coupling.
In Chapter IV, we will give a review of the theoretical analysis of CP violation
in hadronic 7 decays as well the experimental status of the some of the key CP
observables in hadronic 7 decays.

Chapter V contains another main topic of this thesis “Observed Sign Anomaly in
A, (T — Kgmv,)". In the following paragraphs we will give a summary of the key
results and conclusions of our analysis of the contributions coming from tensorial
current to this observable [8][19]. Babar collaboration has reported an intriguing
opposite sign in the time integrated decay rate asymmetry in 7 — K¢, than
that of SM prediction from the known K° - K° mixing. Babar’s results [4] deviate
from the SM prediction by about 2.7¢. In [8], we have shown that the CP violation
coming from the K — K mixing and the direct CP violation in AT — Kgmvy)

can be separated as

K T
ACP + ACP
14+ AE A7 7

cp-cp

Ayt — Kgmv,) = (11)

where Ag) is the CP violation arising from the K — K mixing and A7, s the
direct CP violation arising from a NP particle mediating CP violation at the
lepton and/or quark vertices and 7, is the 7 life time. Since both Aﬁ; and A7,
are expected to be small, we can safely ignore terms involving the product of
the two in the denominator. In [8], using the Breit Wigner forms of the various
resonances contributing to the vector and scalar form factors, the s(Kg7) (hadronic
invariant mass) dependent strong phases were determined. Taking the strong phase
of the tensor form factor to be vanishing and its magnitude to be constant, the
observables A, (7 — Kgnv;) and branching fraction were used to determine weak
phase and the magnitude of the tensor coupling. Also in this work we have given

the full angular distribution of the decay rate and CP asymmetry in presence of
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new tensor current of the 7 — Kgqmu,.
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Chapter 1

Introduction

Classical view:

“I shall be telling this with a sigh
Somewhere ages and ages hence:

Two roads diverged in a wood, and I—
I took the one less travelled by,

And that has made all the difference.”
by Robert Frost.

Quantum view:

“I shall be telling this with a sigh
Somewhere ages and ages hence:
Two roads diverged in a wood, and I—
I took both of them simultaneously,
And that has made all the difference.”

by Lobsang Dhargyal.
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Towards a synthetic view?

“Whatever degenerations there are in the world,

The root of all these is ignorance;

You taught that it is dependent origination,

The seeing of which will undo this ignorance.

Intrinsic nature, non-constructed and non-contingent,

Dependent origination, contingent and constructed—

How can these two converge

Upon a single basis without contradiction?

Therefore whatever originates dependently,

Though primordially free of intrinsic existence,

Appears as if it does (posses intrinsic existence);

So you taught all this to be illusion-like.”

by Je Tsongkhapa.

Since the time of Galileo and Issac Newton, the key people who more or less have the
claim of initiating the scientific revolution, our view and understanding of natural world
and its processes have seen great progress. Our theories regarding the natural world
have come all the way, from a static and independent space and time background stage
upon which the great cosmic dance by constituent particles and fields are performed, to
the special relativity, where space and time lose their independence from each other as
well as from relative motions of observers and it only makes sense to promote space and

time on equal footing as space-time, and to the general relativity where space-time itself

becomes dynamical and participates in the laws governing the motions of particles and
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fields and can be affected and changed by matter and energy contained in it. Then came
the most drastic conceptual shift from the classical world view, the Quantum revolution,
beginning with Max Planck, Einstein and Bohr’s quantum theory to Born, Heisenberg,
Schroedinger and Dirac formulations of Quantum mechanics, which incorporates the
experimental findings that particles at atomic and smaller scales start showing both
wave like behavior as well as particle like behavior. Then came the Quantum Field
Theory (QFT), which is a synthetic product of merger of special relativity and quantum
mechanical principles. In QFT, the quantum dynamical laws, the commutator relations,
are implemented in the expansion coefficients of the irreducible representation bases
of Poincaré group, special relativity, as a background field which carries the space-time
information of the particle-field; the particle-like behavior, the commutator relations, are
carried by the generalized Fourier coeflicients and the Hilbert bases wave function carries
the wave-like behavior of the particle-fields. In essence, QFT is a mathematical construct
where the two contradictory natures of particle-like behavior and wave-like behavior of
particle-fields are put together covariantly. The relativity, quantum mechanics and QFT
are the foundation stone upon which the modern formulation of Standard Model (SM)

of particle physics is based.

The Standard Model of Particle Physics

The SM of particle physics encompasses our accumulated knowledge about the laws gov-
erning the natural world, except the very large scale structure which is governed by grav-
ity. It is a renormalizable QFT model based on the Yang-Mills principle of non-abelian
local gauge invariance [49], spontaneous symmetry breaking and Higgs mechanism. The
SM of particle physics is based on the gauge group SU(3)c x SU(2), x U(1)y, where the
SU(3)¢ is the local gauge group governing the strong interaction and SU(2);, x U(1)y is
the local gauge group governing the electro-weak interaction. The gauge interactions are
mediated by the gauge bosons, where the gauge boson mediating the strong interactions

are the eight gluons and the gauge bosons mediating the electro-weak interaction are
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the photon, which mediate electromagnetic force, and the weak gauge bosons, W+ and

Z . which mediate the weak interaction.

Yang-Mills Principle of Local Gauge Invariance

The Yang-Mills principle of non-abelian local gauge invariance is the generalization of
the basic idea that if we make the parameter of the global gauge transformation depen-
dent on space-time, then the terms which contain derivatives and terms which do not
contain derivative in the Lagrangian will behave differently. And to make the Lagrangian
invariant under local gauge transformations, new degrees of freedom are introduced, the
gauge particles, which will transform under the local gauge such that the free field and
its interaction with the new gauge fields will be invariant as a whole, even though each of
them individually are not invariant under the local gauge transformation. The particle
content of the SM can be classified according to their transformations under the gauge

group SU(3)c x SU(2)r, x U(1)y as:

v,
LL(1727_1) = ’ ZR(1717_2) ) (11)

lr,

where Lp(1,2,—1) and lg(1,1,—2) are the left and right handed SU(2). doublet and

singlet leptons respectively and

03.2,41/3) = | " |, wn(3,1,4+4/3), dp(3,1,—-2/3) , (1.2)
dr,

where Q1(3,2,41/3) are the left handed SU(2); quark doublets and wug(3,1,+4/3)
and dr(3,1,—-2/3) SU(2);, singlet quarks. There are three families for each of the
leptons and quarks above with different masses; this structure is called flavor structure
in general, and it is clear that the flavor structure is very intimately related to the mass
generation mechanism, as the only thing that differentiates flavor of leptons and quarks
are their different masses. So the particle content of SM are 8 gluons mediating the

strong interaction, one photon mediating the electromagnetic interaction, three weak
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gauge bosons mediating the weak interaction, three up type quarks (u, ¢, t), three down
type quarks (d, s,b), three charged leptons (e, u,7) and three left handed neutrinos
(Ve, vy, V7)1 But it is borne out of experiment that neutrinos have mass even though
their masses are much smaller than that of the charged fermions, so if we include the
neutrino mass into account then the simplest extension of SM is to introduce a right
handed neutrino and give them a Dirac masses via Higgs mechanism similar to the
charged particles YMSM (neutrino-minimum-SM), but then we do not understand why

neutrino masses should be so small compared to the charged fermion masses.

Spontaneous Symmetry Breaking And Higgs Mech-

anism

The gauge invariance condition forbids the gauge bosons to have mass terms explicitly in
the Lagrangian, so the idea of spontancous symmetry breaking (SSB) was adapted by Y.
Nambu into the particle physics (HEP) from the condensed matter physics (LEP). The
basic idea of SSB is that we introduce a new scalar particle into the Lagrangian which
develops a non zero vacuum expectation value (VEV), which breaks the gauge symmetry
in such a way that the Lagrangian as a whole is still symmetric under the gauge group,
but the vacuum of the scalar does not follows the symmetry of the Lagrangian. The Higgs
mechanism is one particular model of SSB which turns out to be a correct (nominally)
model, after the discovery of SM Higgs like scalar by LHC in 2012, to give masses to the
electroweak gauge bosons as well as to the fermions. The part of the Lagrangian which
expresses the Higgs particle’s self interaction and its interaction with the electroweak
gauge bosons, which provides a mechanism to give masses to the gauge bosons without
breaking the gauge symmetry of the Lagrangian—i.e., conserved charges due to gauge

symmetries are still conserved—is given as:

Lo = (D,®) DF® — A\(|®> — V3/2)2 + A3 /4, (1.3)
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where, in the unitary gauge, we have,

0
b= (1.4)
\/§ Vo+ H

with DH® = (0" + i(g)o; W} + ig' /2Ye B*)® which gives

2
(D, D) DFD — 1/20, HO*H + [ JAWIWHE + —L 7 78|(Vo + H)? . (L.5)
# 8 cos? Oy

This give the gauge boson masses as
1
My = My cos Oy = §Vgg . (1.6)

This is the well known Higgs mechanism to generate mass for the gauge bosons via

spontaneous symmetry breaking.

Fermion Masses and Flavor Structure of SM

The Yukawa interaction of the Higgs doublet with the fermions in the SM is given as
3 ~
Ly = — Z [QLi(yzdjq)de + y;; Puir) + LLiygj(I)lR] + h.c. (L.7)
ij=1

which when substituted for the Higgs doublet from Eq. (1.4) gives
— / 7 / 7 ! H
LY = — [’ULMU,UR + dLMddR + lLMllR —|— h.C] (1 + V_) y (18)
0

where M, M/, and M| are the mass matrices of the up type quarks, down type quarks
and charged leptons respectively. Now when we diagonalize the M’s by multiplying from
left by Uy, and from right by Ur, we get diagonal mass matrices given as

_ _ H
Ly = — [aMyu + dMyd + [M;l] <1 + V_) , (1.9)
0

with M’s being diagonal and real. These unitary transformations will not affect the
neutral current interaction, but it will affect the charged current interactions by intro-

ducing the Cabibbo-Kobayashi-Maskawa (CKM) matrix element multiplying each of the
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respective charged currents given as

Loc = —2’% Eam“(l — ’75)‘/@']'61]' + Zéijﬁi’yu(l - ’75)lj W/I + h.cyp , (1.10)

where the V;; are the CKM matrix elements given by

Vud Vus Vub
V=1| Vg Ves Va (1.11)
th Vts V;tb

which satisfies the unitary conditions of VVT = VIV = 1; its elements are to be deter-
mined experimentally. For 3 x 3 unitary matrices, there will be three rotation angles and
one irreducible phase, this phase is the only source of violating the combined symmetries

of Charge-Conjugation and Parity (CP) in the SM.
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Chapter 2

Brief Review of Flavor Physics

Introduction

Flavor is the mechanism by which different fermions in the SM distinguish one from
the others. In SM, this mechanism is intimately related to Higgs mechanism, because
different fermions in the SM have different strength of Yukawa coupling to the Higgs
particle and hence different masses accordingly. If all the fermions in the SM are massless
then SM has U (3)? flavor symmetry in the quark sector and U(3)? flavor symmetry in the
lepton sector, where we have U(3)g x U(3), x U(3)q in quark sector and U(3), x U(3),
in lepton sector. This flavor symmetry in the SM is broken by Yukawa interaction of the
SM fermions to the Higgs field. Also in SM, the source of the CP violation is related to
the Higgs mechanism via the KM (Kobayashi-Maskawa) mixing matrix. In general we
can say that one of the least understood part of the SM is the flavor sector of the SM,
e.g., why is the top quark much heavier than say the u quark? Why does the Higgs have
such a varied strength of coupling to the fermions while all the gauge bosons seem (to
a very good precision) to have the same coupling strength to all three generations? etc.
In any case, flavor measurements provide very sensitive ways to probe SM and possible
effects of NP if there are reachable by future LHCb and Belle-1I sensitivity, and so it can

put strong constraint on NP models. However, currently there are several measurements
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showing deviations from SM predictions in the range of (2—4)o level. In the following
sections, we will give a brief review of those measurements, some of which could be just

statistical fluctuations, but some may be hints of NP.

Flavor And CP Violation In The SM

In the SM the one irreducible phase in the CKM matrix in the quark sector is the only
source of CP violation besides the CP violation in the strong interaction which turns out
to be a very small effect (the strong CP problem). In the Wolfenstein parametrization,

we have the CKM matrix elements given as:

‘/ud VU,S Vvub 1- >\2/2 A A/\3(p - ZT])
Vekm=| Vg Vs Vp | = A 1—A2/2 AN2 +O(\)
Vie Vis Vi AN —p—in) —AN 1

(2.1)

where the expansion parameter A is extracted from experiments in flavor observables
and given to be A &~ 0.23.

Since CKM matrix is unitary we have
D ViVio= ) ViiVi =0y (22)
k k

and the six vanishing relations from the above can be represented by triangles in a
complex plane with all the triangles having the same area. The most famous of these

triangles is the one extracted from the relation
VaudVgy + VeaViy + ViaViy = 0. (2.3)

The Figure 2.1 shows the triangle from the above relation where the angles of the triangle

in the same figure are given as

ViaVi VedViy VudVip
- — b = - = — . 24
« arg ( Vudv,:b ) /8 a,rg ‘/td‘/t)g ) ’Y arg ‘/Cd‘/c*;) ( )
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(0,0) (1.0)

Figure 2.1: Unitary triangle from Eq. (2.3) [66].

The magnitudes of the sides of CKM triangles are related to the sizes of the unitary
triangle. The magnitude and phase of CKM elements are mainly extracted from semi-
leptonic and leptonic K and B decays and B¢ mixing. The measurement of the angles
of the unitary triangle and therefore non-zero area of the triangle involves measurements
of CP violation, as only in CP violating observables the phase in CKM shows its effect.
In Figure 2.2 we have shown the SM CKM fit of the parameters 77 and p (where the 77
and p are n and p with corrections made on the parameters to preserve the unitarity of
the CKM triangle) [66], and the best experimental constraints on the magnitudes and

angles of the triangle.

Observed experimental anomalies in flavor physics
at (2—4)o level

Rg : The LHCD collaboration announced a 2.60 deviation in the measurement of the
ratio of the branching fraction of B decaying into di-muons to that over di-electrons [50],

Br(B— Kutp™)
Br(B — Kete™) ’

Ry = (2.5)
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Figure 2.2: The SM CKM fit and experimental constraints on them [66].

and obtained experimental value of above ratio as
Ry = 0.745 0999 40.036 (2.6)

which shows deviation of 2.60 from the SM prediction of the Rx = 1.0003 4+ 0.0001

including the ag and subleading 1/m; corrections. Also the latest LHCb measurements
Br(B—>K*utp=) .
f Brmor ey give [64]

Ry~ = 0.66 4 0.111(Stat) + 0.03(Sys) for 0.045 < ¢* < 1.1 GeV? | (2.7)
and
Ry+ = 0.69 & 0.111(Stat) + 0.05(Sys) for 1.1 < ¢* < 6 GeV? | (2.8)

which shows deviation of 2.40 and 2.60 respectively from the SM prediction. There
could be many possible connections between this anomaly and the P5/ anomaly observed
in the B — K*u"p~ in angular distribution [51] measured by LHCb [52] and Belle [53].

Another anomaly that could be related to above two is the reported measurement of the
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branching fraction ratio of Bg — ¢u™p~, which is about 30 lower than expected from
theoretical calculations [54]. If NP are to contribute to these modes then it is very likely
to impact B — uTp~ too, and it could place very strong constraint on the NP models.
Another 3-40 anomaly (deviation from SM expectation) is in the D{) measurement of
the like-sign dimuon charge asymmetry in semileptonic decays of b hadrons, (Nt ,+ —
Ny )/ (Nt it +N,y- - ) [55]. But recent measurements of BaBar, Belle, Df) and LHCb
seem to be consistent with SM prediction.

There is also the reported excess in Br(h — 7u) = (0.841532)% by CMS [56] and AT-
LAS [57] of about 2.40 when the excess from CMS and ATLAS are combined. This is
interesting in a sense that in SM this decay is not allowed by conservation of lepton flavor
in the charged leptonic sector but many extensions of SM allow lepton flavor violation
(LFV) dynamics in the charged lepton sector.

Muon (g —2)/2: The muon (g — 2)/2 measurements have been reported to deviate from
the SM expectation by more than 30, however there is still uncertainty in the SM cal-
culations as there are complicated strong interaction effects involved in the calculations,
but it could also be due to effects from NP. Once reliable lattice QCD calculations of the
hadronic light by light scattering and vacuum polarization contributions are known then
only we can know whether it is due to NP or due to some complicated strong interaction
dynamics. Still supersymmetric models with light sleptons can account for the deviation
[63].

RW : The long standing LEP2 measurement of [58]

2Br(W — 70;)
Br(W — et.) + Br(W — up,)

= 1.055 + 0.023, (2.9)

indicates an anomaly of about 2.4¢0 from expectation of the lepton universality of the SM
gauge couplings R |sys = 0.999 [60] with negligible error. This measurement received
not much attention from the NP model builders as a simple modification of W vertex to
accommodate this anomaly will drastically effect the per mil level agreement of lepton
universality in tau, mesons and Z decays.

There is also the long standing tension between the inclusive and exclusive measurements
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of V| and |Vip|. The |Vip| and |Vyp| together with the v determine the apex of the
unitary triangle from tree level processes, which plays a crucial role in the improvement
of the sensitivity to NP in B mixing and NP contribution to CP violation in the loop
processes.

R(D(*)) : The radiative penguin decays and tauonic B decays provide excellent probes
in search of NP. Recent measurements in these sectors of flavor physics by BaBar, Belle
and LHCDb showed impressive experimental precision, providing strong constraints on
NP models. Most of the measurements agree with SM but quite unexpected and large
deviations from SM have been reported, surprisingly in decays that occur at tree level in
SM. The reported tension in the measurements by BaBar, Belle and LHCb measurements
of Br(B — tv,) and R(D™) decays with SM predictions for these decays shows about 4o
if we take the three deviations together; this is the most significant discrepancy from the
SM in collider experiments so far (aside from the non zero neutrino masses). The Type-I1
2HDM has been ruled out by BaBar[61] and Belle[62] at 99.8% confidence level. In Fig.
3.1 we have shown the BaBar’s plot of R(D) and R(D*) in the context of the Type-II
2HDM theoretical predictions as a function of % The measured values of the R(D)
and R(D*) match the predictions of the Type-II 2HDM for % =0.4440.02 GeV 1
and % = 0.75 £ 0.04 GeV !, respectively. However the combination of R(D) and
R(D*) data excludes the contribution from a charged Higgs of Type-II 2HDM at 99.8%

confidence level for any value of tan 8/m as is clearly shown in Fig. 3.1.
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Chapter 3

Possible Hints of Lepton Flavor
Universality Violation in R(D<*))

3.1 Introduction

Decays of B mesons into final states containing 7 lepton are sensitive to new charged
current interactions that can induce lepton flavor universality violation. The decays
B — DWry, and B — 1v, are well suited for searching for effects of new physics (NP)
in charged current interactions. In particular, the presence of third generation fermions
in both initial and final states implies that these kind of decays are very sensitive to new
physics (NP) related to the Higgs sector such as charged Higgs. The large data samples
of the B-factories and recent advances in techniques of full-event reconstruction have
led to the evidence of the decay B — 7, and unambiguous observation of the decays
B — D™7u,. The multiple neutrinos produced in these exclusive decays make it very
difficult to reconstruct the invariant mas of the B meson and use it for background
rejection. Therefore, their study requires use of additional constraints related to the
production of the B meson. Such constraints are easily available at B factories, which
collide electrons and positrons at an average center of mass energy of /s = 10.58 GeV,

corresponding to the mass of the my(,g) of the T(45) resonance. As a result the B
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factories, BABAR and Belle, are the most suited for search for NP in these decays.
During the next decade, the Belle-IT experiment, which will have an integrated luminosity
over 30 times greater than that of the combined data sets of Belle-I and BABAR, will
provide very accurate measurements that can constrain possible new physics (NP) with
great precision. This makes recent BABAR, Belle and LHCD [20, 21, 22] reporting of an
excess in the measurements of R(D®*)) and Br(B — 7v;) than expected from Standard
Model (SM), a possible signature of lepton flavor universality violating new physics (NP),

very interesting from the point of view of new physics (NP) searches.

3.2 The Technique of Full-Event Reconstruction

The technique of full event reconstruction has played and will play a very important
role in the measurements of these decays in future B factories. A B factory is a high-
luminosity ete™ collider with an average center-of-mass (CM) energy /s equal to the
T (4S) mass, i.e, my@g) = 10.57 GeV. In what follows we will take all kinematic quan-
tities in the CM frame. The produced Y(4S) decays promptly into two B pairs, so
that the B energy equals to 1/s/2 to within half the collision energy spread, which is
o5/2 =5 MeV at current B factories. The momenta of the B mesons, which average
about 330 MeV, are equal to within o 5/, and opposite to within 2°. These collision
event informations are essential for the technique of full event reconstruction.

These event characteristics are used to address the difficulties caused by the undetectable
in rare B meson decays. This is done by reconstructing not only the signal B meson
decays (labeled Byig), but also the other B meson in the event, known as tag B (labeled
Biag). In such full event reconstruction, it is typically required that all charged particle
tracks be assigned to one of the two B meson candidates. Also, the energy Fegtrq of the
unassigned calorimeter clusters or the photon candidates is required to be low, typically
around 1 GeV. This requirement reflects the fact that such extra energy arises not only
from missing particles in the background events, but also from calorimeter noise, previ-

ous events, and scattered particles from the interaction of hadrons with the calorimeter
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in the signal events. By attempting to account for the origin of all the particles in the
event, full event reconstruction reduces the rate of the combinatorial background, which
arises from the random combinations of particles that happen to satisfy the selection
criteria. Furthermore, if the tag B is fully and correctly reconstructed in a hadronic
final sate, the kinematic constraints described above yield a measurement of the four
momentum of the missing neutrinos, further aiding with the signal identification and
enabling the calculation of the quantities in the signal B rest frame.

The disadvantage of full event reconstruction is the low efficiency for reconstructing the
large number of particles produced in a typical tag B decay. Nevertheless, the large
datasets of BABAR and Belle and increasing sophistication in the application of tag
B reconstruction technique have made this technique an indispensable tool kit for the
rare B decays and B decays with multiple neutrinos in the final state. Tag B recon-
struction is done with three main techniques; hadronic tagging, semi-leptonic tagging,
or inclusive, depending on the tag B final state and reconstruction method deployed.
The different tagging methods are generally complementary, with each method having
advantages and disadvantages, and relative importance depending on the signal B decay

of interest among other things.

3.3 Experimental Measurements of R(D") and
Br(B — Tv;)

First Babar [20] and then Belle [21] have reported a possible hint of lepton flavor univer-
sality violating NP in R(D™) = %@:—m. Recently LHCD [22] has also measured a
deviation in R(D*) from SM. In Table 3.1 we have given the experimental measurements
of R(D™)) [42, 43] and their averages [44] from BABAR, Belle and LHCb collaborations

and the SM expectations for these observables [45]. The combined (Babar,Belle and
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LHCD) results gives [23],

R(D)pxp = 0.388+0.047,

R(D*)pxp = 0.3214+0.021 . (3.1)
Comparing these measurement with the SM predictions [24],

R(D)sy = 0.297 £0.017 ,

R(D%)sy = 0.25240.003 . (3.2)

There is a deviation of 1.80 for the R(D) and 3.30 for the R(D*) and the combination

corresponds to a close to 3.80 deviation from SM prediction.

Collaboration R(D) R(D™)
BABAR 0.4440.058+0.042 | 0.33240.02440.018
Belle 0.37540.06440.026 | 0.293£0.038+0.015
Belle 0.30240.03040.011
LHCb 0.336+0.02740.030
Exp. average | 0.39740.04040.028 | 0.316+£0.016+£0.010
SM expectation 0.3040.010 0.25240.005

Table 3.1: Experimental measurements of R(D™) and their averages from

BABAR, Belle and LHCb collaborations and the SM predictions [65].

It is further supported by measurement of Br(B — 7v) by Babar [25] and Belle [26],
with the PDG average:

Brpxp(B — mv) = (1.14 £0.27) x 1074 (3.3)

which is 1.30 above the SM prediction [28]. Now if we add the errors in R(D*) and

B(B — 7v) in quadrature then the three data combined deviates from SM by about 4.
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(%) . . . .
Currently, the R(D*) = % ratios where [ is e or y constitute the most signif-
icant discrepancy from SM in collider experiments beside neutrino masses. The effect is
at about 4o level, which imply that if these anomalies persist in future measurements

then NP contributing to these observables should be at a fairly low scale.

0.8

R(D)

R(D*)

oaf
1] 0.2 0.4 0.6 0.8 1
tanB/m g+ (GeV 1)

Figure 3.1: Plots of the BaBar’s results (light blue band) compared to the pre-
dictions of charged Higgs effect from the 2HDM of Type-IT (dark red band) as a
function of % for the observables R(D) and R(D*). SM corresponds to % =0
[20].

The effect of Physics beyond the SM in Tauonic B decays has been studied exten-
sively, particular in the context of Type-II 2HDM but Babar [20] has ruled out Type-II
2HDM at 99.8 percent confidence level from the fits to the R(D*)) data for any values

of t;?f . However, Belle’s measurements shows some compatibility with Type-II 2HDM

at about % = 0.5 GeV~! but if we include the B — 71, data also then it turns out

t]?/?f actually pushes the B — 7v, well over

that the contribution from such a large

50 from the PDG world average. This is mainly due to the fact that since Type-I and
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Type-IT 2HDMs interfere destructively with SM as shown in Fig. 3.1, in which BaBar’s
results (light blue band) are plotted against the predictions of charged Higgs effect from
the 2HDM of Type-II (dark red band) as a function of % for the observables R(D)
and R(D*). Fig. 3.1 clearly shows that at low %, the interference term between SM
and charged Higgs dominates and hence the the plot goes downwards but at high %
the purely charged Higgs contribution get larger than the interference term and hence
the plot goes upward, so it is clear that in these type of 2HDM only a large contribu-
tion from purely charged Higgs can have positive contribution, but a large contribution
from purely charged Higgs part that gives a moderate push to the R(D(*)) pushes the
B — 7v; beyond 50 from the world average very fast. So only a 2HDM with constructive
interference with SM like Flipped or Lepton specific 2HDM may be able to fit all three of
the B-physics data R(D™) and B — 7v,. But Flipped or Lepton specific 2HDM in itself
does not fit because in these models the tan 8 dependence between my and m. in the
interference between SM and charged Higgs cancels out and so there is no corresponding
increase in contribution from interference part as tan g8 increases. To fit all three of the
data we need to modify these models so that there is some extra enhancement in the

interference part.

3.4 Review of 2HDM

In SM there is only one fundamental scalar and that is the Higgs particle. But there could
be more scalars in nature, fundamental or composite. One of the simplest extensions of
the scalar sector of the SM is to add a new scalar doublet under the SU(2), gauge group
to it. This extension of SM is known as the two-Higgs-doublet model (2HDM). In the
case of most general scalar potential, the vacuum structure of the 2HDM is very rich.
It has 14 parameters and can have CP conserving, CP violating, and charged-violating
minima. But we can impose few reasonable conditions such CP is conserved in the scalar
sector (so that no mixing takes place between the scalars and the pseudo-scalars), CP

is not spontaneously broken, and due to discrete symmetries no quartic term which are
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odd in either of the doublets are allowed. Now the most general scalar potential which
is consistent with all the fore mentioned conditions as well as the SM gauge groups can

be written as [29]

A7 Y
V(1. 02) = miidlo1 + miydhdn — miy(0]d + he) + 5 (0]01)” + F (d)62)° -

)\2
+Asdi 10502 + Mgl dashor + F(@162)° + (@ho1)’),

where all the parameters are taken to be real.

Yukawa sector of 2HDM

The most general Yukawa couplings for quarks in the 2HDM can be written as [29]

_EYukmua, = QL"hUURQ;l + QL"?PDRQSI + QL’UQUURQ;Q + QL’I]EDRng + h.c. , (3.5)

where 7; with ¢ = 1,2 are 3 x 3 matrices. Similar Yukawa terms can be written for
the leptonic sector. Assuming the VEV are real and positive, the mass matrices can be

expressed as [29],

MY = E(nf cos B+t sin ), (3.6)

V2
where F refers to the quark given as F = U, D and tan § = Z—f with the VEV of ¢; and

¢o given as v; and vy respectively. Denoting

wE =i cos g+ nhsin g, (3.7)
and the orthogonal combination as

p" = —ni sin B +n5 cos 3, (3.8)
we have in the so-called Higgs basis,

H1 . CB Sﬁ (I)l (39)
Hg —Sg Cp q)g 7
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where only H; develops an non-zero VEV thus generating fermion masses while the VEV
of Hy is zero i.e (Hy) = % and (Hy) = 0 in this basis. In the Higgs basis the doublets

can be parametrized by

Gt Ht
H, = , Hy = , (3.10)
%(V@ + Sﬁ_ah —cg_aHo + ZGo) %(Cﬁ_ah + Sg_aHg + TA)
where G* and Gy are the Goldstone bosons and H* and A are the charged Higgs and
the neutral pseudo-scalar eigenstates. Since the LHC discovery of SM-like Higgs in 2012,
no significant deviation has been reported of its properties from that of the SM Higgs, so

then it is in the decoupling limit where sg_, — 1 and the couplings of the lightest scalar

in the 2HDM (in the decoupling limit) are nearly identical to that of the SM Higgs.

CP conserving 2HDM with discrete 7, symmetry

In 2HDM there are two Higgs doublets ®; and ®o, both transforming under the SM
gauge group SU(3). x SU(2)r, x U(1l)y as (1, 2)y—;. After SSB both doublets develop
vacuum expectation value (VEV) given as <I>? = % with v = Vycos 8 = Vycg and
vy = Vysin B = Vysg where Vy = 246.2 GeV. We will assume that the scalar potential is
real so as not to introduce any extra CP violating terms and other complications. Now
if we impose a discrete Zy symmetry under which the doublets transform as ®; = +®,
and &, = —®, then the Z5 symmetry will restrict the 2HDM to a tree level FCNC free
like the SM Higgs which also does not introduce any FCNC at tree level. The 2HDM
with Z, symmetry can give four different types of very interesting Yukawa interactions
although these four types can be regarded as a particular cases of aligned 2HDM or
A2HDM without requiring to impose the Z; symmetry [46]. In Table 3.2 we have given
the four types of 2HDM with which the quark and lepton doublets interact with which of
the two Higgs doublets. The Yukawa couplings of the charged Higgs can then be written
as [29]

Lyt = H+U(VCKM/_)DPR — ﬁUVCKMPL)D + h.c. , (3.11)
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Model | Type-I | Type-IT GeV | l-specific (Type-X) | Flipped (Type-Y)
uh | @, o, o, o,
&, | @, ®, o, o,
G| Dy o, o, o,

Table 3.2: The four types 2HDM with Z, symmetry which lead to natural flavor
conservation (NFC). The superscript ¢ is a generation index. By convention, the

¢9 always couple to u%,. Taken from reference [29].

where bar over the p”"” is to remind that the p""” matrices have been rotated by the
same matrices that have diagonalized the mass matrices k", Now even in the SM the
charged currents can induce flavor changing interactions at tree level but here in the
most general case of Yukawa as given above, there will be FCNC at tree level in the
neutral current unless g and p” are diagonal as well i.e., there will be tree level FCNC
unless the matrices that diagonalize the ¥ also diagonalize the p”” simultancously.
Since FCNC are highly constrained, we need to avoid its presence at tree level in any
reasonably simple model building. As mentioned before, one of the simplest way to
avoid tree level FCNC is to impose the discrete Z5 symmetry. Under the Zs symmetry
we have for instance, for ¥’ = nP = 0 (type I 2HDM) and for nt = 7V = 0 (type I
2HDM) etc. The charged Higgs interactions in all the four different types of natural

flavor conserving 2HDM can be expressed as

2V, 2¢'m.
\/;V“dﬂ(muéuPL +mg€?Pr)dH T + @V_LZRHJr +hee| , (3.12)
0 0

,CH:i::—

where the values of the £%%! coupling for a given type of NFC of Table 3.2 is tabulated
in Table 3.3.
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Model | Type-I | Type-IT | Type-X | Flipped (Type-Y)
& cot B8 cot 3 cot cot 8
¢4 -cot 8 tan 3 -cot 8 tan (3
¢l -cot 8 tan 3 tan 8 -cot 8

Table 3.3: Yukawa couplings of the charged Higgs in the four types of natural
flavor conserving 2HDM [29].

3.5 Theoretical Framework

We assume that all the neutrinos are left handed, then the most general effective Hamil-
tonian that contains all possible four-fermion operators of dimension four for the decay

process b — cly;, where | = 7, p or e here, is given as [40]
AG R o e
Hepp = ch,,[((s” +CYy, )0 + C, O — C4 0% — C% 0%+ CLOYT], (3.13)

with the operators defined as
O = (eLy"br)Uryumin), O = Ery*br)(ILyumiL),

04 = (Erbr)(Irmy). O, = (ELbr)(IryL) and
O = (ero™ br)(ILYwniL)- (3.14)

In Eq. (3.13) we have explicitly shown the relative negative sign between effective four
fermion operators due to exchange of heavy scalar particles and heavy vector particles.
This is due to sign difference between a scalar propagator and a vector propagator’. In

many analysis the relative sign is implicitly absorbed into the effective coefficients, but

IThis is why in forces mediated by exchange of scalars, particles carrying same charges attract
each other while in forces mediated by exchange of vector particles, particles with same charges

repel each other.
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if the relative signs between the vector four current operators and the scalar four current
operators are explicitly shown, then it will be able to help us rule out few models, where
NP is scalar and the real parts of C’ZSL and CgR are dominant (given that we expect NP
contribution to be less than the SM contribution). For instance, in 2HDM of type-I and
type-11, the effective couplings are real and positive and so in these type of models, the
couplings will interfere destructively with that of the SM due to the relative negative
sign. Hence, 2HDM of type-1 and type-1I can only reduce the values. So it is clear from
this that the relative sign can actually help us in ruling out all the models of new scalar
particles whose effective couplings are non-negative for most parts of the parameter space
where NP part is less than the SM part. In this work we will not deal with new vector

and tensor terms.

3.6 Modifying Yukawa sector of Flipped 2ZHDM
In general 2HDM the Yukawa Lagrangian can be written as [29]:

m — - -
il == 30 S (Githr e, T —i¢h Frsfa)
=u,d,l
/3y ! /2 (3.15)
- V—Owﬁ(muffiPL + mdfff‘PR)dH-i_ + %VLIRH-F + h.c| ,

where g{ with ¢ = h, H, A and f = u,d, [l depending on the type of 2HDM being used; see
Table 3.3 for the Yukawa coupling in the charged Higgs case, and Vy = 246 GeV is the
vacuum expectation value of the Higgs. But since we require a constructive interference
of SM and Charged Higgs contribution to fit all three of R(D*)) and Br(B — 7v;), only
Lepton specific and Flipped 2HDM can achieve it. But contributions to the interference
from just Lepton specific or Flipped 2HDM turn out to be too small to fit the three
data simultaneously since the tan 5 dependence between my and m, cancels out in these
models although they give constructive interference with SM unlike Type-I and Type-I1
2HDM. Some additional factor has to be introduced into these models so that it can

fit the three data. One simple and straight forward way to achieve this enhancement
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is if we require that 7 lepton is screened from interacting with the full strength to the
Higgs VEV vy and to all the neutral excitations from Higgs vacuum like the scalars h,
HY and the pseudo-scalar A° in Flipped 2HDM. The details of how such an anomalous
interaction can be embedded inside a larger model is outside the scope of the present
work and will be assigned to a future work. Here we focus on the phenomenological
consequences of such a screening on observed B decay anomalies [27]. Now since 7
lepton is screened from seeing the full depth of vo, its Yukawa coupling must increase
v

2 now is the same as the observed

so that its mass which is proportional to Yy yrawa X -

mass m,, which will effectively enhance the Yukawa coupling of 7 lepton to the charged
Higgs by a factor of 1 while Yukawa coupling of 7 to h, H" and A° remains same as in
usual Flipped 2HDM as the 7 factors in the neutral scalar Yukawa interaction cancels
out with that of the n factor coming from reduced Higgs vacuum V. For same analysis
carried out in the Lepton Specific 2HDM, see the comments at the end of the chapter.
Then the & f‘ factors in the charged Higgs interactions in this anomalous Flipped 2HDM

with the screening factor 7 is given by [27] :

£% = cot B, ¢4 = tan B and &G = —cot B and &7 = —ncot . (3.16)

Finally the charged Higgs Lagrangian contributing to b — clv in this model can be

written in the most general form using Yukawa couplings derived from & IJ;s as:

Lot = —[Vae(gs + gpys)bH T — a(fo + fys)H + heel (3.17)
where
~ (mytan B+ mecot B) ~ (mytan 8 — mcot B)
gS - \/5]}0 )gp - \/§V0 )
ew _ pen Me,y, cot 3 and f7 = 7 = my cot 3 (3.18)

A A v TN
Note the relative negative sign between the hadronic current and leptonic current which
will ensure constructive interference between SM and charged Higgs contributions. In
this model, SM and charged Higgs interfere constructively unlike Type-I and Type-11
2HDM models where they interfere destructively. In this modified Flipped 2HDM, the
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charged Higgs coupling to 7 is enhanced by a factor of  compared to that of a simple
Flipped 2HDM.
Then the effective Lagrangian given by charged Higgs exchange between the hadronic

and leptonic currents for the b — cly; is given as :
T = Vb o DICFL — floe ) 3.19
H= +M_1%1 [(gs + gp¥5)bl(f5 — fp’Y5)Vz] . (3.19)

And the total effective Lagrangian of SM + charged Higgs for the b — clvy is given as:
GV " T Ve (= 7l gl
Tr = TM (1= 5)blyu(l =) + e [€(gs + gp15)bL(fs — fpys)vi] (3.20)
where G is the Fermi coupling constant and Mg+ is the mass of the charged Higgs. In

what follows we define s = ¢> = (Pp — Pp))>

3.7 R(DY) and Br(B — 7v;) in the model

In the SM the B — D®ru. decay occurs via W boson exchange as shown in Fig.
3.2, In SM within the negligible effect due to mass difference between 7, p and e,
the branching fractions of different leptonic final states are expected to be comparable.
However, if there exist NP that preferentially impacts heavy fermions, like in Multiple
Higgs Doublet Models (MHDM), the effect of these kind of NP will definitely impact
B — DWry, differently than B — D® [y, where | = p or e, and BABAR, Belle
and LHCb report of about 4o deviation in R(D®)) that may be a hint of a NP that
preferentially impacts fermions according to their masses, like 2HDM. In this analysis
we examine the implications of the charged Higgs mediated flavor universality violation
in a Flipped 2HDM with anomalous charged Higgs coupling to 7 lepton as proposed in
Section 3.6.
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q >

Figure 3.2: Standard-model Feynman diagrams for B — D®)ry;. Similar dia-
grams can be drawn for B — D®[y;, where | = p1 or e but decay rate involving
I = p or e are not that interesting from the perspective of NP related to Higgs

mechanism such as 2HDM etc [48].

B—>DZV1

The standard parametrization of the hadronic matrix elements for the vector current is

given as
(D(Py)|cy"(1—=75)b|B(Py)) = Fi(s)(P1+ P2) + @[F@(s) — Fi(s)]g", (3.21)

and the standard parametrization of the hadronic matrix elements for the scalar current

is given as
m2 — m2
(D(Py)|eb|B(Py)) = —2—LF, | (3.22)
mp — Me

where Fy and Fj are form factors.
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Then we have for the B — D [ v;:

m 2
) |Ppl
S

(3.24)

dlspr GE|Va|? 2 (512 m} 2 4 mj, 53 mj 2 i
= ZEVl ) g2 B2+ 2y e 1 - 2Dy22 iy g -
2~ GER {an|PoP(+ FHIRP + (1 - 275 R
drMIX _ _’_ELTI’LZQSH/;M2 (fl+ fl) ( _ 777_%)) m2B_m%|F |2 1— m_12 le' |(3 23)
ds V2 M} 3278 P m% | my —me 0 s DA
2 2
AUy 1 ga|Val> (mp —m} < 1\2 ! 2) 2 mj >
dS - M;J;LI 647'('3777/23 mb _m’c (]CS) + (fp) |F0| S ]' S |PD|

\/32+mj§ +m7,—2(sm%+sm?,+m2,m?)
ZmB

where |Pp| =

is the momentum of the D in the B’s

rest frame and gs, gs, f! and le] are taken from Eq. (3.18). In terms of the Babar’s

parametrization [20] we have

vmemp(m p)Vw? —1
= YmEmp(ms Fmp)ve” — 1, (3.25)
2mB\PD\
vV 1
Ry = YmEmow 1) o (3.26)
mp+mp
where
Vi(w) = V(1)1 — 8phz(w) + (51p%H — 10)z(w)? — (252p% — 84)z(w)?] (3.27)
Sy (w) = Vi(w){l + A[-0.019 + 0.04(w — 1) — 0.015(w — 1)?]} (3.28)
with A =141 and
2 2
mp+mp—s
=8 "D = 2
2mpmp (3.29)
V1 —V2
) = VT T V) (3.30)
Vot 1+V2)
p3, = 1.186 £ 0.055 (3.31)
and common normalization factor Vj(1) cancels in the ratios.
We take
I'r(B = Dtvy)
R(D) = (B = Drv,) with 'y =gy + Cyrrx + D= (3.32)

B FT(B — DZVZ)

where [ here refers to u or e.
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B—)D*ZVZ

The non-perturbative QCD interactions in the B — D*ly; decays can be expressed

following the notations of [20], in terms of four independent form factors denoted by V,

Ap, Ay, and Ay as:

iV 5

D*(pp+,*)|ey"b|B))) = ———— s B 3.33
(D™ (pp+,€7)[cy"b| Bp) mB-l—mD*gWaﬁg PpPp~ > (3.33)
_ = g*- e* -

(D*(pp+,£")[E7"9°b|By) = 2mp-Ag . Lo + (mp + mp-)Ar(e* — . 9y
2, mt oz, (339
TR S VN VL Bl g
QmB T mp- [((pB — PD*) s I,

and we have that the scalar current vanishes due to parity conservation of strong in-

teraction. While using equations of motion, we have the pseudo-scalar current given

as: ,
* *\|=_5H > 2mD* * 0«
(D (pp+,€7)[cy’b| By) = —mz‘loé“ q . (3.35)
C
Then we have for the B — D* [ y;:
dl'sm GQFch‘z‘ﬁ*‘S m2\? 2 2 2 m? 3m? 2
= 1-——L H H_ H 1+ ==L T|H,
= ) GH P+ P o)1+ 52) + S 2

(3.36)

: 9\ 2
dlprx Gr 1 mlgp|vcb|2< ! l) 1 2 m} 5 13

=t = =53 (/s — A 1——L | |Pp+| 3.37
ds +\/§M§1 {73 fs+ 1o mb+mc| ol s |Pp+]", ( )
aly 1 glVal? 1
ds M} 1673 (my +me)

9\ 2
2 (024 2) bl (1= L) PP, (339)

\/82 +m7 +m‘11)* —2(sm% +sm%* +m%* m%)

GTy is the momentum of D* in B’s rest

where |Pp-| =

frame and gs,gs,fi, and f[l, are taken from Eq. (3.18); more details on the helicity
amplitudes Hy, H_, Hy and Hg and also coordinate frame, kinematics and polarization
vectors used in defining the leptonic and hadronic currents are given in the Appendix

C. In Babar’s parametrization [20] we have

2mp ~
H = A — = |Pp|V 3.39
+(s)=(mp+mp-)Ai(s) F mB-l-mD*l DV (s) , ( )
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—1  |4m%|Pp-|?

Hy(s) = mp Vs | mp +mp: As(s) — (mQB - m%* —8)(mp +mp=)Ai(s)| , (3.40)
H,(s) = %?*’Ao(s) , (3.41)
where
Ayw) = S, () (3.42)
Aot) = 221 ) (3.43)
Anw) = 223 ) (3.44)
V(w) = Rﬂff) ha,(w) (3.45)
Withw:%andrp*:%.

The FF are given as:

ha, (w) = ha, (1)1 — 8p%z(w) + (53phH« — 15)z(w)? — (231p%H. — 91)z(w)3] (3.46)

Ro(w) = Ro(1) — 0.11(w — 1) 4 0.01(w — 1)? (3.47)
Ri(w) = Ry(1) — 0.12(w — 1) 4 0.05(w — 1)? (3.48)
Ry(w) = Ry(1) + 0.11(w — 1) — 0.06(w — 1)? (3.49)

where z(w) = EF—M and pd. = 1.207 + 0.028, Ro(1) = 1.14 + 0.07, Ry(1) =

1.401£0.033 and Ry(1) = 0.85440.020 and common normalization factor h 4, (1) cancels

in the ratios and we take

o I'r(B— D*ru;)
R(D™) = (B — D*lyy)

with I'p = Dgns + Tyrx + D= (3.50)

where [ here refers to p or e.
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Br( B~ = 7 v;)

In the SM the B — 7Tv, decay occurs via W boson exchange as shown in Fig. 3.3 . In
presence of NP of charged Higgs type, the total effective Lagrangian of SM + charged

Higgs for the B~ — 77 v, is given as:

GV _ Vip o I
Tr = =2 10" (1= 99)bP (L = 3+ g (9 + 9367 (7 = Sys)v] © (351)
H
where ¢, = (my tan 5;—;2 u COL B), g, = (my tan\%_;z wcotB) and fi, f, are taken from Eq.

(3.18).

The hadronic matrix elements of pseudo-vector current are given by
— . ’
(0|uy"~sb|B) = iPLf5 , (3.52)
and hadronic matrix elements of the pseudo-scalar current is given as

(0lvsb|B) = ifpo (3.53)

2
where My« is the mass of the charged Higgs and fpg = ——L— fp.

b

u

£ - i

Figure 3.3: Standard-model Feynman diagrams for B — 7v;. Similar diagrams
can be drawn for B — [y, where [ = i or e but decay rate involving [ = p or e are
not that interesting from the perspective of NP related to Higgs mechanism such

as 2HDM etc [48].
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Then we have for the B — 7 v, :

G2 ‘V b\Qm%mB 72.
Brsuy(B — Tvp) = =L USW Rl — m—%)QTB (3.54)
Gr 1 |Vwl?, .5 m m2
B B— 1) =4—=—F — (L)l -— 3.55
Tarx( TVr) N 9pfpm mb+mu(fs fo)( mgB) 7B (3.55)
1 [Vl 2 o mb V2 2 m2 o
Brigs (B = 7o) = St 0 o ey (T 4 ()1 = 12507 (356)
with
Brr = Brsy + Brarrx + Bry= (3.57)

and 7p is life time of B meson.

3.8 Results

Although 7 is an independent parameter but if we require that 7 = tan? 8, then it leads
to very simple interpretation of the results [27]. If we require n = tan? 3, then the
Yukawa interactions in the hadronic sector of our model has the same form as in the
Type-I1 2HDM but interaction in the leptonic sector of our model has the same form as
in Flipped 2HDM except the 7 lepton coupling to the charged Higgs, which has same
form as in Type-IT 2HDM but with opposite sign. Now there are only two parameters
to fit i.e., tan § and My, and a x? analysis with the R(D®)) and Br( B~ — 7~ v;) as
data points to find the best fits for the parameters tan 8 and My gives x2,;, = 10.95 for
M. > 600 GeV. This ML > 600 GeV constraint is from B — X¢v and latest estimate
on the lower bound of My from B — X7 is given in [30]. We have tabulated for two

different values of the parameters that fits at same accuracy in the table below [27] :
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Smo | tan 8 | My GeV | R(D)ry | R(D*)7y | Bron(B — 1v)

1 169.97 700 0.348 0.255 1.29%x107*
2 199.95 1000 0.348 0.255 1.29%x107*

Table 3.4: x2,, = 10.95 and we have restricted the tan 8 in the range of 100 >
tan 8 > 1 [27].

As the data in the table above and combined errors from experiments given in
Eqgs(3.1) and Eqgs(3.3) shows, in the range 1 TeV > M1 > 600 GeV and 100 > tan 8 > 1,
we have [27] :

R(D)pp, = 0.348 £0.16 (3.58)

R(D*)rp, = 0.255 £ 0.07 , (3.59)
and

Bron(B — 1) = (1.29 £ 0.89) x 107 | (3.60)

compared to the combined [Babar,Belle, LHCD] [23] experimental values:

R(D)pxp = 0.388 & 0.047 , (3.61)

R(D*)pxp = 0.321 £0.021 , (3.62)
and

Brpxp(B — 1v) = (1.14 £ 0.27) x 107* . (3.63)

3.9 Summary

Babar, Belle and recently LHCb has reported an excess in the measurements of R(D*),

R(D) and Br(B — Tv;) larger than expected from SM, a possible signature of lepton
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flavor universality violating NP. In this work we have analyzed the implications for these
decay modes in a Flipped 2HDM with enhanced Yukawa coupling of H* to 7 lepton [27].
By adding theoretical and experimental errors in quadrature from Egs. (3.58,3.59,3.60)
and Egs. (3.61,3.62,3.63), we conclude that our phenomenological model can give results
in agreement within 1o deviation for the combination of R(D™) and Br(B — tv;)
compared to about 40 deviation from SM from the latest combined [Babar,Belle, LHCb]
experimental data for these observables.

The same results can be achieved if b quark replaces the 7 lepton in a Lepton Specific
2HDM. In that case Yukawa coupling of the leptonic sector will be same as Type-11
2HDM and Yukawa coupling of the quark sector will be same as Lepton Specific 2HDM
[29] except the b quark which will have the effective Yukawa coupling same as in Type-I1
with opposite sign. In that case charged Higgs mass may be allowed to be lower than
600 GeV; for a recent work on muon g — 2 in Lepton Specific 2HDM and related bounds
see [30, 31].

From the form of the Yukawa couplings it is expected that if we require n = —1 for
the b quark or 7 lepton in the 2HDM-II, then also it will fit the three data at about
same accuracy as above model of Flipped /Lepton-Specific 2HDM. This is interesting in
a sense that it will be like 2HDM-II but with a wrong sign in either b quark or 7 lepton

Yukawa coupling, an anomalous SUSY.
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Chapter 4

CP Violation in Hadronic 7

Decays

4.1 Introduction

The violation of combined symmetries of charge conjugation and parity (CP) has been
of interest and searched for a long time as a possible source of the origin of the matter
anti-matter asymmetry in the universe. So far most of the efforts to search for CP vio-
lation have been in the hadronic sector. In SM, the only source of CP violation is the
one phase in the Kobayashi Maskawa (KM) quark mixing matrix. While the Kobayashi
Maskawa ansatz for CP violation within the Standard Model [1] in the quark sector has
been clearly verified by the plethora of data from the B factories, this is unable to ac-
count for the observed baryon asymmetry of the Universe. The observation of neutrino
oscillations makes it important to re-examine the question of CP violation in the leptonic
sector. If CP violation is observed in the leptonic sector then it is a clear indication of
NP beyond SM. However CP violation in the leptonic sector has not been observed yet.
CP violation in the neutrino sector can be explored by measuring the asymmetry of the
oscillation probabilities in for instance v, — v, and U, — 7,,. This kind of CP violation

in the neutrino oscillation requires lepton flavor violation as well as non degeneracy of
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the masses of the charged leptons and neutrinos. Another kind of CP violation in the
leptonic sector can be explored using 7 leptons produced in the B factories and Super
flavor factories. The study of CP violation in 7 decays has always been of much interest
for beyond the Standard Model studies in the past two decades. Apart from the CP
phases that may arise in the neutrino mixing matrix, the decays of the 7 lepton may
allow us to explore nonstandard CP-violating interactions. Various experimental groups
have been involved in exploring CP violation in 7 decays in the last decade or more. In
2002, the CLEO collaboration [2], and more recently the Belle Collaboration [3], studied
the model dependent angular distribution of the decay products in 7 — Kg7v; in search
of CP violation coming from charged scalar type of NP; however neither study revealed
any CP asymmetry. The BABAR collaboration [20] for the first time reported a sign
anomaly in the integrated decay rate CP asymmetry A.,(7 — K mv;) at about 2.8¢
deviation from the SM prediction originating in the K° — K oscillation [12][37]. More
details about the observed sign anomaly in the integrated decay rate CP asymmetry

Acp(T = Kgmrr) in tensor current NP will be presented in Chapter 5.

4.2 CP Violation in The Hadronic 7 Decays

In this section we will review the CP violation formulation given in Reference [7] for the
scalar and vector type of NP assuming neutrinos are purely left handed and enumerate
the complete parameter set for CP violating NP in hadronic 7 decays. For the CP
violating NP coming from tensor type of NP see Chapter 5. Assuming neutrinos are
purely left handed fermions, we can write down the effective Hamiltonian contributing
to the 7 decays as [7]:

Q*Q°

My (Mmy, — my

aNs _
Q¢ )n?»] dvmw} :

mr(My + My

= @17 —v5)T dyg™8 nt)dvsu
Hagy = Via 2k 0 %)]{[(ng n L

— [(1 +x4)g*” +
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where @Q* is the total hadronic momentum. Similar terms can be written with the d
quark replaced by the s quark. As we can deduce from the above formula and a similar
one for the d quark replaced by s quark, CP violation coming from NP of Scalar and/or
Vector type of new particle exchange is completely described by eight parameters of
X?}S, Xil{s, ng’s and njlp’s, assuming all neutrinos are left handed. Also if CP violation is to
come from exchange of new scalar and/or vector particles then it necessarily has to arise
from the complex phase contained in at least one of the eight parameters above. With
addition of two more parameters coming from NP which can generate effective tensor

type of coupling, we have total of 10 complex parameters to pin down CP violating NP

in hadronic 7 decays.

Two-meson Final States

In general, CP violation from vector type NP will be observable only if both vector
current and axial vector currents contribute to the same final states [6, 7]. Since in two
pseudo scalar meson final states only vector current can contribute due to parity conser-
vation of strong interaction, and in one vector/axial-vector meson with one pseudo scalar
meson final states like (7 — ay7v;) /(7 — prv;) /(T — wry;), which are eigenstates of G
parity, only either vector current or the axial-vector current will contribute due to G par-
ity conservation [15] of strong interaction, so vector type of NP can contribute in general
to CP violation in three or more pseudo scalar meson final states but not in two pseudo
scalar meson final states and one vector/axial-vector meson with one pseudo scalar meson
final states which are eigenstates of G parity like (7 — ay7v,) /(7 — prvy) /(T — wrry).
So in this section for the two meson final states we will consider CP violation coming
from scalar type of NP only and details on CP violation coming from tensor type of
NP will be given in Chapter 5. For CP violation coming from scalar type of NP in two

® and 77‘113’5 where in the

meson final states, we are basically probing the parameters ng’
final states of two pseudo scalar mesons and in the final states of one axial-vector and
one pseudo scalar meson, we can only probe UZJS as only vector and scalar currents will

contribute here. Now to probe ng we can either use the two pion final state as was done
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by CLEO [11] but as argued in Reference [15], CP violation coming from 7 final states
from a spin zero charged scalar type of NP is suppressed at least to the level of Iso-spin
breaking. So the next best option is either (7 — ay7v;) or (7 — 47, ), but form factors
of the four pion final state are not calculated accurately and theoretical efforts on that
front are on going so the best option as of now is (7 — ay7v;); here also the form factors
are not fitted yet for the (7 — a;7v;) as far as the author knows. The two pseudo scalar
meson final state with one kaon 7 — K7, will be able to probe 7 parameter, and the
final states of 7 — 3wy, and 7 — K#rwr, will be able to probe ndp and 71} respectively
as well as CP violating parameters coming from vector type NP i.e., X(‘i/ls and X’i’s. In

what follows we will use s and Q? synonymously unless explicitly stated otherwise.

Two Pseudoscalar Meson Final States: 7 — P, Py,

After integration over the unobservable neutrino direction, the differential decay rate in

the hadronic rest frame is given as [7]

dl'(r — P1Pov;) = {LgWp + LsaWsa + LspWsr + LsaWsa } x

CiViass) 1 (m2 —s)? @l ds dcos 0 da dcos B (4.2)
om,  (4n)P  mZz 5T 2 2w 2
where
WB = 4(51)2’FV‘2 s (43)
WSA = S|FS|2 s (44)
Wsr = 4q1 Vs Re[Fy F§] (4.5)
Wse = —4|qi|V/sIm[Fy Fg] (4.6)

with Fg and Fy being the scalar and vector form factors respectively and |¢1| = ¢f is

the momentum of the P; in the hadronic rest frame and is given as

7] = =—=((s — m? —m2)? — am?m?)}/? | (4.7)
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with

- S (d/s)
F¢=(14+—r——— Fg .
5= My (My — my) s )Fs

(4.8)

If the 7 direction in the hadronic rest frame is known i.e., ©» — 0, and P # 0, then we

have

with

Lp :Klsin2B+Kg — Kysin28cos .,
Lsa= K>,
Lsp = —Kscos B — Kysinfcosa ,

Lsa = Kssin Bsina .

Ky =1—yaPcos — (m2/s)(1 +yvaPcosb) ,

Ky = (m2/s)(1 + vy aP cos)

K3 =~y4— Pcosf

Ky =\/(m2/s)yvaPsing

K5 = /(m2/s)Psiné ,

K) = Ki(3cos*y —1)/2 — 3/2K4 sin 2¢
Ky, = K, cosp + Kysiny |

K3 = Kscost) — Kssin |

(4.13)

(4.14)
(4.15)
(4.16)
(4.17)
(4.18)
(4.19)

(4.20)

substituting 1/ — 0 in the definitions of the K’s above and given that the angle 6 is the

angle between direction of flight of the 7 in the laboratory frame and direction of the

hadrons as seen in the 7 rest frame and the definitions of angles «, 8 and v are given in

Fig. 4.1. If the 7 direction in the hadronic rest frame is not known then the azimuthal

angle « is not observable and has to be integrated out. When 7 pairs are produced in
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symmetric colliders, we can express the angles 6 and ¢ in terms of s and x as given in

Reference [7]

cosf =

and

cos 1 =

2

2zm2 —m?2 — s

(m

2
b

- 3) \/ 1 - m%/E%eam

z(m2 +5) —2s

(m
= E? and » = 2E},/\/s with Ej being the energy of the hadrons in the

2_8)

2 _ 2
T T S/EBeam

(4.21)

(4.22)

where E;
laboratory frame. From Eqs. (4.5) and (4.6) we can see that the only relevant term for

the CP violation coming from scalar type NP in two pseudo scalar meson final states

are Wgp and Wge and if the direction of the 7 is not measured, then Lge = 0 and so

Wsa is not measurable and only Wgp can be measured in that case.
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Figure 4.1: Definitions of the angles «, 5 and ¢ [15]
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Vector/Axial-Vector and Pseudo-scalar Meson Final States:
T —=>ViPu,

In general the hadronic current J# in the case of the final states of a vector/axial-vector
and a pseudo scalar meson like (7 — ay7v,) /(1 — prvy) /(T — wnyy) can be expressed

by four form factors given as [16]:

02
+iF3(Q%)e P e10q1592, + FA(QYer - 2Q"

Jh=F1(Q%) (Q% — e1 - Q") + Fo(Q)er1 - g2 <qlf —a - Quw) (4.23)

where €7 is the polarization vector of the vector /axial-vector meson which satisfies €;-q; =

M v
0 and ) e’f('y)e’l”/(ry) = —g" + qlg]_ )
v

my

After integration over the unobservable neutrino direction and unknown 7 direction «,

the differential decay rate in the hadronic rest frame is given as [16]

dF(T — V]_PQVT) = {LAWA + LgWp+ LpWg 4+ LsaWesa+ LspWsp + LSngg} X

A%

wdfs) 1 (m2—s) ds dcosfdcos 3
2

Am, (An)?  m2 |§1|ﬁ 2 2
(4.24)
where
La= (g +gv)(m? = s)[2/3K) + Ky + 1/3K;(3cos® B — 1) /2] , (4.25)
Lp = (g4 + 9v)(m? — 5)[2/3K, + Ky — 2/3K(3cos” 8 —1)/2] (4.26)
Lg = (¢4 + g¥)(m? — s)K3cos 3, (4.27)
Lsa = (% + g3)(m2 — 5)Ks (4.28)
Lsp = —(g4 + gv)(m? — s)Kacos 3 (4.29)
Lsqg=0, (4.30)
where V] is a vector or a axial vector meson and vy 4 = 29v94 — 1 ip SM, the angle

g9y

is the angle between direction of flight of the 7 in the laboratory frame and direction of
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the hadrons as seen in the 7 rest frame, the angle ¢ is the angle between direction of
flight of the 7 and direction of the laboratory as seen in hadronic rest frame; for more
details see Fig. 4.1 on page 68. The values of the K; with i = 1,2,3,4,5 are the same as
given in Section 4.2. When T pairs are produced in colliders we can express the angles 6
and 1 in terms of s and = as given in Egs. (4.21), (4.22). Now for the hadronic matrix

element part, we have

Wa = 25|01 [Bs]* + s|F1 %) (4.31)
Wy = s/mi(sET|F\| + 4V/5E1 || *Re(F ) + 4@ 1| Fof) (4.32)
Wi = 4(v/5)*|@i|Re(F1 F3) (4.33)
2712
wea = 20 R (431)
1
_ 53/2|(71| % % | = (2 ‘
Wsr = ———2Re(F F)(VsEn) + 4Re(F2E) |G ) | (4.35)
1
_ 83/2|(TI| % =N | = 12
Wsa = 2 (2Im(FyLF})(VsEy) 4 AIm(Fo Fy)|q|7) (4.36)

1

Eq. (4.33) has contribution from both vector (£F3) as well as axial vector (F7) form factors
which therefore contain information about CP violation from vector type NP in general
but in the case of (1 — ay7v;) /(T — prv.) /(T — wrr;) where only vector or axial vector
form factors contributes due to G parity conservation, we cannot extract CP violation
information from new vector particle exchanges. Now with Fy = (1+ mng / p)Fu,
we can extract CP violation information from new scalar particle exchanges from Wgp
and Wge in general but since Lgg = 0 from Eq. (4.30), CP violating information
contained in the Wgq is also lost. Fj is zero in the approximation where the quark
masses can be neglected and therefore in the SM, contribution from Fj is expected to
be small. So a significant contribution from Fj can only come from a new scalar particle

in the form of mng’/PF‘l
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Optimal CP Observable in 7 — a17v,

Since Wg¢ is not observable due to the fact that Lgg = 0, we have only Wgr to probe
CP violation from scalar type of NP. Now from the functional form of the Wgp from
Eq. (4.35) we see that only F} and F» will contribute to CP observables. From G parity
only a7y, final state can contribute substantially to F} and F5, and also as mentioned
before 7 — a7y, is the best option to pin down the ngl parameter. In Reference [15]
it has been argued that if the differential decay width is weighted with cos f and then
integrated over the cos 5, we get a CP observable in 7 — a17v,; where polarization of

the 7 may enhance the observable value given as

Ag;sﬁ) (1 = aymvr) = leomz / [dsdfj‘cl;sﬁ — dsd,dcl:)sﬁ] cos Bds dcos B .
~ % /(m3 —5)2/(5)*2|g}|(Wsr — Wsr)p(s)ds |
where
p(s) = / <‘3031/) + P cosfcos ) + Pm_\/f sin 0 sin 1!)) dc(2)s9 , (4.38)

with P being the polarization of the 7 lepton. Here will also show by the optimal ob-
servable method that polarized T are more sensitive to CP violation than non-polarized
T observables with few assumptions made about the form factors since as of now the
form factors F and F5 have not been fitted properly, and also all fits take Fy = 0 which

is valid only in the limit of vanishing quark masses.

One of the simplest methods in searching for CP violation, especially in model dependent
CP violation searches, is the Optimal observable method. The optimal CP observable
is defined as the CP-odd observable that has the smallest associated statistical error. In
a given model, the interaction Lagrangian can be separated into a CP-odd P,zq and a
CP-even Peyen part; the optimal observable is defined as £ = P,qq/ Peyen- As we can see
from the definition of &, in order to construct it we need to know the explicit functional
forms of the CP-odd and CP-even parts of the amplitude in terms of the experimentally

measured parameters of the decay. Explicit functional form can be given only in a given
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model so choice of ¢ is model dependent. Now if we weight the differential width with
CP-odd observable ¢ and then integrate over the cos 8 and cos 6, a value different from
zero is a clear indication of CP violation. As argued earlier, only from Wgr we will
be able to extract CP violation information, so the only source of CP-odd observable
is Wgp. Since F4 has not been fitted properly till now we will take it to be constant

such that Fy ~ 102 GeV~!. CP-odd observables are the terms which contain

(mu—mq)
the imaginary part of the ng and the CP-even part are the terms which are independent
of ng or terms containing the real part of the ng. Since only Wgp can contribute to the

CP-odd observable, we have from the form of the Wer from Eqs(4.35) and taking the

limit Re(n%) = 0, Im(n%) = 1 and (m—m)F ~ 107,
s*2|q| S 19 2
Podi = —— —2Im(F) — (\/_El) AIm(F2)—|qi|” ) x 10 (4.39)
1 T

P.yen, is the same as dI'(7 — ay7v;) from Eq. (4.24) except without the LgpWgp term
in that equation. Since form factors are not fitted properly for the 7 — ay7v, we will
take the form factors F| and F5 having the same form as for the F3 which has been used
in [15] given as

2 2
ngJﬂ' mp mp/
Fiy= A - , 4.40
1,2 Yo [s—mz—i—f\/gfp—’_ ls—mf)/—l—f\/gfp/] ( )

where m,, I', are taken from PDG values and we take gpur = (16.1 4 0.6) x 103 GeV !
as given in model 2 of Table I in CLEO (2000) [17] that has been fitted for the 7 — p7v;
and 7, = 4.95 and Ay = —0.24. These values are actually from the fits of 7 — p7v,, but
here we are using these values only to demonstrate the possible enhancement of the CP

violation from scalar type of NP if we use polarized 7 over unpolarized 7. Also we take

my = 1.53 GeV and

3 3
Ly =Tpo |Br(p— 7r7r)]|\é| <%> + Br(p’ — wr) |Qp|l < (M (é;)>
P (4.41)

My 0y (8
sty ()]
al p/
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Figure 4.2: Plots of (£) (Q?) as a function of S = Q? for the Polarized 7 (left
figure) and Unpolarized 7 (right figure) where F, = 0 and F) taken from Eq.
(4.40).

with I'yg = 0.4340.3 GeV and all other branching fractions are taken from PDG values
except Br(p/ — ayw) which is fixed from R, . = Br(t — aymwv;)/Br(t — 4nv;) with

Rex = 0.43. So then we have

(€)(Q*) = 1/Br(t — 4nv) / Lo dcosfdcos ,

ceven

(4.42)

where we have normalized the rates by the branching fraction of Br(r — 47v), and
assumed only one of the form factors Fy or Fy is non zero. Figs. 4.2 and 4.3 show the
plots of (£) (Q?) as a function of Q? for polarized T and unpolarized 7.

As we can see from Figs. 4.2 and Figure 4.3, the optimal observable (¢) (Q?) in the
case of polarized 7 is almost an order of magnitude larger than that of the optimal
observable (£) (Q?) in the case of unpolarized 7. This makes a good case for using
polarized 7 in the future whether in the form of correlation measurements or direct

polarization.

Three Pseudoscalar Meson Final States

In the semi-leptonic 7 decays into three pseudo-scalar meson final states
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Figure 4.3: Plots of (£) (Q?) as a function of S = @Q? for the Polarized 7(left one)
and Unpolarized 7(right one) where F; = 0 and £} taken from Eqs(4.40).

7(l,s) = v (I',s") + hi(q1, m1) + ha(g2, m2) + hs(g3, ms) (4.43)

we have [18]

G 1 1 (m2-Q?dQ? dody dcos Bdcost
dl = “<d/5){L"”H R P R LA T S s R
(4.44)
where
Ly ={L,, + L, — (L}, + L)} . (4.45)

With {a, b}, = (auby+byua, —abg,,), we have L}W =41}, wa = —dim,eap 1P,
L3, = —dicap,, 1P and L}, = 4m.{S,1'},, where S denotes the polarization (P) of the
7 satisfying [,S* = 0 and S,S* = —P?. The hadronic matrix element part is given as
v = JrJVT with J# = (hy(q1)ha(g2)hs(gs)| T4 + Ji|0). The decay rate can be most
easily analyzed in the hadronic rest frame ¢; + g2 + ¢3 = 0 with introduction of two
coordinate frames S’ = Ox'y'2’ and S = Oxyz shown in Fig. 4.4.
The S’ coordinate system allows a simple description of the 7 momentum and its spin.

The Oz’ is pointing in the direction of the laboratory (ny) viewed from the hadronic rest

frame (n;, = —ng where ng is the direction of the hadrons viewed from the laboratory
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Figure 4.4: Definition of the Euler angles o, 8 and ~ relating the two coordinates

S and S’ [18].

frame). The z’ axis of the S” will be chosen such that the direction of flight of the 7 as
seen from the hadronic rest frame (n;) is in the (2/,2')-plane with ny x n;/|ng X n,|
pointing along the Oy’ direction!.

The S frame is chosen to allow for a simple description of the hadron tensor. The
(x,y)-plane is aligned with the hadron momentum, with normal to the hadronic plane
given by ny = q1 X g2/|q1 X ¢2| pointing along the Oz. The Ox axis is defined by the
direction of the ¢35 = ¢3/|q3|.

The two frames are related by a Euler rotation R from Fig. 1 given as « = R(«, 3,7)x’

with

1One thing to note is that the direction of the spin vector(s,) of 7 also lies in the (z’, 2’)-plane

if the 7 polarization vector s is aligned with the 7 direction of flight in the laboratory frame
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X

Figure 4.5: Definition of the polar angle f and azimuthal angle v. Here g is the
angle between n, and ny, and «y is the angle between the (np,n,) plane and the

(nr, qs) plane [18].

R, B,7) =
cos a cos B cosy — sin acsin «y sinacos fcosy + cosasiny —sinfcosy
—cosacos fsiny —sinacosy —sinacosfSsiny +cosacosy  sinfsiny
sin 3 cos « sin f8sin « cos 3
(4.46)

The azimuthal angle « is defined as the angle between the two planes (np,n,) and
(np,n,). The angle 3 is defined as the angle between n; and n; and the Euler angle
corresponds to a rotation around the n; and determines the orientation of the hadrons
with their production plane, i.e., the angle between O(2',2) plane (= (ny,n.) plane)
and the O(z,x) plane (= (n,,qgs3) plane). A more informative definition of the angles
and [ is repeated in Fig. 4.5 below.

As proposed in Reference [18], the angles § and ~ are observable in the reaction

+

eTe™ — 77~ — v3h even if we cannot reconstruct the 7 rest frame and the neutrino
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escapes. For 0 < a <27, 0 < < 7wand 0 <+ < 27 we have

cosB=mnr-ng , (4.47)
nr - §s
cosy = —7—————— 4.48
' |ng X n| (4.48)
siny = LX) - ds (4.49)
]nL X TI,J_‘
cos (v = (ne X nr) - (ng X 1) (4.50)
Ing X nrllng X ng|
sinq = ——T (nz x n.) . (4.51)
|nr, X nellng x ny|
From Eq. (5.44) we can expand the lepton and hadron tensors as
Ly H™ =Y " LxWx =2(m? = Q*)>  LxWx (4.52)

X X

Wp = 2z4[x1 Im(FVFY) + zoIm(FLFY))
Wea = —2x4(x1 Re(F1F3) + xoRe(Fo F3)]
Wiy = 2xsxa[Im(FLFY) — Im(FyF3)]

Wi = —2x334[Re(F1F3) — Re(F2F3)]
Wsp = 2v/s[z1Re(F1Ff) + zoRe(FL FY)]
Wso = —2/s[x1 Im(FVFY) + xoIm(FyFY)]
Wsp = 2v/sws[Re(F1F)) — Re(F>FY)]
Wsi = —2/sas[Im(F1Fy) — Im(FyFEY)]
Wsp = —2v/sxgIm(F3Ef) |

Wsa = —2v/szaRe(F3F)) |

where X = {A, B, ....... I1,SA,SB,.....,SG} where the terms relevant for the CP viola-
tions Wr, Wa, W, Wi, Wsp, Wse, Wsp, Wsg, Wsr and Wge are given as [18],

(4.53)
(4.54)
(4.55)
(4.56)
(4.57)
(4.58)
(4.59)
(4.60)
(4.61)

(4.62)

where { Wg, Wg, Wy, W } are

the terms which can probe the CP violation coming

from NP of vector type and { Wsp, Wse, Wep, Wsg, Wsp, Wsa } are the terms which

can probe CP violation coming from NP of scalar type.
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4.3 Experimental Searches For The CP Viola-

tion in Hadronic 7 Decays

Electric Dipole Moment (EDM)

The present experimental bound on the CP(T) violation related to 7 lepton are derived
from the measurements of electric dipole moment (EDM) and CP violation in hadronic

7 decays. The EDM of the 7 lepton is given by the effective operator
i
§ed77_'0“,/y57'FW , (4.63)

where d; is the EDM of the 7 and F* is the electromagnetic tensor. In the non-

relativistic limit, using the two component spinor ¢, the Eqs(4.63) reduces to [14]
ied,p'S¢ - F | (4.64)

where S = Z and E is the electric field strength. Non zero value of d, implies T violation

because the operator is odd under T, i.e.,
T'ET = E and T¢I S¢T = —¢15¢ . (4.65)

The latest experimental bounds on the electric dipole moment (edm) from PDG averaged

data gives,

Re(e d;) < 0.50 x 10717 (e cm) (466)
4.66

Im(ed;) < 1.1x1077(e em) .

CLEO Searches of CP Asymmetries in 7 Decays

CLEO collaboration have searched for CP violation in 7 — w7y, [17] and 7 — Kgnv,
[10], but as pointed out by the authors in Reference [15], the CP violation in the 7 —
mryy is very small so it is not expected to observe CP violation in the 7 — 7rv, decay.
Now for the CP violation in 7 — Kgnv, coming from New Physics (NP) of scalar type,

CLEO detector at CESR operating near Y (4S) resonance collected data corresponding
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Figure 4.6: Average value of the optimal observable as a function of the (Kg)
invariant mass for the data (left) and Monte Carlo (right) with the maximum CP

violation i.e., Im(A) = 1 where A is the complex coupling of the new scalar [10].

to a total integrated luminosity of about 13.3 fb~! which contains about 12.2 million

T+

7~ pairs. The backgrounds are estimated by analyzing samples of the Monte Carlo
(MC) samples. The generation of 7 pair production and decay is modeled by KORALB
event generator, modified to include the charged scalar contribution to the 7 — Kgnv;
decay. The detector response is simulated with a GEANT-based Monte Carlo (MC).
The main observable that they have used is the “optimal” observable £ = P,34/ Peyen as
defined in Eq. 4.2.

In Figure 4.6 the plot of (¢) is shown separately for 7+ and 7~ as a function of (K9r)
invariant mass for the data (left plot) and for the Monte Carlo (MC) with maximum CP
violation (right plot). A difference between the () distributions of 7 and 7~ would
signal a CP violating New Physics (NP). However CLEO data shows no difference in the

(¢) distributions of 77 and 77, therefore, no CP violation is observed. For a restricted

range of (K97) mass between (0.85 and 1.45 GeV), the limits on the imaginary part of
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the scalar coupling are given as
Im(A) = (—0.046 +0.044 £ 0.019)(1 £ 0.15) , (4.67)

where the first error is statistical and the second error is additive systematic and the
multiplying term is the multiplicative systematic error. The corresponding limits are

given as
—0.172 < Im(A) < 0.067 (4.68)

at 90% C.L.

Belle Searches of CP Asymmetries in 7 Decays

Belle also searched for CP violation coming from New Physics (NP) of scalar type [3].
Using the Belle detector at KEKB asymmetric-energy ete™ collider operating at T(35),
T (4S) and Y(5S5) resonances 699 fb~! of data were collected. The signal and back-
grounds from 7777 are simulated by KKMC/TAULA [3] and detector response is sim-
ulated by a GEANT3 based program. The CP observable they have used to search for
CP violation is [3, 7],

oS [ cos Beosp(TEE — T )duw
cr = o dr dr__
s || (s + = )dw (4.69)

~ (cos 3 cos ¢>i+ — (cos 3 cos ’L/J}i, ,

where dw; = dQ%d cos fd cos v in bin ¢. The angle [ is the angle between the direction of
the K and the direction of the e*e™ center of the mass (c.m) frame, both as measured
in the hadronic rest frame. The angle 6 is the angle between direction opposite to the
direction of the center of the mass (c.m) frame and the direction of the hadronic rest
frame as seen from the 7 rest frame and given as in Eq. 4.21. The angle ¢ denote the
angle between the direction of the center of the mass (c.m) frame and the direction of
the 7 as seen from the hadronic rest frame and given by Eq. 4.22. The background

subtracted asymmetry is shown in Fig. 4.7 with the statistical and systematic errors
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added in quadrature where the vertical error bars are the systematic errors added in

quadrature [3].

0.03

a 0.15f
Q

o B
< F o — v K=t (a) °< F o > v K2 (b)
0.1} —#— data 0.02[| - data
| —— control sample ' —&— control sample
0.05F —y— MC with Im(qs=0.1) o.01f
iy S — F
of
-0.05 £ -0.01f
-0.1F -0.02|
- —_— -
Lol | G T P LA (o S e e B £ | L % | INERTTEN [T T NS SRR AU N S NS A (1
VIS8~ 7 72 T4 16 00358172 14 16
2
W (GeV/c?) W (GeV/c?)

Figure 4.7: (a) The measured CP violation asymmetry after background sub-
traction are made (squares). (b) The expanded view where the vertical scale is

reduced by a factor of 5 [3].

In Fig. 4.7 the CP asymmetry measured in the controlled sample is indicated by the
blue triangles (statistical errors only) and the inverted red triangles show the expected
asymmetry for the I'm(ns) = 0.1 [Re(ng) = 0] where ng is the complex scalar coupling
from the NP. Comparing with CLEO’s notation in Eq. 4.3 we have ng = 1.1A [3].
Data from the Belle search for CP violation in the 7+ — ngﬂ':tVT decays by analyzing
asymmetries in the angular distributions of 77 with respect to 7= show no significant
CP asymmetry. Therefore Belle have set an upper limit for the CP violation parameter
Im(ng) in the range of [Im(ng)| < 0.026 or better, depending on the parametrization

used to describe the hadronic form factors, at 90% confidence level.
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Chapter 5

Observed Sign Anomaly in

Acp(T — KST(-VT)

5.1 Introduction

Apart from the CP phases that may arise in the neutrino mixing matrix, the decays of
the tau lepton may allow us to explore nonstandard CP-violating interactions. Various
experimental groups have been involved in exploring CP violation in tau decays in the
last decade or more. In 2002, the CLEO collaboration [2], and more recently the Belle
Collaboration[3], studied the angular distribution of the decay products in 7 — Kgmv,
in search of CP violation from model dependent new scalar particle exchanges; however,
neither study observed any CP asymmetry. The BaBar collaboration for the first time
reported a sign anomaly in the measurement of CP asymmetry in the 7 — Kg7mv, decay
[20]:

I(rt = Kgrtw,) —T(r7 — Ksmv,)
I(rt = Kgrtv,) + (77 — Kgn~v;)

The (BaBar, BELLE, CLEO and FOCUS) [37] collaborations have reported the mea-

A, = = (036 £023+0.11)% . (5.1)

sured CP asymmetry in the D — Kg7 decay as:

I(D* — Kgnt) —T(D~ — Kgn™)
Ap = = —(0.54+0.14 5.2
DT T(DY S Kent) + (D~ — Kgr) ( % (52)
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where the value given is the average of the four measurements. Now if only CP asymme-
try in these decay modes is the SM one coming form K° — K° mixing then as argued by
Grossman and Nir in Reference [37], the sign of the CP asymmetry observed in the A,
and Ap should be opposite. In Section 5.2 we will reproduce the Grossman and Nir’s
basic argument of why the sign in the A, and Ap should be opposite and especially why

the sign in the A. should be positive, contrary to BaBar’s observation of negative sign.

5.2 CP Violation From K" — K" Mixing in SM

In SM there is no CP violation in the leptonic sector and the only source of CP viola-
tion in the quark sector is the one phase in the CKM mixing matrix. So the measured CP
asymmetry in 7+ = Kgn*v, and D* — Kg¢n¥ from the B-factories [BaBar,BELLE,CLEO
and FOCUS] comes mainly from the CP violation in the K° — K° mixing in SM. As
Grossman and Nir pointed out [37], BaBar’s measurement of CP asymmetry in the

% 5 Kentu, :
Ar =—(0.36 £0.23 £ 0.11)% (5.3)

and (BaBar, BELLE, CLEO and FOCUS)[37] collaborations measurements of CP vio-

lation in the D* — Kgn™ as:
Ap = —(0.54 £ 0.14)% (5.4)

are in conflict with the SM prediction of CP violation in these decays coming from the
K%— K% mixing alone, as K°— K" mixing predict these two decay modes to have opposite
sign. The reason why the 7% — KgrTv,. and D¥ — KgrT should have opposite sign
is that the 77 (77) decay initially to K°(K®) while D*(D~) decay initially to K°(K?)
state neglecting the color and doubly Cabibbo suppressed decay DT — K%+, Since the
intermediate Kg state is not directly observed in the experiments but it is reconstructed
via the 777~ final state with m,, ~ m K¢ and time difference between 7 and D decay

and K decay time t =~ Tg where 7g is the lifetime of the Kg. Thus, the CP asymmetry
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from K°(K°) mixing in SM depends on the integrated decay times given as
Ar(t1,t2) = —Ap(ti, t2) = Ac(t1, t2), (5.5)

with

(5.6)

where the K%(t) (K°(t)) are time evolved states at time ¢ from initial pure states K°(0)
(K°(0)). Although the theoretical prediction depends on the t1,%, and on the details
of the experiment, the fact that A-(t1,¢2) and Ap(t1,19) are predicted to have opposite
sign by SM, while experimental measurements [37] of these observables carry the same
sign is interesting even though the naive expectation that A, = —Ap is excluded at
3.30. It is very difficult to assess the significance of A; # —Ap until the dependence of
theoretical prediction on the ti,ts and on details of the experiment are properly taken
into consideration. In the next section the details of the phenomenological prediction of

CP violation from K° — K° mixing in SM is derived.

Phenomenology of K’ — K Mixing in SM

The states |K9) and |K°) are the flavor eigenstates and the states |Kg) and |Kp) are the
mass eigenstates of masses mg and my, and widths I'g and 'y, respectively. The states
|Kg) and |K 1) are linear combinations of the flavor eigenstates |K") and |K°) are given

as
|Ks.1) = p|K°) £ ¢|K°) . (5.7)

where the p and ¢ are such that in the case of no CP violation in the mixing we have
p=q= % In the analysis of CP violation from the K°— K° mixing the useful variables

turn out to be the average and difference in mass and width given as

m =

msTmL T = FqJQFFL, Am =myp —mg,

Am AT
Al' =T -T = — = —. 5.8
L S, T R y Y or ( )
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Now if CP is conserved then only Kg — 77 is allowed, but in presence of CP violating
dynamics in the K° — K° mixing both Kg — 77 and Kj — 77 are allowed. Then the

decay amplitudes into a final state wm are defined as
Agp = (rm|H|Ks) . (5.9)

The relevent CP violating parameters are defined as

M ~ 2Re(e) with ’2—L ”e, (5.10)
[pl* + 4l y

where terms of order |¢[? and %/ are ignored. The € being a measure of direct CP
violation. Now for the difference and sum of the time dependent decay rates of K°(t) —

7 and K°(t) — 7 are given as [37]

D%(t) = —2Re(e)(e” "5 +[ePe )4 2e 7 (Re(e) cos (Amit)+Im(e) sin (Amt)) , (5.11)
and
Sn;f(t) — e Uty e)Pe et —4Re(e)e M (Re(e) cos (Amt) + Im(e) sin (Amt)) , (5.12)

2 2 o . .
where N = |Ag|? l‘fllpltllgllz . The plots of ratio between the second term (interference term)

and the first term (non interference term) in Dy, (t) given as [37]

e M(cos (Amt) + ZZ((;) sin (Amt)) _
R(t) = — TR T [P T ; (5.13)

are shown in Fig. 5.1 below.

From Fig. 5.1 the key observations made in [37] are :

1. The interference term is not negligible even at the very early times, e.g at t = 0,

R=-1.

2. In the approximation Re(e) ~ I'm(e) and x ~ —y, the ratio changes sign when

tan ($t/7¢) = —1 that is t/7g = 37/2 4 2n7 for n = (0,1,2.....).

3. For times early enough that pure K terms can be negleted (t < 127g), R reaches

/2 371'/2.

a minimum at t/7¢ = 7, R = —e™/*, and maximum at t/7¢ = 37, R = +e
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Figure 5.1: Plot of R(t) in Eq. (5.13) as a function of time in units of 75 (top) and
the zoomed into the short region of time interval of 0 to 5 in unit of 75 (bottom)

taken from Reference [37].

The experimentally measured CP asymmetry is thus given by the convolution of the

bare asymmetry with a time dependent funtion F :

(5.14)

where the convolution function F(t) parametrize the dependence of the experimentally
measured CP asymmetry on the kaon decay time. The final measurement is sensitive
to the experimental cut i.e., it depends on the Kg selection procedure employed. It
is reasonable to approximate the function F(t) given as a step function, F(t) = 1 for

t; < t <ty else 0. For the case where ty < 77, we have [37]

fttf dte=1(cos (Amt) + %’Z((;) sin (Amt))

fttz dte—Tst
1

Au(ta,t) = —2Re(e) 1 — . (5.15)

where terms of O(e?) are neglected. In the case where direct CP violation can be

neglected, by using the model independent relation [37]

Im(e) =
Re(e)  y ' (5.16)
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they obtained

2(1 — 22/y) e~ cos Amt; — e~ 12 cos Amt,

Ae(tQ, tl) = —2R6(6) {1 —

1+ 22 e~Tsti — e=T'st2
L o (5.17)
2(x — x/y) e 1 sin Amt; — e 2 sin Amits
+ 1 + 1.2 e—Fstl _ e—Fstz :

In the region where we can take the approximation as t; < 7¢ and 79 < t9 < 71 SO
that we can take e I'st =1, e7I's2 = 0 and cos (Amt;) = 1 and also using y ~ —1 they

obtained
Aty << 75,75 <<ty << 7L) = +2Re(€) ~ 3.3 x 1072, (5.18)

where the numerical value is the experimental value. In Figs. 5.2 and 5.3 the dependence
of Ac(t1t2) on the choice of the 1 and ¢, is shown. In Fig. 5.2 a plot of the dependence
of A (t1t2)/(2Re(e€)) as a function of ¢; for to = 107¢ and in Fig. 5.3 a plot of the
dependence of the A(t1t2)/(2Re(e)) as a function of ¢y for to = 75/10 are shown as
in Reference [37]. CP asymmetry of O(103) are predicted in the 75 — Kgntv, and
D* — Kgr™ in the SM as a result of the CP violation in the K — K° mixing. Any

deviation from this prediction would imply direct CP violation in 7 and/or D decays.

\
05 \

[ t1

) T S Y S S S S SN NS SN SN SN SN S S SN S - N _— —

0.0 0.s 1.0 1.5 2.0 2.5 3.0 o

Figure 5.2: Plot of A.(¢,t,) given in Eqs(5.17) as a function of ¢; /7¢ in units of
[2Re(e)] for ty = 107g taken from the Reference [37].
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Figure 5.3: Plot of A.(t1,t2) given in Eqs(5.17) as a function of ¢5/7s in units of
[2Re(e)] for t; = 75/10 taken from the Reference [37].

5.3 A, (r — Kgmv;) in presence of new tensor In-

teraction

The BABAR collaboration’s observation [20] of the sign anomaly in the integrated decay

rate asymmetry Ag,(7 — Kgmvy) of
ABmP = (2036 £ 0.23 £ 0.11)% | (5.19)

different than expected from the SM as argued in Section 5.2 may be a sign of a new
source of CP violation other than the SM one coming from the K — K° mixing in
hadronic 7 decays. If the result stand in the more accurate future experimentations,
it is very interesting because it would be the first time a CP violation in the leptonic
sector was ever discovered outside of the possible CP violation in the neutrino mixing.
Naively one may expect that the simplest way to account for the observed anomaly would
be to introduce a direct CP violation via a new CP violating charged scalar exchange.
However, it turns out that the charged scalar type of exchange may contribute in the
angular distributions, but its mixing with SM term in the integrated decay rate goes
to zero. Now the next candidate of NP would be a new CP violating charged vector
exchange, but CP violation from vector type NP will be observable only if both vector

current and axial vector currents contribute to the same final states [6, 7]. Since in
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two pseudo scalar meson final states only vector current can contribute due to parity
conservation of strong interaction, vector type of NP can contribute in general to CP
violation in three or more pseudo scalar meson final states but not in two pseudo scalar

meson final states such as Kym. Now the only possibility left is tensor type of NP.

Effective Hamiltonian And Decay Rates

With the assumption that all neutrinos are left handed, we propose the most general
effective Hamiltonian containing all possible four fermion interaction operators that can
contribute to m — Kgmv,; as given by:

4G

Hejp= WV“S[(&“ +CY,) 07, +C7, 0, +C% 0%, + C5, 0%, + CTOT] + h.c. , (5.20)

with the operators given by

Oy, = (stY!ur) (V) (5.21)
Oy, = (srY"ur)(VryuTL) (5.22)
O%, = (srurL)(VLTR) (5.23)
0%, = (sLur)(VL7R) (5.24)
Or = ($L.0"ur)(WVLowTr) - (5.25)

Since we are concerned with CP violation in 7 — Kg7v;, we can set the Cy, and CYy,
equal to zero for simplicity as these coefficients will not contribute in CP violation in two
meson final states as argued earlier. As we mentioned earlier and argued in a paper of
ours [8] that in the integrated decay rate asymmetry the contribution from the charged

scalars goes to zero, so the only terms left are the SM term and the tensor term.
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Decay Rate of 7 — Kgnv, in SM

In the SM the 7 — Kgmv, decay rate can be expressed as:

1 2
dl sy (T = Knv) = —ﬁvgsﬁwyﬂ”dps@ (5.26)
2m, 2
where
Loy = [7ryu(1 = 35)7] [7r7 (1 = 75) 7)1 (5.27)
and
Huu _ j‘“’(jy)T (528)
where
J" = (K(q1)7(g2)|V"(0)]0). (5.29)

The hadronic current can be parametrized in terms of the vector and scalar form factors

as:

Q"Qu
-

where Q" = (g1 + g2)* and in the hadronic rest frame the decay rate can be expressed

(mi —m3)

T = FF(Q*) (9" ) (g1 — q2)v + FETQY (5.30)

as:
dlsy(Krm)  GEVEm2 1 s \? 2s
s 3xoto T\ mz) Uz <P s
5.31
. . 3(m2 —m2)? A
P@fwwz+-Li—ﬁ§LWMz
4s(1 + W{)
where
1 - -
P(s) = |gi| = 5—=V/[s — (g, +mz)?] [s — (my — mr)?] (5.32)
2/s

is the momentum of the K in the K rest frame and s is the K invariant mass squared
ie s = Q? The vector form factor can be parameterized by K*(892),K*(1410) and
K*(1680) meson amplitudes as given in Reference [9]:

1

Fy=——"
v 1+68+x

[BWicr(892)(s) + BBWicw(1410)(8) + xBWik+(1680) ()] (5.33)
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where 8 and x are the complex coefficients for the fractions of K*(1410) and K*(1680)
resonances respectively and BWg(s) is a relativistic Breit-Wigner function for R =

K*(892),K*(1410) and K*(1680) given as:

M

BWi(s) = — T AT (5.34)
and
2 s (2141)
Ca(s) = Don 2 < o Jié)) . (5.35)

Here I'r(s) is the s dependent total width of the resonance and I'gr(s) is the resonance
width at its peak and [ = 1 for the vector states and [ = 0 for the s-wave part. Similarly

the scalar form factor Fs has K§(800) and K5(1430) contributions and is given as:

S S
Fs = k—5——BWg00)(8) + Y=—5——
M?(g(soo) 0 M12<g(143o)

BWics (1430) () (5.36)

where k and ~ are the real constants that describe the fractional contributions from
K (800) and KF(1430) respectively. As reported by Belle[9], K (s92) alone is not enough
to describe the K m mass spectrum. It is best explained by K*(892)4 K*(1410)+ K*(800)

or K*(892) + K*(1430) 4 K*(800).

Tensorial Term

We now include the contribution from the tensorial operator as it has been already
pointed out earlier that scalar and the vectorial operators would not contribute to the
integrated decay rate asymmetry and CPV. The key requirement in the relevant context
of explaining the observed CPV in integrated 7 — K mv, decay rate by the tensorial
operator is that its coefficient C’lT from Eq. (6.20) should be complex so that interference
of the SM with this tensor amplitude gives the required CP phase. From Egs. (6.20) &
(6.25) the effective Hamiltonian is given as

Hg}f = 4G—FVusC'%(s‘,;a“”u;:g)(1/_LJW7'R) (5.37)

V2
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Figure 5.4: Plot of | F,| as a function of 1/Q? (in MeV) with contributions coming
from K*(892) and K*(1430) (left) and plot of |Fy| as a function of \/Q? (in MeV)
[8].

where ot = (y#4” — 4”4#) and the hadronic current can be expressed as

Fr

K S0 u|0) = i————
(I (1) wl2) " ul0) = i

(qi'q5 — abqy) (5.38)

where Fr is the tensorial form factor and only tensor terms can contribute due to parity

conservation of strong interaction and pseudo-tensor term will not contribute.

Including the contribution from the tensor term to the 7 —
Kgmv, decay rate

When tensorial term is included the total decay rate is given by

T r T
ar = (Wsu | x| dUr 0 (5.39)
ds ds ds

where the dl“d% is given in Eq. (5.31) and the full angular dependence of the other two

terms can be expressed as [19]
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2172 00,2
Wurx ___ GpVumr g mi)QP2 {—P x Re(F} FrC}) + Re(FLFrCF)

ds—dcgs’ﬂg—‘; a 3 (my + mﬂ)4s% 2

2 .2
x[m2—\/_:n“] X (sin 3 cos asin @ +cosﬁcosz/1)} ,
(5.40)

and
ot = SRV ILCEE o e [ 3 gy )
dsTPBAL (i, + my) 23853 m? 2 2 s

s P
¥ s s : ) — (1 — ——)—
X (sin 5 cos asin ¢ + cos S cos ) — ( mg) 5
X (sin S cos asin ¢ + cos 5 cos d))Q} ,
(5.41)

where P is the momentum of the K in the K7 rest frame and the angles «, 8 are same
as defined in Fig. 4.1, and v is defined as the angle between direction of flight of the lab
frame and the direction of flight of 7 as seen from the hadronic rest frame, if 7 direction
in hadron rest frame in known then we can set ¥ — 0. In [8] we have shown, also a
derivation is given in Appendix A, that the CP violation coming from the K — K mixing

and the direct CP violation in Ag,(7 — Kgmvy) can be seperated as

AE + AT
_ Yo cp
AT = Kgvy) = m ) (5.42)
and also we have
N
Br(t — Kgrv,) = %7} , (5.43)

where Ag; is the CPV coming from the K — K mixing and Ay is the direct CP violation
coming from NP particle mediated CP violation at lepton and/or quark vertices and 7.
is the 7 life time. Since both Ag) and A7, are expected to be small, we can savely ignore

terms involving the product of the two.
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Results

Case(a):

In Case(a) we will assume that Fr is a constant independent of Q? and using the
Breit Wigner forms of the various resonances contributing to the vector and scalar form
factors, the s(Kgm)(hadronic invariant mass) dependent strong phases were determined.
Taking the strong phase of the tensor form factor to be vanishing and its magnitude
to be constant, the observables A, (7 — Kgmv,) and branching fraction were used to
determine weak phase and the magnitude of the tensor coupling.

Case(a) I:

Here, we use the combination: K*(892) + K*(1430) + K*(800). Figs. 5.4 and 5.5 show
the dependence of the Form Factors and strong phases on \/@ .

150

100 -

oy

50+

0=

800 900 1000 1100 1200 1300 1400 1500

\/QZ , MeV

Figure 5.5: Plot of strong phase 0y = Arg[Fy]/mx180 + 180(in degrees) from
the combination of K*(892) and K*(1430) as a function of \/Q? (in MeV)[8].

-t T . . .
Using the average width %, and the CP asymmetry due to direct CP violation
T T . .
Acp = %, we can find the solutions for the unknowns C}.Fr and ¢, where ¢ is

the weak phase from NP. In Table 5.1 we have shown the two feasible solutions. It is
pretty obvious that only the first solution is viable, as the NP contribution has to be

much smaller than the SM contribution, since there is no glaring evidence of it, other
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than the unexpected direct CP violation seen. The smaller magnitude of the tensor mod

squared and interference term relative to the SM contribution allows the Q2 distribution

of the SM alone to be reasonably consistent with the Belle data.

SL.No | C%Fr | cos¢ A‘:‘VI 2 Int(j:%::”[ L (cos term) %ﬁ:gm(sin term)
(i) |-0.213 | -0.816 | 0.009 0.055 0.039
(i) |-3.333| 0.999 | 2.234 1.057 0.047

Table 5.

allowed

1: Table showing the NP contribution parameterized by C7Fp and the

values of the cosine of the weak phase cos¢ for Case(a) I taken from

Table II of [8].

Case(a) 1I:
Tt T
Similar to the Case(a) 1, using the average width %, the CP asymmetry due to
rt T . . .
direct CP violation Acp = % and using the combination K*(892) + K*(1410) +

K*(800), we get two feasible solutions for CTFr and ¢ as shown in Table 5.2 where here

also only the first solution is viable.

Sl.No | C7Fr | cos¢ Ajgw 2 Im(jgzs’”) (cos term) %ﬁsm(sin term)
(i) 1-0.3031-0.970 | 0.018 0.097 0.008
(ii) |-1.945 | -0.990 | 0.759 0.638 0.028

Table 5.2: Table showing the NP contribution parameterized by C7.Fp and the
allowed values of the cosine of the weak phase cos¢ for Case(a) II taken from

Table I of [8].

Case(b):
In Case(a) we have assumed that the tensor form factors are constant, but in general the
tensor form factor is expected to depend on Q? just like the vector and scalar form factors,
one way to probe the Q? dependence of the tensor form factor is to fix its parameters,
such as Q? dependent mass and width in the Breit-Wigner form, by comparing with

experimental data. Another possible way to probe the Q? dependence of the Fp(Q?) is
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to use Dirac equations of motion to express the tensor form factors in terms of scalar

and vector form factors, we have done a rudimentary analysis in this direction in [19].

5.4 Summary

Babar collaboration has reported an intriguing opposite sign in the integrated decay
rate asymmetry A, (7 — Kgmv,) than that of SM prediction from the known K° -
KO mixing. Babar’s result deviate from the SM prediction by about 2.7¢0. In this
work we have shown that NP of scalar type or vector type will not contribute to CP
violation in the integrated rate in 7 — Kgmv,, and so if the observed CP asymmetry
in integrated decay rate in 7 — Kgmy, stand with further experimental test, then
only tensor current NP can explain this observation. Using the Breit Wigner forms of

the various resonances contributing to the vector and scalar form factors, the s(Kgm)

| ——— e
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o o
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0' e IPUREUT U (N TR W T N VO W =

00100 D0 W0 160 % 100 1200 140 160

\/Q_* MV ‘jE ol

Figure 5.6: Plot of |F},| as a function of 1/@? (in MeV) with contributions coming
from K*(892) and K*(1410) (left) and lot of |Fy| as a function of \/Q? (in MeV)
with contributions coming from K*(800) (right) [8].
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dependent strong phases were determined and then taking the strong phase of the tensor
form factor to be vanishing and its magnitude to be constant, the observables A, (7 —
Kmv;) and branching fraction were used to determine weak phase and the magnitude
of the tensor coupling. In this work we have also given a full angular distributions of
the decay rate and CP asymmetry in presence of new tensor current. In future, whether
the experimentalist fit the parameters of the Fr(Q?) from their data, or a more rigurous
relation derived using Dirac equations of motion to express Fir(Q?) in terms of Fy/(Q?)

and Fs(Q?) [19], then we can do a full Q% dependence analysis.
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Chapter 6

Concluding Remarks

To conclude, flavor measurements in general provide very sensitive ways to probe SM and
possible effects from New Physics(NP), and also it can put very strong constraints on the
parameters of NP models. Currently there are several measurements showing deviations
from SM predictions in the range of (2—4)o level. In the following paragraphs, we will
give a brief chapter wise summary of this thesis.

In chapter I, we have given a brief introduction of the key concepts underpinning the
SM of particle physics, like Yang-Mills principle of local guage invariance, spontaneous
symmetry breaking and Higgs mechanism.

In chapter II, we have presented a brief review of the flavor physics, especially related
to the experimentally observed anomalies by Babar, Belle and LHCb in recent years.
Currently there are several measurements showing deviations from SM predictions in the

range of (2-4)o level. In following we will enumerate the most significant ones briefly.

SN COPRES
Ry = Br(BoK™ptp™),

= B KTe ) The LHCDb collaboration announced a 2.6 o deviation in the

measurement of the ratio of the branching fraction of B to K* and dimuons to that
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of B to K*) and dielectrons [50]. Muon (g — 2) : The muon (g — 2) measurements has
been reported to deviate from the SM expectation by more than 30 though there still
are quite large uncertainties in the SM predictions of this process.

* Br(B—D™ 1y, %
R(DW) = W : BaBar[20], Belle[21] and LHCb[22] measurements of R(D*))

decays with respect to SM predictions for these decays shows about 4o (if we take the
three deviations together). One of the main topic of this thesis is concerned with ex-
plaining this anomaly. Also there is the Babar collaboration[4]’s reported anomaly in

the measurement of CP asymmetry in 7 — Kg7nv; in the time integrated decay rate.
Chapter III has focused on the “Possible Hints of Lepton Flavor Universality Viola-
tion in R(D™)”. In the following paragraphs we will give a summary of the key results
and conclusions[27]. BaBar[20], Belle[21] and LHCb|[22] have reported an excess in the
measurements of R(D*), R(D) and Br(B — 7Tv;) than expected from SM, a possible
signature of lepton flavor universality violating NP. In this work we have analyzed the
implications for these decay modes in a Flipped two Higgs doublet model(2HDM) with
enhanced Yukawa coupling of H* to 7 lepton. In Table 6.1 we have shown two different

values of the parameters tan 8 and My that fits at same accuracy:

Smo | tan 3 | My GeV | R(D)ry | R(D*)7y | Bron(B — Tv)

1 16997 700 0.348 0.255 1.29x1074
2 19995 1000 0.348 0.255 1.29x1074

Table 6.1: x2,, = 10.95 and we have restricted the tan § in the range of 100 >
tan 8 > 1.

From Table 6.1, we see that in the range 1 TeV > My > 600 GeV and 100 > tan 5 >
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1, we have :

R(D)7p, = 0.348 +0.16 (6.1)

R(D*)pp, = 0.255 £0.07 (6.2)
and

Brrp(B — 1) = (1.29 4 0.89) x 1074, (6.3)

compared to the combined [Babar,Belle, LHCDb][23] experimental values:

R(D)gxp = 0.388 +0.047 (6.4)

R(D*)pxp = 0.321 £0.021 (6.5)
and

Brpxp(B — 1v) = (1.14 £0.27) x 101 (6.6)

By adding theoretical and experimental errors in quadrature from Egs. (6.1,6.2,6.3)
and Egs. (6.4,6.5,6.6), we conclude that our phenomenological model can give results
in agreement within lo deviation for the combination of R(D™) and Br(B — tv;)
compared to about 4o deviation from SM for the latest combined[Babar,Belle, LHCb]
experimental data for these observables. The same results can be achieved if b quark
replaces the 7 lepton in a Lepton Specific 2HDM. In that case Yukawa coupling of the
leptonic sector will be same as Type-II 2HDM and Yukawa coupling of the quark sector
will be same as Lepton Specific 2HDM [29] except the b quark which will have the
effective Yukawa coupling same as in Type-II with opposite sign, and the charged Higgs
mass may be allowed to be lower than 600 GeV in that case. We also observed that

from the form of the Yukawa couplings it is expected that if we require n = —1 for the
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b quark or 7 lepton in the 2HDM-II, then also it will fit the three observables at about
same acuracy as above model of Flipped/Lepton-Specific 2HDM. This is interesting in
a sense that it will be like 2HDM-II but with a wrong sign in either b quark or 7 lepton
Yukawa coupling, an anomalous SUSY.

In Chapter IV, we have presented a review of the theoretical analysis of CP violation
in hadronic 7 decays as well the experimental status of the some of the key CP observables

in hadronic 7 decays.

In Chapter V we have presented another main topic of this thesis “Observed Sign
Anomaly in A.,(7 = Kgmvy)”. In the following paragraphs we will give a summary of
the key results and conclusions of our analysis of the contributions coming from tenso-
rial current to this observable [8][19]. Babar collaboration has reported an intriguing
opposite sign in the time integrated decay rate asymmetry in 7 — Ky, than that of
SM prediction from the known K - K0 mixing. Babar [4]’s result deviate from the SM
prediction by about 2.70. In [8], we have shown that the CP violation coming from the

K — K mixing and the direct CP violation in Aep(T = Kgmry) can be separated as

AE L AT
Acp(T —> KSTI'I/T) —_¢@ Cf (67)
1+ AK AT,

where Ag; is the CP violation coming from the K — K mixing and A7, is the direct
CP violation coming from NP particle mediated CP violating at lepton and/or quark
vertices and 7, is the 7 life time. Since both Ag) and A7, are expected to be small,
we can safely ignore terms involving the product of the two in the denominator. In [§],
using the Breit Wigner forms of the various resonances contributing to the vector and
scalar form factors, the s(Kgm) (hadronic invariant mass) dependent strong phases were

determined. Taking the strong phase of the tensor form factor to be vanishing and its
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magnitude to be constant, the observables A.,(7 — K mv;) and branching fraction were
used to determine weak phase and the magnitude of the tensor coupling. Also we have
given a full angular distributions of the decay rate and CP asymmetry in presence of

new tensor current of the 7 — K mv,.
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Appendix A

Separating The Mixing And The
Direct CP Violation Parts

In presence of New Physics, the experimentally measured CP asymmetry Agfgp will
be result of the combination of CP asymmetry arising from the K° — K° mixing
and direct CP aymmetry coming from the leptonic current vertex or the quark
current vertex. Hence in the presence of both direct and indirect CP violations,

we can express the observed decay rate asymmetry as|§|

I'r" — Kertu,) fttf [(K°— 7r) —T(r — Kgm v;) ﬁf [(K° — 7o)

Al = *
cP It — Kenty,) fttf NK? = o)+ T'(7— — Kem~v,) fttlz T(KO — 77)
(A.1)
Now if we define
AKO_F(O ttIQ[P(KO —>7T7T) —F(KO %7‘(7‘()] ttf[PKO —I‘RO] (A 2)
o tt12 [D(K® — 7o) + T(KO — @) ;12 [T KO 4 TK] '
and also I =T (7" — Kgntv,) and I =T(r~ — Kgnv;) with
, I -1
ACP - I‘T+ 4+ I (AB)
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then we have

7t (2 pKO e t2 KO
r ftlF r t1F

Exp __
der =1 TR 4T [PTR (4-4)
Now we have
T+ to 0 T to 0 -t T ftz[FKO—FKO] T+_ T ftz[FKO“FFRO]
r t1 FK =T t1 FK - Q{F ‘é‘r L 2 - 2F = 2
1 Tt T 2 KO KO KO T
= ST [ TR AL+ A7) (A.5)
t1

and similarly the sum is given as
+ t2 KO — t2 [_(U ]. + — t2 KO f(() KO
rr / r~ +1r / re = §(FT +1I7 )/ %+ T )1+ ASpALp]. (A.6)
t1 t1 t1

Therefore, the observed asymmetry for the decay rate can be expressed as

KY T
map _ Acp + Abp
cp KO A+

L+ AcpAGp

(A7)

In the cases where the NP contribution to A7, are comparable or smaller than
0 . .
SM part AK,, we can neglect the product term in the denominator and take the

above equation as
AL~ AKL + AT (A.8)

Then the direct CP violation and CP violation due to oscillation part get decou-

pled.
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Appendix B

Definitions of Helicity
Amplitudes, Coordinate Frames,
Kinematics And Polarization

Vectors

Coordinate Frames, Kinematics And Polarization
Vectors.

We choose the coordinates such that, in the rest frame of decaying B meson, the
D* momentum is along the z-axis and the charged lepton momentum is in the x-z

plane with positive x-component. Then the four momentum is given by

p%’ = (mB707070)7 p%* = (ED*7070a |ﬁD*|)7 qH = (q070707 _lﬁD*D (B]-)
where
m% +m2. — ¢ m% —m%. +q¢* V -
Ep, = ZEXID D@ o MpT Wbt e V@GS gy

2mB



with

Q+ = (mp £ mp-)* — ¢*. (B.3)
The polarization vectors for the virtual W in the rest frame of the B meson are
given by

1 1

(|pD* 70707 _q0)7 E(” 78)“ = qu'
V@ V@
(B.4)

1
:F_(07 ]-7 :an 0)7 E(Wa O)ﬂ -

(W, £)H = 7

and polarizations of the D* meson in the rest frame of the B meson are given by

1 1
= F—(0,1,F4,0), €e(D*,0*=—(|pp-
F 5O LF0), e(D7 0 = 2 (1pp

In this frame the D* meson is moving along the positive z-axis, whereas the virtual

e(D*, £)"

,0,0,Eps).  (B.5)

W is moving in the negative z-axis.

In the rest frame of the virtual W, we have

P = (Ep.0,0,[pp]), ¢" = (V/4%,0,0,0) (B.6)
and

P = (Ey, |pi|sin6,, 0, |p| cos6;), p= = (|p], —|p| sin by, 0, —|py| cos ;)  (B.7)

where

2 2 2
my — Mp« + ¢ q* +m? q* —m?
Ep=—EL L ;b = VQiQ_, B = ——=", |ii| = —=-

2V 2\/_ NN

(B.8)

where 6, is the angle measured between the lepton | and the D* meson in the rest

frame of the virtual W and can be expressed as

(@® +m?)(m% —mb. +¢%) — 4m%q*z

(¢* - mzz)v Q+Q-
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with

b PB
T = 5
mp

(B.10)

and in the rest frame of the virtual W, the polarization of the virtual W is given

as

1
(I, 2 = (0, 1,7,0), (W00 = (0,0,0,-1), (10", )" = (1,0,0,0),

(B.11)

Helicity Amplitudes And Evaluation of The Lep-
tonic Matrix Elements.

In general, the decay B — D™]y; can be expressed as

GrVea
V2

by inserting the completeness relation [67]"

M(B — D™y =

L,H" (B.12)

Z EH(WL)EZ(TL)Q,,,L" = Guv (B13)

m,n

where ¢y, = diag(1,—1,—1,—1) and so we can express equation B.12 as

GrV,
M(B = DWly) = =23 " L(m) H (1) gn (B.14)
\/_ m,n
where
H(n)apeaw = €,(n, Aw)(D*(Ap+)|Jy| B) (B.15)
lintuitively this can be guessed for the Virtual W*(Mav = ¢%) from the relation
S seulm)es(m) = —gu + 3 as q—“qQ act as the €,(s), the scalar component of the vir-

tual W* polarization in the virtual W* rest frame.
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and
L(m)yaw = €.(m, Aw ) (L) (M), 10) (B.16)

with \; and Ay as the helicities of lepton [ and virtual W respectively.

Now the hadronic matrix elements can be evaluated in terms of the form factors,
as done in the sections 3.7 and 3.7, so here we will give the method of evaluating
the leptonic matrix elements following the derivation given in [67]. In the chiral

representation, the Dirac matrices are given by

0 o -1 0
Y * ) 75 - (Bl?)
a0 0 1

with o = (1, +0;) where o; are the Pauli matrices. The four component spinor

can be expressed in terms of the two component spinor as

u(p, A)- v(p. A)-
u(p, ) = L e = (B.18)
U,(p, )\)+ v(pv >‘)+
where the A denotes the helicity of the particle. Now the two component spinors

can be expressed in terms of the helicity eigenspinors as

u(p, N+ = wix(0), o(p, A)x = Fwzx(0)- (B.19)

where the chirality conserving/flipping factor is given by wy = /F £ p respec-
tively, and the helicity eigenspinors are given by

—sin %96‘”’
\(0). (B.20)

. 5
sin %«96“1’ coS %6’

cos 50
X(6)+ =

which dsecribe either particles of helicity :I:% respectively or anti-particles of he-
licity :F% respectively having an arbitary four-momentum given by
p" = (E,psinf cos @, psinfsin ¢, p cosh) (B.21)
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where 0 < # < 7 and 0 < ¢ < 27, but in our choice of coordinate system, ¢ = 0,
so the matrix elements are independent of the angle ¢.
So then in the rest frame of the virtual W, the leptonic matrix elements L(m)y,

given in Eqs(C.16) can be evaluated as

L(m))\h)\w = EZ(ma )\W')ﬂ(pl, )\l)’yu(l - ’)’5)11(]7,/, +)

(B.22)
= —2w(p1)-w(po) e (m Aw)X(0)], o X (6)5,——
then using Eqs(C.20) with ¢ = 0 we have
x0T o" x(8)_ = (0, — cos 0, —i,sin h) (B.23)
and
X)Lt x(0) - = (0, —sinb,0, —cos ). (B.24)

Then using the form of the virtual W polarizations from the Eqs.(C.11) we have

L(im)_ . =2v/¢?>vdy, L(m)_y = —2+/q?vdy, L(m)_ =0 (B.25)
and
L(m). . = £2myoudy, L(m)y o= —2mu(dy —d_), L(m); s = —2muv (B.26)
with
m? 1+ cosf
V= 1——}, = ——+——, dg=-sint B.27
e V2 ’ (B27)

where 6 here is the angle made by the charged lepton [ with the z-axis (direction

of the decaying B meson) in the rest frame of the virtual W.

109



Bibliography

[1] M.Kobayashi and T.Maskawa, Prog.Theor.Ph. 49,652(1973)

2] G. Bonvicini et al. [CLEO Collaboration], Phys. Rev. Lett. 88,
111803 (2002) [hep-ex,/0111095].

[3] M. Bischofberger et al. [Belle Collaboration], Phys. Rev. Lett.
107, 131801 (2011) [arXiv:1101.0349 [hep-ex]].

4] J. P. Lees et al. [BABAR Collaboration|, Phys. Rev. D
85. 031102 (2012) [Erratum-ibid. D 85, 099904 (2012)]
[arXiv:1109.1527 [hep-ex]]|.

5] Y. Grossman and Y. Nir, JHEP 1204, 002 (2012)
[arXiv:1110.3790 [hep-ph]].

6] Y.S Tsai, Phys.Rev. D51 (1995) 3172-3181

(7] J. H. Kuhn and E. Mirkes, arXiv:hep-ph/9609502v1 27 Sept
1996

110



8] H.Z. Devi, L.dhargyal, Nita Sinha, Phys. Rev. D 90, 013016
(2014)

9] D. Epifanov et al. [Belle Collaboration], Phys. Lett. B 654, 65
(2007) [arXiv:0706.2231 [hep-ex]].

[10] CLEO Collaboration, Phys. Rev. Lett. DOI: 10.1103/Phys-
RevLett.88.111803

[11] CLEO Collaboration, arXiv:hep-ex/0104009v2 6 Apr 2001

[12] I. I. Bigi and A. . Sanda, Phys. Lett. B 625, 47 (2005) [hep-
ph /0506037].

[13] S. Y. Choi, J. Lee and J. Song, Phys. Lett. B 437, 191 (1998)
lhep-ph/9804268).

[14] D. Kimura, K. Y. Lee and T. Morozumi, arXiv:1201.1794 [hep-
ph.

[15] Ken Kiers et al., arXiv:0808.1707

[16] R. Decker, E. Mirkes Z. Phys. C 57, 495-500(1993)

[17] CLEO Collaboration, Phys. Rev. D 61, 072003 (2000)

(18] J. H. Kuhn, E. Mirkes Z. Phys. C - Particles and Fields 56,
661-671 (1992)

111



[19] Lobsang dhargyal, arXiv:1605.00629
[20] The Babar collaboration, Phys.Rev D88, 072012 (2013).

21] The Belle collaboration, arXiv:1507.03233v1 [hep-ex] 12 Jul
2015.

122] LHCb collaboration, G. Ciezarek (LHBc), Talk at FPCP con-
frence 2015.

23] M. Rotondo, Talk by Zoltan Legeti at FPCP confrence, 2015.

24] S. Fajfer, J.K Kmenik and I. Nisandzic, Phys.Rev D85, 094025
(2012),1203.2654

125] J. P. Lees et al, [BABAR Collaboration], arXiv:1207.0698 [hep-

ex]/.

126] K. Hara ct al, [Belle Collaboration|, Phys. Rev. D 82 (2010)
071101 [arXiv:1006.4201 [hep-ex]].

[27] Lobsang dhargyal, Phys.Rev. D93 (2016) no.11, 115009.

28] J. Charles et al, [CKMfitter Group Collaboration], Eur. Phys.
J. C 41 (2005) 1 [hep- ph/0406184], updated results and plots
available at: http://ckmfitter.in2p3.1r.

[29] G.C Branco et al, Theory and phenomenology of two-Higgs-
doublet models, arXiv:1106.0034v3 [hep-ph] 19 Dec 2011

112



[30] S. Sandilya, arXiv:1706.01027v1 [hep-ex] 4 Jun 2017
[31] A. Broggio et al, arXiv:1409.3199v1 [hep-ph] 10 Sep 2014
32] Wei-Shu Hou, Phys. Rev. D 48 (1993) 2342

[33] Martino Margoni et al, Nuclear and Particle Physics Proceedings
263-264 (2015) 24-31.

[34] Lorenzo Calibbi et al, arXiv:1506.02661v1 [hep-ex] 8 Jun 2015.
[35] U. Haisch, arXiv:0805.2141v2 [hep-ph] 13 Jul 2008
136] A. W. El Kaffas et al, arXiv:0706.2997 [hep-ph] 20 Jun 2007

[37] Y. Grossman and Z. Ligeti, Phys. Lett. B 332 (1994) 373 [hep-
ph/9403376] 28 Mar 1994

[38] Andreas Crivellin et al., 10.1103/PhysRevD.86.054014
[39] Andreas Crivellin et al., 10.1103/PhysRevLett.116.081801

[40] Yasuhito Sakaki and Ryoutaro Watanabe., Phys. Rev. D 88,
064012 (2013).

[41] A. Abdesselem et al.[Belle collaboration|, arXiv:1604.04042.

[42] J.P Less et al.[BaBar Collaboration],Phys. Rev. Lett.
109,101802(2012), arXiv:1205.5442.

113



[43] M. Huschle et al.[Belle Collaboration],Phys. Rev. D 92, no. 7,
072014(2015), arXiv:1507.03233.

[44] Heavy Flavor Averaging Group, Y. Amhis et al,
arXiv:1412.7515.

[45] H. Na et al.[HPQCD Collaboration|,Phys. Rev. D 92, no. 2,
054510(2015), arXiv:1505.03925.

[46] Pich A and Tuzon P, 2009 Phys. Rev. D 80 091702 (Preprint
0908.1554)

[47] Otto Eberhardt et al, arXiv:1305.1649v2 [hep-ex] 20 Aug 2013.
48] Abner Soffer, arXiv:1401.7947v3 [hep-ex] 4 Mar 2014.

[49] Phys. Rev. 96, 191 — Published 1 October 1954,

[50] G. Hiller and F. Kruger, Phys. Rev. D 69, 074020 (2004).

51] G. Hiller,Plenary talk at EPS 2015,
http://indico.cern.ch/event356420/contributions /1764018 /.

[52] R. Aaij et al. [LHCb collaboration|, JHEP 1602, 104 (2016) ,
arXiv:1512.04442.

(53] A. Abdesselem et al.[Belle collaboration|, arXiv:1604.04042.

[54] V. Kachatryan ey al.[CMS and LHCb collaborations], Nature
522, 68(2015) , arXiv:1411.4413.

114



[55] V.M Abozov et al.[DO collaboration|, Phys. Rev. D 84,
052007(2011), arXiv:1106.6308.

[56] Vardan Khachatryan et al. Search for lepton-flavour-violating

decays of the Higgs boson. 2015.

[57] Georges Aad et al. Search for lepton-flavour-violating H — 7u
decays of the Higgs boson with the ATLAS detector. 2015.

(58] K. A Olive et al. [Particle Data Group Collaboration], Chin.
Phys. C 38(2014) 090001.

59] K.J Vries et al.,, Eur. Phys. J. C 75mno0 9, 422(2015),
arXiv:1504.03260.

[60] B. A. Knichl, F. Madricardo and M Steinhauser,, Phys. Rev. D
62, 073010(2000), arXiv:hep-ph/0005060.

[61] BaBar collaboration, Phys. Rev. D 88, 072012(2013).
[62] Belle collaboration, arXiv:1507.03233.

[63] C. Patrinani et al. (Particle Data Group), Chin. Phys. C, 40,
100001 (2016).

[64] R. Aaij et al. [LHCb Collaboration], arXiv:1705.05802 [hep-ex].

[65] Zoltan Ligeti, arXiv:1606.02756v1.

115



[66] Zoltan Ligeti, arXiv:1502.01372V2 [hep-ph] 19 May 2015.

67] K. Hagiwara, A.D Martin and M.F Wade Nuclear Physics
B327(1989) 569-594

116



	01_title
	02_certificate
	03_prelim_pages
	04_contents
	05_abstract
	06_tabfiglist
	07_chapter_1
	08_chapter_2
	09_chapter_3
	10_chapter_4
	11_chapter_5
	12_chapter_6
	13_misc

