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Abstract

The thesis deals with one particular type of physics beyond the Standard Model 
(SM), viz. possible violation of the discrete symmetry CPT. Recently the issue 
of CPT violation (CPTV) has received a lot of attention due to the growing phe
nomenological importance of CPT violating scenarios in neutrino physics and in 
cosmology. It is also necessary to find some observables that will clearly discrim
inate CPT violating signals from CPT conserving ones. The combined discrete 
symmetry CPT, taken in any order, is an exact symmetry of any axiomatic quan
tum field theory (QFT), and local field theories must violate Lorentz symmetry 
in order to be CPT violating.

Right now, there is no signature of CPT violation, or for that matter any type 
of new physics, in the width difference of Bd — Bd and decay channels of Bd. 
The width difference for the Bd system, Ard, is too small yet to be measured 
experimentally, and the bound is compatible with the Standard Model (SM). On 
the other hand, it is expected that the width difference Ars would be significant 
for the B3 system, but at the same time we know that the theoretical uncertainties 
axe quite significant. If there is some new physics (NP) that does not contribute 
to the absorptive part of the Ba — Bs box, the width difference can only go down, 
while there are models where this conclusion may not be true.

We first formulate the way to incorporate CPT violation in neutral Bq — Bg 
(q = d, s) mixing, and show its possible ramifications in various observables. In 
particular, we pay special attention to the anomalous like-sign dimuon asymmetry 
recently observed in Tevatron. Next, we discuss how to incorporate CPTV in the B 
decay amplitudes. As an illustrative example, we consider the decay Bs —> DfKT 
We also show how CPTV in mixing can be disentangled from CPT conserving new 
physics, and propose a few observables. This proposal is under consideration by 
the LHCb Collaboration.
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Chapter 1

CP Violation in Standard Model 
and B Physics

“A slight asymmetry inspired instant 
fondness. ”

- Nicholson Baker

Weak interaction is known to violate parity P and the charge conjugation sym
metry C maximally, because of its Lorentz structure: the V — A current changes 
to V + A. In 1964, Cronin et al. found that even the combined symmetry CP is 
violated [2], albeit by a very small amount, in the kaon system; the mass eigen
states of neutral kaons are not the CP eigenstates. A possible mechanism was 
suggested by by Kobayashi and Maskawa [3] in 1972, who extended the quark 
mixing mechanism of Cabibbo to three generations. Over the last decade, the 
Cabibbo-Kobayashi-Maskawa (CKM) paradigm for CP violation has been vin
dicated in several experiments, notably the B-factories. At the same time, the 
amount of CP violation needed to explain the baryon asymmetry of the universe 
is about 9 orders of magnitude larger than that provided by the CKM mechanism, 
so there must be some new sources of CP violation.

The third discrete symmetry that we will talk about is the time reversal, T, 
which flips the temporal coordinates. It has been shown by Liiders, Pauli, and 
Bell that the combined symmetry CPT taken in any order, must be an exact 
symmetry of any local axiomatic quantum field theory (QFT) [4]. This is known 
as the CPT theorem and is one of the cornerstones of QFT. By the CPT theorem, 
we can say that the weak interaction also violates T, and T violating quantities 
like the electric dipole moment of electron or neutron is also a signature of CP
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1. CP Violation in Standard Model and B Physics 2

violation.

1.1 Discrete symmetries: C, P and T

Symmetries have always played a crucial role in physics. The connection between 
continuous symmetries and conserved quantities has been formulated through 
Noether’s theorems. Apparently complicated and chaotic atomic and nuclear spec
tra could be understood through an analysis of underlying symmetry groups, even 
approximate ones. Symmetries and symmetry breaking in local gauge theories 
hold an essential role in constructing fully relativistic quantum field theories that 
are both non-trivial and renormalizable[5].

Similarly, discrete symmetries, transformations relating to which cannot be 
viewed as the continuous change of a variable, have also formed an important part 
in our understanding of the physical world - as in crystallography and chemistry. 
They appear as permutation symmetries in quantum theory through Bose-Einstein 
and Fermi-Dirae statistics. Our main focus is on three of the discrete symmetries 
that are of general and fundamental relevance for physics:

• parity P

• charge conjugation C

• time reversal T

• the combined transformation of CP;

• the combined transformation of CPT.

We have learnt that nature is largely, but not completely, invariant under 
the first three transformations. Once it was realized that these were not only 
violated, but violated maximally - it was noted with considerable relief that CP was 
apparently still conserved. It had been suggested T was microscopically invariant 
following from Mach’s Principle and as CPT holds naturally for all local axiomatic 
quantum field theories, it by default meant CP conservation.
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1.1.1 Expressions for C, P and T

Let us consider the Dirac equation of a particle with charge e in an electro-magnetic 
field,

7 e(f>(x, t)

d
dxv

— rf,eAv, — m

r eAi(x, t) — m

4>&t) = o,

ip(x, t) = 0 , (1.1)

where t) is a four component spinor.
After parity transformation and some remodeling to keep the form of the equa

tion intact, eq.(l.l) becomes:

7
.d
ldt e<f>(—x, t) r ■ d * / - \t------ eAi{-x,t)

OXi
m , 7°'4)(—x, t) = 0 . (1.2)

So, we can conclude that,

(1.3)

Of course also e1<^7(V(—x, t), with <p an arbitrary real phase, would provide a valid 
solution.

Following the same procedure and changing e -4 — e, utilizing the arbitrariness 
of the multiplicative phase and recognizing the fact that must satisfy

il>(x, t) -4- 4)p(x, t) = 7°^(—x, t) = P^x, t)

+ e<fi(x, t) r + eAi(x, t) — m = 0 , (1.4)

we find

ip(x, t) -4 if}c(x, t) = ?t2^*(x, t) = ?727°^!T(fy t) = CipT(x, t) (1.5)

For time reversal, again using the arbitrary phase to give the factor i we get,

'tp(x,t) -4 ifpp{x,t) — ij1^3^*^, —t) = Tij}*(x, —t) (1.6)
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Field P C
Scalar Field <p(x, t) 4>{-x, t) #(f, t)
Dirac Spinor 1>(x, t) 7°0(z, t) ?727°0t(:e, t)

i){x, t) i>{-x, t)7° —tpT(x, t)^1
Axial Vector Field Ap(x, t) -A^-x, t) At(f, t)

Table 1.1: C and P transforms of fields, /x = 0,1,2,3, Ak = —Aand A0 — Aq.

Bilinear P C T CP CPT
scalar 0201 0102 '4*2'$ 1 0201
pseudo scalar 01 7502 017502 027501 ~0l7s02 -027501 027501
vector 0i7M02 0i7m02 -027/101 0l7M02 -027^01 -027m0i
axial vector 017^7502 --~0l7M7502 027/17501 017^7502 -027M7501 -027m7501
tensor 01<V02 0i(Vu'02 ~02<V01 -010^"02 -02(7^01 02<V01

Table 1.2: C and P transforms of bilinears.

For the combined operations we have:

CPtp(x, t) = ie*^727°'0*(—x,t) (1.7)

CPTiP(x, t) = e*7 50(“£, -f) (1.8)

i'yQ'y1^2^3.where y5
For completeness the transfonnation properties of different wave-functions and 

bi-linear forms are listed in tables (1.1) and (1.2).

1.1.2 CP violation and the SM lagrangian 

Yukawa couplings and the origin of quark mixing 

The full Standard Model Lagrangian consists of three parts:

PsM 1 P kinetic T P Higgs T P-Yukawa-

After spontaneous symmetry breaking,

#*)= rl) ^ °
\<f>° ) \/2 l v + h(x)
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the following mass terms for the fermion fields arise:

= YtQ’uW'R, + + h.c.
= + Y^u\a~^uRj + h-c- + fermion to Higgs interaction terms

= Mfjd^d1̂  + + h.c. + interaction terms

To obtain proper mass terms, the matrices Md and Mu should be diagonalized.
We do this with unitary matrices Vd as follows:

MLa = V£M*V«
ML, = VtMdVJ? .

Using the requirement that the matrices V are unitary {Vd^Vd = 1), the 
Lagrangian can now be expressed as follows:

^ W)** W)** + h-c. +...
where the matrices V are absorbed in the quark states, resulting in the following 
quark mass eigenstates:

= (u%4; =

“n = u'i., ; “m = (K)„ ■

If we now express the Lagrangian in terms of the quark mass eigenstates d, 
u instead of the weak interaction eigenstates d1 , u1, the price to pay is that 
the quark mixing between families (i.e. the off-diagonal elements) appears in the 
charged current interaction:

£«n«i«c (Ql) = + ^dr7,w+% +...

= jf, i- Xt, (v?v2")..7,W+“u, +...

The unitary 3x3 matrix

Vckm = (v?v^) (1.9)

is the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [3].
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By convention, the interaction eigenstates and the mass eigenstates are chosen 
to be equal for the up-type quarks, whereas the down-type quarks are chosen to 
be rotated, going from the interaction basis to the mass basis:

or explicitly:

uf = Uj 

d{ = VcKMdj

(d‘\ (vud vv US vj\
Vcd Vcs V*

W \Vui Vts Vtd)

(d
s

V
CP violation in SM

If we examine the Yukawa part of the Lagrangian:

d-'Yukawa ^ij^pLi^pRj "P h.C.

= YijiiuiH’Ri + Yij'hljtfi'u

(1.10)

As the CP operation transforms the spinor fields as follows:

CP (jhiHjRj) = 'pRjftipu ,

C-Yukawa remains unchanged under the CP operation if Yy = dis
similarly, if we look at the charged current coupling in the basis of quark mass 

eigenstates and the CP-transformed expression, then we can conclude that the 
Lagrangian is unchanged if Vy = Vf-. Thus, we can introduce CP violation in 
Standard Model by making the CKM matrix complex.

1.2 The Cabibbo-Kobayashi-Maskawa matrix and 
CP violation

The CKM-mechanism is the origin of CP violation, and earned Kobayashi and 
Maskawa the Nobel price in 2008, for the discovery of the origin of the broken 
symmetry which predicts the existence of at least three families of quarks in nature.

A general n x n complex matrix has n2 complex elements, and thus 2n2 real
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parameters. Unitarity {VW = l) implies n2 constraints - a) n unitary conditions 
(unity of the diagonal elements); b) n2 — n orthogonality relations (vanishing off- 
diagonal elements). The phases of the quarks can be rotated freely: uLi —> e'^uu 
and dij —> el^dLj. Since the overall phase is irrelevant, 2n—1 relative quark phases 
can be removed. Summarizing, the CKM-matrix describing the flavor couplings 
of n generations of up and down type quarks has 2n2 — n2 — (2n — 1) = (n — l)2 
free parameters. Subsequently, we can divide these free parameters into Euler 
angles and phases: a) A general n x n orthogonal matrix can be constructed 
from |n(n — 1) angles describing the rotations among the n dimensions, b) The 
remaining free parameters are the phases: (n — l)2 — |n(n—1) = | (n — 1) (n — 2). 
For the Standard Model with three generations we find three Euler angles and one 
complex phase.

Before the third family was known, Cabibbo suggested in 1963 the mixing 
between d and s quarks, by introducing the Cabibbo mixing angle Qc- This is the 
only free parameter for a 2 x 2 unitary matrix, and the mixing matrix is a pure 
real matrix. To allow for CP violation the mixing matrix has to contain complex 
elements, satisfying Vij ^ V£. This requires at least three families. After the 
discovery of CP violation in Kaon systems by Cronin et al.in 1964, Kobayashi and 
Maskawa suggested in 1973 the possibility that the existence of a third family could 
explain the CP violation within the Standard Model. The 4th quark, the charm 
quark was only discovered a year later, in 1974, in the form of the J/'ip resonance. 
The bottom and the top quark were discovered in 1977 and 1994 respectively.

1.2.1 Unitarity Triangle(s)

The unitarity condition for the CKM-matrix, VW = VV^ = 1 leads to the 
following unitary relations:

VpdV^ + Vpsv^ + = 1 for p = u, c, or t . (1.11)

These relations express the so-called weak universality, because it shows that 
the squared sum of the coupling strengths of u to d, s and b is equal to the 
overall charged coupling of c(and t). In addition, we see that this sum adds up to 
1, meaning that there is no probability remaining to couple to a 4th down-type 
quark. Obviously, this relation deserves continuous experimental scrutiny.
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Figure 1.1: One of the six unitaritv triangles. Vi(iV*d = | e'^1, VtsV*3 =
\vuv^\ and = | W£| e‘*>'

The remaining relations:

VudV*l + VwtV* + VvbV^ = 0 

vjvz + V„VZ + VM = 0 

VutVZ + Vt,V* + VaV^ = 0 (1.12)

and their three complex conjugate versions are known as the orthogonality condi
tions. An additional three interesting equations arise from the unitarity relation 
Vty = i) along with their complex conjugate versions:

vvdyz, + vcdv* + vtdvz = o
vvdK> + VciVZ + vtdvz = o
V„C + V„VS + VuVi = 0 . (1.13)

Equations (1.12 - 1.13) give relations in which the complex phase is present. 
As these are sums of three complex numbers that must yield zero they can be 
viewed as a triangle in the complex plane, see for example Fig. (1.1).

1.2.2 Accurate and approximate parametrizations of CKM 
matrix

In the literature there are many different parameterizations of the CKM matrix. 
A convenient representation uses the Euler angles % with i, j denoting the gen
eration labels. With the notation cy = cosdij and sy = sinfly the following 
parametrization was introduced by Chau and Keung [7], and has been adopted by
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the Particle Data Group [9]:

/ $12 512 °\ ( C13 0 s^e ,l5l3N' (1 0 0

PCKM = ~Sl2 Cl2 0 0 1 0 0 C23 $23,

0 0 V v-si3ei513 0 C13 / v> ~S23 $23/

/ C12C13 S12C13
Size~lSl3

= -S12C23 — Cl2S23Sl3ei513 C12C23 — ■Si2S23Si3e“513 S23C13

\ S12S23 — Cl2C23Sl3ei513 —C12S23 ~ Si2C23Si3el<Sl3 C23C13

(1.14)

The phase 8 is necessary for CP violation and can be made to appear in 
many elements, and is chosen here to appear in the matrix describing the relation 
between the 1st and 3rd family, and can all be chosen to be positive and 5 
may vary in the range 0 < <5 < 2ir. However, the measurements of CP violation 
in K decays force 8 to be in the range 0 < 8 < ir [8].

1.3 Neutral meson oscillations

The phenomenon of neutral meson oscillations is important for various reasons. 
Firstly, in many measurements of CKM-parameters, the oscillations play a crucial 
role in providing a second transition amplitude from the initial state to a given 
final state. This second amplitude is needed to determine the relative phase dif
ference between two amplitudes. Secondly, the observation of two KO particles 
with largely varying lifetimes and the resulting discovery of CP violation is of 
historical importance and is described in terms of a superposition of (JP^-states 
and its quantum mechanical evolution. The formalism described in this section is 
valid for all weakly decaying neutral mesons: K°, D°, Bd and Ba - although the 
difference in mass (and thus available phase space for the final state) and coupling 
strength (CKM-elements) results in dramatically different phenomenology.

1.3.1 The mass and decay matrix

The states |P°) and \P°) are eigenstates of the strong and electromagnetic interac
tions with common mass mO and opposite flavor content. We consider an arbitrary 
superposition of the P° and P° states, which has time-dependent coefficients a(t) 
and b{t) respectively:

^()=a(t)|P°)+6(t)|P°)
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We can write ip(t) in the subspace of P° and P° as follows

The effective Hamiltonian that governs the time evolution is a sum of the strong, 
electromagnetic and weak Hamiltonians.

H — Hst + Hem + Hwk

The wavefunction ^ must then obey

.&ip
%

dt
Hi>

The Hamiltonian can then, in the (P°, P°) basis, be written as 2 x 2 complex 
matrix:

H=M-lP 
2

where both M and P are Hermitian matrices. M will provide a mass term and 
due to the —i, P will provide the exponential decay. H is not hermitian reflected 
in the property that the probability to observe either P° or P° is not conserved, 
but goes down with time. If the weak part of the Hamiltonian did not exist the 
P system would be stable and so H would reduce to a diagonal matrix with mass 
terms for P° and P°. With the weak interaction responsible for the decay we 
get additional P terms in if. If we now allow for the transitions P° —> P°, the 
off-diagonal elements are introduced:

. d ( a(t) 
1 dt y b(t)

Mo M\ 2 \ * / To r 12

m*2 Mo )~ 2^r*2 r0
a(t)
m

(1.15)

The off-diagonal elements consist of two parts, M12 and |Pi2, which describe differ
ent ways of the P° -> P° transition. My2 quantifies the short-distance contribution 
from the (calculable) box diagram and Pi2 is a measure of the contribution from 
the virtual, intermediate, decays to a state /, see 1.2.

If we now assume that CPT is valid then it follows that Mu = M22, M21 = Mf2 
and Tn = T22, P2i = r*2 meaning that mass and total decay width of particle 
and antiparticle are identical. In general there can be a relative phase between 
the on-shell (or dispersive) and off-shell (or absorptive) transition, i.e. between
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via off-sheLl states, 
weak box-diagram

pO P°

via on—shell states, 
p<U f _* po

Figure 1.2: The neutral meson oscillation consists of two contributions, namely 
through off-shell states and on-shell states.

Pi2 and M12 [17]:

0 = arg
M12

Pl2

=> A to = 2 \M12\

and AP = 2 |r12| cos(p (1.16)

If T is conserved then it follows that r*2/r12 = M*2/Mu so that by introducing 
a free phase we can make P12 and M]2 real.

Eigenvalues (-vectors) of mass-decay Matrix

Given the Schrodinger equation (1.15) we find the eigenvalues of the mass-decay 
matrix, by solving, the determinant equation:

M — | — A M12-f
A

0

If we express the eigenstates Pi and P2 as:

i-Pi)=pip0) - ?ip°)
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Figure 1.3: The two interfering diagrams of the decay Bs -* J/if) <f), with phase 
difference 2/3s. The second diagram involves the mixing box.

yielding:

= ±\
imi2 - frn2 
Mn - iri2

We can also relate q/p to the mixing phase as introduced in eq.(1.16) [17]:

|r12| ArI m,12 Am
tan 0 = 2(1 (1.17)

Time evolution

We define the two mass eigenstates of the neutral mesons as1:

\PH)=p\P°)+q\P°)

m = p\p°) - q\P°) (1.18)

The states \Ph) and |P£) are mass eigenstates and from the Schrodinger equa
tion (with diagonal Hamiltonian) the usual time dependent wave functions are

1 There are some subtleties concerning the sign (or phase) convention. Let us assume CP 
symmetry, |g/p| = 1. We can choose q/p — ±1 and CP\P°) — ±|P°). Once the sign of q/p is 
fixed, experiment decides if Ph is the state that is (more) even or odd, which fixes CP\P°) = 
±|P°). In principle this can he different for K°, Bd and Bs . We choose the sign convention 
Atuk > 0 and CP\K°) = — |J^°) such that CP\Kl) = ±|Kl) (or ATk = I's—h'i > 0) according 
to experiment. This leads to the sign convention in eq.(1.18), and implies A= ttil — ms- 
Also in the B-system the heavier mass eigenstate Bjj is (more) CP odd, and the CP-even state in 
the Pg-system can decay to the final state Df Dj, and has therefore a slightly shorter lifetime.
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obtained:

|p°W} = s+M lp0) + (j) s-M \P°)

|P°(t)> = 9-(*) (j) |P°) +«+(<) |P°> (1.19)

where we define the functions

9+(t) =

9-(t) =

kiM‘( Amt- |rHt

-e~iMt ( e-iAmf-irHi _ gfAmt~ lr Bt
2 V

where M = (to# + mi)/2 and Am = mjj — mi.
If we start from a pure sample of | P°) particles (e.g. produced by the strong 

interaction) then we can calculate the probability of measuring the state | P0) at 
time t:

(P\P°(t))\2 = \g4t)\2 P
q

2

with

0-rt
cosh-Art ± cos Amt

where P = {Ti+Th)/2 and Ar = Tjr — Tl- Here we see that P fulfils the natural 
role of decay constant, r = l/£ , justifying the choice of | in the hamiltonian. We 
could, and in later chapters would, define Ar = T'i — T'f{, which is okay, as though 
the sign of Am is by definition positive, but the sign of Ar has to be determined 
experimentally.

1.3.2 Meson decays

Extending the formalism of neutral meson oscillations, and including the subse
quent decay of the meson to a final state /, we consider the following four decay 
amplitudes:

A(f) = (/|T|P°>, A(f) = </|T|P°),

A(f) = {f\T\P°), A(J) = </|r|P“>
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and define the complex parameter A/ (not the Wolfenstein parameter A):

Af = pAj A t
qAj_
pAf

_1_
A/’

Ai
Af

(1.20)

The general expression for the time dependent decay rates, Tf(t) = | (/|T|P0(i))|2, 
give us the probability that the state P° at t = 0 decays to the final state / at 
time t, and can now be constructed as follows, using eq.(1.19):

r/(*) = \Af\2 (b+WI2 + M\9-(t)\2 + 2Re [Afg*+(t)g-(t)])

r f(t) = \Af\ 

f/W = \Aj\

(\g-(t)? + |A/|2b+(i)|2 + 2Re [A/5+(t)g:(t)]) 

(|p_(t)|2 + |A/|2|i?+(t)|2 + 2Re [A/s+^Kt)])

P/(*) = \Af\2 (b+WI2 + \xf\2\g-(t)\2 + 2Re [A/p+(t)p_(t)]) (1.21)

with

IfeWP —a-

g*+(t)g_(t) =

g+(t)g*-(t) = ^

cosh -Art ± cos Amt

stall J Art+ i staAmi

stah jAft-i staAmt (1.22)

The terms proportional |^4|2 are associated with decays that occurred without 
oscillation, whereas the terms proportional to |A|2(g/p)2 or \A\2(p/q)2 are asso
ciated with decays following a net oscillation. The third terms, proportional to 
Re(g*g), are associated to the interference between the two cases.

Combining eqs.(4.10) and (1.22) results in the following expressions for the 
decay rates for neutral mesons, also known as the master equations:

T/(t)

p/«

-r t

(Art Art ^
cosh— + Df sinh — + Cf cos Amt — Sf sin A mi

Wrl2

-rt Art(l + |A/|2) —— ( cosh——(- Df sinh Art
Cf cos Amt + Sf sin Amt 

(1.23)



1. CP Violation in Standard Model and B Physics 15

with

r, 2Re(Aj) 1+JA/P n 2Im(A/)
< 1 + |A,P' ' 1 + |A/|2’ ' 1 + |A/|2 (1.24)

For a given final state / we therefore only have to find the expression for A/ 
to fully describe the decay of the (oscillating) mesons.

In the next chapter we will concentrate on specifically the Ba — Ba mixing. 
An effort to reconcile some anomalous results from different experiments would 
eventually give rise to a quantitative model independent way to determine the 
type of New Physics (NP) which can be held responsible for those anomalies.



Chapter 2

CPT-conserving NP and anomaly 
in Bs — Bs mixing:

“Mixing one’s wines may be a mistake, 
but old and new wisdom mix admirably. ”

- Bertolt Brecht, 
The Caucasian Chalk Circle (1944)

The Cabibbo-Kobayashi-Maskawa (CKM) paradigm of quark mixing in the 
standard model (SM) has been verified in the B— Bj system to such an extent 
that we know that the NP effects therein are subdominant at most. However, that 
is not yet the case with the Bs — Bs mixing. It is quite possible that the NP can 
affect the Bs — Bs system while keeping the B(i — B<i system untouched. Indeed, 
for most of the flavor-dependent NP models, the couplings relevant for the second 
and third generations of SM fermions are much less constrained than those for the 
first generation fermions, allowing the NP to play a significant role in the Bs — Bs 
mixing, in principle.

Over the last few years before the publication of LHC results, the Tevatron 
experiments CDF and D0 , and to a smaller extent the B factories Belle and 
BaBar, have provided a lot of data on the Bs meson, most of which are consistent 
with the SM. There are some measurements, though, which show a significant 
deviation from the SM expectations, and hence point towards new physics (NP). 
The major ones among these are the following, (i) Measurements in the decay 
mode Bs -> J/ip(f> yield a large CP-violating phase [18]. In addition, though
the difference APa between the decay widths of the mass eigenstates measured in 
this decay is consistent with the SM, it allows APS values that are almost twice

16
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the SM prediction [19]. (ii) The like-sign dimuon asymmetry Abal in the combined 
B data at D0 [20] is more than 3a away from the SM expectation.

The resolutions of the above anomalies, separately or simultaneously, have 
been discussed in the context of specific NP models: a scalar leptoquark model 
[21, 22], models with an extra flavor-changing neutral gauge boson Z' or R-parity 
violating supersymmetry [23], two-Higgs doublet model [24], models with a fourth 
generation of fermions [25], supersymmetric grand unified models [26], supersym
metric models with split sfermion generations [27] or models with a very fight 
spin-1 particle [28]. Possible four-fermion effective interactions that are consistent 
with the data have been analyzed by [29] and the results are consistent with [22]. 
A similar study, based on the minimal flavor violating (MFV) models, was carried 
out in [30]. A solution for the like-sign dimuon asymmetry using a type-III two- 
Higgs doublet model has been proposed [31], which could also explain the W plus 
2 jets excess near the di-jet invariant mass of 140 GeV, as observed by CDF [32].

in this chapter, we try to determine, in a model-independent way, which kind 
of NP would be able to account for both the above anomalies simultaneously. We 
take a somewhat different approach than the references cited above. Rather than 
confining ourselves to specific models, we assume that the NP responsible for the 
anomalies contributes entirely through the Bs — Bs mixing, and parameterize it in 
a model independent manner through the effective Hamiltonian for the Ba — Bs 
mixing. This effective Hamiltonian Li is a 2 x 2 matrix in the flavor basis, and the 
relevant NP contribution appears in its off-diagonal elements. The NP can then 
be parameterized by using four parameters: the magnitudes and phases of the 
dispersive part and the absorptive part of the NP contribution to Li. We perform 
a x2 fit to the Bs — Bs mixing observables and obtain a quantitative measure for 
which kind of NP is preferred by the data. This would lead us to short-list specific 
NP models that have the desired properties, which can give testable predictions 
for other experiments. It is found that the NP needs to contribute to both the 
dispersive as well as absorptive part of the Hamiltonian in order to avoid any 
tension with the data[48].
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2.1 The effective Hamiltonian

The evolution of a Bs — Bs state can be described by the effective Hamiltonian

n =
Mn M\2
Mh M22

i_ / Tu r 12 
nr;2 r22 (2.1)

in the flavor basis, where Mij and are its dispersive and absorptive parts, 
respectively. When CPT is conserved, Mn = M22 and Tn = r22- The eigenstates 
of this Hamiltonian are Bbh and BaL, with masses M3h and MsL respectively, and 
decay widths Ps# and 1\,^ respectively. The difference in the masses and decay 
widths can be written in terms of the elements of the Hamiltonian as

AMS = Msh — Msl ~ 2|Mi2| ,

Ars = rSL-r.H«2|r12|cos[Arg(-M12/r12)]. (2.2)

The above expressions are valid as long as AFS <C Ma, which is indeed the case 
here.

Since CPT is conserved, the effect of NP can be felt only through the off- 
diagonal elements of %. We separate the SM and NP contributions to these terms 
via

Mu = M,?1 + M'n ,

r12 = r“ + r"p. (2.3)

The NP can then be completely parameterized in terms of four real numbers: 
IM^I, Axg(Mf^), iP'r/l and Arg(r^p). We take the phases Arg(M||p) and Arg(rjf>) 
to he in the range 0-27T.

In a large class of models, including the Minimal Flavor Violation (MFV) 
models, the NP contribution has no absorptive part, i.e. r12 = Pf^. This is the 
case when NP does not give rise to any new intermediate light states to which Bs or 
Bs can decay. For such models, eq. (2.2) implies that Ars < Ars(SM) 2|rf^|, 
i.e. the value of Ars is always less than its SM prediction [34], In such models, the 
NP is parameterized by only two parameters: |Mf|p[ and Arg(M^p). An analysis 
restricted to this class of models was performed in [35].

However there exists a complementary class of viable models where the NP 
contributes to substantially. These include models with leptoquarks, R-parity
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violating supersymmetry, a light gauge boson, etc. It has been pointed out in 
[21] that such a nonzero absorptive part that arises naturally in these class of 
models can enhance Ar., significantly above its SM value, contrary to the popular 
expectations based on [34]. As we shall see later in this paper, such models'are 
favored by the data.

2.2 The measurements

The Bs — Bs oscillation and CP violation therein can be quantified by four ob
servables, viz. the mass difference AMs, the decay width difference APS, the 
CP-violating phase , and the semileptonic asymmetry aasl.

The mass difference is measured to be

AMs = (17.77 ± 0.10 ± 0.07) ps"1 , (2.4)

which is consistent with the SM expectation [95]

AMs(SM) = (17.3 ± 2.6) ps-1 . (2.5)

However measurements in the Bs-^ decay mode show a hint of some devi
ation from the SM. The CP-violating phase j33^ in this decay is

= iArg (A®) , (2.6)

whose average value measured at the Tevatron experiments [18] is

Psf** = (0-4llS;g) U (1.161°;!) • (2.7)

In the SM,

&W(SM) - Arg « 0.019 ± 0.001. (2.8)

Thus, the measured value of fi3J^ is more than 2a away from the SM expectation. 
On the other hand, the difference in the decay widths of the mass eigenstates Bh 
and Bl is measured to be [18]

Ar, = ±(0.1541°;°^) ps-1, (2.9)
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while the SM expectation is [95]

Ars(SM) = (0.087 ± 0.021) ps^1. (2.10)

The measurement is consistent with the SM expectation to ~ la, however it allows 
for APS values that axe almost twice the SM prediction. Note that the sign of Ars 
is undetermined experimentally and this gives us more room to play with the NP 
parameters.

Newer results from CDF, based on 5.2 fb~x of data [36]:

Ara = (0.075 ± 0.035 ± 0.010) ps^1, 
pW<t> = (0.02 - 0.52) U (1.08 - 1.55) (2.11)

to 68% C.L.. While we note that the results are consistent with the SM, it should 
be mentioned that instead of the final Tevatron averages, we used the values in 
eq. (2.9) in our analysis.

The other anomalous measurement is the like-sign dimuon asymmetry. The 
average of the D0 [20] and CDF [37] measurements gives

= -(8.5 ± 2.8) x 10~3 , (2.12)

which differs by more than 3a from its SM prediction

^(SM) = (—0.23±8;8|) x 10~3. (2.13)

Note that for A*,, CDF has a poorer statistics than D0 and therefore the average 
value is dominated by the D0 data.

Even in the presence of new physics, the SM relationship holds:

46! = (0.506 ± 0.043)4 + (0.494 ^ 0.043)4, (2.14)

where 4 and 4 are the semileptonic asymmetries for the Be — Bs and the Bd — Bd 
systems, respectively. The former is related to the Bs — Bs mixing observables 
through

Ar
4i = (2.15)

where ®s = Arg(—M12/T12). The latter is defined analogously. The coefficients in 
eq. (2.14) are experimentally measured, and contain information about AMd(s),
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APd(s), and production fractions of Bd and Bs mesons. Using = —(4.7 ±4.6) x. 
1(T3 [19], this leads to

<4 = -0.012 ± 0.007 , (2.16)

which is about 2a away from the SM prediction

4(SM) = (2.06 ± 0.57) x 10"5 . (2.17)

The value of af, depends on AMd, ATd and <j>d, the parameters in the Bd sector 
analogous to those in eq. (2.15). These parameters depend on the NP in the Bd 
sector, which is independent of the NP parameters in the Bs sector that we are 
considering. We therefore do not consider the measured values of a^ as a direct 
constraint, but express it in terms of AMd, AP^, and <f>d, whose experimental 
values are taken as inputs.

In the SM, we have <f>s(SM) = 0.0041±0.0007 [95]. Note that if the dominating 
contribution to were from a pair of intermediate c quarks, 3s(SM) would have 
been equal to —2fi{^. Since the intermediate u — c and u — u quark states give 
comparable contributions to P12s, we have <f>8{SM) ^ -2/5sJ/^(SM) [38].

2.3 The statistical analysis

We perform a y2 fit to the observed quantities AMS, ATS, and a|,, using 
the NP parameters IM^I, Arg(M[^p), |rf2P| and Argfrfif). We assume all the 
measurements to be independent for simplicity, though the measurements of Ars 
and are somewhat correlated. The values of all the observables and their SM 
values are as given in Sec. 2.2. In order to express them in terms of Mi2, , P12 
and rfg1, one has to use eq. (2.2) in addition. In order to take into account the 
errors on the SM parameters, we add the theoretical and experimental errors on 
our observed quantities in quadrature.

Note that since we have four observable quantities and four parameters, it is 
not surprising that we obtain the global minimum value of %2 as Xmin = 0 when 
all the NP parameters are allowed to vary. The questions we address here are (i) 
what the preferred values of the NP parameters are, and (ii) to what confidence 
level (C.L.) a given set of NP parameters (or SM, which is a special case of NP 
with Mf/ = r*P = 0) is allowed. The latter is obtained assuming all errors to be 
Gaussian. Here we give our results in terms of the goodness-of-fit contours for the 
joint estimations of two parameters at a time. The (la, 2<j, 3a, 4a) contours, that

13^23"
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are equivalent to p-values of (0.3173,0.0455,0.0027,0.0001), or confidence levels of 
(68.27%, 95.45%, 99.73%, 99.99%), correspond to x2 = (2.295,6.18,11.83,10.35), 
respectively.

In Fig- 2.1, we show the ler, 2er, 3a, 4a contours in the \Mi2\ — Arg(Mi2) plane, 
where the other NP parameters axe marginalized over. Clearly, we see a preference 
towards nonzero \M^2P\ as well as nonzero Arg(M^) values. There are two best- 
fit points with x2 — 0, one at « 6.5 exp(2.0 i) ps”1 and the other at M£>p « 
16.4exp(2.8 i) ps_1, shown with crosses in Fig. 2.1. Actually, each of these crosses 
is a superimposed double, with two values of rjf, as shown in Fig. 2.2. The points 
correspond to the constructive and destructive interference between the SM and 
NP amplitudes in order to give the measured central values of AM,,. The region 
with Ml2P = 0, i.e. the x-axis, is outside the 2a region, indicating that it will 
be rather difficult to fit the current data without some NP contribution to the 
dispersive part of the Bs — Bs mixing. The contours also imply that |M||P| <21.1 
ps-1 to 3cr.

In Fig. 2.2, we show the goodness-of-fit contours in the |r12| — Arg(Fi2) plane, 
marginalizing over other two NP parameters. As the measurements do not de
termine the sign of AF.,. for any particular value of |Ars|, we perform the %2 fit 
for both positive and negative values, and keep the minimum y2 of the two. This 
doubles the number of best-fit solutions, and the two best-fit points of Fig. 2.1 
now split into four. For iMf^l = 6.5, the solutions are F^p = 0.20exp(6.1 i) 
or 0.18exp(5.2 i), and for |M[|pj = 16.4, the corresponding solutions are rS’ = 
0.20exp(0.3 i) or 0.18exp(l.l i) (both Mand F^ are in ps-1, here, and also 
later where not mentioned explicitly). Note that there is a reflection symmetry 
about Arg(r^2>) = tt. Again, a preference for nonzero values of |F^p| is indi
cated, though Axg(Ffp) may vanish. The region with Ffp = 0, i.e. the x-axis, is 
outside the 3cr allowed region, indicating that NP contribution to the absorptive 
part of the effective Hamiltonian is highly favored. The contours also imply that 
\F^\ < 0.42 at 3or.

Fig. 2.3 displays the contours in the |M^P| — |Ffp[ plane, and the two NP 
phases are marginalized over. Not only does it show a preference for nonzero 
values of M^p and but the Mf.[ = 0 axis is outside the 2cr allowed region 
and the Ff2P = 0 axis is outside the 3cr allowed region. The best fit points are 
again superimposed doubles, whose values can be read off from the discussion 
above. The origin in this figure is the SM, which has = 20.75, and lies even 
outside the 4a allowed region. This dramatically quantifies the failure of the SM
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Arg(M12NP) [radians]
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Figure 2.1: Upper Panel: The la (red/solid), 2er (green/dashed), 3a (blue/dotted) 
and 4<r (pink/dot-dashed) goodness-of-fit contours in the |M^P| —Arg(M^p) plane, 
where the other NP parameters are marginalized over. The best-fit points, with 
X2 = 0, are denoted by crosses. Lower Panel: Updated plot with the new LHCb 
data as shown in Appendix.
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Figure 2.2: The 1 a (red/solid), 2a (green/dashed), 3a (blue/dotted) and 4a 
(pink/dot-dashed) goodness-of-fit contours in the |rf2P| — Arg(Ff2p) plane, where 
the other NP parameters are marginalized over. The best-fit points, with y2 = 0, 
are denoted by crosses. Lower Panel: Updated plot with the new LHCb data as 
shown in Appendix.
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Figure 2.3: The 1 a (red/solid), 2a (green/dashed), 3cr (blue/dotted) and 4a 
(pink/dot-dashed) goodness-of-fit contours in the |A/^P| — |r^2p| plane, where the 
other NP parameters are marginalized over. The best-fit points, with \2 = 0, 
are denoted by crosses. Lower Panel: Updated plot with the new LHCb data as 
shown in Appendix.
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Figure 2.4: The 4a (pink/dot-dashed) goodness-of-fit contour in the |M^P| — 
Arg(M^p) plane, when r^p = 0, i.e. NP does not contribute to the absorptive 
part of the effective hamiltonian. There are no points that are allowed to within 
3a. The best-fit point, with x2 = 13.55, is denoted by a cross.

to accommodate the current data. The reason is evident from eqs. (2.7) and 
(2.15); while Bs —> J/^> prefers close to 7t/8 or 37t/8, with a probability
minimum near « 7r/4, the measurement of A*], and hence that of a|,, prefers 
large tan0s, forcing /3« ^ close to 7t/4. This creates the tension between these
two measurements.

Fig. 2.3 also tells us that the models for which Tf2p = 0. like R-parity conserving 
supersymmetry, universal extra dimension, and extra scalars, fermions, or gauge 
bosons, cannot bring the tension even down to the 3a range, unless the data moves 
towards the SM expectations (and unless the new bosons are flavor-changing so as 
to generate a nonzero r^2p). The best fit point with rf2p = 0 has x2 = 13.55 and 
corresponds to = 4.75 exp( 1.77 i). Fig. 2.4 shows the situation when rf2p is 
set to vanish.

2.4 Preferred NP models

From the results and discussion in the previous section, it appears that:
(i) The SM by itself is strongly disfavored. Either M^p or r^p should be nonzero.
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(ii) ilfyN2p fy 0 but P^p = 0 is also not allowed at 3a, but the fit is marginally 
better than the SM.
(iii) Equally disfavored is the hypothetical case where rf2p ^ 0 but M[^p = 0. 
(This is a rather natural condition, since any interaction that contributes to rf2p 
will necessarily contribute to Mf^p.)

Most of the NP models can contribute significantly to M^p. Leading examples 
are the MFV models like minimal Supersymmetry, Universal Extra Dimension, 
Little Higgs with T-parity, etc. Non-MFV models like a fourth chiral generation, 
Supersymmetry with R-parity violation, two-Higgs doublet models, models with 
extra Z't etc. can also contribute significantly to M^p.

The NP models that can contribute significantly to rfJf, however, are rather 
rare. This is because the NP contribution to the absorptive part needs fight 
particles in the final state, and there are strong limits on the decays of Bs to 
most of the possible fight final state particles. One of the few exceptions is the 
mode t+t“, on which there is no available bound at this moment. Thus, the NP 
that contributes to Pf2p has to do so via the interaction b —> st+t~, but without 
affecting related decays like b —> se+e~ or b —>■ This can be achieved only
in a limited subset of models, for example those with second and third generation 
scalar leptoquarks, or those with R-parity violating supersymmetry [21]. It turns 
out that the former can provide enough contribution to rf2p to increase APS up to 
its current experimental upper bound [21, 22], The amount of NP required for this 
is consistent with the difference between the decay widths of Bd and Bs mesons 
(Ps/Td — 1 = (3.6 ± 1.8)% [19]), and the recent measurement of the branching 
ratio of B+ R+t+t“, which is less than 3.3 x 10~3 at 90% C.L. [39].

2.5 Conclusion

Any flavor-dependent new physics model can in general affect both mass and width 
differences in the Bs — Bs system. It can also affect the CP-violating phase, as 
well as the dimuon asymmetry, which was found by the D0 collaboration to have 
an anomalously large value. With these four observables, one can constrain the 
free parameters of the new physics model. We have used the model independent 
approach where we consider the effective Bs — Bs mixing Hamiltonian % and 
parameterize the NP through its contribution to %. We quantify the goodness- 
of-fit for the SM and NP parameter values by performing a combined y2-fit to all 
the four measurements. The tension of the data with the SM is clear by the high
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value of x2 at the SM. Moreover, it is observed that we need NP to contribute to 
the dispersive as well as absorptive part of the off-diagonal elements of T-i in order 
for the current data to be explained. The absorptive contribution, in particular, 
can be obtained from a very limited set of models, which will be severely tested 
in near future.

If the errors and uncertainties shrink keeping the central values more or less 
intact, this •wall mean:

• The SM is strongly disfavored. Moreover, the relevant NP should be flavor- 
dependent, as we do not see much deviation in the Bd — Bd sector.

• The NP models that do not contribute to the absorptive amplitude of the 
Bs — B„ mixing axe also strongly disfavored if CPT is conserved. The best 
bets are those NP models that provide both dispersive and absorptive am
plitudes in the Bs — Bs mixing. This also gives rise to new decay channels 
for Bs. For example, one might find the branching ratio of Bs —> r+r~ 
enhanced significantly from its SM expectation.

To summarize, the NP models that contribute an absorptive part to Bs — Bs 
mixing seem to be essential if one wants to explain the data on (3^ and Absl 
simultaneously. There is only a limited set of such models, and they will be 
severely tested in near future.

Appendix

Some data that were used in the original work [48] have changed over the last 
few months. Using the new data, mostly coming frm LHCb as well as the HFAG 
group, we have redrawn some of the old plots. The following values have been 
changed to produce new plots:
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Arnd = 0.507 ± 0.004 ps~l 

Arns = 17.69 ± 0.08 ps 1 

pJH>4> = o.ostao'y 

Ars = 0.1071“;“ ps-1 

l/Td = 1.519 ±0.007 ps 

1/Td= 1.497 ±0.015 ps 

adsl = 0.0038 ± 0.0036

ah = -0.0022 ± 0.0052 (Avg. of LHCb and D0 )



Chapter 3

CPT and Possible Violation

“Consistency is the last refuge of the 
unimaginative. ”

- Oscar Wilde

CPT theorem is a profound and general result for local relativistic quantum 
field theories in fiat space-time. Pauli[49] used Lorentz invariance to prove the 
spin-statistics theorem in 1940, whereas Schwinger[50] implicitly used CPT theo
rem to do that in 1951. Originally proved by direct constructional], it has since 
been rigorously derived in the framework of axiomatic field theory [4, 52]. In 
this chapter, we going to explore the CPT theorem, its origin, some experimen
tal support for it and develop a theoretical premise for possible violation of CPT 
symmetry in an effective theory.

3.1 Theorem

Reconciling the demands of quantum mechanics with those of special relativity 
within a local description requires the existence of antiparticles. A considerably 
stronger statement can actually be made concerning the relationship between par
ticles and antiparticles: the combined transformation CPT can always be defined 
- as an anti-unitary operator - in such a way for a local quantum field theory that 
it represents a symmetry [5], i.e.

CPTC(t, x){CPT)~l = C(~t, -x) (3.1)

30
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This theorem can be proven rigorously in axiomatic field theory based on the 
assumptions of:

• Lorentz invariance;

• the existence of a unique vacuum state;

• weak local commutativity obeying the ‘right’ statistics.

The transformation properties of a Lagrangian written in terms of bosons is pre
cisely the same as that for a Lagrangian involving fermion bilinears. We shall, 
therefore, confine our discussion to the transformation properties of a Lagrangian 
through boson fields. The notation is simpler that way and the essence of the 
argument becomes more transparent.

Let us consider the simple interaction Lagrangian

Ct — aV* (t, x)(t,x) + bA+ (t, x)A^~ (t, x)

+ cV+ (t, x)A^~ (t, x) + c*A+ (t, x)Vfl~ (t, x) (3.2)

which under CPT transforms as follows

CPTCriCPT)-1

= aVrM,_(—t, —x)V+(—t, —x) + bA^~(—t, —x)A+(—t, —x)

+ —x)A+(—t, —x) + Cv4/i“(-t, —x)V+(—t, —x) (3.3)

i.e. CPT is indeed conserved, no matter what the coupling parameters a, b and c 
are.

The argument is easily repeated for fermions by noting again that each bosonic 
field can be written in terms of fermionic bilinears which transform in exactly the 
same way under C, P, and T; likewise for more realistic Lagrangians or Hamilto
nians.

3.2 Consequences of CPT conservation

Although the proof of this theorem, at least for the basic cases, appears rather 
simple, its consequences are far-reaching. The most celebrated ones are presented 
here:
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• Particle and antiparticle must have same mass and same electric charge, e.g.

M{P) = (P\H\P)
= {P\{CPTfCPTH{CPT)-1CPT\P)*

= {P\CPTHCPT~1\P)*

= (P\H\P)* = M(P) (3.4)

• Particle and antiparticle, if unstable, must have same decay widths or life
times. Under time reversal, an incoming spherical wave transforms to an 
outgoing spherical wave. So, under time reversal, multi-particle states trans
form as

T\pUp2,...]OUt) = I -Pl,-P2,...;w»).

As both ‘in’ and ‘out’ states form complete set of states: Ylf I/; *n){f\ in\ — 
E/ \f',out)(f]Out\ = 1, we get,

r(P) = 27t^5(Mp - Ef)\(f-,out\Hdecay\P)\2
f

= 2ttJ2S(mp - ^/)|(/;out\CPT^CPTP[(iecayCPT~1CPT\P)*\‘2 
f

= 2tt J2S(Mp - Ef)\(f;in\Hdecay]P)\2 
f

= 2-k - Ef^J-cmtlH^ylP)]2
f

= r (P). (3.5)

This is not true if stationary states are particle-antiparticle combinations.

• Particle and antiparticle must have equal and opposite magnetic dipole mo
ments: Hmag(P) = -Hmag{P)-

• Hydrogen and anti-hydrogen must have identical spectra.

• T violation necessarily means CP violation.

In case of local axiomatic quantum field theories, CPT conservation has another 
important consequence- if it is violated, it necessarily implies Lorentz violation[53]. 
This need not be true for nonlocal field theories as well as for theories with non-
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commutative space-time geometry[54]. Also, the reverse is not true, i.e. Lorentz 
violation does not necessarily imply CPT violation.

Despite this impeccable pedigree, it makes sense to ask whether limitations 
exist. There are several motivations for a very precise and multi-pronged test of 
CPT theorem:

1. precisely because the CPT theorem rests on such essential pillars of our 
present paradigm, we have to make every reasonable effort to prove its uni
versal validity.

2. the simultaneous existence of a general theoretical proof of CPT invariance 
in particle physics and accurate experimental tests makes CPT violation 
an attractive candidate signature for non-particle physics such as string 
theory [55-58]. These nonlocal and non-renormalizable string-theoretic ef
fects may appear at the Planck scale with a possible ramification at the 
weak scale through the effective Hamiltonian [62]. CPT through such non
local interacting QFT does not necessarily lead to the violation of Lorentz 
symmetry [54].

The assumptions needed to prove the CPT theorem are invalid for strings, 
which are extended objects. Moreover, since the critical string dimensional
ity is larger than four, it is plausible that higher-dimensional Lorentz break
ing would be incorporated in a realistic model. In fact, a mechanism is 
known in string theory that can cause spontaneous CPT violation[56] with 
accompanying partial Lorentz-symmetry breaking[59]. The effect can be 
traced to string interactions that are absent in conventional four-dimensional 
renormalizable gauge theory. Under suitable circumstances, these interac
tions cam cause instabilities in Lorentz-tensor potentials, thereby inducing 
spontaneous CPT and Lorentz breaking. If in a realistic theory the spon
taneous CPT and partial Lorentz violation extend to the four-dimensional 
space-time, detectable effects might occur in interferometric experiments 
with neutral mesons. For example, the quantities parametrizing indirect 
CPT violation in these systems could be nonzero. There may also be impli
cations for baryogenesis[60].

3. for the bound systems like mesons, asymptotic states, whose existence is a 
prerequisite for the CPT theorem, are not uniquely defined [61]. Quarks 
and gluons axe bound inside the hadrons and cannot be considered, in a true 
sense, asymptotic states.
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4. An intriguing phenomenon has been suggested by Hawking[63]. Near a black 
hole pure quantum states can evolve into mixed ones, since some of the 
information carried by them gets funnelled into the black hole due to the 
latter’s overpowering gravitational pull, and thus is lost for the ‘outside 
world’. This sequence violates both conventional quantum mechanics and 
CPT invariance. Hawking used the density formalism to specifically discuss 
K° — K° oscillations in the presence of a black hole. An experimental test 
of Hawking’s idea was proposed in Ref. [64].

3.3 Lorentz violation

The SM, although phenomenologically successful, is believed to be the low-energy 
limit of a fundamental theory that also provides a quantum description of grav
itation. An interesting question is whether any aspect of this underlying theory 
could be revealed through definite experimental signals accessible with present 
techniques [65].

The natural scale for a fundamental theory including gravity, governed by 
the Planck mass Mp, is about 17 orders of magnitude greater than the elec- 
troweak scale mw. This suggests that observable experimental signals from a 
fundamental theory might be expected to be suppressed by some power of the 
ratio r ?» mw/MP ~ 10-17. Detection of these minuscule effects requires ex
periments of exceptional sensitivity, preferably ones seeking to observe a signal 
forbidden in conventional renormalizable gauge theories.

To identify signals of this type, one approach is to examine proposed fundamen
tal theories for effects that are qualitatively different from standard-model physics. 
It has been shown that spontaneous Lorentz breaking may occur in the context of 
string theories with Lorentz-covariant dynamics [56, 62, 66]. These theories typi
cally involve interactions that could destabilize the naive vacuum and trigger the 
generation of nonzero expectation values for Lorentz tensors. We should note that 
some kind of spontaneous breaking of the higher-dimensional Lorentz symmetry 
is expected in any realistic Lorentz-covariant fundamental theory involving more 
than four space-time dimensions. If the breaking extends into the four macroscopic 
space-time dimensions, apparent Lorentz violation could occur at the level of the 
standard model. This would represent a possible observable effect from the fun
damental theory, originating outside the structure of conventional renormalizable 
gauge models [55].
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An important point is that Lorentz symmetry remains a property of the un
derlying fundamental theory because the breaking is spontaneous. This implies 
that various attractive features of conventional theories, including micro-causality 
and positivity of the energy, are expected to hold in the low-energy effective the
ory. Also, energy and momentum are conserved as usual, provided the tensor 
expectation values in the fundamental theory are space-time-position indepen
dent. Moreover, standard quantization methods are unaffected, so a relativistic 
Dirac equation and a non-relativistic Schrodinger equation emerge in the appropri
ate limits. Also both the fundamental theory and the effective low-energy theory 
remain invariant under observer Lorentz transformations, i.e., rotations or boosts 
of an observer’s inertial frame [55]. The presence of nonzero tensor expectation 
values in the vacuum affects only invariance properties under particle Lorentz 
transformations, i.e., rotations or boosts of a localized particle or field that leave 
unchanged the background expectation values.

This framework for treating spontaneous Lorentz violation has been used to 
obtain a general extension of the minimal SU(3) x SU(2)x U(l) standard model 
that violates both Lorentz invariance and CPT [55]. In addition to the desirable 
features of energy-momentum conservation, observer Lorentz invariance, conven
tional quantization, hermiticity, and the expected micro-causality and positivity of 
the energy, this standard-model extension maintains gauge invariance and power- 
counting renormalizability. It would emerge from any fundamental theory (not 
necessarily string theory) that generates the standard model and contains sponta
neous Lorentz and CPT violation. A representative CPT-odd term in the fermion 
sector in this framework looks like this:

£Sn°dd = -MhabLa^Lb - (or^abRaYRe (3.6)

where aMs are understood to be hermitian in generation space and have dimensions 
of mass.

The SME predicts some unique signals, such as rotational, sidereal, and an
nual variations. The effects are likely to be heavily suppressed, perhaps as some 
power of the ratio of an accessible scale to the underlying scale, but they could 
be detected using sensitive tools such as interferometry. For example, meson in
terferometry offers the potential to identify flavor and direction-dependent energy 
shifts of mesons relative to anti-mesons [67], while exquisite interferometric sensi
tivity to polarization-dependent effects of photons is attained using cosmological 
birefringence [68]. Conceivably, SME effects might even be reflected in existing
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data, such as those for flavor oscillations of neutrinos [69].

3.4 Parametrization(s)

An arbitrary neutral-meson state is a linear combination of the Schrodinger wave 
functions for the meson P° and its anti-meson P°. This combination can be 
represented as a two-component object T(t), with time evolution governed by a 
2x2 effective hamiltonian A according to the Schrodinger-type equation [70]

i5tV = AT. (3.7)

Throughout the rest of this chapter, subscripts P are understood on T, on the 
components of the effective hamiltonian A, and on related quantities such as meson 
masses and lifetimes.

The physical propagating states are the eigenstates of A, analogous to the nor
mal modes of a classical two-dimensional oscillator [71]. These states are generi- 
callv denoted as |Pa) and \Pb). They evolve in time as

|Pa(t)) = exp(—iAaf)|P0),

|P6(t)) = exp(-?A{,f)|P6). (3.8)

The complex parameters A„, Ab are the eigenvalues of A. They can be decomposed 
as '

Aa = ma- -?7a, Ab = mb- -fyj,, (3.9)

where ma, rnb are the propagating masses and 70, % are the associated decay 
rates.

For calculational purposes, it is useful to introduce a separate notation for the 
sums and differences of these parameters:

A = Aa + At = m - ^ry,

AA = Aa — A6 = —Am — ^iA7, (3.10)

where m = ma + mb, Am = mb - ma, 7 = 7a + 76, A7 = ja - jb.
The off-diagonal components of A control the flavor oscillations between P° 

and P°. Indirect CPT violation occurs if and only if the difference of diagonal 
elements of A is nonzero, An — A22 7^ 0. Indirect T violation occurs if and
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only if the magnitude of the ratio of off-diagonal components of A differs from 1,
|A2i/Ai2| 1.

A priori, the effective hamiltonian A can be parametrized by eight independent 
real quantities. Four of these can be specified in terms of the masses and decay 
rates, two describe CPT violation, and one describes T violation. The remaining 
parameter, determined by the relative phase between the off-diagonal components 
of A, is physically irrelevant. It can be dialed at will by rotating the phases of the 
P° and P° wave functions by equal and opposite amounts. The freedom to perform 
such rotations exists because the wave functions are eigenstates of the strong 
interactions, which preserve strangeness, charm, and beauty. Under a rotation 
of this type involving a phase factor of exp(?x) for the P° wave function, the 
off-diagonal elements of A are multiplied by equal and opposite phases, becoming 
exp(2ix)Ai2 and exp(-2«x)A2i.

3.4.1 Different parametrizations

Since relatively little experimental information is available about CPT and T vi
olation in the heavy neutral-meson systems, a general parametrization of A is 
appropriate. It is desirable to have a parametrization that is model independent, 
valid for arbitrary size CPT and T violation, independent of phase conventions, 
and expressed in terms of mass and decay rates insofar as possible. A parametriza
tion of this type was originally introduced by Lavoura in the context of the kaon 
system [72, 73, 108]. For simplicity, it is also attractive to arrange matters so that 
the quantities controlling T and CPT violation are denoted by single symbols that 
are distinct from other frequently used notation. In this section, a parametriza
tion convenient to the four meson systems and satisfying all the above criteria is 
presented and related to formalisms often used in the literature.

The MT formalism sets

(3.11)

The off-diagonal quantities are all phase-convention dependent. The parameter 
for CPT violation is the combination {Mu — M22) — *(Pn — r22)/2. The parameter
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Formalism Dependence on 
phase convention?

A, AA 
given as

CPT parameter 
(complex)

T paran
c

No A, AA £
|M*2—»IMV Yes(M12, r12) See eq.(3.12) (M„ - M,2)

-i;(r„ - r22)
~DExE2EX, Yes(Ei, E2) 2y/E! + £? + £?, 

-2 iD
E3 i(ExE*2 - E

DE#
pqrs

Yes (cf>)
Yes(p, q, r, s)

-2W, 2 E
A, AA

cos#
(ps - qr)

1 exp 
|pr

eS Yes(e, S) A, AA 5 Ree, if cf s

Table 3.1: Comparison of formalisms for neutral-meson mixing. (The u £ formalism 
can be found in [119]. All of the others can be traced to early work several decades 
ago in the context of the K system [70].)

for T violation is \{M{2 — ir*2/2)/(Mx2 — iTi2/2)|. The masses and decay rates 
are given by

A — (Mi 1 + M22) — ^i(Tu + r22)>

AA = 2[(M12 - Ut12)(M{2 - ^iV*12)

+\[{MU - Mrx) - h(Tu - V22)f)l/\ (3.12)

where the definitions in eq.(3.10) are understood to hold.
Our parametrization is very similar to the oj £ parametrization mentioned here. 

It will be developed in detail in the next chapter.



Chapter 4

Probing CPT Violation in B Sys
tems

“Because it is there.”
- George Leigh Mallory 

(On being asked- 
“Why did you want to climb Mount Everest?”)

As has been explained in the previous chapter, the combined symmetry CPT 
is supposed to be an exact symmetry of any local axiomatic quantum field the
ory. This is indeed supported by the experiments: all possible tests so far have 
yielded negative results, consistent with no CPT violation. Why then should we 
be interested in the possibility of CPT violation in the B system? There are three 
main reasons: first, any symmetry which is supposed to be exact ought to be 
questioned and investigated, and we may get a surprise, just like the discovery of 
CP violation; second, it is not obvious that CPT will still be an exact symmetry 
in the bound state of quarks and anti-quarks, where the asymptotic states are not 
uniquely defined [61]; third, there may be some nonlocal and non-renormalizable 
string-theoretic effects at the Planck scale which have a ramification at the weak 
scale through the effective Hamiltonian [62]. Moreover, this effect can very well 
be flavor-sensitive, and so the constraints obtained from the K system [105] may 
not be applicable to the B systems. A comprehensive study of CPT violation in 
the neutral K meson system, with a formulation that is closely analogous to that 
in the B system, may be found in [81].

There are already some investigations on CPT violation in B systems. Datta et 
al. [106] have shown how CPT violation can lead to a significant lifetime difference

39
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Ar/P in the generic P°-P° system, where P° — K°, Bd, or Bs. It was discussed 
in [106] how direct CP asymmetries and semileptonic decays can act as a probe 
of CPT violation. Signatures of CPT violation in non-CP eigenstate channels was 
discussed in [107]. The role of dilepton asymmetry as a test of CPT violation and 
possible discrimination from AB = —AQ processes were investigated in [108]. 
The BaJBar experiment at SLAC has tried to look for CPT violation in the diurnal 
variations of CP-violating observables and set some limits [82].

Right now, there is no signature of CPT violation, or for that matter any type 
of new physics, in the width difference of Bd — Bd and decay channels of Bd l. 
The width difference for the Bd system, APd, is too small yet to be measured 
experimentally, and the bound is compatible with the Standard Model (SM). On 
the other hand, it is expected that the width difference AP,5 would be significant for 
the B8 system, but at the same time we know that the theoretical uncertainties are 
quite significant [95]. If there is some new physics (NP) that does not contribute 
to the absorptive part of the Bs — Ba box, the width difference can only go down 
[34], while there are models where this conclusion may not be true [21]. To add 
to this murky situation, the CP-violating phase /5S, which is expected to be very 
small from the CKM paradigm, has been measured [75] to be large, compatible 
with the SM expectations only at the 2.1a level. The situation is interesting: there 
is hint of some NP, but we are yet to be certain of its exact nature, not to mention 
whether it exists at all.

In this situation, let us try to see what we can expect at the LHC, where the 
Bs meson, along with the Bd, will be copiously produced. We are helped by the 
fact that the time resolution in ATLAS and CMS are of the order of 40 fs, so one 
can track the time evolution of even the rapidly oscillating Ba. Thus, we expect 
excellent tagged and untagged measurements of both Bd and Ba mesons. It is best 
to focus upon the single-amplitude observables: Bd —> J/i])Ks and Bs —)■ J/ipcj) or 
Ba —>• DfD~ 2. For the J/ip(f) mode, one has to perform the angular analysis and 
untangle the CP-even and CP-odd channels.

In this chapter, we will discuss how one can detect the presence of a CPT 
violating new physics from the tagged and untagged measurements of the decay. 
We will confine our discussion to the case where CPT violation is small compared

1We use Bd and Bd to indicate the flavor eigenstates, Bd as a generic symbol for both of 
them, and similarly for Bs. The symbol Bq will mean either a Bd or a B,.

2They are not strictly single-channel as there is a penguin process whose dominant part has 
the same phase as the leading Cabibbo-ailowed tree process, but on the other hand these channels 
are easy to measure, and the penguin pollution is quite small and well under control.
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to the SM amplitude, just to make the results more transparent. The conclusions 
do not change qualitatively if the CPT violation is large, which, we must say, is 
a far-off possibility based on the data from the other experiments [82]. We will 
also show how the nature of the CPT violating term can be probed through these 
measurements.

In Section 2, we mention the relevant expressions, and introduce CPT violation, 
with relevant expressions, in Section 3. The analysis for both Bd and Bs systems 
is performed in Section 4, while we summarize and conclude in Section 5.

4.1 Basic formalism

Let us introduce CPT violation in the Hamiltonian matrix through the parameter 
5 which can potentially be complex:

so that

M =

where 8' is defined by

#22 - #11 

V#5#n’

Mo - 8' M12 \ i
M*2 M0 + S’ I 2

r 2 S'
~~ VH^STi'

Solving the eigenvalue equation of A4, we get,

Po Tl2 \

n2 Po J

(4.1)

(4.2)

(4.3)

A

or, A

Mq — -Tq ±H12ay

#n + #i2ct #22 — Hi2OC (4.4)

where y = yjl + # and a = v/#2i/#i2-

Hence, corresponding eigenvectors or che mass eigenstates are defined as

IBh) = pi\Bd) +qi\Bd), 

|#i) = P2\Bd) - g2|#d) • (4.5)
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The normalisation satisfies

M2 + M2 = IpjI2 + tel2 = i • (4.6)

Let us define,

Qi
Pi

Q2

P2
(4.7)

The convention of [82] leads to zq = 5/2, where zq is a measure of CPT violation 
as used in [82]. The limits imply that |j^o| C 1- Even if the origin of CPT violation 
is something different, it is not unrealistic to assume |<5| <C 1.

One could even relax the assumption of H21 = H*2. However, there are two 
points that one must note. First, the effect of expressing H12 = hn+5, H2\ = h\2 — 
5 appears as 52 in y/HuHii, the relevant expression in eq. (1), and can be neglected 
if we assume 5 to be small. The second point, which is more important, is that 
CPT conservation constrains only the diagonal elements and puts no constraint 
whatsoever on the off-diagonal elements. It has been shown in [81, 106] that 
H12 y- H21 leads to T violation, and only Hn 7^ #22 leads to unambiguous CPT 
violation. Thus, we will focus on the parametrization used in eqs. (1) and (2) to 
discuss the effects of CPT violation.

The time-dependent flavor eigenstates are given by

where

Bq(t)) = f+{t)\Bq)+Vlf-(t)\Bq)

m)) =
V2

> II

1 (e"iAlt - e"lA2t)
(l+w)

f+(t) =
1

(e~iAlt + ue~iX2t
(1 +w)

f+(t) -
1

(ue~iXlt + e~iXit
(1 + cu)

),

)•

(4.8)

(4.9)
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So, the decay rate of the meson Bq at time t to a CP eigenstate / is given by

r(B„(t) -> fCp)

IW) -+ fcp) 

where

[i/+«i2++2Re (o, /-«/;«)] 

[i/- wr+i&hawp+2Re (nMt)m)]
\A,f
A,
V2 :^o)

A, = (f\H\B,), A, = (f\B\B,). (4.11)

Also,
c Af c Af
^=viTf, & = ^- (4.12)

In the SM, both are equal and = £*2 = £f. For single-channel processes,
if/i = i-

Now using eq. (4.7) and eq. (6.27) one gets

l/-C*)l2 = 2e‘ -rt

11 + cul
ArA

cosh ( —— — cos (Amt) ...etc. (4.13)

[Other equations of this form are explicitly written in the appendix of chapter (7)] 
Here, Am and Ar are defined through;

Ai — A2 — Am + —AF,
jU

(4.14)

with

'l
A(i>2) = 171(1,2) - 2r(i. 2) 1 Am = mi-m2, Ar = P2-Pi. (4.15)

4.2 Introducing CPT violation

If we consider a time-independent CPT violation so that 8 is a constant, there are 
only two unknowns in the picture: Re(£) and Im(5), over those in the SM. We 
will try to see how one can extract information about them. For our analysis, let 
us take 8 to be complex; it will be straightforward to go to the simpler limiting 
cases where <5 is purely real or imaginary. For example, if the width difference AT 
is much smaller than Am, the model of [82] makes 8 completely real.

When Bq and Bq are produced in equal numbers, the untagged decay rate can
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be defined as

T„[f, t] = T{B,(t) ->f)+ T(B,(t) -> /), (4.16)

using the above expression one could define the branching fraction as

Br{S) = \j™ dtT{},t}. (4.17)

The above equation is useful to fix the overall normalization.
We assume, 5 < 1 and expand any function f(8) using Taylor series expansion 

and drop all the terms 0(8n) for n > 2. From eq. (4.16), eq. (4.10) and eq. (4.13) 
we will get the untagged decay rate for the decay Bq /,

Fu[/,i] — IAf

sinh

(1 + If/I2)(l + - Im(J)Im(f/)} cosh (^)

(1 + |£/|2) - Im(i)Im(f/)) cos (Ara,t)

2RcK/) - 1(1 - l£/l2)ReM - jRoK/KtReti))2 - (Im(<5))2)

(A!,'',;) - huj|'« j {(1 - If/I2) + Rc(o')R.e((;)} sm (Am,t)

(4.18)

Thus, for the Ba system, where the hyperbohc functions are not negligible, we 
get (keeping up to first order of terms in AB,):

1 r°°
Br[f] = - Jo dtTlf^]

_\Af\ f {(1 + l£/|2)(l + - Im(J)Im(M

r.. (i + If/I)2% (Im(^))2
(Am)2 + (rs)2

+ Afr; 12Re(€/) - 1(1 - I£/!2)Rc(4) - W/MRe®)2 - (Im(6)f)
2(r,)2

1 
2
MS){(lHe/|2) + Re(5)Re(£/)}

Am
(Am)2 + (P8)5

(4.19)

Theoretically, one can obtain the coefficients of the trigonometric and the hy-
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perbolic terms by fitting the untagged decay rate. In actual cases this is a difficult 
task. However, there is one other observable which may help us. Before we go to 
that, let us note that the above expression is further simplified in the following 
four cases.

• For the Bd system: We can neglect Arrf so that the cosh term is unity and the 
sinh term is zero. Thus, there are only two time-dependent terms, cos (Amt) 
and sin(Amt), and the fitting is easier. Note that AP^ is measured to be 
small, so we need not consider the case where it is enhanced to a significant 
value because of the CPT violation. In fact, if 5 is small, APd is bound to be 
that coming from the SM, as the correction is proportional only to 62 and 
higher.

• For one-amplitude processes: We can put |£/| = 1, and only one of Re(£/) 
and Im(£_f) remains a free parameter 3.

• For <5 being either purely real or purely imaginary: The expressions are 
straightforward. For example, if 5 is purely real, there is no trigonometric 
dependence on the untagged rate.

• Finally, for |<5| -C 1: We can neglect terms higher than linear in either Re(<5) 
or Im(.5) in eq. (4.19). This is expected to be the case according to [82]. 
For example, the expression for the branching fraction for a one-amplitude 
process simplifies to

Br[f] jr {2 - Im((?)Im(g/)}+—-^y2r|

(4.20)

3<f/ is a SM quantity, so it is theoretically calculable, but it may also contain other new 
physics which is CPT conserving, so it is better to obtain both real and imaginary parts of £/ 
and check whether |£/| = 1.
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One can also tag the B mesons and define a tagged decay rate asymmetry

rAM = r(Bg(t) -> /) - r(Bg(t) -* /)

(Re(<5))2
= \Af I2e”r’£ (1 _ |^|2) v—_ Re(5)Re(^) \ cosh ( 

(Re(<5))2

f&Tqt
\ 2

+ j(i-|£/l2)(i

l

^ ) + Re(5)Re(£/) j cos (Amqt)

Re(<5) {(1 + |^/|2) - Im(<5)Im(£/)} sinh Ar„t'
+ {2MW

In:f«)(l + I5/I2) - hrnK;i('Re;<;!’ - (Im(<5))2)} sin (Am,/.;

(4.21)

Note that (i) for Re(5)=Im(5)=0, this reverts back to the SM expression, as 
it should, and (ii) If |5| <C 1 and Ar/r <C 1 as in the Bd system, the tagged rate 
can measure both Re(<5) and Im(<5).

For one-amplitude processes with |<5| <C 1, one may write a simplified expres
sion:

rV[/,t] = \Af \ e2„-r (2 — Im(5)Im(^/)) cosh
^AIV

+ Im({5)Im(£/) cos (Amqt) + 2Re(£/) sinh (

rT[f,t] = \Af\*e-r't Re(5)Re(^f) cosh

Ar nt'

'AP nt"
+ Re(<5)Re(£y) cos (Amqt)

Re(<5) sinh ( —Ai_ J _|_ {2Im(£/) — Im(5)} sin (Amqt)

(4.22)

It is clear from eq. (4.22) how one can extract Re(5) and Im(<5) by comparing the 
untagged and tagged analysis. Suppose we consider the Bs system where ATS is 
non-negligible. The coefficient of the sinh term in P^ gives Re(<5). However, there 
is an overall normalization uncertainty given by \A/\2. To.remove this, one can 
consider a combined study of the coefficients of sinh and cos (Amst) from
the untagged and tagged decay rates respectively; their ratio allows for a clean 
extraction of Re(<5). On the other hand, the ratio of the coefficients of cos(Ams£)
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in Tu and sin(AmY) in Ty gives a clean measurement of Im(5), as Im(£/) is 
known from the SM dynamics. A further check about the one-amplitude nature 
is provided from |Re(£/)|2 + |Im(£/)[2 = 1. In fact, as long as 5 is small, one can 
extract both Re(5) and Im(<5) even if |£/| Y 1, from the coefficients of the sine, 
cosine, and hyperbolic sine terms in Yy and IV-

One may also define the time-dependent CPT asymmetry as

, ff„ rT[f,t\ r(B,(t) -4 /) - -> /)
»CFTU, ) Tu[f t] ^f) + r{ga(() f) •

and the time-independent CPT asymmetry as

(4.23)

, ,dt rT[/, t] /” it [T{B,(t) ->n- r(B,(t) -> /)]
/iCFT{n /“dt r„[/,t] * [r(B,(t)-+/) +r(B,(*)-►/)]• (4.24)

This goes to the usual CP asymmetry Aqp if 5 = 0; thus, any deviation from 
the expected CP asymmetry calculated from the SM would signal new physics, 
but one must check all the boxes to pinpoint the nature of the new physics. For 
example, there would not be any change in the semileptonic CP asymmetry if the 
new physics is only CPT violating in nature.

4.3 Analysis

There are five a priori unknowns: Re(5), Im(5), Re(£/), Im(£/), and |A/|2. For a 
one-amplitude process |£/|2 = 1 and the number of unknowns reduce to four. 
The tagged and untagged decay rates, the branching fraction, and the time- 
independent CPT asymmetry would provide information on all of these unknowns. 
Assuming the CPT-conserving physics to be purely that of the SM, one may cal
culate following the CKM picture. In the analysis that follows, we take £/ to 
be known from the SM. We would like to point out the following features.

• The overall amplitude |A/|2 cancels in the CPT asymmetry. This, therefore, 
is going to be the observable one needs to measure most precisely.

• It is enough to measure the coefficients of the trigonometric terms only. For 
the Bd system, AI’Y is small anyway, and for the Bs system, AFS has a large 
theoretical uncertainty.

• The analysis holds even if the process under consideration is not a one- 
amplitude process. In fact, one may check whether there is a second CPT
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Re(tf)

Figure 4.1: Variation of Acpt with Re(5) for the Bs system. The three lines, from 
top to bottom, are for Im(6) = —0.1,0 and 0.1 respectively.

conserving new physics amplitude just by looking at the extracted values of 
Re(£/) and Im(f/).

• The coefficient of sin(Amqt) in the expression for the tagged decay rate 
gives the mixing phase in the box diagram. Thus, Im(£) may be constrained 
by the CP asymmetry measurements in the Bd system. On the other hand, 
even those constrained values generate a large mixing phase for the Bs system 
compatible with the CDF data.

4.3.1 The Bs system

For the Bs system, we take

AF
Ams = 17.77 ± 0.12ps-1, Ars = 0.096 ± 0.039ps_1, —- = 0.147 ± 0.060 ,

•*- S

— = 1.530 ± 0.009ps , Re(^) = 0.99 , Im(f,) = -0.04 . (4.25)
1 5

In figure 4.1, we show the variation of ACpr with Re(h). For our analysis, we 
take both |Re(<5)|, |Im(<5)| < 0.1. which is consistent with [82]. The variation of
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Figure 4.2: Variation of sin(2/3g) with Im(<5).

Acpt with Ams and Arg is negligible, of the order of 0.2%, so we fix them to 
their respective central values. Effects of 8 in both Am8 and Arg are quadratic in 
8, and hence we can use the SM values for them. In fact, Acpt does not depend 
significantly on the choice of Im(5) either; the variation is less than 1%. This is 
due to the fact that here, |Im(£/)| <C |Re(£/)| and hence the coefficient of Re(5) is 
much greater than the coefficient of Im(<5) in the expression of Acpt• This feature 
does not hold for the Bd system. Note that Acpt clearly gives the sign of Re(5). 
The small nonzero value of Acpt for 8 = 0 indicates the small mixing phase in 
the Bs — Bs box diagram. However, the apparent phase, i.e., the coefficient of 
sin(Amgi), can increase with Im(5), as can be seen from figure 4.2.

4.3.2 The Bj system

The inputs that we use for the Bd system are

Amd = 0.507ps_1, Ard = 0, Refo) = 0.72, Im(^) = 0.695. (4.26)

This follows from the CKM expectation of sin(2/?d) = 0.695 ± 0.020. The 
constraint on 8 comes from the measurement of sin(2/3d) in the b —> ccs channel:



4. Probing CPT Violation in B Systems 50

Re(tf)

Figure 4.3: Variation of Acpt with Re(<5) for the Bd system. The three lines, from 
top to bottom, are for Im(<5) = —0.1,0 and 0.1 respectively.

Im(6)

Figure 4.4: Variation of ACpt with Im(<5) for the Bd system. The three lines, from 
top to bottom, are for Re(<5) = —0.1,0 and 0.1 respectively.
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Figure 4.5: Variation of sin(2/3d) with Im(<5).

0.668 ± 0.028 [76] 4. Again, we can fix Amd at its central value. This time, due 
to the comparable values of Re(£/) and Im(£/), Acpt is sensitive to both Re(<5) 
and Im(5). The variations are shown in figure 4.3 for three values of Im(5) and 
figure 4.4 for three values of Re(d). It turns out that Acpt is always positive for 
Re(<5), Im((5) < 1; this is a consistency check for the CPT violation. Note that the 
measured value of sin(2$*) can go down from its CKM expectation for Im(5) > 0, 
in fact, for Im(<5) ss 0.07, sin(2/?d) ~ 0.66, as can be seen from figure 4.5. While 
this value of Im(5) generates a mixing phase for the Ba system that is consistent 
with the CDF and DO measurements at ler, one must remember that S need not 
be a flavor-blind parameter.

4We do not take the measurements coming from b —► s penguin channels because of their 
inherent uncertainties.
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4.4 Summary and conclusions

We have investigated the possibility of CPT violation in neutral B systems. CPT is 
a symmetry that is expected to be exant and the violation, even if it exists, should 
be quite small. However, it is possible to measure even a small CPT violation 
from the tagged and untagged decay rates of the neutral B mesons. In particular, 
for single-amplitude decay channels, the coefficients of the trigonometric terms 
sin (Amt) and cos (Amt) can effectively pinpoint the nature of the CPT violating 
parameter 5. This is an interesting possibility for the decays Ba —» D/D~ and 
Bg —» J/ip4> (with an angular analysis). Even a small CPT violation, allowed by 
the mixing constraints for the Bd system, can make the Bs mixing phase more 
compatible with the Tevatron measurements, at the level of about 1 cr. On the 
other hand CPT violation should not affect the semileptonic CP asymmetries, as 
the corrections are quadratic in nature, and expected to be negligible for small 5. 
Thus, a correlated study of the CP asymmetries in Bs -» Jif)<j> and Bs —»■ d+d; 
vis-a-vis Bs —»• Dslv might be useful to pinpoint the CPT violating effects. This, 
we feel, is something that the experimentalists should look for in the coming years 
at the LHC.



Chapter 5

CPT-violating NP and anomaly in 
Bs — Bs mixing:

“The newest is but the oldest made visible to 
our senses. ”

- Henry David Thoreau, 
A Week on the Concord and Merrimack Rivers

(1849)

Working in the framework of chapter (2), in this chapter we extend it to include 
possible CPT violation in the Bs—Bs mixing, parameterized through the difference 
in diagonal elements of TL. The motivation is to check if this can obviate the need 
for an absorptive contribution from the NP. Such an analysis to constrain CPT 
and Lorentz violating parameters was carried out in [33]. However they have used 
only Absl and not [3^'^ in their analysis, and their parameters are only indirectly 
connected to the elements of TL. We try to account for the two anomalies above 
with only CPT violation as the source of NP, and with a combination of CPT 
violation and the NP contribution to the off-diagonal elements of TL. As we will 
show, nothing improves the fit significantly from the SM unless there is a nonzero 
absorptive part in the Bs — Bs mixing amplitude.

5.1 CPT violation: the formalism

The analysis in chapter (2) is valid only if we assume CPT-invariance. However, 
the CPT symmetry may be violated in theories that break Lorentz invariance 
[40]. Indeed for local field theories, CPT violation requires Lorentz violation [41].
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(This need not be true for nonlocal field theories as well as for theories with 
non commutative space-time geometry, see [42].) In general, CPT violation should 
result in differences in masses and decay widths between particle-antiparticles 
pairs. However it may be easier to identify even through oscillation experiments, 
which typically are sensitive to an interference between the CPT-conserving and 
CPT-violating interactions.

While CPT violation in the K system is severely constrained through the 
mass difference between the neutral kaons [43], the bounds on the CPT violating 
parameters in the Bd and Bs systems are rather weak. In fact, the bounds for the 
Bd sector are about three orders of magnitude weaker than those for the K sector 
[44]. The bounds on Lorentz-violating parameters using the data on B mesons 
can be found in [33] and references therein. Here we use a model-independent 
parameterization, like the one earlier followed in [106] and recently used by two of 
us [45], and determine the preferred parameter space using the data on Bs — Ba 
oscillations. Unlike [33], we take both /fy and data into account.

The CPT violation manifests itself in the effective Hamiltonian through the 
difference in the diagonal elements. We write the effective Hamiltonian in eq. (2.1) 
as

(5.1)

and define the dimensionless CPT-violating complex parameter 8 as

HT2 - Hu 25‘
(5.2)

where Hij = — -Ify
The eigenvalues of 'LL are

(5.3)

where a = \/H2i/ IIi2 and y = y/l + 52/4. The corresponding mass eigenstates 
are

BsH) Pi |-®«) + Qi > 
IBsL) = P‘1 |Ba) - q2 |5a) , (5.4)
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with |px|2 + l^p = |p2|2 + N2 = 1, and

Qi

Pi

<te
P2

Hn
H12

!5l

Hu

<52 5
1 + —+ -

(5.5)

Clearly, CPT invariance corresponds to r/i = p2.
Let us now determine the dependence of our four observables on the CPT- 

violating parameters. The differences in masses and decay widths of the eigen
states are related to the difference in eigenvalues as

Ai - A2 = AM + ^Ar, (5.6)

where Ai and A2 are ordered such that Re(A! — A2) > 0. From eq. (5.3),

AM = Mi — M2 = 2Re(ayHu) , 

Ar = r2 — rx = 41m(ayHu) ■

Since |r12| |M12|, we can write

aHl2 = I Mi12 1 - V

Then Eqs. (5.7) and (5.8) yield

AM « |M12| 

Ar « |M12|

1 IP 12
4 |Mi~12

121 -r, / Pl2
— ?Re

'12 Mi12 ,

M12| 1 — -Re 12

Mi12 .

2Re(p) + Im(p)Re 

4Im(p) — 2Re(y)Re

r12

Mu)
(Tn

M12,

(5.7)

(5.8)

(5.9)

(5.10)

(5.11)

The dependence on the CPT-violating parameter 8 appears entirely through y.
Let us pause here for a moment and find what the above two equations tell 

us about the allowed parameter space. Let us first focus on the best constraint, 
AMs, and work in the limit where Tu/Mu is negligible. |Mi2|, and hence M^p, 
can be arbitrarily large, as Re(y) can be made arbitrarily small by an appropriate 
choice of <5. Similarly, Re(y) can be quite large (albeit compatible with other
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constraints) as long as there is a near-perfect cancellation between the SM and 
NP mixing amplitudes, making |JWi21 small. However, the smallness of AT/AM 
constrains Im(^/)/Re(y) to be small, thus indicating that y is almost real. Since 
y = y/T+F/4, this implies that 3'2 is almost real and Re(S2) > —4. Therefore, 
one would expect that 8 is either almost real, or it is almost imaginary, but with 
|Im($)| < 2.

Now let us consider the CP-violating observables fi3J^ and a^. The effec
tive value of the former may be obtained in the presence of CPT violation by 
considering the decay rates of Bs and Bs to a final CP eigenstate fcp as [45]:

r(B,(t) -> fCP) = l^|2[|/+(t)l2 + l«/,l2inwi2 +
2Re(5/,/_(i)/;(t))] , (5.12)

r(S.(t)-»/c,) = I^l2[l/-(t)l2 + l5/j2l7+(f)l2 +
V2

2Re({jJ+(<)/-W)] , (5.13)

with _ _
t t Af T)l
Oi = m-r-, ?/2 = m-f > w = — • (5-14)

Af Aj rj2

Here Af and Af axe the amplitudes for the processes Bs -A fcp and Bs -A fcp,
respectively. The time evolutions are given by

f-(t) = —^—(e_iAlt — e“iAat) ,
w 1 + u/ 1

f+(t) = —(e~iXlt + Lue~iX2t) ,
i + w

/+(<) = -2-(»e-tt'‘ + e-i«). (5.15)
L A OJ

The final state in Bs -A J/ijxj) is not a CP eigenstate, but a combination of CP- 
even and CP-odd final states, which may be separated using angular distributions. 
With the transversity angle distribution [46], the time-dependent decay rate to the 
CP-even state is given by the coefficient of (1 + cos2 6), while the time-dependent 
decay rate to the CP-odd state is given by the coefficient of sin2 9.

The value of effective in this process is determined by writing the time
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evolutions (5.12) and (5.13) in the form

T(Bs(t) fCp) = ci cosh(Arst/2) + c2 sinh(Ars£/2) +

cz eos(AMst) + c4 sin(AMat) , (5.16)

r(i?s(t) —> fcp) = C\ cosh(APs£/2) + C2sinh(APs£/2) +

Cz cos(AMst) + c4 sin(AMs£) . (5-17)

The direct CP violation in Bs J/ixp is negligible; i.e. \Af/Af\ ~ 1. Also, 
|r12/Mi2| 1, so that in the absence of CPT violation, |??i| = \rj2\ — 1. Then in
terms of £/ = = £/2 — aAj/Af, one can write

C4

Ci
c4 2Im(£/)

-tjcp sin(2£sJ/^) , (5.18)

where r\cp is the CP eigenvalue of fcp-
When CPT is violated, the effective phases and measured through 

J3S(£) and B3(t) decays, respectively, will turn out to be different. Indeed, the 
difference between these effective phases will be a clean signal of CPT violation.

sin(2&J/^)
_ 2[—Im(o;) — Re(^/1)Im(o;) + Im^/J + Im^/jRe^)]
“ ~VCP [1 + M2 + 2|& |2 + 2Re(£/l) - 2Re(£/l)Re(tn) - 2Im(e/l)Im(o;)] ’

(5.19)

sin(2 PJJ^)
2H£/J2lmH + Re(C/2)lm(a;) + Im(g/2) + Im(£/2)Re(o;)]

[2 + |C/J2(1 + M2) - 2Re(C/2) + 2Re(£/2)ReH - 2Im(e/2)Im(n;)] 1
(5.20)

Though the analysis of the Bs and Bs modes needs to be performed separately, 
here we assume identical detection and tagging efficiencies for both, and use the 
average of eq. (5.19) and eq. (5.20) for our fit.

The semileptonic CP asymmetry is measured through the “wrong-sign” 
lepton signal:

r(g«(*) v+x) ~ r(B,(t) H~X)
flsi Y{Bs{t) m+X) + T(Bs{t) -> n~X) ' (5.21)
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Here,

T(Ba(t) -4 tTX) 

r(B,(t) -4 fi+x)

= \rhf-A{Bs^^X)\\
= |(/-/%MCB,->/i+X)|2I

(5.22)

(5.23)

and since |.A(-BS -> n+X) | = |A(HS —> /u+X)|,

oS __
sl

M5 hi

li2 +17?1!2
1 - |a|4 

1 + lol4
(5.24)

which is independent of the CPT-violating parameter S. That the semileptonic 
asymmetry does not contain a CPT violating term in the leading order was also 
noted earlier [47].

5.2 CPTV: statistical analysis

In this Section, we perform a x2-fit to the observables AM,, Ars, the effective 
phase and a|j. Let us first assume that there is no CPT-conserving NP
contribution coming from Mpf and Pf2p, so that the only relevant NP contribution 
is CPT violating, and is parameterized by Re(<5) and Im(<5). The allowed parameter 
space is shown in Fig. 5.1. It turns out that in this case, the value of xLn is ~ 
11.5 (at (5 = 0.008 + 0.958 i and S = —0.024 + 0.958 ?), marginally better than 
the one obtained in the (Ffp = 0, M{|p ^ 0) case discussed above in Fig. 2.4. 
There axe some, albeit small, regions in the parameter space that are allowed to 
3<j. However a fit good to 2cr or better is still not possible.

We therefore need to add the CPT-conserving NP to the CPT-violating con
tribution. However we have already seen in the preceding section that and 
rf2p together are capable of explaining the data by themselves. Therefore the fit 
using A, as well as Ff2p is redundant. With six independent parameters and 
only four observables, not only is xLin = 0 guaranteed, but no effective limits on 
CPT-conserving and CPT-violating parameters are generated.

We, therefore, go directly to the possibility where there is CPT-conserving NP, 
but without an absorptive part: = 0. We have already observed (Fig. 2.4)
that the entire region in the |M£>P] — Arg(M^p) is outside the 3cr region in such a 
scenario. We would now ask what happens if we enhance the two-parameter NP 
with two more CPT violating parameters, viz., Re(<5) and Im(5). This scenario 
is interesting because, as we have seen before, only very specific kind of NP can
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Re[5]

Figure 5.1: The 3a (blue/dotted) and 4a (pink/dash-dotted) goodness-of-fit con
tours in the Re(<5) — Im(<5) plane, when the only relevant NP contribution is CPT 
violating, parameterized entirely by 5. There are no points that are allowed to 
within 2a. The inset shows the complete allowed region, while the main figure 
shows the expanded form of the region of interest, where the favored parameter 
space is clearly visible. The crosses show the best fit points, with \2 = 11.5.
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contribute to Pjf\ which would be tested severely in near future. In case no 
evidence for the relevant NP is found (e.g. the branching ratio of Bs —> t+t~ is 
observed to be the same as its SM prediction), the next step would be to check if 
CPT violation, along with the NP contribution through would be able to 
account for the anomalies. For example, one may want to determine /3S and j3s of 
eqs. (5.19) and (5.20) separately and see whether they are different.

Pig. 5.2 shows the situation in the IM^I — Arg(M^p) plane. As compared to 
Fig. 2.4, one can see that once we marginalize over 5, we now have some regions 
allowed to within 3cr. Indeed, xLin = 9-6 at = 3.40exp(0 i). This clearly 
does not improve the goodness-of-fit substantially, indicating that there is no good 
alternative for

Fig. 5.3 shows the situation in the complex 8 plane, when M^p has been 
marginalized over. One observes that the current data allows rather large (~ 1) 
positive values of Im(5) even at 3cr. The best-fit point corresponds to 5 — 0.0037+ 
1.40 i, which gives xLin = 9-6 as mentioned earlier. The CPT conserving point 
(8 = 0) lies outside the 3cr region. As expected from the discussion in Sec. 5.1, the 
allowed values of 5 are close to the Re(5) or Im(5) axis, with |Im(<5) | restricted to 
2.

5.3 Conclusion

We introduce the possibility of CPT violation by adding unequal NP contributions 
to the diagonal elements of %. We explicitly show how CPT violation might 
affect the observables, especially dwelling on the effect on . Taken alone, 
the CPT violation cannot affect the dimuon asymmetry, and it can make the fit 
to the Bb — Bs mixing data only marginally better. In combination with a CPT 
conserving NP, it can enhance the allowed parameter space for that NP, however 
it does not seem to be able to obviate the need of an absorptive contribution from 
NP.

If the errors and uncertainties shrink keeping the central values more or less 
intact, this will mean:

Without any CPT-conserving NP, only CPT violation is only of marginal help, 
as it cannot enhance the semileptonic asymmetry. In combination with the CPT- 
conserving dispersive NP, however, it allows regions in the parameter space to 
better than 3<r.

To summarize, in the scenario that an absorptive NP contribution is ruled out,
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Figure 5.2: The 3cr (blue/dotted) and 4a (pink/dot-dashed) goodness-of-fit con
tours in the |M^P| — Arg(M^p) plane, when r^2p = 0, i.e. NP does not contribute 
to the absorptive part of the effective hamiltonian. The CPT-violating complex 
parameter S has been marginalized over. There are no points that are allowed to 
within 2cr. The inset shows the complete allowed region, while the main figure 
shows the expanded form of the region of interest, where the favored parameter 
space is clearly visible. The cross shows the best fit point, with \2 = 9-6.
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Figure 5.3: The 3a (blue/dotted) and 4cr (pink/dot-dashed) goodness-of-fit con
tours in the Re(A) — Im(fi) plane, when the complex NP parameter A/^p is 
marginalized over, while rf2p has been constrained to vanish. There are no points 
that are allowed to within 2a. The inset shows the complete allowed region, while 
the main figure shows the expanded form of the region of interest, where the fa
vored parameter space is clearly visible. The cross shows the best fit point, with 
X2 = 9-6.
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one may have to resort to CPT violation in order to explain the data. A prominent 
signature of such a CPT violation would be a difference in obtained from
the tagged decays of Bs and Bs.



Chapter 6

Bs —»■ DSK as a Probe of CPT Vi
olation

“Extraordinary claims require extraordinary 
evidence. ”

- Carl Sagan, 
Cosmos

In this chapter, we would like to investigate the signatures of CPT violation 
in the Bs system, both in Bs — Bs mixing and in Bs decays. We would like to 
emphasize that this is a model-independent approach in the sense that we do 
not specify any definite model that might lead to CPT violation; in fact, as far 
as we know, all studies on CPT violation are based on some phenomenological 
Lagrangian to start with.

As an illustrative example, we consider the non-leptonic BS(BS) -» Df K~~ and 
Ba(Bs) DS K+ decays. The Bs decays are mediated by color-allowed tree-level 
transitions b —> tics and b —> cus. These are single-amplitude processes in the SM, 
so that any non-trivial contribution beyond the SM expectations, like direct CP 
asymmetry, is a clear signal of NP. This set of channels is also of interest as in the 
SM, both the amplitudes are of same order, 0{A3) in the standard Wolfenstein 
parametrization of the CKM matrix (so that the event rates are comparable), and 
same final states can be reached both from Ba and Bs. The importance of such 
modes to unveil any NP has already been emphasized; e.g., see [84-87]. The decay 
was first observed by the CDF and the Belle collaborations [88, 89], and recently
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the LHCb collaboration has measured the branching ratio to be [90]

Br(Bs -+ DfK*) = (1.90 ± 0.23) x 10“4

where the errors have been added in quadrature. We also note that flavor-specific 
NP in these channels is relatively unconstrained [29]. LHCb has also measured 
several time-dependent CP violating observables in Bs —> DfK± using flavor- 
tagged and flavor-untagged observables [91].

Here we do a more general analysis considering both the CPT violating and 
CPT conserving NP contributions to Bs — Bs mixing. We show how one can con
struct combinations of observables coming from tagged and untagged decay rates 
that can unambiguously differentiate between CPT violating and CPT conserving 
NP models. On the other hand, if there is some CPTV contribution only to Bs 
decays, it might be difficult to differentiate it from CPT conserving NP in this 
approach. We define an observable which is useful to extract the CPT violating 
parameter in decay.

We will consider both these cases separately: first, when CPTV (or CPT 
conserving NP) is present only in the operators responsible for decay but not in 
those responsible for the mixing; and second, when the same is present also in the 
Bs — B8 mixing amplitude. As we will show explicitly, the extraction of CPTV in 
mixing is independent of the CPTV in decay and any other CPT conserving NP 
either in decay or mixing.

The first possibility of NP (including CPT violation) only in decay can arise if 
the NP operators are strongly flavor-dependent, like those in R-parity violating su
persymmetry, or leptoquark models. As we axe considering final states that can be 
accessed both from Bs and Bs, any such NP will necessarily contribute in Ba — Ba 
mixing, in particular to its absorptive part, and will change the decay width dif
ference Ars. Apart from the short-distance contributions to the absorptive part, 
there can be non-negligible long-distance effects too, coming from mesonic inter
mediate states [93]. However, the accuracy of the present data on AP3, the lifetime 
difference of two Bs mass eigenstates, is relatively weak. The most accurate re
sult comes from the LHCb collaboration [94]: Ars/rs = 0.176 ± 0.028. Even the 
SM prediction [95] has a large uncertainty. Thus, as a first approximation, one 
can consider such NP effects only in decay and not in mixing, where it is in all 
probability sub-leading.

For the second case, one can construct several observables from the time- 
dependent tagged and untagged decay rates, and some of them are identically
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zero if there is no CPTV in mixing, irrespective of whether there is any CPTV in 
decay, or some CPT conserving NP.

The Belle Collaboration [83] places limits on the CPTV parameters in mixing, 
but no such limits exist for CPTV in decay. Also, the Belle limits are valid for 
the Ba system, but one can expect similar numbers for the Bs system too, even if 
CPTV is flavor-dependent. Like the experimental tests on CP-violation, various 
independent cross-checks on CPTV are also essential. Needless to say, one can 
play the same game with decays like Bs —» D°(f) and Bs -» and can form 
more observables (although not independent of the original ones) out of the CP- 
eigenstates of D° and D° in the final state.

6.1 CPT violation in decay

6.1.1 Bs — Bs mixing and Bs —» DfKT in the SM

The Bs — Ba mixing is controlled by the off-diagonal term Hu = Mu — {if 2)Pi2 
of the 2x2 Hamiltonian matrix, with the mass difference between two mass 
eigenstates BH and BL given by (in the limit |r12| C |Mi2[)

AMs = MsH - MsL « 2|M12|, (6.1)

and the width difference by

APS = Tai — TSff S3 2|P12| cos^>3, (6.2)

where <j>3 = arg(—Mu/Fu)- CPT conservation ensures Hn = if22.
The eigenstates are defined as

\Bh(l)) — p\Ba) + (—)q\Bs), (6.3)

where |p\2 + |g|2 = 1 is the normalization, and one defines

a = q/p = exp(-2 0t) (6.4)

where 2j3s is the mixing phase of the Ba — Bs box diagram.
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For the single-amplitude decays Bs -4- DfKT, the amplitudes are of the form

A(Ba -4 D+K-) = Tie*7, A{BS -4 D~K+) = T2,

A(5, -4 D+K-) = T2, A(TS -4 £>;#+) = Tie-*7, (6.5)

where Ti and T2 axe real amphtudes times the strong phase, which we parametrize 
as

arg (^j = A, (6.6)

and 7 = arg(—V^V^/V^V^), so that to a very good approximation, Vub « 
\Vubl exp(—ry). The quantity £/ = aAf/Af, where Af = A{Ba 4- D+K~) and 
Af = A(BS 4 carries a weak phase of —(2@s + 7).

Let us define, following [84],

(Br(Ts 4 DaK~)) = Br(B54fi+r) + Br(Bs4fi3+r),

(Br(Ts 4 D~K+)) = Br(BB 4 DaK+) + Bt(Bs 4 DjK+), (6.7)

so that these untagged rates are the same in the SM, even though a future measure
ment of the time-dependent branching fractions at the LHCb may show nonzero 
CP violation.

6.1.2 CPT violation in Bs decay

In order to take into account CPTV in decay, we parametrize various transition 
amplitudes for the decay Bs 4 DfKT as [96, 97]

A(BS 4 Da K~) = Tiei7 (1 - yf), A(BS 4 D~K+) = T2 (l + y}) , 

A(BS 4 DfK~) = T2 (1 - yf), A(B3 4 D~K+) = Tie“i7 (l + y}) (0.8)

where CPT violation (in decay) is parametrized by the complex parameter yf, and 
yf is real if T is conserved. The CPT violation is proportional to the difference 
A(BS 4 D+K-)* - A{BS 4 TjiC) or ff(4 4 D+K~y - A{BS 4 DjK+).

We define the complete set of four relevant amphtudes, with |/) = \D+K~) 
and I/) = |D~K+),
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so that the ratios
£/ = aAf/Af , <£; = aAf/Af, (6.10)

are independent of?//; the CPTV effect in the decays cancels in the ratio. We also 
have |£/| = l/[£/| and arg(£/^) = —(2/0* + 7 + (—)A) where A is defined in eq.
(6.6).

Prom eq. (6.8) we get

\A(B.^DtlT)\2 + \A(5,->DtK-)}2 = (|Ti|2 + |T2|2) |1 -y,\2 , 
\A(B,^D:K+)f+\A(B,^D;K+)\2 = (|T1|2 + |T2|2) |l + ytf <6.11)

Thus we can define an asymmetry

aopt (MBs -> DjK-)) - (Bt(B8 -> DjK+))
* (MBs -> D+K-)) + <Br(Bs -4 £>*-#+))

= ~2 1^ ~ ”2Refe) - for \vf\2 < 1
1 + 12//1

We have already seen that this asymmetry is zero in the SM. Using eq. (6.13), the 
real part of the CPTV parameter yj can be directly probed from the difference of 
the untagged rates (as the initial state Ba flavor is summed over) Br(Bs -4 D+K~) 
and Br(jBs -4 D~K+).

One can have a rough idea of the LHCb reach in measuring Re(?//). With 1 
fb_1 of integrated luminosity, LHCb has obtained 1390 ± 98 events [91]. With 
full LHCb upgrade to an integrated luminosity of 50 fb—1, total number of events 
should go up by a factor of about 200, as a twofold gain in the .yield is expected 
when the LHC reaches y/s = 13-14 TeV (as the cross section of pp —>• bbX scales 
almost linearly with y/s), and another twofold gain is expected in the trigger 
efficiency when the detector is upgraded. These 0.28 million events should be 
roughly equally divided between D+K~ and D~K+. The advantage is that there 
is no need to tag the flavor of the initial Bs. The statistical fluctuation for each 
channel is about 375, and detection of CPT violation over such fluctuations results 
in a sensitivity of 375/140000 ~ 0.0027 for Re(?//). Note that LHCb already has 
a plan to measure CPT violation in the decay —> J/?/;[-4 7r=F/Lz±i^(i>)]iV° [92]. 
However, in this estimate we have only concerned ourselves with the statistical 
reach; we leave it to the experimentalists co address the systematic errors.

Let us compare this to a case where there is no CPT violation, but some 
CPT conserving NP is present which contributes to either b -4 ucs or b —> cus

(6.12)

(6.13)
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transitions, or maybe both. If this NP leads to observable CP violating effects, 
we can write the various amplitudes for the Bs —» DfKT decays as

A(BS -7 DfK~) = Tiei7 (1 + a ei[e~1+a)),

A{BS -7 D;K+) = T2(l + a' ,

A(BS -7 D+K~) = T2 (1 + a' ,

A(4 -> = Tie-i7 (1 + a e-i(»-7-*)) . (6.i4)

The amphtudes, obviously, are related by CP conjugation. The NP is parametrized 
by the (relative) amphtudes a, a', the new weak phases 6, 6', and the new strong 
phase differences a, a'. Therefore, the asymmetry defined in eq. 6.13 is given by

Np a \Ti\2 sm(6 — 7) sin a + a' |T2|2 sin ^ sincd
^ |7j|2 (1 + a2 + 2acos(# — 7) coser) + |T2|2 (1 + an + 2 a1 cos 9' cos a')

(6.15)
Hence, a nonzero value of Afrr could be due to either CPTV or CPT conserving 
NP (which, perhaps, is flavor-dependent, and definitely not of the minimal flavor 
violation type). As both the decays are color-allowed, one can even invoke the 
color-transparency argument [98] to claim that all strong phases are small; but 
CPTV effects are not expected to be large either.

eq. (6.13) is in general true for all decays which are either (i) single-amplitude 
in the SM, be it tree or penguin, or (ii) multi-amplitude in the SM but with one 
amplitude highly dominant over the others. Single-amplitude decays are preferred 
simply because any nonzero asymmetry'- as in eqs.(6.13) or (6.15) can be unambigu
ously correlated with NP. The same observable Acan be defined for charged 
B decays, or even D and K decays. However, in all cases, CPT conserving (but 
necessarily CP violating) NP can always mimic the asymmetry, unless there axe 
strong motivations for the corresponding amphtudes to be highly subdominant, or 
the strong phase difference between the two amphtudes to be zero or vanishingly 
small.

On the other hand, if there is CPT violation in mixing too, this formalism 
does not hold, because the definition of the mass eigenstates also contains CPT 
violating parameters (see later). In that case, we suggest using single-amplitude 
charged B meson decay modes, like J9+ —> D°K+ and B+ —» D°K+.

If there is no other CPT conserving NP, but the Bs — Ba mixing matrix has 
CPTV built in, the asymmetry is still nonzero, as the individual branching frae-
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tions are functions of the CPTV parameter 8 (see below) in the mixing matrix 
[45]-

6.2 CPT violation in mixing

This section closely follows the formulation developed in [45], but let us quote 
some relevant expressions for completeness. CPT violation in the Hamiltonian 
matrix is introduced through the complex parameter 8:

E22 - Hn
y/E^E2i

so that the Hamiltonian matrix looks like

(6.16)

U
M0 - Re(5') Mi12 To +

M*l2 Mo + Re(<$')
2Im(<5')
n12 Tn

T12

- 2Im(V)

where 8' is defined by
2 8'

(6.17)

(6.18)
a/ E\2H2\

One could even relax the assumption of #21 = E*2. However, there are two 
points that one must note. First, the effect of expressing E12 = hy2 + 8, E2i = 
h*2 — 8 appears as P in \[EviEi\, the relevant expression in eq. (6.16), and 
can be neglected if we assume 8 to be small. The second point, which is more 
important, is that CPT conservation constrains only the diagonal elements and 
puts no constraint whatsoever on the off-diagonal elements. It has been shown in 
[81] that Eu 7^ #21 leads to T violation, and only En ^ E22 leads to unambiguous 
CPT violation. Thus, we will focus on the parametrization used in eqs. (6.16) and 
(6.17) to discuss the effects of CPT violation.

In the review on CPT violation in [9], the authors have used a formalism 
which is close to ours. While their treatment is for the Ks-Kl pair, this can be 
generalized to any neutral meson system. The mass eigenstates are defined as

I Ks{Kl)) =
1

v'2d + |e.(z,)l2)
[(1 + eswMif0) + (1 - es(i))|/f°>] (6.19)
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where

-iIm(M12) - |lm(r12) T \ [Mn ~ M22 - f(rn - T22)]
ML-Ms + i{Ts-rL)/2

e±8. (6.20)

Note that 5 and 5 axe not the same, but related; both parametrize CPT violation. 
On the other hand, es(l) is not truly a CPT conserving quantity, as the expression 
contains the mass and width differences of the two eigenstates, and both depend 
on the CPT violating parameter 8 that we have used here.

The Belle collaboration [83] recently put stringent limits on the real and imag
inary parts of 8,

Re(8d) = (-3.8 ± 9.9) x 1(T2, Im(5d) = (1.14 ± 0.93) x 10“2, (6.21)

where we have added the errors in quadrature, and used the straightforward trans
lation valid for small 8, viz., 8 = —2z (the subscript emphasizes that these results 
are for the Bd system). The CPT violating parameter z is defined as

\Bl{h)) — p\/l — (+)z\Bd) + {—)qyf 1 + (—)z\Bd). (6.22)

We can see that within the error bars data are consistent with no CPTV case i.e 
Re(5d) = Im(5d) = 0. However, more precise measurements are important and 
essential. In any case it is safe to assume |d| 1, even for the Bs system. In AMs
and Ars the CPT-violating effects are quadratic in 8 and hence negligible.

We can write

IBh) = pi\BB) + qi\Ba), |BL) = P2\Bs) - q2\Bs). (6.23)

with the normalization conditions lPi|2 + |<?ip = )P212 +19212 — 1, so that with CPT 
violation, pi ^ p2 and q\ ^ q2. The time evolutions of BH and Bi are controlled 
by Ai = mi — iri/2 and A2 = m2 — zP2/2 respectively. We also use

eS(L) ~

AM, = mi — m2 , Ars = r2-Px. (6-24)
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Let us define,

L ,s _ 3i f _ 32 f S\ Vi
y = V1 + T! 7?i = ~= h/+o/Q!5 772 = — = h/ - ~ a; w = —,V 4 Pi v 2/ P2 \ 2/ 7/2

(6.25)
where a = y7For |5| <C 1, we can approximate y with unity.

The time-dependent flavor eigenstates are given by

where

Bs(t)) = h+(t)\Ba) + rhh-(t)\B8) 
B,(t)) = ^\Bs)+h+(t)\Bs),

h-{t) =
1 (e~iMt - e~iX2t) ,

(1 + to)

h+(t) =
1 (e~iXlt + ue~iX2t)

(1+w)

h+(t) =
1 (uje~iXlt + e~iX2t)

(1+w)

(6.26)

(6.27)

and we refer the reader to [45] for detailed expressions. Note that in the absence of 
CPTV, rji = to = 1, and hence h+(t) = h+(t). In the limit |<5| 1, cu « 1 + <5.

With our convention of |/) = \DfK~) and |/) = |D~K+), where both the 
states are directly accessible to Ba and Bs, the time dependent decay rates are 
[45]

r (B.(t) -4 /)

-4 /)

r(B,(<) ->■/) 

rmt) -»/)

[jft+(t)|2 + K,fVUt)f + 2Re (f/.fc-fflA+W)]

[IMf)|2 + l&|2|S+(()P + 2Re («))]

[IM*)|2 + !4I2!M<)I2 + 2Re (4/._(t)A;(t))]

O^WI2 + I4I2M«)|2 + 2Re (ihKm_(«))]

\Al\

%

2
>

2

W-28)

where,

£/i = %

4 = Vi

h

Af

Af 
A j

(1 + 05/'
(6.29)

Dropping terms 0(52) or higher, we get the following expressions for the tagged
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and untagged time-dependent decay rates:

T(Bs{t) -> /) - T(5a(<) -» /) = [Pi sinh(Ars£/2) + Qx cosh(Arst/2)

+Ri cos(AMat) + Pi sin(AMst)] e”rjt|.A/|2 , 

T(Bs(t) ^ /) + T{Bs(t) -4 /) = [P2 sinh(APst/2) + Q2 cosh(AP8t/2)

+i?2 cos(AMgt) + P2 sin(AMs£)] e^rat\Af\2,
(6.30)

with

P1 = -ii2eW(H-|5/|2) ,

Qi = —1^/| cos(7 + 2^s + A)Re(<5),

Pi = 1 — |f/|2 + |f/| cos(7 + 20a + A)Re(5),
Si = 2 fol sin(7 + 20. + A) - ^ Im(<5) (l + |f/|2) ,

a = 2 101 «>s(7 + 2ft + A) - i R*(,S) (l - |£,|2) ,

Qi = 1 + lC/l2-|f/| sin(7 + 2^ + A)Im((5),

P2 = |f/| sin(7 + 20. + A)Jm(<5),
s2 = -ilm(i)(l-|«/|2) • (6-31)

It is clear from eq. (6.31) that CPT violating effects in decay will not affect the 
determination of these 8 coefficients. Whatever the effects are, they will be lumped 
in the overall normalization |A/|2 and will not appear in the coefficients of the 
trigonometric and hyperbolic functions.

All the 8 coefficients can theoretically be extracted from a fit to the time- 
dependent decay rates, but admittedly the coefficients of the hyperbolic functions 
are harder to extract and need more statistics. The coefficients Pi - S\ are to be ex
tracted from the tagged measurements, and P2 - S2 from untagged measurements. 
Note that whether or not any CPT-conserving NP is present, absence of CPT 
violation definitely means 5 = 0, so Pi = Qi = P2 = S2 = 0. If any of these four 
observables are found to be nonzero, that is a sure signal of CPT violation. (While 
Pi and P2 depend only on S, Qi and P2 also have an implicit dependence on the 
Bs — Bs mixing phase 20., which might depend on CPT conserving NP effects.) 
Therefore, if CPT is conserved, the tagged measurements are sensitive only to the 
trigonometric functions, and the untagged measurements only to the hyperbohc 
functions, but we urge our experimental colleagues to perform a complete fit.
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If at least Pi or S2 be nonzero (maybe with nonzero Q\ and P2), one gets

Im(5) =
2ft

R1 + Q1 ’

Re{5) = 2 Px
P2 + Q%

(6.32)

which is theoretically clean, i.e. free from hadronic uncertainties. The overall 
normalization can be extracted from the CP averaged branching fractions.

Even if the experiment is not sensitive enough to extract unambiguously nonzero 
values of P\, Q i, R2, or ft, one can still find signals of CPTV, from the fact that 
P2, Q2, Ri, and Si contain CPTV terms over and above CPT conserving but CP 
violating terms. For example, one can extract the following analogous quantities 
from the tagged and untagged Bs —¥ f decays:

P2 = 2 |{,| cos(7 + 2/3, - A) 4- 1 Re(i) (l - |?,|2) .

— IT |012 - 101 sin(7 + 2ft ~ A)Im(5),

Ri = -1 + I0I2 + 101 cos(7 + 2ft - A)Re(5),
Si = 2 |0I sin(7 + 2ft - A) - i lm(6) (l + |0|2) • (6.33)

It is easy to derive eq. (6.33) from eq. (6.31). First, note that the relevant expres
sions contain \Aj\ and 0- ecf (6.33) follows when one substitutes |0l — 1/101 
and IA/p/1012 = \A/\2. However, the strong phase changes sign because of the 
definitions of 0 and 0-

Therefore, from eqs. (6.31) and (6.33) we can define observables which are only 
sensitive to the CPTV effect independent of any other NP effects in mixing,

Pi + Pi Re(5) Qi — Qi Im(5) ( x
-p^h=^T’ s^?7 =—' (6'34)

From eq. (6.34) we note that it is possible to probe the CPTV parameter 5 even 
in the presence of any other generic NP in mixing or decays (which modifies 2ft); 
the NP effects in mixing axe canceled in the ratio. In addition we note that the 
strong phase is also exactly canceled in the ratio, hence the measurement of 5 is 
free from hadronic uncertainties.

LHCb performs the decay profile fit assuming CPT invariance [91], so it is 
not easy to predict the reach for the new CPT violating parameters, or even the 
CPT conserving ones. For this we need a full fit, assuming the possibility of CPT 
violation. Still, one can try to have an estimate of the reach. As there exists 
no measurement on the CPT violating parameters, let us use the first relation
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of eq. (6.34). The parameter Rx (called C in [91]) has an error of about 56% 
right now; if the data sample increases by a factor of 200, this might come down 
to 4%. The same is true for Rx, which should be measured independently (the 
central value, in the absence of CPT violation, should be equal and opposite to 
that of R\). Thus the total uncertainty, added in quadrature, should be about 
6%. Similarly, the uncertainty in the denominator should be about 6%, and is 
to be added in quadrature with the numerator. Thus, Re(<5) > 0.16 should be 
measurable using this relationship. Of course, we expect a much better reach with 
a full 4-paxameter fit to each decay profile.

We reiterate that even if CPTV is present in decay, the conclusion that a 
nonzero value of any one of the four observables Pi, Qy, P2, or Sz indicates CPTV 
in mixing remains valid. Consider the expressions for the tagged and untagged 
decay rates, eq. (6.30). With enough statistics, one gets the coefficients of the 
trigonometric and the hyperbolic functions, as well as the overall normalization 
\Aj\2. If CPTV is present in decay, the expression for |A/|2 will change and be a 
function of yf, but the eight coefficients of eq. (6.30) will remain the same.

The same method is applicable to decays like Bs -4 D0p, with b -4 cus and 
b -4 ucs transitions.

6.3 Summary and conclusions

While the effects of CPT violation are severely constrained for systems with first 
and/or second generation fermions, the B systems, in particular Bs, are relatively 
less constrained. This opens up the possibility of a CPT violating action that 
is flavor-dependent. As a typical example of the effects of CPT violation, we 
consider the decays Ba,Bs -4 DfK^. These decays are excellent probes of any 
NP; in the SM, they are single-amplitude processes, and both Bs -4 Df K~ and 
Bs -4 DSK+ amplitudes are of the same order in Wolfenstein parametrization. 
Thus, the number of events for both Df K~ and DSK+, summing over parents 
Bs and Be, should be the same in the SM. We show how this asymmetry becomes 
nonzero if there is CPT violation in the decay.

At the same time, we see that if there is some NP that conserves CPT but 
comes with different strong and weak phases from the corresponding SM ampli
tude, the asymmetry is again nonzero. So, while this asymmetry serves as an 
excellent indicator of my NP, it might be either CPT conserving (but necessarily 
CP violating) or CPT violating, and further checks axe necessary.
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The situation is far better if there is CPT violation in mixing. The best 
way to put CPTV in mixing is to make the diagonal terms of the 2x2 mixing 
Hamiltonian unequal. With this, the CPTV parameter enters the definition of 
the mass eigenstates, and through that, to various time-dependent decay rates. 
With sufficient statistics, one can extract the coefficients of the trigonometric 
and hyperbolic terms of both tagged and untagged time-dependent rates. We 
find that there are four coefficients which are zero not only in the SM but also 
any extension with CPT conservation, so any nonzero value for any of them is 
a definite indication for CPT violation. There are several ways to extract these 
coefficients, and LHCb should have enough statistics to be able to measure them 
with sufficient precision. The argument goes through even if CPTV is present in 
both decay and mixing; this is because different sets of observables are extracted 
for the two different cases.



Chapter 7

CPT violation and triple-product 
correlations in B decays

“All animals are equal,
But some animals are 
More equal than others!”

- G. Orwell, Animal Farm

Triple product (TP) correlations are known to be a good probe of CP violation 
in B decays f100-104]. Consider a B meson decaying into two vector mesons V\ 
and V2:

B(p) -> Vi(fci,ei) + V2(k2,e2),

where k and e are respectively the four-momentum and polarization of the vector 
mesons. Suppose one constructs an observable a = fci.(e*i x e2), where we have 
taken out the spatial components of the respective four-vectors. The asymmetry

r(a > 0) - r(a < 0) 
r(a > 0) + T{a < 0)

is odd under the time-reversal operator T as a itself is T-odd. As CPT is supposed 
to be a good symmetry of the Hamiltonian, the asymmetry is CP-odd too, and 
can be taken as a probe and measure of CP violation.

TP asymmetries are also an excellent probe of new physics (NP) beyond the 
Standard Model (SM). There are many TP asymmetries which are either zero 
or tiny in the SM but can go up to observable range under some new physics 
(NP) dynamics. Also, true TP asymmetries, unlike direct CP asymmetries, are

77
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nonzero even if the strong phase difference between two competing amplitudes is 
small or even zero. Of course, TP asymmetries can be faked by a sizable strong 
phase difference. The authors of Ref. [103] have discussed in detail the conditions 
for observation of TP asymmetries, and also the feasibility of measuring such 
asymmetries for different decay channels. The analysis has been extended by the 
authors of Ref. [104] for 4-body final states.

A crucial ingredient of extracting CP-violating signals from TP asymmetries 
is the CPT theorem: the combined discrete symmetry CPT, taken in any order, 
is an exact symmetry of any local axiomatic quantum field theory (QFT) [4]. 
Experiments have put stringent limits on CPT violation (CPTV), as all tests 
performed so far to probe CPTV yielded null results. Still, one should try to 
measure CPTV in B systems in as many ways as possible, irrespective of the 
theoretical dogma, as CPTV can be a flavor-dependent phenomenon, and the 
constraints obtained from the K system [105] may not be applicable to the B 
systems. One might also want to know whether any tension between data and the 
SM expectation is due to CPT conserving canonical NP, or or just due to CPTV.

The issue of CPTV has started to receive significant attention due to the 
growing phenomenological importance of CPTV scenarios in neutrino physics and 
cosmology [80]. A comprehensive study of CPTV in the neutral K meson system, 
with a formulation that is closely analogous to that in the B system, may be 
found in Ref. [81]. CPTV in the B systems, and its possible signatures, including 
differentiation from CPT conserving NP models, have been already investigated by 
several authors [61,106? -109]. It was shown that the lifetime difference of the two 
mass eigenstates, or the direct CP asymmetries and semileptonic observables, may 
be affected by such new physics. The experimental limits are set by both BaBar, 
who looked for diurnal variations of CP-violating observables [82], and Belle, who 
looked for lifetime difference of B,i mass eigenstates [83]. This makes it worthwhile 
to look for possible CPTV effects in the Bs system (by Bs we generically mean 
both Bs and Bs mesons).

In this chapter, we would like to develop the formalism of TP asymmetries 
with possible CPTV terms in the Lagrangian. Thus, T violation and CP violation 
are no longer correlated. We will show, in detail, how and where deviations occur 
from the standard CPT conserving cases. In particular, it will be shown that 
some decay channels where TP asymmetries are not expected might throw up new 
surprises[99], We will also relate the TP violating observables with the transversity 
amplitudes [103], and discuss the implications of the LHCb results [110] on Bs —»
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#•

At this point, we note that violations of different conservation rules lead to 
different signals. For example, violation of AB = AQ keeping CPT invariant 
would lead to some interesting time-integrated dilepton asymmetries [111]. While 
a systematic study of the inverse problem, (i.e. going from the signal to the under
lying model) in the B sector is worthwhile, it is outside the ambit of this chapter. 
We would like to refer the reader to [109] for ways to differentiate between CPT 
conserving and CPT violating NP under certain conditions; such a differentiation 
is not always possible.

The chapter is arranged as follows. In Section II, we discuss the essential for
malism of TP asymmetries when CPTV terms are present in the decay amplitudes. 
In Section III, we show how the transversity amplitudes are modified by the CPTV 
terms. Section IV is devoted to the case where CPTV terms are present in the 
neutral B meson mixing Hamiltonian but not in the subsequent decay processes. 
In Section V, we correlate the expressions with the data from LHCb. In Section 
VI, we summarize and conclude. Some calculational details and a compendium of 
relevant expressions, not strictly necessary to catch the main flow of the chapter, 
have been relegated to the two appendices.

7.1 Formalism

Following Ref. [103], we can write the decay amplitude for B(p) —> Vi(ki, £i) + 
V2(k2,£2) as

M = aS + bV + icP = as* • e*2 + -^-(p • e*)(p • e2) + i-^jelivp<!pfq1' e\pe*2 , (7.1)

where q = kx — k^. Terms are normalized with a factor m%, so that each of a, b 
and c is expected to be of the same order of magnitude. The a, b and c terms 
correspond to combinations of s, d and p-wave amplitudes for the final state, 
denoted by S, V, and V respectively. The quantities a, b and c are complex and 
will in general contain both CP-conserving strong phases and CP-violating weak 
phases.

Similarly, the amplitude for the CP-conjugate process B(p) —> Vi(ki,ei) + 
V2(k2,£2) can be expressed as:

M = a e\ • e\ + (p ■ ej) (p ■ e*2) - i~^vp<Jjf(f e\pe^ , (7.2)
TTlg
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where, considering CPT conservation, a, b and c can be obtained from a, b and 
c by changing the sign of the weak phases.

In that case, one can write

a = die eV“ , (7.3)

b = , b = bi(rlrf>*e1^ ,
i

C = 5>e'^c . c = y~]cje~^e^c
i i

where <f>“’b,c (£*’b,c) are weak (strong) phases of the respective amplitudes. The 
relevant quantities for true T-violating TP asymmetries are [Im(ac*) — Im(ac*)] 
and [lm(bc*) — Im(bc*)], which we get by adding T-odd asymmetries in |M|2 
and \M\2. One can show [103] that TPs would be non-zero in B -> V{Vi decays 
as long as Im(ac*) or Im(bc*) is non-zero. For that, both B —> V\ and B l/2 
channels must be present with different weak phases, following a naive factorization 
argument, detailed in Appendix A following Ref. [103].

There are two ways to introduce CPT violation in the formalism, namely,

1. CPTV in the decay amplitude, and

2. CPTV in the mixing amplitude.

We will discuss the former here and postpone the latter for Section IV. However, 
note that even if CPTV is present in the decay amplitudes, one can still have a 
mixing-induced CPT violation, characterized by time-dependent TP asymmetries, 
as discussed below.

7.1.1 CPTV in decay

Let us start with the first option, which can be subdivided into two categories:

Type I: CPTV present only in the p-wave amplitude

We introduce the CPTV parameter / = Re(/) + ilm(/) in the following way:

c = - /) - c = J>e-^e*<(l + f*), (7.4)
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and other amplitudes remaining the same. This is the simplest way to intro
duce CPTV; a channel-dependent CPTV parameter would only complicate the 
calculation without giving any extra insight.

The relevant quantity for TP is

\ [Mac*) - Mac*)] = °Msin (# ~ <t>Cj) cos (C - CJ)

- Re(/) cos (4>f - <f>f) sin (<? - C|)

- Im(/) sin (4>1 - <%) sin (£? - (f)]. (7.5)

A similar expression is obtained for \ [lm(bc*) — Im(bc*)]. Even if the weak 
phase difference vanishes, these are still nonzero because of the second term, so 
the TP asymmetry will essentially probe Re(/).

Type II: Universal CPTV present in all amplitudes

In this case, the coefficients from eqs. (7.1) and (7.2) are modified as

(a, b, c) -» (a, b, c)(l — /), (a, b, c) -»• (a, b, c)(l + /*). (7.6)

Thus, the relevant expression for TP becomes,

\ [Im(ac*) - Im(ac*)] - a^Cj[sin ($* - <%) cos (C“ - (■)

- 2Re(/) cos (<f>l - 4>f) sin (Q - (_•)] (7.7)

Here too, only the second term remains in absence of weak phase.
Following eq. (7.49) taken from [103], one finds the cases where no TP asymme

try is expected in the SM. On the other hand, introduction of CPTV may induce 
nonzero TP asymmetries for some of the cases as follows:

1. In order to have a TP correlation in a given decay, both of the amplitudes 
in eq. (7.46) must be present, otherwise either X or Y becomes zero. This 
remains true for CPTV of type II, but for type I, even in the absence of 
either X or Y, TPs can be generated.

2. For the same reason as above. CPTV of type I can produce nonzero TPs 
even if V\ and P2 have identical flavor wavefunctions (same meson, or an
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excited state). Such nonzero TPs axe not allowed in the SM as then a, b, 
and c are all proportional to the same factor and there is no relative phase.

3. In the SM (or in any NP model with CPT conservation), two kinematical 
amplitudes must have different weak phases for a nonzero TP asymmetry. 
Thus, if the quark-level decay is dominated by a single decay amplitude, a 
nonzero TP can never be generated. This is again not necessarily true for 
CPTV of either type I or type II, as we have seen from eqs. (7.5) and (7.7) 
that even in the absence of weak phase difference, one of the terms in the 
relevant expressions can have a nonzero value.

Effects of Type I and Type II CPTV in mixing

There could be another way to induce CPTV. Let us suppose CPTV to be present 
only for B —V\ and not for B —>■ V2. As can be seen from eq. (7.47), this changes 
only the terms with the same phase in the expressions for a, b, and c. Thus, |/| 
is absorbed in the form factors and arg(/) in the phase. Obviously, this scenario 
does not produce any TP even if CPTV is present.

Now let us consider the special case where V\ can be accessed from B but not
from B, and vice versa. Let us also take, for simplicity, B Vi and B..> V2 to
be single-amplitude processes. For B = B^s, there will be a mixing-induced TP 
because the B meson can oscillate into B and hence decay to V2, thus providing 
the second amplitude. The relevant T-violating terms, as shown in Ref. [103], are 
proportional to the a-c (and b-c) interference contributions, and are given by

mi+m Im(ac*) — Im(ac*)

,2= cos" Im(aic* - ajc*) + sin2 ( —— ) Im(a2C2 - a^)
^AMt'

sm
[AMt\ (AM Ay—-—J cos ^—-—J Re [e 2l^Ma2 c* — e2i^Ma2 c* — e2l<^Mai c

+e 5 n*«i ci] (7,8)

where AM is the mass difference of the two eigenstates, and following eq. (7.1),

A\B —y V1P2) = a.i<S T b+ icjP, Ai^B —y L1P2) = a2<S -t- b22? Tic2B,

A(B -► ViV2) = a2S + b2X> - ic2V, A{B -» VaV2) - ai<S + h{D - ic{P,
(7.9)

to
 #
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so that,

with

M = A(B(t) ViV2)

M = A(B(t) V1V2) = e

e-i(M-ir)t + hv + icV],

(7.10)

fAMt\ 
a = ax cos 1 —1

/ AMt\ 
a = ai cos I —j- ]

K Kb = bi cos ———{ 2 J
- - (A Mt\ 
b = bi cos I —- 1

(A Mt\ c = Ci cos ( —I

/ AM AC = CiCOS^J

/AM Aie 2 sin ( —J a2 ,

2i, /AM A _ie2<f>M sm f^—) a2 >

i e~2Ut>M sin (b2 ,

1 e ™ sm

2 e 2i^M sin

2 e2,^A/ sin

t»2 ,l-A
/ AMt\
{—)C2'

/AMt\ _
\—r-

(7.11)

(7.12)

Note that amphtudes like ai me complex, with relevant weak and strong phases:

ai = aje^eA (7.13)

The first term in eq.(7.8) describes the time evolution of the TP in B —» V1V2 and 
the second term, generated due to B-B mixing, describes the time evolution of 
the TP in B -» A A- The third term can potentially generate a TP due to B-B 
mixing even in the absence of TP in B —» V{V2. This term can be rewritten after 
explicitly writing down ai, a2 etc. following Eq. (7.3):

-(sinAMt)[a2Cism($! 17 - - 2^>„)sin(CJ - C?) - OiC2sm(^>; - ^jj + 20m) sin(C? - Q
(7.14)

This expression goes to zero in the absence of strong phase differences, which is 
intuitively obvious as strong phase differences are related in part to kinematics, 
and the TP vanishes if kinematics of B —> V2 is identical to B —» Vi-

However, in the presence of CPTV of Type I, the expression in (7.14) is mod-
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ified to

- (sin AMt)[a2cx sin($ -<t>\- 2<pM) sin(C2 - CD ~ C2 sin(^f - 4>\ + 2<f>u) sin(C? - C

- 2Re(/)[a2cx cos($j 2<f>M) cos(Cf - CD - aic2 cos(^ - <f>% + 2<f>M) cos(C? - C

- Im(/)[a2Ci sin(<^ 2<f>M) cos(C2 - CD - «ic2 sin(# - <j>c2 + 2<f>M) cos((“ - CD
(7.15)

while for CPTV of Type II, the same expression takes the form

- (sin AMt)[a2Ci sm(<p% - <f>cx - 2<f>M) sin(C2 - CD “ aic2 sin(0? - <t>c2 + 24>u) sin(C? - C:

- 2Re(/)[a2Ci cos($ - <fx - 20M) cos(C2 - CD - °ic2 cos($ - <f2 + 2(f>M) cos«“ - C
(7.16)

The last two equations show that in the presence of CPTV, we can get a non-zero 
TP from mixing, even if the strong phase differences vanish. Only if the final state 
is self-conjugate, the third term in eq.(7.8) is zero and the first two terms add up, 
so the TP in B —>• VXV2 is time-independent and this remains true even in the 
presence of CPTV.

7.2 Relation to transversity amplitudes

The angular momentum amplitudes are related to the transversity amplitudes by 
the following relations [103]:

A« = V2a, Aq — —ax — ——b(a^ — 1), Aj_ = 2V2 - 1. (7.17)
m% m%

Let us consider, following Ref. [104], the channels in which each of the two vector 
mesons in B —> VXV2 further decays into two pseudoscalar mesons. The decay 
angular distribution in three dimensions is given in terms of the three transversity 
amplitudes. We take &i(62) to be the angle between the direction of motion of Pi 
(P2) in the V\ (V2) rest frame and that of V\ (V2) hi the B rest frame. The angle 
between the planes defined by P\P[ and P2P2 in the B rest frame is denoted by
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ip. One obtains [104]

dr--------------------- = tv
dcos 8idcos92<iip

M |2
|A0|2 cos2 9i cos2 02 + * sin2 9} sin2 82 cos2 ip

Zi
\A 1 p 0 n Rg(-Aq-Au)

.....-.■■.sin2 &i sin2 02 sin2 ip H--------- j=-^- sin 2$i sin 202 cos tp
2 2y 2

sin 2&1 siB 282 sin ip — Im^±A|1-sin2 8X sin2 d2 sin I 
2y 2 2

dr_____ _ _
dcos did cos &2d(p

l-Ao |2 cos2 8\ cos2 82 +
Z

1^4 I2
—-— sin2 81 sin2 82 sin2 (p

|yliil2 _ _ R,e(j4oj4.?i) _ _
—sin2 9\ sin2 82 cos2 (p -\-------- -j=A- sin 28\ sin 202 cos (p

2 2y2
Im(^lA)) gin gin ^ gin - + sin2 gin2 q2 s.

2y2 2

Integrating these over 8i and 02 gives a T-odd asymmetry involving sin 2ip [103]

(2) _ r(sin2t/? > 0) - r(sin2<p < 0) ^ 4 Im(A±A|)
T ~ r(sin2^>0) + r(sin2^<0) ?r |^012 + |A±|2 + lAil2 ’

Similarly, we may define an asymmetry with respect to the values of sin ip, 
assigning it the sign of cos 81 cos 02 and integrating over all angles,

jO) _ r[sign(cos 0i cos 02) sin ip > 0] — r[sign(cos 8X cos 02) sin <p < 0]
T F[sign(cos 0x cos 02) sin ip > 0] + r[sign(cos 0i cos 02) sin</5 < 0]

- 2\/2 lm(A±A£)
7T [AoP+I^P+IAll2

(7.20)

One can define similar asymmetries and Ap by integrating the second part 
of eq. (7.18) and proceeding in a similar manner. As the p-wave amplitude in M 
changes sign relative to that of M (eqs. (7.1) and (7.2)), the sign of the T-odd 
asymmetry in \M\2 is opposite that in |M|2. The true T-violating asymmetry is 
therefore found by adding the T-odd asymmetries in \M\2 and \M\2 [101]:

At = - (At + At) ■ (7.21)

This essentially means that instead of Im(Aj_A*), we should look for expressions
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involving Im(Aj_A* + A_lA*) in search of true TP-violating asymmetries. If we 
consider specifically the decay Bs —*• <p4>, following Ref. [104], we notice that 
final states are flavorless and accessible to both Bs and Bs. As a result of Bs~ 
Ba oscillation, the angular decay distributions become time-dependent. Using 
standard notations for Bs-Bs mixing, and assuming no CP violation in mixing 
(\q/p\ = 1) and decay (|Afc| = \Ak\), one has [112]

qM
pAk me (7.22)

Here 77* is the CP parity for a state of transversity k (rj0 — % = —771 = +1), 
while 4>k is the weak phase involved in an interference between mixing and decay 
amplitudes. Denoting the CP conserving strong phase of Ak by one can write 
Ak = \Ak\ext'ke%<l>k, so that Ak = {p / q)rfi.e^k e~l<i>k. One thus has for 7 = 0, ||:

Im(A±A* + Aj_A*) = |Aj.||Ai|Im {el<l> - ) = 2|Aj_||A| cos((_) sin(0~),
(7.23)

where we define the notations for our future references:

C = C±-C>, <F = 4>X-4>i, <f>+ = <t>± + &- (7.24)

One finds from eq. (7.17) that expressions such as Im(Aj_AQ) are proportional to 
linear combinations of terms like Im(a*c) and Im(b*c). Now, as per eq. (7.49), 
they are all zero for decays like Ba —» <p(f>] thus, A^\ A$p, and consequently all 
of their combinations are zero. This can also be seen from eq. (7.23) if the weak 
phases for all the transversity amplitudes are the same. So, any nonzero values to 
any of these observables unambiguously point to new physics.

Let us assume the NP to be CPT violating in nature, and parametrize the 
amplitudes following eqs. (7.3) and (7.17):

A± = ^2 IAi| e^e^(l - /), Ai = Yl I^TIe^e*”,
I m

A± = v±Yl K| e^e^l + /*), A{ = ^2\A^\e^e^ ,
l m

(i = 0. ||). (7.25)



7. CPT violation and triple-product correlations in B decays 87

Using the notation — CT*) and 4>l m = (<t>j_ — <$"), we obtain,

Im(AxA* + i±i*) = 2^2 lA^WA™] [sin^J cos^J - Re(/) sin^J cos^J
l,m

+ Im(/) sin(^7m) sin^J] • (7.26)

For / = 0 this reduces to eq. (7.23). On the other hand, even if <f>J~ = 0, we still 
get a nonzero result:

lm(A±A‘+ A±A-) =-2 £ |^||^T)Re(/)siti(C,7m). (7.27)
l,m

7.2.1 Time dependence of the transversity amplitudes
Next, let us consider the time dependence of transversity amplitudes; we will use 
a formalism closely following Ref. [104]. The states B and B evolve in time as

B(t) = f+(t)B + (q/p)f-(t)B , B(t) = (p/q)f-(t)B + f+{t)B, . (7.28)

where

/+(*)

f-(t)

-i&h + e-i\:(9)

— e ,a29)*
0 ^e-tmit-(r1i/2) + e-im2t (rat/2)j 

im2t-(r2t/2)^

\f±(t)\2 — (e rt/2)[cosh(Art/2) ±cos(AMt)}, 

/+(£)/_(£) = (e“n/2)[sinh(Art/2) — isin(AMt)], (7.29)

AM and Ar being the mass and width differences of the stationary states respec
tively.

Time dependence of transversity amplitudes, A*. = {k\B),Ak = (k\B) (k = 
0, ||, T), is given by:

Ak(t) = (k\B(t)) = f+\t)Ak + (q/p)f-(t)Ak ,
Ak{t) = (fc| B(t)) = (p/q)f-{t)Ak + f+{t)Ak. (7.30)

Let us calculate the interference terms A*(t)Ak(t) and A*(t)Ak(t), where i = 
0, ||, k =_L. Inserting A\Ak = |.Ai||.Afe|(l - /) exp[i«* - CO] exp[i(cf)k - &)], and
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A*Ak = rjiT)k\Ai\\Ak\(l+f*) exp[i(Cfc—Ci)] exp[—■?(</>*—</>*)], one gets, using eq. (7.24),

Im[yl±(t)A*(f) + A±(iK(t)] = 2|A±pt|e-r(x

[ {cos(C“) sin(0_) — sin(£~) (Re(/) cos(</>~) — Im(/) sin(^>—))} cosh(Art/2)

+ (cos(£-) sin((f>+) + sin(£~) (Re(/) cos(</>+) + Im(/) sin(</>+)) } sinh(Art/2)]
(7.31)

This, again, agrees with eq. (7.23) at t = 0, / = 0. When CPT is conserved, it 
shows the variation of a genuine CP violating quantity with time which requires 
no strong phase differences. The CPTV contribution is nonzero even if the weak 
phase difference vanishes but the strong phase difference must be nonzero.

If there are more than one decay channel contributing to the transversity am
plitudes, eq. (7.31) can be generalized to

Im[4L(t)*«) + = E 2\A‘±\\AT\e-ny.
l,m

(7.32)

The two “true” CP violating time-integrated triple product asymmetries (i = 
0, ||) for untagged decays are proportional to

+ c>[(Ar/2r)2]]. (7.33)

In the limit Ar -C T, one can neglect everything apart from the first term in
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eq. (7.33)

.(l)untagged
*r\rp

4/2 y. \A\\Ao\ [cos(C°m) sin(^) - sin(C;°J (Re(/) cosj>°m, ^ „ ,
7r (|A0|2 + \A±\2 + |v4|||2) + (|Ao|2 + |Al|2 + |^?|||2)l,m

+ o[(Ar/2r)]
i(2)untagged<J\rp

8
7r ■

+

\A'A\Ap
£—
i,m

c?[(Ar/2r)],

cos(C"m) Sta(^!,m) - S™(C"m) (H*(/) - M/) Sill(^
(IAi|2 + l^xl2 + Wil2) + (I4.I2 + |Ai|2 + l^l2)

(7.34)

where Qm = (Ci ~~ CT) ^ (j)\~n = (/ — <f>™) for i = 0, ||, and the coefficients of 
the Ar/2F terms can be easily found out from eq. (7.33).

In the absence of weak phase difference, 4>± = <Po = </>y, i.e. = 0, the 
asymmetries vanish in the leading order if CPT is conserved [104] but is nonzero 
if CPT is violated. Again, a nonzero strong phase difference Q~m is obligatory for 
this.

In the SM, all the three transversity amplitudes have approximately equal and 
very small weak phases. Thus, one expects the asymmetries to be quite small. On 
the other hand, if CPTV is present, these asymmetries, measured in self-tagged 
decays to final CP eigenstates, need not be nonzero; thus, measurements of such 
asymmetries may either put stringent limits on the CPT violating parameter /, 
or indicate physics beyond SM.

7.3 CPT violation in mixing

One can also consider the case where CPTV is present not in decay but in Bj—Bd 
mixing, and parametrize the 2x2 Hamiltonian matrix with the introduction of 
an extra complex parameter 5 which incorporates CPT violation [? ]:

#22 - #n

so that
( M0-S' M12 \i( To P12( m;2 m0 + 5‘) 2 ( r;2 r„

(7.36)

(7.36)
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where 8' is defined by
2 S'■ (7'37)

We work within the Wigner-Weisskopf approximation which is a reliable one after 
a time scale of ~ 1 /Mg. Violation of this approximation, which has nevertheless 
been considered in the literature [113], would change all the subsequent expres
sions, and we refrain from considering such a possibility. This will give, akin to 
the Bell-Steinberger analysis [114], a way to measure the CPT violating parameter 
8 in terms of the interference amplitudes which are supposed to be good probes 
of CP violation.

Eq. (7.30) can be written as

M*) = (k\B(t)) = f+(t)A + >

Mt) = <*]£(*)) = £^Ai + /+(t)Ai, (7.38)

where f+(t) and are defined in Appendix 7.5. Using Eq. (7.24), one 
gets,

Im[A±(t)A*(f) + Ax(t)A*(t)] = 2e-n|Aip±|x

cosh(Art/2) |cos sin <p~ — ^Imd cos 4>+ (l + sin £“) |

+ sinh(Art/2) |cosC ^sin <f>+ 1
Re<5 sin <jf

1
Red sin C cos <f>~

1 i
+- cos(AM£)Im<5 cos ( cos <j)+ — - sm(AMt)lm8 sin ( cos <p

Z z

(7.39)

If there are multiple decay channels, one can generalize the above expression, 
by replacing £~,<j>~,cj)+ with etc., |A,-||Axj with [A^HA^i and then taking a 
summation over l and m.

Then the two “true” CP violating time-integrated triple product asymmetries
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(i — 0, ||) for untagged decays are proportional to

cos Q m sin (f>l m - -Im$ cos <f>+m (l + sin (l m)

+ {cOBCCn, -Re5sm(hm

1
2

1
l+(ff

AM

l+(^)2

Im(i cos Qm cos <j)+m 

Im(5 sin C;“n cos (f)^m (7.40)

In the limit AM/Y -C 1, one can neglect the last term and simplify the expression 
considerably.

We also note that even in the case = <f>fm = 0, i.e. when all strong and 
weak phase differences cancel out individually, there is a nonzero TP asymmetry 
that gives a clean measurement of Im5:

- - 1
lm{A±(t)Al(t) + UlMA- (()) « J2 dAlKM +COS (j>i m J (7.41)

where we have used AM/Y ~ 0 and neglected the sub-leading AP/Y terms.

7.4 Bs —> (fxj) at LHCb

The LHCb collaboration has recently measured the transversity amplitudes for 
the decay Ba -> (jxj) [110], which is a pure penguin process and hence dominated 
by a single amplitude in the SM. Thus, for all l, ra, A\ = A™ (for i = 0, ||, ±) The 
analysis also assumes that the weak phases of the three polarization amplitudes 
are all equal; thus, all 0)^ (for i = 0, ||) in our notation become zero. The 
correspondence between our notation and that of Ref. [110] is as follows:

untagged ^ ^(l)untagged ^ ^

(Cx — C||) —t > (Cx — Co) —> $2, (C]| — Co) —»■ ^|| = ($2 ~ <5i) • (7-42)

With the standard normalization of the transversity amplitudes, viz. \A$\2 +

cos
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|4l|1 2 + l^iil2 = |Ao!2 + |A±|2 + |A|||2 = 1, Eq. (7.34) becomes

Av =--------\A±\\Ao\ [- sin(52) (Re(/))
7r

+ (cos(52) sin(2</>3) + sin(52) (Re(/) cos(20s) + Im(/) sin(2^»s))} (Ar/2r)]

+ £>[(Ar/2r)2J
Au — —^|X±||/1||| [—sin(i5i)Re(/)

+ {cos(<5i) sin(2^s) + sin(5i) (Re(/) cos(20s) + Im(/) sin(2^s))} (Ar/2r)]

+ e>[(Ar/2r)2]. (7.43)

We will use the following numbers from Ref. [110]:

|Ao|2 = 0.365 ± 0.022(stat) ± 0.012(syst),

| Ax |2 = 0.291 ± 0.024(stat) ± O.OlO(syst),

[A|||2 - 0.344 ± 0.024(stat) ± 0.014(syst), 

cos(d||) = —0.844 ± 0.068(stat) ± 0.029(syst),

Au = -0.055 ± 0.036(stat) ± 0.018(syst)

Av = 0.010 ± 0.036(stat) ± 0.018(syst). (7.44)

For our analysis, we use Eqs. (7.42), (7.43) and (7.44), and keep terms only up 
to the first order in Ar/F. Even for the Bs system, this is a good approximation. 
All (f^s in Eq. (7.33) (for i = 0, ||) are now equal to 2(ps, where <j>s is the weak 
CP violating phase which is the same for the three polarization amplitudes, and 
very small in the SM (<ps ~ 0.02 [116, 117] based on QCD factorization) F Even if 
there is some new physics making 4>s large, the effects will be suppressed by AF/F, 
so we do not expect much sensitivity on the precise value of <f>8. One may note 
that this phase has recently been measured by the LHCb collaboration [118] to be 
between —2.46 and —0.76 rad with 68% confidence level, which is not exactly in 
total conformity with the SM prediction.

As is evident from Eq. (7.43), if we neglect higher order terms in Ar/r, both 
Au and Ay are zero in the SM; thus, any definite nonzero value for these observ
ables would point to the presence of some NP. Considering CPT violation as the 
source of NP, one sees that there is a definite deviation from zero even at the

1Tliis should not be confused with the phase <f>8 relevant for Ba — Be mixing and defined as
<f>s =arg(-Mi2/ri2).
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Figure 7.1: Upper panel: Allowed values of Ay for —1 < Re(/) < 1. The inner 
wedge is for the input parameters varied in their lcr ranges, the outer wedge is for 
2<t variation. Also shown are the lcr and 2a experimental bands for Ay. and the 
allowed region for a smaller range of Re(/). namely, |Re(/)| < 0.1. Lower panel: 
Same plot for Ay.
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Figure 7.2: Upper panel: Allowed region in the Ay-Ay plane when all the input 
parameters are varied over their la ranges. The outer ellipse is for —1 < Re(/) < 1 
and the inner green ellipse is for —0.1 < Re(/) < 0.1. The la bands for Ay and Ay 

are shown as dashed lines. Lower panel: The same plot when the input parameters 
are varied over 2cr; also, the 2cr bands are shown. The left edge of the Ay band 
coincides with the left edge of the plot.
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zero-th order of Ar/F; unfortunately, the shift depends only on Re(/), as Im(/) 
comes as a coefficient of sin(2</>s) in the sub-leading order. Fig. 7.1 shows the 
allowed ranges for Ay and Ay when the input parameters are varied over their 
experimental ranges. We have varied the three transversity amplitudes over their 
allowed ranges keeping the normalization to unity fixed, and also varied the strong 
phase differences and <52 over the entire range of [0 : 27r] keeping the constraint 
on cos(h||). This gives a bound on Ay and Ay, although this is quite weak at 
present (however, note that if we take the la region on Ay seriously, small values 
of Re(/) are ruled out, as is the SM). The allowed region will shrink considerably 
with more data.

In Fig. 7.2 we show the allowed region in the Ay-Ay plane for large and small 
values of Re(/), varying all other input parameters as above. Again, with more 
data, the elliptic figures are bound to shrink, as well as the horizontal and vertical 
bands, constraining CPT violation. If finally the intersection of the bands settle 
outside the ellipses, that will rule out CPT violation in this channel at least, but 
that will also rule out the pure-SM explanation and call for some other NP.

7.5 Conclusions

The role of TP asymmetries as a probe of CP violation crucially hinges on the CPT 
theorem which relates a possible T violating observable to a CP violating one. If 
CPT is not conserved, there is no such relationship, and observables that are not 
supposed to show any TP asymmetries in the SM might do so. For example, if 
CPT violation is present in one or more decay amplitudes, there will be a nonzero 
TP asymmetry even if the weak phases of all the amplitudes are equal. The same 
trend persists in the time-dependence of the TP asymmetries.

One might trade the s, p, and d-wave amplitudes with the transversity ampli
tudes, which are directly accessible to the experiments. Some of the interference 
terms between these amplitudes are CP violating only if the corresponding weak 
phases are different; in the presence of CPT violation, we again observe that a 
nonzero signal can be observed even if all the weak phases are equal. The observ
ables Ay and Ay, as measured by LHCb, are supposed to be zero in the SM for 
channels like Bs —y (fxf>. We show how one gets nonzero and possibly large values 
for these observables with CPT violation; a more canonical NP that contributes 
only to the Bs — Bg mixing and hence modifies the weak CP violating phase <j)s 
in the decay can hardly generate such large values as all ^-dependent terms are
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suppressed by Ar/Y. The other side of the coin is that with more data, one can 
successfully constrain the parameter space for the CPT violating parameters.

Appendix 
A: Factorization

Following Ref. [103], we briefly describe the main results of naive factorization. 
The prediction of naive factorization, that most TP asymmetries with ground 
state vector mesons are expected to be small in the SM, will necessarily hold in 
PQCD or QCD factorization too.

The starting point for factorization is the SM effective hamiltonian for B decays
[115]:

Kiss = ^§IW, (co?, + c2oy 

10

- Yjy^ci + + v*K<$)Oi] + h-c, (7.45)
i=3

where the superscript u, c, t indicates the internal quark, / can be the u or c 
quark, and q can be either a d or s quark.

Within factorization, the amplitude for B —> ViV2 can be written as

A{B -> ViV^) = {{ViO)0{V2O')B + {F2O)0{F1CT)R} , (7.46)
o,o>

where O and O' are some relevant four-fermion operators. The first amplitude, 
(FiC?)0, is proportional to the polarization vector of Vi, named, e*. The second 
amplitude, (V20')B, can be written in terms of the usual vector and axial-vector 
form factors. Thus, the first term of Eq. (7.46) is given by

^2(V1O)0{V2O,)B
o,o>
= —(mB + m2)m1gVlXAf)(ml)£*1 ■ e*2 + 2 ^—gViX{m\)e*2 -pe\-p

mB + tti2
- 2 (m/qi m2) ^ (2> (mi) » (7.47)

All phase information is contained within the factor A, which is common to all the 
three independent amplitudes. Thus, these quantities must have the same phase.
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A similar treatment for the second term in Eq. (7.46) gives

Y^(y2O)0{V1O')B
0,0'

~ -(mB + m1)m2gv2Y• e2 + 2—^—gv2YA£\m%)el ■ pe\ -p
mB + mi

~* 9V'YV<1) ’ P'48)

where the phase information are contained in the common factor Y, which need 
not be the same as X.

We can now express the quantities o, b and c of Eq. (7.1) as follows:

a = -migVl(mB + m2)A¥\ml)X - m2gV2(mB + (ml)Y
h = 2mi3v' (m™+m2)mBA*){m2l)X + (mBm+Bm1)mB'4"(mSy

C = ~mi3v' (m™+m2)mBVW{m')X ~ m29v‘ (mBm+m1)"lBVa)(mSyr-49)

Thus, nonzero TP asymmetries are generated from Im(ac*) or Im(6c*) if and 
only if both X and Y are present with different phase. Thus, if V\ = V2, there 
cannot be any TP asymmetry in the SM.

B: CPT Violation in mixing

This closely follows Ref. [? ] with a coupe of typographical errors corrected. 
Consider the 2x2 Hamiltonian matrix with an explicit CPT violating term 8. Let 
us define,

Qi

P\
?2

Pi

and

II

1
(1 + w) ve e ) ’

f+(t) =
1

(e-Ult + ue~iX2t)
(1 +w)

ii

< 1
(ue~iXlt + e~iX2t)

(1 + w)

(7.50)

(7.51)
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Thus,

l/-(*)|2
2e' -rt

|1 +cu|2 

e~Vt (1 - Red)

cosh — cos (AMt)

, /Art\ /A,
cosh I —] — cos (AMt)

I/+WI
-rt

cosh (1 + M2) + sinh ^ ~
|1 + cu|2

+2Re(cu) cos (AMt) — 2Im(o;) sin (AMt)] ,
-rt

cosh
'AKS

sinh
'AH'

I/+WI
„-rt

|1 +cu|
cosh I (1 + |co|2) - sinh ((1 - M2)

)

Red + cos (AMt) — Imd sin (AMt)

,)

+2Re(ai) cos (AMt) + 2Im(u;) sin (AMt)]
-rt cosh (~ + sinh Red + cos (AMt) + Imd sin (AMt)

-rt
cosh (1 - cS) + sinh (1 + u*)

r+{t)f-{t) = |TT^F
+ cos(AMt) (—1 + u>*) — isin(AMf) (1 -fen*)]

-rt
cosh (—Red + ilmd) + sinh (2 — Red — ilmd)

+ cos (AMt) (Red — ilmd) — sin (AMt) (Imd + i(2 — Red))

rt r /Art\ , ^ z'Art^
\l+u\

cosh ( (tu — 1) + sinh AT j (i -|_
V 2

+ cos (AMt) (1 — ui) + i sin (AMt) (1 + w)]
-rt

cosh (Red + ilmd) + sinh (2 — Red + ilmd)

cos (AMt) (Red + ilmd) + i sin (AMt) (—Imd + i(2 — Red))

(7.52)

Where we take, y ~ 1,771(2) ~ (l + (—)f) , to « (1 + d) , |cu|2 rj (1 + 2Red) , |1 +
1-2 ((1 — Red), (771(2) I2 ~ (1 + (—)Red).



7. CPT violation and triple-product correlations in B decays 99

This gives,

AUt)Ak(t) = [flAt +n\r_A-] [/+4t + >h/-7U]
= A*Ak [\f+\2 + r]1(Ak/Ak)f^f-\ + A*Ak [|%|2|/_|2 + T)l(Ak/Ak)f+f^\ 

e~rt
= —— [A^Ak {cosh(AFt/2) + cos(Amt) — Re<5sinh(Art/2) — Im5sin(Ami

Z

Tl.
+-— ----A*{Ak (2sinh(Art/2) — 2isin(AMt) + (—Re<5 + ilm<5) cosh(AYt/

Z

+ (Re<5 — ilm<5) cos(AMi)} + A*Ak {cosh(Art/2) — cos(AMt)}
Tit _ _

+—-—A*Ak {2 sinh( AFi/2) + 2i sin(AMt) + cosh(Art/2) (—Re5 — ilnnf
Z

+ (Re<5 + ilm5) cos(Amt)}] , (7.53)

A*(t)Mt) §a'+/;a'
7/2

f+Ak + ~Ak
72 .

= 4*4=
ri

72
+ A*Ak l/+|2 + (Ak/Ak)

f-f:
72

[44= {cosh(AFi/2) — cos(AMi)}

7fce—2i<t>k

-A*Ak {2 sinh(Art/2) + 2i sin(AMt)
Z

+ (Re5 + ilm<5) cosh(AFt/2) — (Re<5 + «Im5) cos(AMt)}

+A*Ak {cosh(AFt/2) + cos(AMt) + Re<5sinh(Art/2) + Im^sin(AMt)}

7 fee2vpk
-A*Ak {2sinh(AFt/2) — 2isin(AMt)

+ (Re<5 - Rm<5) cosh(AFt/2) - (Re<5 - ihnS) cos(AMt)}} (7.54)



Chapter 8 

Conclusion

For the most part of this thesis, we have tried to investigate some possible 
manifestations of CPT violation in B systems, in particular Bs. CPT, or any 
combination thereof, is a discrete symmetry that is respected by all local axiomatic 
quantum field theories. However, even this statement is motivation enough to 
look for signatures of CPT violation, which might be a glimpse to the underlying 
nonlocal aspects coming from some ultraviolet completed theory, or something 
even more fundamental. Indeed, searches for CPT violation in different systems 
have been going on for quite some time; while all results are consistent with 
CPT conservation, one must look for signals in all possible systems, because CPT 
violation might not be a universal phenomenon.

CPT violation is intricately related with Lorentz symmetry violation. Only a 
subset of Lorentz violating operators are CPT violating too, and tight constraints 
have been placed upon most of them from various observables. For example, there 
axe stringent results for muons or K mesons. The third generation systems, like 
the B mesons, have not been investigated to that detail, so we take that up in 
this thesis.

In Chapter 1, we have outlined the basic ingredients of the Standard Model 
that are necessary for our studies. Before going into CPT violation proper, we 
have tried to investigate how far the SM is consistent with the B physics data. 
Concentrating on the Bs — Bs system, we find that there is a serious tension 
between the data and the theory, which stems mostly from the measurement of 
the dimuon asymmetry. We have also made some comments on the nature of 
possible new physics that may ameliorate this tension: such a new physics must 
contribute to the absorptive part of the Bs — Bs mixing, and a possible option

100



8. Conclusion 101

is some effective operator of the form bYAsfTBr where TA, TB are some Dirac 
matrices.

Chapter 3 deals with the formalism and different paxametrizations of CPT 
violation. In Chapter 4, we discuss how CPT violation can manifest itself in 
B(i — Bd and Bs — Bs mixing. To be precise, we show how CPT violation present 
in the mixing amplitudes can affect tagged and untagged decay rates. We have 
constructed time-dependent and time-independent CPT asymmetries and shown 
how they depend on the CPT violating parameters, commenting on their possible 
observability at the LHC.

In the next chapter, we have taken up the analysis in Chapter 2, that of 
analyzing the possible nature of new physics from Ba data, but this time with the 
possibility of a nonzero CPT violation in the Bs — Bs mixing amplitude. While 
this reduces the existing tension a bit, the improvement still leaves much room for 
CPT conserving new physics.

In Chapter 6, we consider the possibility of CPT violation either in mixing or 
in the subsequent decay amplitude. As an example, we discuss the decay Bs -> 
DfK*. Observables that can unambiguously extract CPT violation have been 
defined. We show that the extraction of CPT violation in mixing is independent 
of any possible CPT violation in decay. We find that it is possible for LHCb to 
disentangle such CPT violating signals, and this method has been included in the 
LHCb program.

Chapter 7 is about the triple product asymmetries in B decays in the presence 
of CPT violation. As is well known, triple product asymmetries are T violating 
and hence CP violating by the CPT theorem, but such a correlation is lost if the 
possibility of CPT violation is taken into account. After working out the formalism 
in detail in terms of the transversity amplitudes, we show how CPT violation 
can create nonzero asymmetries where no such asymmetries are expected. As a 
practical example, we consider the decay Bs —» (fxp recently measured by the LHCb 
collaboration, and constrain the CPT violating parameters.

Thus, even though CPT violation seems to be in conflict with the common wis
dom of axiomatic field theories, one should look for such signals and be rewarded 
with some pleasant surprise, just as Christenson, Cronin, Fitch, and Turlay were 
almost fifty years ago. The Bs system provides an interesting laboratory, and 
there are several ways to look for CPT violation, some of them evidently within 
reach of the complete run of LHCb. It will be nice if the experimentalists can 
surprise the theoreticians and force them to go back to the drawing board.



References

[1] “CP Violation” P. Kooijman & N. Tuning, February 2012 (Lecture 
Notes)

[2] J. H. Christenson, J. W. Cronin, V. L. Fitch and R. Turlay, Phys. Rev. Lett. 
13, 138 (1964).

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

[4] See, for example, R. F. Streater and A. S. Wightman, PCT, Spin and Statis
tics, and All That, Benjamin Cummings (1964).

[5] 1.1. Y. Bigi and A. I. Sanda, Camb. Monogr. Part. Phys. Nucl. Phys. Cosmol. 
9, 1 (2000).

[6] Y. Nir, hep-ph/0510413.

[7] L. -L. Chau and W. -Y. Keung, Phys. Rev. Lett. 53, 1802 (1984).

[8] A. J. Buras and R. Fleischer, Adv. Ser. Direct. High Energy Phys. 15, 65 
(1998) [hep-ph/9704376].

[9] J. Beringer et al. [Particle Data Group Collaboration], Phys. Rev. D 86,
010001 (2012).

[10] L. Wolfenstein, Phys. Rev. Lett. 51. 1945 (1983).

[11] A. J. Buras, M. E. Lautenbacher and G. Ostermaier, Phys. Rev. D 50, 3433 
(1994) [hep-ph/9403384].

[12] J. Charles et al. [CKMfitter Group Collaboration], Eur. Phys. J. C 41, 1 
(2005) [hep-ph/0406184].

[13] I. I. Bigi, hep-ph/0701273.

[14] Y. Grossman and Y. Nir, Phys. Lett. B 398, 163 (1997) [hep-ph/9701313].

102



REFERENCES 103

[15] Y. Grossman, Y. Nir and R. Rattazzi, Adv. Ser. Direct. High Energy Phys. 
15, 755 (1998) [hep-ph/9701231].

[16] G. Buchalla, In *St. Goar 1996, Heavy quarks at fixed target* 241-267 [hep- 
ph/9612307].

[17] A. Lenz, U. Nierste, J. Charles, S. Descotes-Genon, A. Jantsch, C. Kaufhold, 
H. Lacker and S. Monteil et al, Phys. Rev. D 83, 036004 (2011) 
[arXiv:1008.1593 [hep-ph]].

[18] T. Aaltonen et al. (CDF Collaboration), CDF Note No. 
CDF/PHYS/BOTTOM/CDFR/9787, 2009; V. M. Abazov et al. (DO 
Collaboration), DO Note No. 5928-CONF, 2009.

[19] D. Asner et al. [Heavy Flavor Averaging Group], arXiv:1010.1589 [hep-ex].

[20] V. M. Abazov et al. [DO Collaboration], Phys. Rev. D 82, 032001 
(2010) [arXiv: 1005.2757 [hep-ex]]; Phys. Rev. Lett. 105, 081801 (2010) 
[arXiv:1007.0395 [hep-ex]].

[21] A. Dighe, A. Kundu and S. Nandi, Phys. Rev. D 76, 054005 (2007) 
[arXiv:0705.4547 [hep-ph]].

[22] A. Dighe, A. Kundu and S. Nandi, Phys. Rev. D 82, 031502 (2010) 
[arXiv: 1005.4051 [hep-ph]].

[23] N. G. Deshpande, X. G. He and G. Valencia, Phys. Rev. D 82, 056013 (2010) 
[arXiv: 1006.1682 [hep-ph]]; R. -M. Wang, Y. -G. Xu, M. -L. Liu, B. ~Z. Li, 
JHEP 1012, 034 (2010) [arXiv:1007.2944 [hep-ph]].

[24] B. A. Dobrescu, P. J. Fox, A. Martin, Phys. Rev. Lett. 105, 041801 (2010) 
[arXiv: 1005.4238 [hep-ph]].

[25] D. Choudhury and D. K. Ghosh, JHEP 1102, 033 (2011) [arXiv: 1006.2171 
[hep-ph]].

[26] B. Dutta, Y. Mimura, Y. Santoso, Phys. Rev. D82, 055017 (2010) 
[arXiv:1007.3696 [hep-ph]]; J. K. Parry, Phys. Lett. B694, 363-366 (2011) 
[arXiv: 1006.5331 [hep-ph]].

[27] M. Endo, S. Shirai, T. T. Yanagida, [arXiv: 1009.3366 [hep-ph]].



REFERENCES 104

[28] S. Oh, J. Tandean, Phys. Lett. B697, 41-47 (2011) [arXiv:1008.2153 [hep- 
ph]].

[29] C. W. Bauer, N. D. Dunn, Phys. Lett. B696, 362-366 (2011)
[arXiv: 1006.1629 [hep-ph]].

[30] K. Blum, Y. Hochberg, Y. Nir, JHEP 1009, 035 (2010) [arXiv: 1007.1872 
[hep-ph]].

[31] B. Dutta, S. Khalil, Y. Mimura and Q. Shah, arXiv: 1104.5209 [hep-ph].

[32] T. Aaltonen et al. [CDF Collaboration], arXiv: 1104.0699 [hep-ex].

[33] A. Kostelecky, R. Van Kooten, Phys. Rev. D82, 101702 (2010) 
[arXiv.1007.5312 [hep-ph]].

[34] Y. Grossman, Phys. Lett. B 380 (1996) 99 [arXiv:hep-ph/9603244].

[35] , Z. Ligeti, M. Papucci, G. Perez, J. Zupan, Phys. Rev. Lett. 105, 131601
(2010) [arXiv: 1006.0432 [hep-ph]].

[36] CDF Public Note CDF/ANAL/BOTTOM/PUBLIC/10206 dated July 18, 
2010. Also see G. Giurgiu, talk at ICHEP 2010, Paris.

[37] T. Aaltonen et al., (CDF Collaboration), CDF Note No. 9015, 2007.

[38] A. Lenz, arXiv:0705.3802 [hep-ph].

[39] K. Trabelsi (Belle Collaboration), talk given at SEL11, TIFR, Mumbai, and 
available at

http://www.tifr.res.in/~selll .

[40] S. Coleman and S. Glashow, Phys. Rev. D59, 116008 (1999).

[41] O. W. Greenberg, Phys. Rev. Lett. 89, 231602 (2002),

[42] M. Chaichian, A. D. Dolgov, V. A. Novikov, A. Tureanu, Phys. Lett. B699, 
177-180 (2011) [arXiv:1103.0168 [hep-th]].

[43] K. Nakamura et al. [Particle Data Group Collaboration], J. Phys. G37, 
075021 (2010).



REFERENCES 105

[44] V. A. Kostelecky, N. Russell, Rev. Mod. Phys. 83, 11 (2011)
[arXiv:0801.0287 [hep-ph]].

[45] A. Kundu, S. Nandi and S. K. Patra, Phys. Rev. D 81, 076010 (2010).

[46] A. S. Dighe, I. Dunietz, H. J. Lipkin and J. L. Rosner, Phys. Lett. B 369, 
144 (1996) [arXiv:hep-ph/9511363]; A. S. Dighe, I. Dunietz and R. Fleischer, 
Eur. Phys. J. C 6, 647 (1999) [arXiv:hep-ph/9804253].

[47] A. Pais and S. B. Treiman, Phys. Rev. D 12, 2744 (1975) [Erratum-ibid. D 
16, 2390 (1977)]; S. Bar-Shalom, G. Eilam, M. Gronau, J. L. Rosner, Phys. 
Lett. B694, 374-379 (2011) [arXiv: 1008.4354 [hep-ph]].

[48] A. Dighe, D. Ghosh, A. Kundu and S. K. Patra, Phys. Rev. D 84, 056008 
(2011) [arXiv:1105.0970 [hep-ph]].

[49] W. Pauli, Phys. Rev. 58, 716 (1940).

[50] J. S. Schwinger, Phys. Rev. 82, 914 (1951).

[51] G. Luders, Annals Phys. 2, 1 (1957) [Annals Phys. 281, 1004 (2000)].

[52] R. Jost, The General Theory of Quantized Fields, A.M.S, Providence, 
1965.

[53] O. W. Greenberg, Phys. Rev. Lett. 89, 231602 (2002) [hep-ph/0201258].

[54] M. Chaichian, A. D. Dolgov, V. A. Novikov and A. Tureanu, Phys. Lett. B 
699, 177 (2011) [arXiv:1103.0168 [hep-th]].

[55] D. Colladay and V. A. Kostelecky, Phys. Rev. D 55, 6760 (1997) [hep- 
ph/9703464].

[56] V. A. Kostelecky and R. Potting, Nucl. Phys. B 359, 545 (1991).

[57] V. A. Kostelecky and R. Potting, Phys. Rev. D 51, 3923 (1995) [hep- 
ph/9501341],

[58] V. A. Kostelecky and R. Potting, In *Los Angeles 1992, Gamma ray-neutrino 
cosmology and Planck scale physics* 303-310 [hep-th/9211116].

[59] V. A. Kostelecky and S. Samuel, Phys. Rev. D 39, 683 (1989).



REFERENCES 106

[60] 0. Bertolami, D. Colladay, V. A. Kostelecky and R. Potting, Phys. Lett. B 
395, 178 (1997) [hep-ph/9612437].

[61] M. Kobayashi and A. I. Sanda, Phys. Rev. Lett. 69, 3139 (1992).

[62] V. A. Kostelecky and R. Potting, Phys. Lett. B 381, 89 (1996) [hep- 
th/9605088].

[63] S. W. Hawking and D. N. Page, Commun. Math. Phys. 87, 577 (1983).

[64] J. Ellis, J. S. Hagelin, D. V. Nanopoulos and M. Srednicki, Nucl. Phys. 
B241 381 (1984).

[65] D. Colladay and V. A. Kostelecky, Phys. Rev. D 58, 116002 (1998) [hep- 
ph/9809521],

[66] V.A. Kostelecky and S. Samuel, Phys. Rev. Lett. 63 (1989) 224; ibid., 66 
(1991) 1811; Phys. Rev. D 39 (1989) 683; ibid., 40 (1989) 1886.

[67] H. Nguyen (KTeV), hep-ex/0112046; A. Di Domenico et al. (KLOE), these 
proceedings; B. Aubert et al. (BaBar), hep-ex/0607103; arXiv:0711.2713; 
D.P. Stoker (BaBar), these proceedings; J.M. Link et al. (FOCUS), Phys. 
Lett. B 556, 7 (2003); V.A. Kostelecky, Phys. Rev. Lett. 80, 1818 (1998); 
Phys. Rev. D 61, 016002 (2000); Phys. Rev. D 64, 076001 (2001).

[68] V.A. Kostelecky and M. Mewes, Phys. Rev. Lett. 87, 251304 (2001); Phys. 
Rev. D 66, 056005 (2002); Phys. Rev. Lett. 97, 140401 (2006); Phys. Rev. 
Lett. 99, 011601 (2007).

[69] L.B. Auerbach et al., Phys. Rev. D 72, 076004 (2005); B.J. Rebel and S.F. 
Mufson, these proceedings; V.A. Kostelecky and M. Mewes, Phys. Rev. D 
69, 016005 (2004); Phys. Rev. D 70, 031902(R) (2004); Phys. Rev. D 70, 
076002 (2004); T. Katori et al., Phys. Rev. D 74, 105009 (2006); V. Barger 
et al., Phys. Lett. B 653, 267 (2007); K. Whisnant, these proceedings.

[70] See, for example, T.D. Lee and C.S. Wu, Annu. Rev. Nucl. Sci. 16, 511 
(1966).

[71] J.L. Rosner, Am. J. Phys. 64, 982 1996; J.L. Rosner and S.A. Slezak, ibid., 
69 44 (2001); V.A. Kostelecky' and A. Roberts, Phys. Rev. D 63, 096002 
(2001).



REFERENCES 107

[72] L. Lavoura, Ann. Phys. 207, 428 (1991). This paper defines quantities 6, x 
that are related to the parameters f, w in Eq.(??) of the present work by 
9 = x = (1 - w4)/{l + w4). See also J.P. Silva, Phys. Rev. D 62, 116008 

(2000).

[73] L. Lavoura and J.P. Silva, Phys. Rev. D 60, 056003 (1999);

[74] K.R.S. Balaji, W. Horn, and E.A. Paschos, Phys. Rev. D68, 076004 (2003).

[75] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 100, 161802 
(2008); V.M. Abazov et al. [DO Collaboration], Phys. Rev. Lett. 101, 

241801 (2008).

[76] See the website of UTFIT at http://www.utfit.org/.

[77] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 106, 152001 (2011) 
[arXiv: 1103.2782 [hep-ex]].

[78] V. M. Abazov et al. [DO Collaboration], Phys. Rev. D 84, 052005 (2011) 
[arXiv: 1106.2063 [hep-ex]]; Talk by V. Chiochia, in Flavour Physics and CP 
Violation, Hefei, China, May 2012.

[79] M. Chaichian, A. D. Dolgov, V. A. Novikov and A. Tureanu, Phys. Lett. B 
699, 177 (2011) [arXiv: 1103.0168 [hep-th]].

[80] D. Choudhury, A. Datta and A. Kundu, arXiv: 1007.2923 [hep-ph]; 
M. Chaichian, K. Fujikawa and A. Tureanu, arXiv: 1203.0267 [hep-th]; 
C. Giunti and M. Laveder, J. Phys. Conf. Ser. 335, 012054 (2011); A. De 
Santis [KLOE and KLOE-2 Collaboration], J. Phys. Conf. Ser. 335, 012058 
(2011); J. -Q. Xia, JCAP 1201, 046 (2012) [arXiv:1201.4457 [astro-ph.CO]]; 
P. Adamson et al. [The MINOS Collaboration], Phys. Rev. D 85, 031101 
(2012) [arXiv:1201.2631 [hep-ex]].

[81] L. Lavoura, Annals Phys. 207, 428 (1991).

[82] B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 100, 131802 
(2008) [arXiv:0711.2713 [hep-ex]].

[83] T. Higuchi et al., Phys. Rev. D 85, 071105 (2012) [arXiv: 1203.0930 [hep-ex]].

[84] R. Fleischer, Nucl. Phys. B 671, 459 (2003) [hep-ph/0304027].



REFERENCES 108

[85] S. Nandi and U. Nierste, Phys. Rev. D 77, 054010 (2008) [arXiv:0801.0143 
[hep-ph]].

[86] S. Nandi and D. London, Phys. Rev. D 85, 114015 (2012) [arXiv:1108.5769 
[hep-ph]].

[87] K. De Bruyn, R. Fleischer, R. Knegjens, M. Merk, M. Schiller and N. Tuning, 
arXiv:1208.6463 [hep-ph].

[88] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 103,191802 (2009) 
[arXiv:0809.0080 [hep-ex]].

[89] R. Louvot et al. [Belle Collaboration], Phys. Rev. Lett. 102, 021801 (2009) 
[arXiv:0809.2526 [hep-ex]].

[90] R. Aaij et al. [LHCb Collaboration], JHEP 1206, 115 (2012)
[arXiv:1204.1237 [hep-ex]].

[91] LHCb Collaboration, report no. LHCb-CONF-2012-029.

[92] The LHCb Collaboration and A. Bharucha et al., arXiv: 1208.3355 [hep-ex].

[93] C. -K. Chua, W. -S. Hou and C. -H. Shen, Phys. Rev. D 84, 074037 (2011) 
[arXiv: 1107.4325 [hep-ph]].

[94] P. Clarke, talk at 47th Rencontres de Moriond, La Thuile, Italy, March 2012, 
LHCb-TALK-2012-029.

[95] A. Lenz and U. Nierste, JHEP 0706, 072 (2007) [hep-ph/0612167]; and 

latest updates at A. Lenz, arXiv: 1205.1444 [hep-ph].

[96] N. W. Tanner and R. H. Dalitz, Annals Phys. 171, 463 (1986).

[97] V. A. Kostelecky and R. J. Van Kooten, Phys. Rev. D 54, 5585 (1996) 
[hep-ph/9607449].

[98] J. D. Bjorken, Nucl. Phys. Proc. Suppl. 11, 325 (1989).

[99] S. K. Patra and A. Kundu, arXiv: 1305.1417 [hep-ph].

[100] B. Kayser, Nucl. Phys. Proc. Suppl. 13, 487 (1990).

[101] G. Valencia, Phys. Rev. D39, 3339 (1989).



REFERENCES 109

[102] W. Bensalem, A. Datta and D. London. Phvs. Rev. D66. 094004 (2002).

[103] A. Datta and D. London. Int. J. Mod. Phvs. A 19. 2505 (2004) [hep- 
ph/0303159].

[104] M. Gronau and J. L. Rosner, Phvs. Rev. D 84, 096013 (2011) 
[arXiv: 1107.1232 [hep-pli]].

[105] S. Nussinov, arXiv:0907.3088 [hep-ph],

[106] A. Datta, E. A. Paschos and L. P. Singh, Phvs. Lett. B 548, 146 (2002) 
[hep-ph/0209090]; K. R. S. Balaji, W. Horn and E. A. Paschos, Phys. Rev. 
D 68, 076004 (2003) [hep-ph/0304008];

[107] Z. -Z. Xing, Phys. Rev. D 50. 2957 (1994) [hep-ph/9407289, hep- 
ph/9406293];

[108] Z. -z. Xing, Phys. Lett. B 450. 202 (1999) [hep-ph/9810249]; P. Ren and 
Z. -z. Xing, Phys. Rev. D 76. 116001 (2007). [hep-ph/0703249],

[109] A. Kundu, S. Nandi, S. K. Patra and A. Soni, Phys. Rev. D 87. 016005 
(2013) [arXiv: 1209.6063 [hep-ph]].

[110] R. Aaij et al. [LHCb Collaboration], Phys. Lett. B 713, 369 (2012) 
[arXiv: 1204.2813 [hep-ex]].

[111] G. V. Dass and K. V. L. Sarnia. Phvs. Rev. Lett. 72, 191 (1994) [Erratnm- 
ibid. 72. 1573 (1994)] [hep-ph/9310310], Phys. Rev. D 54, 5880 (1996) [hep- 
ph/9607274].

[112] G. C. Branco, L. Lavoura and ,1. P. Silva, CP violation, Int. Ser. Monogr. 
Phys. vol. 103, Oxford Science Publications, 1999.

[113] G. V. Dass and W. Grimus, hep-ph/0203043.

[114] ,J. S. Bell and .J. Steinberger, Proceedings, Oxford Int. Conf. on elementary 
particles (1965).

[115] See, for example, G. Buchalla, A..I. Buras and M.E. Lautenbacher, Rev. 
Mod. Phys. 68, 1125 (1996), A..J. Buras. “Weak Hamiltonian. CP Violation 
and Rare Decays,” in Probing the Standard Model of Particle Interactions, 
ed. F. David and R. Gupta (Elsevier Science B.V., 1998), pp. 281-539.



REFERENCES 110

[116] M. Beneke, J. Rohrer and D. Yang, Nucl. Phys. B 774, 64 (2007) [hep- 
ph/0612290].

[117] M. Bartsch, G. Buchalla and C. Kraus, arXiv:0810.0249 [hep-ph].

[118] RAaij et al. [LHCb Collaboration], Phys. Rev. Lett. 110, 241802 (2013) 
[arXiv: 1303.7125 [hep-ex]].

[119] V. A. Kostelecky, Phys. Rev. D 64, 076001 (2001) [hep-ph/0104120].


