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Abstract

The thesis deals with one particular type of physics beyond the Standard Model
(SM), wviz. 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 By — By and decay chanmels of Bj.
The width difference for the By system, Al'y, 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 AI'y would be significant
for the B, system, but at the same time we know that the theoretical uncertainties
are quite significant. If there is some new physics (NP) that does not contribute
to the absorptive part of the B, — B, 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 B, — B,
(¢ = 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 B, — DI K.
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 C'P is
violated [2], albeit by a very small amount, in the kaon system; the mass eigen-
states of neutral kaons are not the C'P 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 C'P 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 C'P 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 C'PT taken in any order, must be an exact
symmetry of any local axiomatic quantum field theory (QFT) [4]. This is known
as the C PT 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 C'P

1



1. CP Violation in Standard Model and B Physics 2

violation.

1.1 Discrete symmetriés: C,Pand 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-Dirac 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,

(ify"——a—— —ed, — m) P(Z,t) =0,

ozh

N (70 [@% — ed(3, t)} oy [ia% — eAy(% t)} - m) WEH =0,  (L1)
where (Z, t) is a four component spinor.
After parity transformation and some remodeling to keep the form of the equa-

tion intact, eq.(1.1) becomes:

(+°|igs ~e#t-2.0] =7 iz — eAd-a)| = m ) Pu-z 0 =0. 12

So, we can conclude that,

B(Z,8) D Pp(E,t) = 1 9(—7,t) = PY(Z, 1) (1.3)

Of course also e*¢y%9)(—Z, 1), with ¢ an arbitrary real phase, would provide a valid
solution.

Following the same procedure and changing e — —e, utilizing the arbitrariness
of the multiplicative phase and recognizing the fact that ¥¢(Z,t) must satisfy

(70 [z% +ed(3, t)J o [7, ;xi oA, t)} - m) vo@ ) =0,  (14)

we find

W(E,1) S Yo, t) = i*yp*(&1) =i (£1) = 0% (Z,8)]. (1.5)

For time reversal, again using the arbitrary phase to give the factor ¢ we get,
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Field P C
Scalar Field &(F, t) o(-7, t) (%, t)
Dirac Spinor oz, t)  YE ) iy, 1)

Y, 1) Y=, ) —YT(F, t)C!
Axial Vector Field A,(Z, t) —Au(—Z, ) Al(Z, t)

Table 1.1: C and P transforms of fields. u = 0,1,2,3, A* = —A4; and A° = A,.

Bilinear | P C T CP CPT
scalar 1131?!)2 ?Plgbz 1@21,01 1[)13/)2 ?/)21/11 1/_)2’1/)1
pseudo scalar 1,[_)1’)/5152 *_j¢1’¥5¢2 1ﬁ2’_¥5¢1 —P17s%s “'9112’75?,1)1 ¢2js’¢1
vector Vivate | Y17* e —PYavutht  Y1vHede ~thoy*hr —thavuth
axial vector Y1y yste | i ste Yo rs¥r it | —Yert st —Yevu st
tensor Yiowe | Y0P s —Pou Py  —10* by | =o'y haodn

Table 1.2: C and P transforms of bilinears.

For the combined operations we have:

CPY(&,t) = ie* 2 )" (~&,1) (17)
CPTY(Z,1) = *"p(~Z, 1) (1.8)

where 7° = iy0yly243.

For completeness the transformation 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:
L:SM = L:kinetic + [-"Higgs + £Yukawa-

After spontaneous symmetry breaking,

_[9" sym. breakin 1 0
o= (¢°) 'V (v+h<x>) |
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the following mass terms for the fermion fields arise:

— LTk = YAQL, IqbdRJ +YEQL duk,; + hec.

Yukawa ~
=Y;?d \/_d +Y”uL,\/_uRJ

= M{jjd dh; + M, “uL,u rj T h-c. + interaction terms

+ h.c. + fermion to Higgs interaction terms

To obtain proper mass terms, the matrices M¢ and M* should be diagonalized.
We do this with unitary matrices Vj; as follows:

M, = VMV
M}ag = VMOV

Using the requirement that the matrices V are unitary (VAV@ = 1), the
Lagrangian can now be expressed as follows:

_ [quarks E(Mg)diagd}zj +-gi;(M.“.)dmguRj+h.c.+...

Yukawa — ij

where the matrices V are absorbed in the quark states, resulting in the following
quark mass eigenstates:

dri (VL) dLJ ; dps = (V, ),J dRJ )
ULi = (V£>ij uLj ; Upi = (V}g)ij uRj .
If we now express the Lagrangian in terms of the quark mass eigenstates d,
u instead of the weak interaction eigenstates d’ , u!, the price to pay is that.

the quark mixing between families (i.e. the off-diagonal elements) appears in the
charged current interaction:

Ehm‘c’cc (QL) — —%—TL_{;’Y“W l‘df + 7d£7“W+/iu + ..

- \%— (Vg >ij W %@ (VLd V;T)ij YWy +

The unitary 3 x 3 matrix

Vekm = (Vi‘fo).. (1.9)

ij

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:

I

& = Voxmd;

or explicitly:

dt Vad Vas Ve d
1=V Voo Vo | |5 (1.10)

i Vie Vis Vi b

CP violation in SM
If we examine the Yukawa part of the Lagrangian:

—'CYukawa = Kj%ﬁb’l/)Rj -+ h.c.
= Yijthridbr; + Yi¥ri¢'L: -

As the CP operation transforms the spinor fields as follows:
CP (Yridr;) = Yrid'¥ri

Ly ukaws Temains unchanged under the CP operation if Y;; = Y}.

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 Vi; = V;;. 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 n? complex elements, and thus 2n? real
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parameters. Unitarity (VTV = 1) implies n? constraints - a) n unitary conditions
(unity of the diagonal elements); b) n? — n orthogonality relations (vanishing off-
diagonal elements). The phases of the quarks can be rotated freely: ur; — % uy,
and d; — e d;;. 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 2n? —n? — (2n — 1) = (n — 1)?
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. ) The
remaining free parameters are the phases: (n—1)*—in(n—1) =3 (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 ©¢. 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 Vi; # V7. 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/% 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, VIV = VVi = 1 leads to the
following unitary relations:

VodVos + VpeVe + Vi Vpy =1 for p=wu, ¢, ort. (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 unitarity triangles. ViV*; = |ViaV3| e, ViVt =
[VisVir| €2 and ViV = [V Vi3 | e

The remaining relations:

VadVi + VgV + Vip Vi = 0
VeV + Vas Vit + VsV = 0
ViV + ViV 4+ ViV = 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
V1V =1, along with their complex conjugate versions:

VadVie + VgV + VigV = 0
VeV + VoV + ViaVi = 0
VioViy + VeV + VisVig = 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 6;; with ¢, j denoting the gen-
eration labels. With the notation ¢;; = cosf; and si; = sinf;; the following
parametrization was introduced by Chau and Keung [7], and has been adopted by
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the Particle Data Group [9]:

cig 812 0 C13 0 3136_i613 1 0 0
VCKM = | =812 Ci12 0 0 1 0 0 Co3 S93
0 0 1 —8136i613 0 Ci3 0 —s893 Co3
C12€13 512€13 s1ze”0e
= | —S12¢23 — C125238136"18  CioCps — 512893513603 Sp3ci3 (1.14)
512823 — C12C23813€™8  —C10893 — S12C3513€°  Cpgen3

The phase ¢ 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 s;; can all be chosen to be positive and 4
may vary in the range 0 < § < 27. However, the measurements of CP violation
in K decays force 4 to be in the range 0 < § < 7 [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 |K7)-states
and its quantum mechanical evolution. The formalism described in this section is
valid for all weakly decaying neutral mesons: K°, D, B; and B, - 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 m0 and opposite flavor content. We consider an arbitrary
superposition of the P® and PP states, which has time-dependent coefficients a(t)
and b(t) respectively:

»(t) = a(t)| P°) + b(1)| F°)
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We can write %(t) in the subspace of P° and P° as follows

a(t)
t) =
so-(%)
The effective Hamiltonian that governs the time evolution is a sum of the strong,
electromagnetic and weak Hamiltonians.

H:Hst+Hern+Hwk

The wavefunction % must then obey

The Hamiltonian can then, in the (P°, PP) basis, be written as 2 x 2 complex
matrix: .
H=M- %r‘

where both M and I' are Hermitian matrices. M will provide a mass term and
due to the —¢, I will provide the exponential decay. H is not hermitian reflected
in the property that the probability to observe either P° or PP 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 T terms in H. If we now allow for the transitions P° — PO, the
off-diagonal elements are introduced:

6 a(t) N Mg Mlg 3 FO F]_g ] a(t)
) -1 3 )5 (m )] (59) o

The off-diagonal elements consist of two parts, M1 and %1"12, which describe differ-
ent ways of the P° — PO transition. My quantifies the short-distance contribution
from the (calculable) box diagram and I'y; is a measure of the contribution from
the virtual, intermediate, decays to a state f, see 1.2.

If we now assume that CPT is valid then it follows that My; = May, My = M7,
and I'y; = T'gg, T'yy = I'}, 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

M
P P?
N~ i T, _”
via on?:shcﬂ states,

Pl 5 PP

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

F12 and Mlg [17]

and AI' = 2|T'1p| cos ¢ - (1.16)

If T is conserved then it follows that I'},/T'12 = Mj,/Mis so that by introducing
a free phase we can make I'yy and M, real.

Eigenvalues(-vectors) of mass-decay Matrix

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

M—-L—-X Mp-%T
N 1 r
-5 M-3-2

=0
If we express the eigenstates P, and P, as:

|P1) = p|P°) — q|P°)
|Py) = p|P°) + q| P%)
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Figure 1.3: The two interfering diagrams of the decay B, — J/% ¢, with phase
difference 23;. The second diagram involves the mixing box.

p \ Mp—iri2

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

|F12| AT q
= — =2{1—~=]. .
| Moo] tan ¢ 1 (1.17)

yielding:

Time evolution
We define the two mass eigenstates of the neutral mesons as!:

|Pe) = p|P%) +q|P°)
|PL) =p|P%) —q|P°) (1.18)

The states |Py) and |Pp) are mass eigenstates and from the Schrodinger equa-
tion (with diagonal Hamiltonian) the usual time dependent wave functions are

1There are some subtleties concerning the sign (or phase) convention. Let us assume CP
symmetry, |¢/p| = 1. We can choose ¢/p = %1 and CP|P°) = 4|P%. Once the sign of g/p is
fixed, experiment decides if Py is the state that is (more) even or odd, which fixes CP|PP) =
+|P%. In principle this can be different for K°, By and B, . We choose the sign convention
Amg > 0and CP|KP) = —|K?®) such that CP|Ky) = +|K1) (or AT'x = T's—T1 > 0) according
to experiment. This leads to the sign convention in eq.(1.18), and implies Amg = mp — mg.
Also in the B-system the heavier mass eigenstate By is (more) CP odd, and the CP-even state in
the B,-system can decay to the final state D} D, and has therefore a slightly shorter lifetime.
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obtained:
1P20) = 02017+ (£) o-0)|P°)
_ / _
1P°)) = g_(8) 1\§> P + g, (8) | P°) (1.19)
where we define the functions

g+(t) = %e“th (e_éAmt-%FHt + e%Amt——%FHt)

1 . —iAmy_1 i Arnt—d
g_(t) = =e iMt (—fAmi-ITpt _ ,iAmt-igt
2

where M = (myg +mp)/2 and Am = myg — my.

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 :

2

(PIP°(®)3| = 1g- ()2

P
q

with

e——Ft

lg+(®)? = - (cosh %AI‘L‘ + cos Amt)
where I' = (', +T'y)/2 and AT’ =Ty —I';. Here we see that I" fulfills the natural
role of decay constant, I' = 1/¢ , justifying the choice of % in the bamiltonian. We
could, and in later chapters would, define A’ = I, — 'y, which is okay, as though
the sign of Am is by definition positive, but the sign of AI' 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 f, we consider the following four decay
amplitudes:

A(f) = (fITIP%), A(f) = (fITIP°),
A(f) = (FITIP), A(f) = (fITIP°)
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and define the complex parameter A\ (not the Wolfenstein parameter A):

B
f f

[ 1
pAf’

Af 3

(1.20)

Sy

The general expression for the time dependent decay rates, I's(t) = |(f|T|PO(2))[?,
give us the probability that the state P° at t = 0 decays to the final state f at
time ¢, and can now be constructed as follows, using eq.(1.19):

Ts(t) = [As)* (I9+(OF + I\ Plg- () + 2Re [Ar1 (t)g-(2)])

2

T7(t) = | A7 % (lg-@1F + MPlg+ ()1 + 2Re [Azg ()92 (2)])
2
Tp(t) = 1A g (lg-@F + s Plg+ (0)]* + 2Re [N 19, ()92 (1)])
Tr(t) = |47 (l9+ @1 + [MPla- (@)1 + 2Re [A g1 ()9 (2)]) (1.21)
with
lge(®))? = %Ij (cosh %Aft + cos Amt)
g ()g-(t) = 6—_23 (smh %AFt +1 sin Amt)
e Tt 1
g+(t)g (t) = 5 (sinh §Al’t —1 sin Amt) (1.22)

The terms proportional |A}* are associated with decays that occurred without
oscillation, whereas the terms proportional to [A|*(g/p)? or |A|*(p/q)? 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 eqgs.(4.10) and (1.22) results in the following expressions for the
decay rates for neutral mesons, also known as the master equations:

Tt
Ty(t) = [Af]F (L4 M) ?—2—— (cosh—A—zr—‘iE + Dy sinh SAEPE + Cy cos Amt — S sinAmt)

_ 2 ~Tt r
Lr@) =457 1= (1 + 1A% eT (cosh ATt + Dy sinh %—E — Cjcos Amt + Sy sin Amt)

2

P
q

(1.23)
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with

_ 2Re(}y) 1N _ 2Im(Xj)

D, = 2280 L e 1 _ LA
R T PV A I P WA A W E

(1.24)

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

In the next chapter we will concentrate on specifically the B, — B, 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 B; — Bs; mixing:

“Mizing one’s wines may be a mistake,

but old and new wisdom miz 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 By — B, 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 B, — B, mixing. It is quite possible that the NP can
affect the B, — B, system while keeping the By — By 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 B, — B,
mixing, in principle. 4 '

Over the last few years before the publication of LHC results, the Tevatron
experiments CDF and D@ , and to a smaller extent the B factories Belle and
BaBar, have provided a lot of data on the B, 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 B, — J/9¢ yield a large CP-violating phase 85/ ¥? [18]. In addition, though
the difference AI'; between the decay widths of the mass eigenstates measured in
this decay is consistent with the SM, it allows AT’y values that are almost twice

16
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the SM prediction [19]. (ii) The like-sign dimuon asymmetry A% in the combined
B data at D@ [20] is more than 30 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 light
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-IIT 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 B, — B, mixing, and parameterize it in
a model independent manner through the effective Hamiltonian for the B, — B,
mixing. This effective Hamiltonian H 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 H. We perform
a x? fit to the B, — B, 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 B, — B, state can be described by the effective Hamiltonian

My M- . (T T
H = 11 12y il 12 (2-1)
Ml2 1M22 2 P12 ng
in the flavor basis, where M;; and I';; are its dispersive and absorptive parts,
respectively. When CPT is conserved, My; = My and I'y; = I'y3. The eigenstates
of this Hamiltonian are B,y and By, with masses My and M,y respectively, and

decay widths I';y and Iy, respectively. The difference in the masses and decay
widths can be written in terms of the elements of the Hamiltonian as

AMS M3H - MsL =~ 2’M12| 5
AFS = FsL h FsH ~ 2|F12| COS[AIg('—Mlg/Flg)] . (22)

i

The above expressions are valid as long as AI'; <« M,, which is indeed the case
here.

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

My, = M18¥+M1N2P7
I = SM4+1F. (2.3)

The NP can then be completely parameterized in terms of four real numbers:
|MYF|, Arg(MNP), |[TFP] and Arg(TST). We take the phases Arg(MNF) and Arg(TNF
to lie in the range 0-27.

In a large class of models, including the Minimal Flavor Violation (MFV)
models, the NP contribution has no absorptive part, i.e. I'jo = I'$}'. This is the
case when NP does not give rise to any new intermediate light states to which B, or
B, can decay. For such models, eq. (2.2) implies that AT, < AT, (SM) = 2|T$H|,
i.e. the value of AT, is always less than its SM prediction [34]. In such models, the
NP is parameterized by only two parameters: |M}Y | and Arg(MEF). 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 I';5 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 AT 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 B, — B, oscillation and CP violation therein can be quantified by four ob-

servables, viz. the mass difference AM;, the decay width difference AI', the

CP-violating phase ,BSJ / W’, and the semileptonic asymmetry aj.

The mass difference is measured to be
AM, = (17.77 £ 0.10 £ 0.07) ps™* , (2.4)
which is consistent with the SM expectation [95]
AM,(SM) = (17.3+2.6) ps™* . (2.5)

However measurements in the By — J/1¢ decay mode show a hint of some devi-
ation from the SM. The CP-violating phase f; %% in this decay is

1 (VioVi2)?
Jive _ = Ar _ N D78/
B 5\8 ( M, ) ’ (2:6)

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

B4 = (0417518 U (1.161975). (2.7)
In the SM, 4
| A%
B (SM) = Arg | —<2-2 ) = 0.019 £ 0.001 . (2:8)
VaVis

Thus, the measured value of ﬁsJ /%% is more than 20 away from the SM expectation.
On the other hand, the difference in the decay widths of the mass eigenstates By
and By, is measured to be [18]

ATy = £(0.15470058) ps™!, (2.9)
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while the SM expectation is [95]
AT,(SM) = (0.087 £ 0.021) ps~. (2.10)

The measurement is consistent with the SM expectation to ~ 1o, however it allows
for AT values that are almost twice the SM prediction. Note that the sign of AL’y
is undetermined experimentally and this gives us more room to play with the NP

parameters.
Newer results from CDF, based on 5.2 fb™* of data [36]:

AT, (0.075 £ 0.035 + 0.010) ps™!,
B = (0.02 - 0.52) U (1.08 — 1.55) (2.11)

I

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 D@ [20] and CDF [37] measurements gives

Al = —(85+2.8) x 1073, (2.12)
which differs by more than 3¢ from its SM prediction
Al (SM) = (—0.2375:55) x 1073, (2.13)

Note that for A%, CDF has a poorer statistics than D@ and therefore the average

value is dominated by the D@ data.
Even in the presence of new physics, the SM relationship holds:

Ay = (0.506 + 0.043)ag + (0.494 F 0.043)af), (2.14)

where af, and a4 are the semileptonic asymmetries for the B, — B, and the B;— By
systems, tespectively. The former is related to the B, — B, mixing observables
through

ag = tan @, (2.15)

where ¢, = Arg(—M;2/T"12). The latter is defined analogously. The coefficients in
eq. (2.14) are experimentally measured, and contain information about AMy),
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AT 45, and production fractions of B4 and B, mesons. Using a¥ = —(4.7+4.6) x.
1073 [19], this leads to
‘ a8, = —0.012 £ 0.007 , (2.16)

which is about 2¢ away from the SM prediction
a%(SM) = (2.06 £ 0.57) x 107 . (2.17)

The value of af depends on AMy, ATy and ¢4, the parameters in the By sector
analogous to those in eq. (2.15). These parameters depend on the NP in the By
sector, which is independent of the NP parameters in the B, sector that we are
considering. We therefore do not consider the measured values of al as a direct
constraint, but express it in terms of AM,, Al'y, and ¢4, whose experimental
values are taken as inputs.

In the SM, we have ¢5(SM) = 0.0041+0.0007 [95]. Note that if the dominating
contribution to I'19, were from a pair of intermediate ¢ quarks, ¢;(SM) would have
been equal to —28) /49 Since the intermediate u — ¢ and u — u quark states give
comparable contributions to I'jz,, We have ¢,(SM) # —282/*(SM) [38].

2.3 - The statistical analysis

We perform a x? fit to the observed quantities AM,, AI‘S,[)’;U ¥® and a3, using
the NP parameters |M1F|, Arg(MI5), [T | and Arg(IY). We assume all the
measurements to be independent for simplicity, though the measurements of AT’y
and ﬂ;’ /¥¢ 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 My, MSM Ty
and I'f}, 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 x? as x2,;, = 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 MEF = T'F = 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 (10, 20, 30, 40) contours, that

1342%
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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 x? = (2.295,6.18,11.83,19.35),
respectively.

In Fig. 2.1, we show the 1o, 20, 30, 40 contours in the | My2| — Arg(Mis) plane,
where the other NP parameters are marginalized over. Clearly, we see a preference
towards nonzero | M| as well as nonzero Arg(MRAF) values. There are two best-
fit points with x% = 0, one at MNF = 6.5exp(2.0 7) ps~! and the other at MY =~
16.4exp(2.8 7) ps~!, shown with crosses in Fig. 2.1. Actually, each of these crosses
is a superimposed double, with two values of I'Yy , 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 MY = 0, i.e. the z-axis, is outside the 20 region, indicating that it will
be rather difficult to fit the current data without some NP contribution to the
dispersive part of the B, — B, mixing. The contours also imply that |MNF| < 21.1
ps—t to 3o.

In Fig. 2.2, we show the goodness-of-fit conteurs in the |I';5| — Arg(T'2) plane,
marginalizing over other two NP parameters. As the measurements do not de-
termine the sign of AT, for any particular value of |AL|, we perform the x? fit
for both positive and negative values, and keep the minimum x? 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 |[MEF| = 6.5, the solutions are I'YY = 0.20exp(6.1 %)
or 0.18 exp(5.2 1), and for |MNF| = 16.4, the corresponding solutions are I3 =
0.20 exp(0.3 i) or 0.18 exp(1.1 i) (both MNF and ')} are in ps™!, here, and also
later where not mentioned explicitly). Note that there is a reflection symmetry
about Arg(I''T) = m. Again, a preference for nonzero values of |I'\F| is indi-
cated, though Arg(I'\Y) may vanish. The region with I} = 0, i.e. the z-axis, is
outside the 30 allowed region, indicating that NP contribution to the absorptive
part of the effective Hamiltonian is highly favored. The contours also imply that
ITNF] < 0.42 at 30.

Fig. 2.3 displays the contours in the |M}F| — |I%F| plane, and the two NP
‘phases are marginalized over. Not only does it show a preference for nonzero
values of MNF and I'F, but the M} = 0 axis is outside the 20 allowed region
and the I'Nf = 0 axis is outside the 3¢ 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 xZ = 20.75, and lies even
outside the 40 allowed region. This dramatically quantifies the failure of the SM
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(iiy MNP # 0 but TYF = 0 is also not allowed at 3o, but the fit is marginally
better than the SM.

(iii) Equally disfavored is the hypothetical case where I'Y} # 0 but M} =
(This is a rather natural condition, since any interaction that contributes to I'\y
will necessarily contribute to MNF.

Most of the NP models can contribute significantly to M . 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’, etc. can also contribute significantly to Myr .

The NP models that can contribute significantly to 'y , however, are rather
rare. This is because the NP contribution to the absorptive part needs light
particles in the final state, and there are strong limits on the decays of B; to
most of the possible light final state particles. One of the few exceptions is the
mode 777, on which there is no available bound at this moment. Thus, the NP
that contributes to Iy has to do so via the interaction b — s7+7~, but without
affecting related decays like b — sete™ or b — sp™ ™. 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 I'Yy to increase AT, up to
its current experimental upper bound [21, 22]. The amount of NP required for this
is ccnsistent with the difference between the decay widths of By and B, mesons
(I's/Tg—1 = (3.6 + 1.8)% [19]), and the recent measurement of the branching
ratio of BY — K*7% 1=, which is less than 3.3 x 1073 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 B, — B, system. It can also affect the CP-violating phase, as
well as the dimuon asymmetry, which was found by the D@ 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 B, — B, mixing Hamiltonian # and
parameterize the NP through its contribution to ‘H. We quantify the goodness-
of-fit for the SM and NP parameter values by performing a combined x*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 x? 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 H 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 will mean:

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

e The NP models that do not contribute to the absorptive amplitude of the
B, — B, mixing are also strongly disfavored if CPT is conserved. The best
bets are those NP models that provide both dispersive and absorptive am-
plitudes in the B, — B, mixing. This also gives rise to new decay channels
for B,. For example, one might find the branching ratio of B, — 7V~
enhanced significantly from its SM expectation.

To summarize, the NP models that contribute an absorptive part to B, — B,
mixing seem to be essential if one wants to explain the data on B/¥¢ and A%
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:






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 flat 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 construction[51], 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
- ag an anti-unitary operator - in such a way for a local quantum field theory that
it represents a symmetry [5], i.e.

CPTL(t,8)(CPT)™" = £(~t, -%) (3.1)

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

e [orentz invariance;
e the existence of a unique vacuum state;
e weak local commutativity obeying the ‘right’ statistics.

The transformation properties of & 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

L = oV} (t, Z)V*(t,Z) + bAL (t, £) AP (¢, )
+ eV, (t, 2) AR (8, 8) + AL (L, DVET (¢, 2) (3.2)

which under CPT transforms as follows

CPTLy(CPT)™
= aVP~(—t, —B)V} (=t, —F) + bA*™ (—t, ~T) At (—t, )
+ VI (—t, ~E) A (—t, — &) + AP (<1, D)V} (~t,—F)  (3.3)

i.e. CPT is indeed conserved, no matter what the coupling parameters a, b and ¢
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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e Particle and antiparticle must have same mass and same electric charge, e.g.

M(P) = (P|H|P)
= (P|(CPT)ICPTH(CPT)'CPT|P)*
= (P|CPTHCPT™|P)*
= (P|H|P)* = M(P) (3.4)

e 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|p1,pa,...;out) = | — p1, —pa, ...; in).

As both ‘in’ and ‘out’ states form complete set of states: 3 . |f;in)(f;in| =
> ;1 fiout){f; out| =1, we get,

T(P)=2m > §(Mp — Ep)|(f; out| Haceay| P)|?
f

=21 Y " 6(Mp — E)|(f; 0ut|CPT'C PT HyoeayCPT ' CPT|P)*|?
f

=21 37 6(Mp — Bp)(Fyin| e | P)
f

= 2’”25(MP — Ef)|(f; out| Haeeay| P) |
f
= I'(P). -(3.5)
This is not true if stationary states are particle-antiparticle combinations.

e Particle and antiparticle must have equal and opposite magnetic dipole mo-
ments: fimag(P) = —Hmag(P)-

e Hydrogen and anti-hydrogen must have identical spectra.

e T violarion 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 can 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 are 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 mired 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 my,. This suggests that observable experimental signals from a
fundamental theory might be expected to be suppressed by some power of the
ratio 7 & my/Mp =~ 10717. 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 quantizaticn methods are unaffected, so a relativistic
Dirac equation and a non-relativistic Schrédinger equation emerge in the appropri-
ate limits. Also both the fundamental theory and the effective low-energy theory
remain invariant under observer Lorertz 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(1) standard model
that violates both Lorentz invariance and CPT [55]. In addition to the desirable
features of ernergy-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:

Ligion® = —(ar)uapLar"Lp — (ar)uasRav*Rp (3.6)
where a,s 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 P9. This combination can be
represented as a two-component object W(t), with time evolution governed by a
2x2 effective hamiltonian A according to the Schrédinger-type equation [70]

Throughout the rest of this chapter, subscripts P are understood on ¥, 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-
cally denoted as |F,) and |B,). They evolve in time as

[Pa(t)) = exp(—idat)|Fa),
IB(E) = exp(—idt)|By). (3.8)

The complex parameters A,, A, are the eigenvalues of A. They can be decomposed
o _
1. 1.

Ao = Mg — 5V Xp = My — 5, (3.9)
where m,, ™y are the propagating masses and +,, <y, are the associated decay
rates.

For calculational purposes, it is useful to introduce a separate notation for the

sums and differences of these parameters:

1
Aet+ A =m— —z-i’y,

AN = M= =—-Am— %iAfy, (3.10)

A

I

where m = mg +mp, Am =My — Ma, ¥ = Ya + Vb, A7 = Ya — W

The off-diagonal components of A control the flavor oscillations between P°
and PY. Indirect CPT violation occurs if and only if the difference of diagonal
elements of A is nonzero, A;; — Ass # 0. Indirect T violation occurs if and
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only if the ma.gnitﬁde of the ratio of off-diagonal components of A differs from 1,
|Ao1/Arz] # 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 PO 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(ix) for the P° wave function, the
off-diagonal elements of A are multiplied by equal and opposite phases, becoming

exp(sz)Alg and exp(~22x)A21 .

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. 1t 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 Lavours 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

1 My — 3l My — 5Ty
A=M - il = . (3.11)
Mj, — 4T3, Moy — 3ila

The off-diagonal quantities are all phase-convention dependent. The parameter
for CPT violation is the combination (My; — Mag) —4(I'y; —'s2)/2. The parameter
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Formalism  Dependence on A, A CPT parameter T paranx
phase convention? given as (complex) ' (

wE No X, B 3

MT Yes(Mia, Tro) See eq.(3.12) (My - Mio) e

—34(D11 — Tap)
DE\E,Es Yes(Ey, Ea)  2+/E? + E% + E%, Ej (B E; - E
—2¢D

DEf¢ Yes(¢) —2iD, 2 E cosf | exp

pgars Yes(p, q, 7, 5) ’Xa A (pS - qT) |P”

) Yes(e, 6) A, AX § Ree, if c}ﬁ s

Table 3.1: Comparison of formalisms for neutral-meson mixing.(The w £ 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 |(Mj, — iI73,/2)/(Mia — iI'12/2)|. The masses and decay rates

are given by

1.
A = (M + M) — gl(rn + T'a0),

1o e Lo
AX = 2[(M12 — -Z;’LI‘R}(MH — —Z—zf‘m)

+%[(AM11 — M) — %i(PM — T'a))?] V2 (3.12)

where the definitions in eq.(3.10) are understood to hold.
Our parametrization is very similar to the w £ 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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AT/T in the generic P°-P° system, where P° = K°, By, or B,. 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 BaBar 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 By — By and decay channels of By 1.
The width difference for the By system, ALy, 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 AI'; would be significant for
the B, 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 B, — B, 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 f,, 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 2.10 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
B, meson, along with the By, 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 B,. Thus, we expect
excellent tagged and untagged measurements of both B, and B, mesons. It is best
to focus upon the single-amplitude observables: By — J/%Kg and B, — J/v¢ or
B, — DI D7 2. For the J/1p¢ 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 By and By to indicate the flavor eigenstates, By as a generic symbol for both of
them, and similarly for B;. The symbol B, will mean either a By 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-allowed 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 B; and B, 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
¢ which can potentially be complex:

so that
() )
My, My+¢ 2\ I, Tp
where §' is defined by
b2 (4.3)

V H12H21 .

Solving the eigenvalue equation of M, we get,

A = (Mo _ %1‘0) + Hypay

o\ 0
or, A = {Hn + Hyoox (ZH“Q‘)J, [ng-nga <y+§)}, (4.4)

where y = /1 + % and a = \/Ha/His.

Hence, corresponding eigenvectors or the mass eigenstates are defined as

|Bu) = pilBa) +@1|Ba),
|Br) = pa|Ba) — 2|Ba) - (4.5)
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The normalisation satisfies

1) + @1 l* = Ipaf® + g = 1. (4.6)
Let us define,
0 5) qa ( 5) T
=== \yY+5]a; =—=ly—z]a;, w=—. 4.7
m=_ (y 5 m=_=(y-3 m (4.7)

The convention of [82] leads to 2y = §/2, where z; is a measure of CPT violation
as used in [82]. The limits imply that |25] < 1. Even if the origin of CPT violation
is something different, it is not unrealistic to assume || < 1.

One could even relax the assumption of Hy = Hy,. However, there are two
points that one must note. First, the effect of expressing Hyy = hia+0, Hyy = hiy—
6 appears as 82 in /HioHy;, the relevant expression in eq. (1), and can be neglected
if we assume § 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
H,, # Hj, leads to T violation, and only Hy; # Hay leads to unambiguous CPT
violation. Thus, we will focus on the parametrization used in egs. (1) and (2) to
discuss the effects of CPT violation.

The time-dependent flavor eigenstates are given by

1By(t)) = fe()|Bg) +mf-(t)[By)

moy = L)+ Lo, (49)
where
1 —idit _ p—iat
f-(t) = (1+w)(e * /\)’
1 —tAt —tAat
fult) = g @ Hee™),
= 1
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So, the decay rate of the meson B, at time ¢ to a CP eigenstate f is given by

D(By(t) = fer) = [If+@F +IEnlPIf-() + 2Re (64 F-(6)F1(8))] 14/,
2
L(By(t) = fer) = [If-@O)F + nPIF+(t) + 2Re (Enfi(t)F2(1)] ‘%PJO)

where
As=(flH|By), A;=(f|H|B,). (4.11)
Also, _ _
_ . Ag _ Ay
€ =M Ve £ = 7?2Af : (4.12)

In the SM, both are equal and §;, = &;, = {;. For single-channel processes,

|64 = 1.
Now using eq. (4.7) and eq. (6.27) one gets

28—Ft
11+ wl|?

A
- = [cosh (—;E) — €OS (Amt)} ...etc. (4.13)
[Other equations of this form are explicitly written in the appendix of chapter (7)]
Here, Am and AT are defined through;

A= o = Am + %AI‘, (4.14)

with

3

/\(1,2) = MmM(,2) — 21—‘(1’2) s Am = my — My, Al = Fg e Fl . (415)

4.2 Introducing CPT violation

If we consider a time-independent CPT violation so that 4 is a constant, there are
only two unknowns in the picture: Re(d) and Im(4), over those in the SM. We
will try to see how one can extract information about them. For our analysis, let
us take ¢ to be complex; it will be straightforward to go to the simpler limiting
cases where ¢ is purely real or imaginary. For example, if the width difference AT’
is much smaller than Am, the model of [82] makes & completely real.

When B, and B, are produced in equal numbers, the untagged decay rate can
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be defined as
Cy(f,t] = T(By(t) = f) + F(Bq(t) = f), (4.16)

using the above expression one could define the branching fraction as

Brif) = 5 fo T a T, (417)

The above equation is useful to fix the overall normalization.

We assume, § < 1 and expand any function f(d) using Taylor series expansion
and drop all the terms O(6™) for n > 2. From eq. (4.16), eq. (4.10) and eq. (4.13)
we will get the untagged decay rate for the decay B, — f,

{a i+ P20 — ratae) f o (252)

(Im(8))* _

Tylf,t] = |As]Pe

{UHu% <mmm}mm%ﬂ

+{%M&%Eﬂ—KWW&&-?M&WMMW—GM®W}

smh(ﬁ“)—%mmnﬂl—mvw4mwmd&naMAmm}.

(4.18)

Thus, for the B, system, where the hyperbolic functions are not negligible, we
get (keeping up to first order of terms in AT,):

Brifl = [ el

_ A2
2

(Im(6))?

{UHHXH- )—M@M@ﬁ

L 2 (Im(5))2
- (Am)2+ (F )2 {(1 + {gf[ )
éfyﬁm@%mu—@nm@~<M@mmwf (1 (8)))

. Am
— §Lm(5) {(1 = 1¢s") + Re(8)Re(&/) } (Am)? + (T,)?

~mmm&ﬂ

+

(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.

e For the B, system: We can neglect A@'y 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 Al'y 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 § is small, AT’y is bound to be
that coming from the SM, as the correction is proportional only to 6% and
higher.

e Ior one-amplitude processes: We can put |£s| = 1, and only one of Re(¢y)
and Im(¢;) remains a free parameter 3.

e For § being either purely real or purely imaginary: The expressions are
straightforward. For example, if § is purely real, there is no trigonometric
depencence on the untagged rate.

e Finally, for |§| <« 1: We can neglect terms higher than linear in either Re(d)
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

Brif] = | (2~ () oy s O+ T Rele)
(4.20)

3¢; 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 |£f] = 1.
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One can also tag the B mesons and define a tagged decay rate asymmetry
Lr(f,t] = T(By(t) = f) = T(By(t) — f)

{0t B remete) cosn (212

- 2 _~D4t
_IAer ¢ 2

+{a-tgmo - FL) 4 reo)rete) fcos it
- 3@ {1+ g5F) ~ Ta@lm(e) psinh (212 ) + {21m(ey)
~ STm(E)(1 +1&77) ~ 7Tm(E)(Re(9))’ ~ (1m(5))?) } sim (Amm}

(4.21)

Note that (i) for Re(6)=Im(4)=0, this reverts back to the SM expression, as
it should, and (ii) If || « 1 and AT/T" <« 1 as in the By system, the tagged rate
can measure both Re(d) and Im(d).

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

ulf, 1) = A e [(z ~ Im(8)1m(€s)) cosh (=57

+ Im(8)Im(&f) cos (Amgt) + 2Re(£f) sinh (Ag t) } ,

Tr[f,t] = |Af|2e Tt l: — Re(0)Re(&y) cosh <qut) + Re(8)Re(&y) cos (Amygt)

— Re(6) sinh (qut) + {2Im(¢;) — Im(d)} sin (Am,t)

(4.22)

It is clear from eq. (4.22) how one can extract Re(d) and Im(8) by comparing the
untagged and tagged analysis. Suppose we consider the B, system where AT, is
non-negligible. The coefficient of the sinh term in 't gives Re(d). However, there
is an overall normalization uncertainty given by |A|%. To.remove this, one can
consider a combined study of the coefficients of sinh (252) and cos (Am,t) from
the untagged and tagged decay rates respectively; their ratio allows for a clean
extraction of Re(d). On the other hand, the ratio of the coefficients of cos(Amit)
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in 'y and sin(Am,t) in I'r gives a clean measurement of Im(d), as Im(&y) is
known from the SM dynamics. A further check about the one-amplitude nature
is provided from |Re(éf)|* + [Im(&;)|* = 1. In fact, as long as ¢ is small, one can
extract both Re(d) and Im(8) even if || # 1, from the coefficients of the sine,
cosine, and hyperbolic sine terms in 'y and I'p.

One may also define the time-dependent CPT asymmetry as

)

_ Dr[fit] _ T(By(t) = f) — T(By(t) —
Aot ) = F (F) "t Bme s DitEe 5 )
and the time-independent CPT asymmetry as
popn() < ATl _ [ DB ) -TB0 2 )

JoodtTulf,t) — [57dt [D(By(t) = £) + T(By(t) = )}

This goes to the usual CP asymmetry Agp if § = 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(d), Im(6), Re(¢;), Im(&y), and |Af]?. For a
one-amplitude process |£4]*> = 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 &5 to
be known from the SM. We would like to point out the following features.

s The overall amplitude |Af|* cancels in the CPT asymmetry. This, therefore,
is going to be the observable one needs to measure most precisely.

o It is enough to measure the coefficients of the trigonometric terms only. For
the By system, Al'y is small anyway, and for the B, system, AI'; has a large
theoretical uncertainty.

e 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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Figure 4.2: Variation of sin(28,) with Im(4).

Acpr with Am, and AL, is negligible, of the order of 0.2%, so we fix them to
their respective central values. Effects of § in both Am, and ATy are quadratic in
0, and hence we can use the SM values for them. In fact, Agpr does not depend
significantly on the choice of Im(4) either; the variation is less than 1%. This is
due to the fact that here, [Im(&;)| <« |Re(€y)| and hence the coefficient of Re(4) is
much greater than the coefficient of‘Im(é) in the expression of Acpr. This feature
does not hold for the By system. Note that Agpr clearly gives the sign of Re(6).
The small nonzero value of Agpr for § = 0 indicates the small mixing phase in
the B, — B, box diagram. However, the apparent phase, i.e., the coefficient of
sin{Amg,t), can increase with Im(d), as can be seen from figure 4.2.

4.3.2 The B; system

The inputs that we use for the B, system are

Amg = 0.507ps™", ATq =0, Re(&;) = 0.72, Im(&;) = 0.695. (4.26)

This follows from the CKM expectation of sin(28;) = 0.695 + 0.020. The

constraint on § comes from the measurement of sin(28;) in the b — cés channel:
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Figure 4.5: Variation of sin(28,) with Im(8).

0.668 £ 0.028 [76] 4. Again, we can fix Amy at its central value. This time, due
to the comparable values of Re(§s) and Im(&s), Acpr is sensitive to both Re(6)
and Im(8). The variations are shown in figure 4.3 for three values of Im(§) and
figure 4.4 for three values of Re(§). It turns out that Acpr is always positive for
Re(d),Im(8) < 1; this is a consistency check for the CPT violation. Note that the
measured value of sin(24;) can go down from its CKM expectation for Im(§) > 0,
in fact, for Im(d) = 0.07, sin(26;) =~ 0.66, as can be seen from figure 4.5. While
this value of Im(J) generates a mixing phase for the B, system that is consistent
with the CDF and D0 measurements at 1o, one must remember that § 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 exact 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 6. This is an interesting possibility for the decays By — D} D, and
Bg — J/v¢¢ (with an angular analysis). Even a small CPT violation, allowed by
the mixing constraints for the By system, can make the By, mixing phase more
compatible with the Tevatron measurements, at the level of about 1lo. 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 é.
Thus, a correlated study of the CP asymmetries in By — J¢ and B, — D} D;
vis-a~-vis By — Dy fv 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

B; — B 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 B, — B, mixing, parameterized through the difference
in diagonal elements of H. 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 A? and not BSJ %% i their analysis, and their parameters are only indirectly
connected to the elements of H. 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 H. As we will
show, nothing improves the fit significantly from the SM unless there is a nonzero
absorptive part in the B, — B, 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].

53
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(This need not be true for nonlocal field theories as well as for theories with
noncommutative 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 By and B, systems are rather weak. In fact, the bounds for the
By 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 B, — B,
oscillations. Unlike [33], we take both A? and 8; /%% 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)

My—ily—& My — il

as

and define the dimensionless CPT-violating complex parameter ¢ as

s=fm_fu 20 (5.2)
VHiHy  /HippHy
where Hij = Mij —_ %F’-J
The eigenvalues of H are
A= (MO - %PO) + ayng , (53)

where a = \/Hy /Hy2 and y = /1 + 62/4. The corresponding mass eigenstates

are

|Bser) = b |Bs) + @1 !§s> )
|Bor) = p2|Bs) —2|Bs) , (5.4)
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with |p1|? + | |* = |po)* + |g2|* = 1, and
Q1 Hm 52 5
2 Al =+
n D1 Hy, ( + 4 * 2]
2 _ [Haf [ 0% 0
7o . » ( 1+ 1 9] (5.5)

Clearly, CPT invariance corresponds to 7; = 7s.

i

i

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

A= Ao =AM + %AF, (5.6)
where A and Ay are ordered such that Re(A; — A2) > 0. From eq. (5.3),

AM = M1 - MQ = 2Re(a'yH12) s (57)
AT = Ty—T, = 4Im(ayHy) . (5.8)

Since |I'2] <« |Miz|, we can write

1T I
Hip = |My||1—= —iRe (22
Qiii2 I 121 { 4 IAM1212 e A’f}g

| My {1 2 Re (%)} . (5.9)

Then Egs. (5.7) and (5.8) yield

LI

%

AM =~ |My| [2Re(y)+1m(y)Re @—Z)} , (5.10)
AT ~ [M| [tﬁm(y)—QRe(y)Re (%1?2-)} | (5.11)

The dependence on the CPT-violating parameter § 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,
AM;, and work in the limit where I'yo/M;; is negligible. |Mis|, and hence MYF,
can be arbitrarily large, as Re(y) can be made arbitrarily small by an appropriate
choice of 4. 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 |Mis| small. However, the smallness of AT'/AM
constrains Im(y)/Re(y) to be small, thus indicating that y is almost real. Since
y = /1 + 82/4, this implies that 62 is almost real and Re(¢?) > —4. Therefore,
one would expect that ¢ is either almost real, or it is almost imaginary, but with
Im(d)| < 2. ‘

Now let us consider the CP-violating observables BI*?* and ay. The effec-
tive value of the former may be obtained in the presence of CPT violation by
considering the decay rates of B, and B, to a final CP eigenstate fop as [45):

D(Bs(t) = for) = 4¢P [If+(OF + e PIf- 0 +

2Re(&s, f-(O) F1 ()] (5.12)
DB for) = |2LPIFOP + KalIFLOF +
2Re(énf ()F2(1))] (5.13)
with _ _
fflfmﬁ—;, 6335772%, wz%. (5.14)

Here Ay and Zf are the amplitudes for the processes B, = fcp and By — fop,
respectively. The time evolutions are given by

1 . .
f_(t) — o (6—1)\1t___8~1,\2t)’
W
1 -1
Fe) = o™ rwe ),
- 1 N .
folt) = m(we"’\lt+e_‘)‘2t). (5.15)

The final state in By — J/1¢ 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 + cos? ), while the time-dependent
decay rate to the CP-odd state is given by the coefficient of sin? 6.

The value of effective 6;1 ¥ in this process is determined by writing the time
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evolutions (5.12) and (5.13) in the form

I'(Bs(t) = fop) = c1cosh(ATt/2) + casinh(AT',¢/2) +

c3 cos{AMt) + cq sin(AM,t) (5.16)
T(B,(t) = fep) = & cosh(ATt/2) + ¢ sinh(ALt/2) +
C3 cos(AM,t) + ¢y sin(AM,t) . (5.17)

The direct CP violation in B, — J/1¢ is negligible; i.e. |A;/Af| ~ 1. Also,
|T12/Mis| < 1, so that in the absence of CPT violation, |n| = |72| = 1. Then in
terms of &5 = £, = &£, = aA;/Ay, one can write

Cq C4 ZIm(Ef) : /e
U - in(2 - 5.18

where ngp is the CP eigenvalue of fop.

When CPT is violated, the effective phases ﬁsj 4% and st /¥ measured through
B,(t) and B,(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(2ﬁj/¢¢’)
D)~ Re(g) () + Tin(ey) + Tn(éy, Re(w)
[ ol + 21, + 2Re(£,) — 2RelEy, JRe(w) — 2Im(E, ) m(w)]
(5.19)

Sm(zgj/ww)
= —nep 2[—|¢5[Mim(w) + Re(€r,)Im(w) + Im(€s,) + Im(€7,)Re(w)]
2+ [€, 7 (1 + [w]?) — 2Re(éy,) + 2Re(£,)Re(w) — 2Im (€, ) Im(w)]
(5.20)

Though the analysis of the B, and B, 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 ag is measured through the “wrong-sign”
lepton signal:

B,(t) = utX) —T(By(t) = p~X)
B,(t

B,(t) = ptX) + T(B,(t) - p~X) (5.21)

9
a’al

_ I
-
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Here,

D(Bs(t) = ™ X) = Imf-ABs, = " X)?, (5.22)
D(Bs(t) = ptX) = |(f-/m)A(Bs = p*X)I?, (5.23)
and since |A(B; — p* X)| = |A(B, — utX)|,
s mE—ImP 1ot
e mP 1+fet”

which is independent of the CPT-violating parameter 4. That the semileptonic
asymmetry does not contain a CPT violating term in the leading order was also
noted earlier [47].

5.2 CPTYV: statistical analysis

In this Section, we perform a x2-fit to the observables AM,, AT, the effective
phase (/% and aj. Let us first assume that there is no CPT-conserving NP
contribution coming from M}y and I'}¥, so that the only relevant NP contribution
is CPT violating, and is parameterized by Re(d) and Im(§). The allowed parameter
space is shown in Fig. 5.1. It turns out that in this case, the value of X2, is =
11.5 (at & = 0.008 4+ 0.958 ¢ and § = —0.024 + 0.958 ), marginally better than
the one obtained in the (I'Yf = 0, MNF # 0) case discussed above in Fig. 2.4.
There are some, albeit small, regions in the parameter space that are allowed to
30. However a fit good to 20 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 MY and
I'F together are capable of explaining the data by themselves. Therefore the fit
using &, M}Y¥ as well as I} is redundant. With six independent parameters and
only four observables, not only is x2,;, = 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: I'YY = 0. We have already observed (Fig. 2.4)
that the entire region in the |[MNF| — Arg(MEF) is outside the 3¢ 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(d) and Im(4). This scenario
is interesting because, as we have seen before, only very specific kind of NP can
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contribute to 'Yy, which would be tested severely in near future. In case no
evidence for the relevant NP is found (e.g. the branching ratio of B, — 777 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 M}, would be able to
account for the anomalies. For example, one may want to determine f, and B, of
egs. (5.19) and (5.20) separately and see whether they are different.

Fig. 5.2 shows the situation in the |[MYY | — Arg(MNF) plane. As compared to
Fig. 2.4, one can see that once we marginalize over §, we now have some regions
allowed to within 30. Indeed, x2,;, = 9.6 at M} = 3.40exp(0 ). This clearly
does not improve the goodness-of-fit substantially, indicating that there is no good
alternative for I'YF.

Fig. 5.3 shows the situation in the complex § plane, when MNP has been
marginalized over. One observes that the current data allows rather large (~ 1)
positive values of Im(4) even at 30. The best-fit point corresponds to § = 0.0037+
1.40 7, which gives x2,;, = 9.6 as mentioned earlier. The CPT conserving point
(6 = 0) Lies outside the 30 region. As expected from the discussion in Sec. 5.1, the
allowed values of § are close to the Re(d) or Im(8) axis, with |Im(48)| restricted to
2.

5.3 Conclusion

We introduce the possibility of CPT violation by adding unequal NP contributions
to the diagonal elements of H. We explicitly show how CPT violation might
affect the observables, especially dwelling on the effect on ﬁg % Taken alone,
the CPT violation cannot affect the dimuon asymmetry, and it can make the fit
to the B, — B, 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 3o.

To summarize, in the scenario that an absorptive NP contribution is ruled out,
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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 /35 /% obtained from

the tagged decays of B, and B,.



Chapter 6

Bs — D;K 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 B, system, both in B, — B, mixing and in B, 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 B,(B,) — D K~ and
By(B;) — D7 K* decays. The B, decays are mediated by color-allowed tree-level
transitions b — uc¢s and b — ctis. 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, O(\3) 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 B, and B,. 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(B, — DFK*) = (1.90 4 0.23) x 107

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 B; — 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 B, — B, 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 B,
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
B, — B, 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 are considering final states that can be
accessed both from B, and B,, any such NP will necessarily contribute in B, — B,
mixing, in particular to its absorptive part, and will change the decay width dif-
ference AI';. 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 AL, the lifetime
difference of two B, mass eigenstates, is relatively weak. The most accurate re-
sult comes from the LHCb collaboration [94]: AT';/T's = 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 By system, but one can expect similar numbers for the B, system too, even if
CPTYV is flavor-dependent. Like the experimental tests on CP-violation, various
independent cross-checks on CPTYV are also essential. Needless to say, one can
play the same game with decays like B, — D% and B, — D%, and can form
more observables (although not independent of the original ones) out of the CP-
eigenstates of D® and DO in the final state.

6.1 CPT violation in decay

6.1.1 B, — B, mixing and B; —+ D¥K7¥ in the SM

The By — B, mixing is controlled by the off-diagonal term Hjp = Mjs — (3/2)[12
of the 2 x 2 Hamiltonian matrix, with the mass difference between two mass
eigenstates By and By, given by (in the limit |T'15] < |Mia))

AMS EMsH—AstﬁziMm{, (61)
and the width difference by
ATy =T, — Top = 2|T12| cos @5, (6.2)

where ¢, = arg(—Mj/T'12). CPT conservation ensures Hy; = Hos.
The eigenstates are defined as

|Buw)) = p|Bs) + (—)alBs), (6.3)

where |p|? + |7|? = 1 is the normalization, and one defines

a = q/p = exp(—20;) (6.4)

where 23, is the mixing phase of the B, — B, box diagram.
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For the single-amplitude decays B, — D¥KF, the amplitudes are of the form

A(B, > DYK™) =T,  A(B,— D;K%)=T,,
A(B, -5 DIK)=T,,  A(By— D;K")=Tie ™, (6.5)

where T} and 75 are real amplitudes times the strong phase, which we parametrize
as

arg (%) N (6.6)

and v = arg(—VuV3/VaaV3), so that to a very good approximation, Vi =

|Vis| exp(—47). The quantity £; = aA;/A;, where Ay = A(B, » D}K~) and

A; = A(By - D K™), carries a weak phase of —(28; + 7). .
Let us define, following [84],

(Br(B;, =+ DfK™)) = Br(B,— DfK™)+Br(B, » DfK™),
(Br(B; — D; K*)) = Br(B,—+ D;K*")+Br(B, - D;K"), (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 B, decay

In order to take into account CPTV in decay, we parametrize various transition
amplitudes fcr the decay B, — DEKT as [96, 97]

ABs =+ DfK™)=Tie" (1-y;), AB,—=D;K")=T,(1+ y}) ,
A(B; = DfK7)=Ty(1-y;), A(B,— D;K")=Te™ (1+y})(6.8)

where CPT violation (in decay) is parametrized by the complex parameter ¥y, and

ys is real if T is conserved. The CPT viclation is proportional to the difference

A(B, = DfK™)* — A(B, » D;K*) or A(B, = DK~y — A(B, » D;K™).
We define the complete set of four relevant amplitudes, with |f) = |[DFK™)

and |f) = |[D7K™),

Af = (lelBs)? Af = (ﬂHlBs>a

Ap=(f|H|B.), Aj=(f|H|B), (6.9)
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80 that the ratios
£ = adp/Ay, &5 =adf/Ay, (6.10)

are independent of y;; the CPTV effect in the decays cancels in the ratio. We also
have |§] = 1/|£;7] and arg(£f5) = —(28s + v + (—)A) where A is defined in eq.
(6.6).

From eq. (6.8) we get

|A(B; = Df K™+ |A(B, » DKV = (IO +|T%) 11— sl
|A(B, —» Dy K*) +|A(B, = D; KN = (IO +|BP) |1+ (6.11)

Thus we can define an asymmetry

(Br(Bs = DFfK™)) — (Br(Bs, = D; K™T))

CPT _
Aor (Br(Bs; = Df K~)) + (Br(Bs = D; K*)) (6.12)
Re(yy) 2
= —2 ~ —2Re , for <1 6.13
T [sP (ys), for |yy| (6.13)

We have already seen that this asymmetry is zero in the SM. Using eq. (6.13), the
real part of the CPTV parameter y; can be directly probed from the difference of
the untagged rates (as the initial state B, flavor is summed over) Br(B, — D K™)
and Br(B, — D7 K).

One can have a rough idea of the LHCD reach in measuring Re(yy). With 1
fb~! of integrated luminosity, LHCb has obtained 1390 + 98 events [91]. With
full LHCb upgrade to an integrated luminosity of 50 fb™!, 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 /s = 13-14 TeV (as the cross section of pp — bbX scales
almost linearly with 1/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 B,. 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(y;). Note that LHCb already has
a plan to measure CPT violation in the decay By — J/4[— nFutv(v)|K° [92].
However, in this estimate we have only concerned ourselves with the statistical
reach; we leave it to the experimentalists to 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 — ués or b — cis
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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 B, — DEK¥ decays as

A(B, = DfK™) =Ty (1 +a e®749))

A(B, = DIK*) =T, (1 +d ei(9/+°J))' ,

A(B,— DIK™) =T, (1+d e—*'“”-ff)) ,

A(B, > DK%Y) =Tie™ (1 +a e (6.14)

The amplitudes, obviously, are related by CP conjugation. The NP is parametrized
by the (relative) amplitudes a, a’, the new weak phases 8, ¢, and the new strong
phase differences o, ¢’. Therefore, the asymmetry defined in eq. 6.13 is given by

a|T1*sin(f — v) sino + a |T3|? sin &' sin o’
7112 (1 +a? +2acos(d — v)coso) + |T2)? (1 + a? + 2a’ cos §’ cos ')
(6.15)

Hence, a nonzero value of Ap- could be due to either CPTV or CPT conserving

ApP = -2

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
CPTYV 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 (i) 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 AS¥7 can 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 are
strong motivations for the corresponding amplitudes to be highly subdominant, or
the strong phase difference between the two amplitudes 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 Bt — D°K* and Bt — D°K*.

If there is no other CPT conserving NP, but the B, — B, mixing matrix has
CPTYV built in, the asymmetry is still nonzero, as the individual branching frac-
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tions are functions of the CPTV parameter § (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 d:

_ Hy— Hy

0= ——, 6.16
v HipHa (6.16)

so that the Hamiltonian matrix looks like

1Y = My — Re((S’) M, _ _’L_ 'y + 2111’1((5/) I'y2
B Mz, M + Re(d") 2 s, Ty — 2Im(&")

bl

(6.17)
where ¢ is defined by
b2 (6.18)
© VHiHy .

One could even relax the assumption of Hy; = H},. However, there are two
points that one must note. First, the effect of expressing Hyp = hig + 6, Hyy =
ht, — & appears as 62 in /HjpHy, the relevant expression in eq. (6.16), and
can be neglected if we assume & 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 Hyp 3 Hj, leads to T violation, and only Hy; # Has leads to unambiguous
CPT violation. Thus, we will focus on the parametrization used in egs. (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 Kg-Kj pair, this can be
generalized to any neutral meson system. The mass eigenstates are defined as

1

|Ks(KL)) = 50 F ey l)

[(1+ es)I K°) + (1 — egr)) [K°)] (6.19)
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where

] _ —ilm(My2) — $Im(T12) F 3 [Mi1 — Moy — 2(T'11 — o))
St) My — Ms+i(ls —T1)/2

= c454. (6.20)

Note that § and 6 are not the same, but related; both parametrize CPT violation.
On the other hand, €g(z) 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 § that we have used here.

The Belle collaboration [83] recently put stringent limits on the real and imag-
inary parts of 4,

Re(0g) = (—3.8£9.9) x 1072, Im(és) = (1.1440.93) x 1072, (6.21)

where we have added the errors in quadrature, and used the straightforward trans-
lation valid for small §, viz., § = —22 (the subscript emphasizes that these results
are for the By system). The CPT violating parameter z is defined as

|Bran) = oV 1 — (+)2|Ba) + (—)av/1+ (—)z|Ba) . (6.22)

We can see that within the error bars data are consistent with no CPTV case i.e
Re(64) = Im(é;z) = 0. However, more precise measurements are important and
essential. In any case it is safe to assume |d| < 1, even for the B, system. In AM,
and AI'y the CPT-violating effects are quadratic in § and hence negligible.

We can write

|Brr) = p1|Bs) + @1|Bs), |Br) = p2lBs) — qa| By) - (6.23)

with the normalization conditions |p; |*+|q:[* = |p2|*+]ge|* = 1, so that with CPT
violation, p; # ps and ¢q; # ¢o. The time evolutions of By and By, are controlled
by A =my —il'1/2 and Ay = mgy — i['y/2 respectively. We also use

AM3=m1~—m2, AFstz—Fl. (624—)
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Let us define,
&2 @ ( g ) a2 ( g ) T
v g M P1 '3 = P2 Y73 Uy
(6.25)
where a = +/Hay/Hyz. For |8] < 1, we can approximate y with unity.
The time-dependent flavor eigenstates are given by
1Bs(t)) = hi(t)|Bs) +mh-(t)|Bs)
B.0) = =B+ huolB), (6.26)
where
h (t) — 1 ( e—i)qt i e—iAzt)
) (1+w) ’
_ 1 —iAt —iAat
h+(t) - (1+w) ( +we ) ’
7 1 —idt |, —idgt
— . 1 1A2 i .27
h+(t) (1 +w) (uJC te ) (6 )

and we refer the reader to [45] for detailed expressions. Note that in the absence of
CPTV, m = n3, w = 1, and hence h, (t) = hy(t). In the limit |§| < 1, w & 1+ 4.

With our convention of |f) = |DfK~) and |f) = |D; K™*), where both the
states are directly accessible to B, and B,, the time dependent decay rates are

[45]
[(Bs(t) = f) =
L(Bs(t) = f) =
[(Bs(t) = f) =
T(B(t) = f) =

Af & ) Af_ “é

§f1=771:;1}=(1+"2“>§f7 € = A (1“”)§f

hie @ + 165 PIh-()1* + 2Re (nh-(D)RL(2))

J14
- (O + |65 [h+ (1)) + 2Re (Erhs (1)RZ(2))]
B (O + €517 Ih- ()" + 2Re (€ - ()R3.(1))] |
]

[
[
[
[

P (O + 16, PR (£)]* + 2Re (€7, k4 ()R (1))

where,

(6 28)

(6.29)

Dropping terms O(42) or higher, we get the following expressions for the tagged
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and untagged time-dependent decay rates:

T(By(t) = f) — T(By(t) = f) = [P sinh(ATL,t/2) + Q; cosh(AT,t/2)
+ R, cos(AMt) + Sy sin(AMt)] e T Af|?,
T(Bs(t) = f) + T(By(t) — f) = [P2sinh(ATt/2) + Q; cosh(AT',t/2)
+Ry cos(AM,t) + Sosin(AMt)] e T Af|?,

(6.30)
with
P = m% Re(8) (1+ &)%),
Q1 = —l|és] cos(y+ 28, + A)Re(d),
Ry = 1— &)+ cos(y + 2@3 + A)Re(d),
S, = 20 sin(y+ 28, + A) — élm(ci) (14162
Py = 20eg] cos(y+ 26, + A) —  Re(6) (1~ &)
Q2 = 1+ & — &l sin(y + 26, + A)Im(9),
Ry = |&f| sin(y + 28, + A)Im(6),
5 = —5mm(s) (1~ lgP) - (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;|® 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 P, - S; are to be ex-
tracted from the tagged measurements, and P, - S, from untagged measurements.
Note that whether or not any CPT-conserving NP is present, absence of CPT
violation definitely means § = 0, so P, = @)1 = Ry = S3 = 0. If any of these four
observables are found to be nonzero, that is a sure signal of CPT violation. (While
P; and S; depend only on 4, @; and R, also have an implicit dependence on the
B, — B, mixing phase 23,, 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 hyperbolic
functions, bur we urge our experimental colleagues to perform a complete fit.
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If at least P, or Sy be nonzero (maybe with nonzero Q; and Ry), one gets

3 2.5,
Ri+@Q’

2P,

Im(d) = —Rg—'}‘Qg,

Re(d) = (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 Py, (J1, Ry, or S, one can still find signals of CPTV, from the fact that
Py, QQ2, Ry, and 5; 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 B, — f decays:

By =216 cos(y + 26, — &) + 5 Rel8) (1 - |&47)
Q2 =1+ [&1[* — [& sin(y + 28, — A)Im(9),

Ry = —1+ [&* +|€f] cos(y + 26, — A)Re(d),
S =2l sin(y +26,— A)~ S Im(8) (1 +1gP) . (633)

It is easy to derive eq. (6.33) from eq. (6.31). First, note that the relevant expres-
sions contain |[Af| and £7. eq. (6.33) follows when one substitutes |£7] = 1/]¢/]
and |Af]?/|65]* = |Af|>. However, the strong phase changes sign because of the
definitions of £; and 5.

Therefore, from egs. (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,

Ri+ R, _ Re(é) Q2 — Qil _ Im(é) ‘

oz —- = 6.34
P2+P2 2 ’ 51—51 2 ( )

From eq. (6.34) we note that it is possible to probe the CPTV parameter § even
in the presence of any other generic NP in mixing or decays (which modifies 28;);
the NP effects in mixing are canceled in the ratio. In addition we note that the
strong phase is also exactly canceled in the ratio, hence the measurement of ¢ is
free from hadronic uncertainties.

LHCDb 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 R; (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 R;, 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(d) > 0.16 should be
measurable using this relationship. Of course, we expect a much better reach with
a full 4-parameter 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 Py, @1, Ry, or Sy 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
|As|%. If CPTV is present in decay, the expression for |Af|? will change and be a
function of y;, but the eight coefficients of eq. (6.30) will remain the same.

The same method is applicable to decays like B, — Do¢, with b — cu5 and
b — %cs 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 By, 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 B, B, —) DFKT. These decays are excellent probes of any
NP; in the SM, they are single-amplitude processes, and both B, — D K~ and
B, — D; Kt amplitudes are of the same order in Wolfenstein parametrization.
Thus, the number of events for both D} K~ and D; K*, summing over parents
B, and B,, 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'fdiﬁ'erent strong and weak phases from the corresponding SM ampli-
tude,Athe asymmetry is again nonzero. So, while this asymmetry serves as an
‘ excellent indicator of any NP, it might be either CPT conserving (but necessarily
- CP violating) or CPT violating, and further checks are 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 2 x 2 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 coeflicients 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 egual than others!”
- G. Orwell, Animal Farm

Triple product (TP) correlations are known to be a good probe of CP violation
in B decays [100-104]. Consider a B meson decaying into two vector mesons V;
and V5.
B(p) — Vi(ky,e1) + Va(ko, €2)

where k and ¢ are respectively the four-momentum and polarization of the vector
mesons. Suppose one constructs an observable o = El.(€1 X &), where we have
taken out the spatial components of the respective four-vectors. The asymmetry

T(a > 0) — I'(a < 0)
I'a > 0)+I'(a < 0)

is odd under the time-reversal operator T as « 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 manv 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, 1067 —~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 By mass eigenstates [83]. This makes it worthwhile
to look for possible CPTV effects in the B, system (by B, we generically mean
both B, and B, 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 B, —
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b0, |

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 tc 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 111, 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, &) +
Va(ka, €2) as

b c "
M =aS+bD+icP =ae]-€5+ Rz—(p -£1)(p-€3) -{—z‘-f—nq-ewwp“q”s{’e;" , (7.1)
B B

where ¢ = k; — ky. 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 ¢ terms
correspond to combinations of s, d and p-wave amplitudes for the final state,
denoted by S, D, and P respectively. The quantities a, b and ¢ 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,€1) +
Va(ky, €2) can be expressed as:

b c b sa

M=aci e+ 5@ o &)~ imgeuw? CePe” . (12)
mpy mpy
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where, considering CPT conservation, a, b and € can be obtained from a, b and
¢ by changing the sign of the weak phases.
In that case, one can write

a=Y aeted . A=) wem T, (73)
i i

b= be¥ed | b= be ¥,
i i

c= Zaei¢fe@ . €= Zc;e“"‘f’fe"@c
i i

where ¢7*° ((*"°) are weak (strong) phases of the respective amplitudes. The
relevant quantities for true T-violating TP asymmetries are [Im(ac*) — Im(ac*)]
and [Im(bc*) — Im(bc*)], which we get by adding T-odd asymmetries in |M|?
and [M|2. One can show {103] that TPs would be non-zero in B — ¥V, decays
as long as Im{ac*) or Im(bc*) is non-zero. For that, both B — V; and B — V,
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 CPTYV 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 f = Re(f) + ilm(f) in the following way:

c= Zc.-e‘#’?eiq‘:(l —-f), ¢t= qu"¢§eicf(1 + 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 f; would only complicate the
calculation without giving any extra insight.

The relevant quantity for TP is

% [Im(ac*) — Im(ac*)] = Z a;c;[sin (¢ — gb;) cos (¢ — CJC)
— Re(f) cos (¢} — ¢5) sin (¢ — ¢5)
— Im(f) sin (¢¢ — ¢5) sin (¢ — )] (7.5)

A similar expression is obtained for 1 [Im(bc*) — Im(be*)]. Even if the weak
phase difference vanishes, these are still nonzero because of the second term, so

the TP asymmetry will essentially probe Re(f).

Type II: Universal CPTYV present in all amplitudes

In this case, she coefficients from egs. (7.1) and (7.2) are modified as
(a,b,c) = (a,b,c)(1—f), (8,b,¢) = (8Db,8)(1+ ). (7.6)

Thus, the relevant expression for TP becomes,

5 lm(ac’) — Tm(ae)] = 3 asyfin (¢ — ) cos (7~ )

— 2Re(f) cos (¢} — ¢5) sin (¢ — &)] (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 V, have identical flavor wavefunctions (same meson, or an
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excited state). Such nonzero TPs are 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
CPTYV of either type I or type II, as we have seen from egs. (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 CPTYV 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 — V5. As can be seen from eq. (7.47), this changes
only the terms with the same phase in the expressions for a, b, and ¢. Thus, |f|
is absorbed in the form factors and arg(f) 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 — V; and B — V4 to
be single-amplitude processes. For B = By, there will be a mixing-induced TP
because the B meson can oscillate into B and hence decay to Vs, 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

Mo + [M]5 ~ Im(ac”) — Im(ac")

AMt AMt
= COS“2 <—2-—) IIII(31CI - 516;) + Sjll2 (T) Im(agcg - 52(_‘,;)
AMt AMt ) ) )
+ sin (—2——> cos (T) Re [e7%%Ma, ¢} — e¥Ma, T} — "4, c}
+e~HMa, Ty . (7.8)

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

AB - WViVy) =S +bD+iciP,  A(B — ViVs) = asS + byD + ic, P,
A(B — viffz) = 525 + BQD - iégp, A(B - 1_/1172) = 518 -+ BfD - 'I:EfP,
(7.9)
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so that,
M = A(B(t) = ViVa) = e~ (M=30)t [aS 4 bD +icP]
M = A(B(t) - W) = e (M-30) [a8 + BD — ieP] (7.10)
with
AM
a = aj cos (%f) — e M gip ( 5 t) ap , (7.11)
a = d; cos (AMt) — %M gip (AMt) a, ,
2 2
b = b; cos (Agﬁ> —ie 2¥Mgip (A—g@> by,
b = by cos (A;%t) — 3™ gin (—A—Aﬁ) b, ,
C = Cj COS (MJi) — je” UM gin (AMt> Cy ,
2 2
€ = €1 Ccos (%ﬂ_{é\) _ ?:6271455{ sin (Aglt) Co. (712)

Note that amplitudes like a; are complex, with relevant weak and strong phases:
a; = a et ' (7.13)

The first term in eq.(7.8) describes the time evolution of the TP in B — ViV, and
the second term, generated due to B-B mixing, describes the time evolution of
the TP in B — ViV4. The third term can potentially generate a TP due to B-B
mixing even in the absence of TP in B — V; V5. This term can be rewritten after
explicitly writing down a;, a, etc. following Eq. (7.3):

—(sin AMt)[age: sin(@§ — @5 — 2¢4) sin(¢5 — (§) — arcosin(@} — @5 + 26, ) sin((F — &
(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 — V, is identical to B — V4.

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

— (sin AMt)[agcy sin(@g — @5 — 26 ) sin((y — ¢7) — arcosin(@] — ¢5 + 264 sin({f — ¢
— 2Re(f)[agc: cos(¢y — @5 — 2¢a) cos(( — (7) — arca cos(¢F — @5 + 2¢) cos((7 — ¢

— Im(f)[ascr sin(¢h — ¢S — 2¢a) cos((5 — (F) — arcasin(df — 95 + 2¢a) cos((f — ¢5)
(7.15)

while for CPTV of Type 11, the same expression takes the form

— (sin AMt)[agcy sin(pg — @S — 2¢) sin((5 — ¢F) — arcasin(@S — @5 + 2¢y,) sin((f — ¢

— 2Re(f)[ager cos(¢s — 7 — 2¢a) cos(Gz — (7) — arc cos(] — @5 + 264 ) cos(¢T — ¢
(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 — WV, 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]:

Aj=v2a, Ag=-az— bz 1), AL =2V2 e/ 1. (1.17)
B

2
m2 m

Let us consider, following Ref. [104], the channels in which each of the two vector
mesons in B — V;V, further decays into two pseudoscalar mesons. The decay
angular distribution in three dimensions ig given in terms of the three transversity
amplitudes. We take 6;(f:) to be the angle between the direction of motion of P,
(Py) in the Vi (V,) rest frame and that of V) (V2) in the B rest frame. The angle
between the planes defined by P, P and P,F; in the B rest frame is denoted by
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. One obtains [104]

dl 2 .2 2 |A Hl
= 29, sin% @
doos 6,d o8 byl N [IAOI cos? 0; cos® B + — sin? f; sin® A, cos?
2 Re(AgA
+—l£§—”—l—~ sin? @, sin? 6, sin2<,o+;—\/0§£s'm291 sin 20, cos @
Im(A A}
Wsm 20, sin 2605 sinp — (—;—“zst 6, sin® 6, sin2<p} ,
dl _ 227 a7 AP L an oz o
G oos Drd 03 Bad7 =N [IAOI cos” 6 cos® Oy + 5 sin® 6 sin® f, sin” @
LA ||| Re(Aod]) o o s
sin? 8, sin? 8, cos? <p+—2ﬁ-—sm201sm292008cp

Im(ALfig) Tm(ALA})

2v2

sin 26, sin 26, sin @ + sin? 6, sin? 0, sin 2@}

(7.18)
Integrating these over 6; and 6, gives a T-odd asymmetry involving sin 2¢ [103]

A2 ['(sin2p >0) ~[(sin2p <0) 4 Im(A, A})
T T I(sin2p > 0) + [(sin2p < 0) 7| Ao|2+ A2+ [A)>

(7.19)

il

Similarly, we may define an asymmetry with respect to the values of sin,
assigning it the sign of cosf; cos f; and integrating over all angles,

e I'[sign(cos 8, cos Bz) sin ¢ > 0] — I'[sign(cos 6 cos Bs) sinp < 0]
T

i

I'[sign(cos 6, cos fs) sin ¢ > 0] + I'[sign(cos 6; cosby) siny < 0]
2v2  Im(AL45)

T T AP AP AR (7:20)

One can define similar asymmetries A§,3> and /15? ) 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 (egs. (7.1) and (7.2)), the sign of the T-odd
asymmetry in |M|? is opposite that in [M|?2. The true T-violating asymmetry is
therefore found by adding the T-odd asymmetries in |[M|? and |M|? [101]:

Ar = -;- (Ar + A7) . (7.21)

This essentially means that instead of Im(A, A}), we should look for expressions
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involving Im(A; A} + A, A?) in search of true TP-violating asymmetries. If we
‘consider specifically the decay B; — ¢¢, following Ref. [104], we notice that
final states are flavorless and accessible to both B, and B,. As a result of B~
B, oscillation, the angular decay distributions become time-dependent. Using
standard notations for B,-B, mixing, and assuming no CP violation in mixing
(la/pl = 1) and decay (|Ax| = |Ak|), one has [112]

q Ay —2igy 5

e— = e . 7.22

oA, " (7.22)
Here 7 is the CP parity for a state of transversity k& (o = 7y = —nL = +1),
while ¢y is the weak phase involved in an interference between mixing and decay

amplitudes. Denoting the CP conserving strong phase of Ag by (i, one can write
Ag = |Ap|e et so that Ay = (p/q)meke**. One thus has for i = 0, ||:

Im(A A} + A, A}) = |AL]|Ai|Im [EW (e — e )] = 2|AL||A] cos(¢T) sin(¢7),
(7.23)
where we define the notations for our future references:

C=0U-G, ¢ =¢.—b, ¢ =01 +¢. (7.24)

One finds from eq. (7.17) that expressions such as Im(A, A}) 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 B, — ¢¢; thus, Ag}), A,(FQ) , 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 egs. (7.3) and (7.17):

AL =AY éheh(1— ), A=) |AT]ET T

z
Ap=n ) AL e e (14 ), A=) |AP|ET e
l m

G=0,]). (7.25)
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Using the notation ¢, = (¢} — ¢*) and ¢7,, = (¢', — ¢I"*), we obtain,

Im(A A] + ALA‘:) = 2 Z IAU!AI“] [Sm(d)l—,m) COS(Ci,_m) — Re(f) Sin((l_,-m) COS(QSI—,-m)
im

+ Im(f) sin(¢;,,) sin((["m)] ) (7.26)

For f = 0 this reduces to eqg. (7.23). On the other hand, even if ¢;,, = 0, we still
get a nonzero result:

Im(A A} + AL A7) = 2 ZlA || AT [Re(f) sin(¢,) - (7.27)

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+(a/p)f-t)B,  B(t)=(p/9)f-¢)B+ f+{t)B, . (7.28)
where

f+(t) B _1_ (e—i/\ﬁ")t + e_,-,\gﬂt) - l (e—imlt—(I‘lt/Q) +- e—-—imzt—(r‘gt/Q))
2

2
() = % (e“"\§Q)‘ _ e"""g“‘) _ % (mFmt-(Tat/2) _ gmimat—(Cat/2))
|fe(8)]2 = (e7T*/2)[cosh(AT¢/2) % cos(AM1)],
FLOF-() = (eT/2)[sinh(ATY/2) — isin(AME)], (7.29)

AM and AT being the mass and width differences of the stationary states respec-
tively. :

Time dependence of transversity amplitudes, Ay = (k|B), Ay = (k|B) (k =
0,1}, 1), is given by:

N

&

=
I

(KIB(t)) = f+(t) Ak + (a/p)f-(t) Ak,
(k| B()) = (p/a) f-(t)Ax + F4+(£) Ak (7.30)

N
s

=
i

Let us calculate the interference terms A} (t)Ax(t) and A} (t)Ax(t), where i =
0,], k =L. Inserting Af A, = |Ai||Ax](1 — f) exp[i(Ce — &)] expli(de — ¢:)], and
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At Ay = mime| Ail | Akl (1+ ) expli (G —Gi)] exp[—i(de—¢)] , one gets, using eq. (7.24),

Im{A; (£)45(£) + AL (£)A7(0)] = 2/A L[| Adle T
[ {cos(¢7) sin(¢™) — sin(¢™) (Re() cos(¢™) — Im() sin(¢™)) } cosh(AT%/2)

+ {cos(¢7) sin(¢") + sin(¢™) (Re(f) cos(¢™) + Im(f) sin(¢*)) } sinh(AT'/2)]
(7.31)

This, again, agrees with eq. (7.23) at t =0, f = 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[A, (t)A; (t) + AL()A] G)] =) 24 [|AP]e

[ {cos(Giyn) sin(gi;n) — sin(Gi,n) [Re(f) cos(diy,) — Im(f) sin(d;,)] } cosh(AT¢/2)

+ {cos((,,‘m) sin(¢],) +sin({,) [Re(f) cos(¢m) + Im(f) sin(qb,'fm)] } sinh(AT'¢/2)] .
(7.32)

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

r /mIm[Ai(t)Af(t) + A; (A ()]dt = Z 2| A% || AT x

[ {cos(Gm) sin(dy,,) — sin((,) (Re(f) cos(¢y,,) — Im(f) sin(¢;,,)) }
+ {cos((n) sin(¢i,) + sin((,) (Re(f) cos(¢f,) + Im(f) sin(4,)) } (AT/2T)
+ O[(AT/2T)?]] . (7.33)

In the limit AT' < I', one can neglect everything apart from the first term in
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eq. (7.33) and finds

Aé})untagged

_ 42 ZIA LIAT [cos(Cm) sin(¢r) — sin(G) (Re(f) cos(¢),) — Im(f) sin(d),
u (Aol + AL + 4 ?) + (1A012+1A¢|2+|Aul?)

im
+ O[(AT'/2T)]
Aé?)untagged
_ By AT [cos(cl) sin9],) — sin(¢l,) (Re(f) cos(el,) — Im(f)sin(el) )
o (140l + |f‘h|2 + 417 ) + (| Aol + lf‘h~|2 +147)
o[ar/2ry, (7.34)
where ¢/ = (¢} — ") and = (¢", — ¢™) for i = 0, ||, and the coefficients of

the AT'/2I" terms can be easﬂy found out from eq. (7.33).

In the absence of weak phase difference, ¢, = ¢o = ¢y, i.e. ¢j,, = 0, the
asyminetries vanish in the leading order if CPT is conserved [104] but is nonzero
if CPT is violated. Again, a nonzero strong phase difference ({;; 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 f,
or indicate physics beyond SM.

7.3 CPT violation in mixing

One can also consider the case where CPTYV is present not in decay but in By— By
mixing, and parametrize the 2 x 2 Hamiltonian matrix with the introduction of
an extra complex parameter § which incorporates CPT violation [? |:

Hyy — Hyy
VHpHy '

M = Mg -4 1\/[12 _ _'L_ Fo Flz : (736)
My Mo+ ) 2\ T T

5= (7.35)

s0 that
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where §' is defined by o5

o= NG (7.37)
We work within the Wigner-Weisskopf approximation which is a reliable one after
a time scale of ~ 1/Mp. 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
¢ in terms of the interference amplitudes which are supposed to be good probes
of CP violation.

Eq. (7.30) can be written as

Ait) = (k|B() = £+ () A + mf- (DA,

A() = (KBE) = f—n?A (A, (7.38)

it

where fi(t), f(t) and 7 o) are defined in Appendix 7.5. Using Eq. (7.24), one
gets,

Im[A; (£) A7 (£) + AL () A ()] = 2¢7 | Adl AL | x
[cosh(AFt/2) {cos (T sing” — %Im& cos¢t (1 +sin(™) }
+ sinh(ATl't/2) {cos - (sin ¢t — %Reé sin qﬁ") — %Reé sin (™ cos d)“’}
-f% cos{AMt)Imd cos{ " cos ™ — % sin(AM¢t)Imd sin (™ cos ci)"} .
(7.39)

If there are multiple decay channels, one can generalize the above expression,
by replacing (7, ¢7,¢" with ¢ etc., |Ai||AL| with |A™|| A} | and then taking a
summation over [ 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
P [ EmlAL AT + A0 E) = S 2APALlx
[
o1 + o
cos (, sin g — Zlmé cos ¢, (1 + sin Q’m)
AT Y 1 o 1 e
+ (f) {cos Cim (sm Dlm — 5Re6 sin ¢l,m) — §Re5 sin ¢, cos

1
+—2- (—1————> Imé cos Cfm cos ¢fm

1+ (8)°
1 AM
~= | ———= | Imdsin coS . 7.40
9 1+ (AM) glm d)lm ( )

In the limit AM/T" < 1, one can neglect the last term and simplify the expression
considerably.

We also note that even in the case (,, = ¢;,,, = 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 Imd:

/ImAi )+ AL DA D] ~ Y I ATI| AL Tmb cos g, (T41)

IL,m

where we have used AM/T" =~ 0 and neglected the sub-leading AT'/T" terms.

7.4 B, — ¢¢ at LHCb

The LHCb collaboration has recently measured the transversity amplitudes for
the decay By, — ¢¢ [110], which is a pure penguin process and hence dominated
by a single amplitude in the SM. Thus, for all [,m, Al = AP (for i =0, ||, L) The
analysis also assumes that the weak phases of the three polarization amplitudes
are all equal; thus, all qﬁzjn (for ¢ = 0,]|) in our notation become zero. The
correspondence between our notation and that of Ref. [110] is as follows:

Ag)untaggw - AU , Ag})untagged — AV
(CL—=¢) =61, (CL—C) =08, (¢ —2Co) =8 =(6—06). (7.42)

With the standard normalization of the transversity amplitudes, viz. |Aq]* +
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|AL+ A2 = |Ao]* + |AL]* + |A)]* = 1, Eq. (7.34) becomes

ay = 22| 4L o] [ sin(5) (Re()

1 {cos(6) sin(2y) + sin(6) (Re(f) cos(2és) + Im(f) sin(264))} (AT/2T)
+ O[(AT/2T)?]

Ay = =14, Ay [ sin (8, Re(/)

+ {cos(é1) sin(2¢,) + sin(61) (Re(f) cos(26,) + Im(f) sin(2¢,))} (AT/2T")]
+ O[(AT/2I)2). (7.43)

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

| Ag|? = 0.365 % 0.022(stat) + 0.012(syst),
|AL|? = 0.291 + 0.024(stat) = 0.010(syst),
|Ay|2 = 0.344  0.024(stat) & 0.014(syst),
cos(d)) = —0.844 =4 0.068(stat) & 0.029(syst),
Ay = —0.055 £ 0.036(stat) = 0.018(syst)
Ay = 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 AT'/T. Even for the B, system, this is a good approximation.
All ¢t s in Eq. (7.33) (for i = 0,]|) are now equal to 2¢,, where ¢, is the weak
CP violating phase which is the same for the three polarization amplitudes, and
very small in the SM (¢, ~ 0.02 [116, 117] based on QCD factorization) *. Even if
there is some new physics making ¢, large, the effects will be suppressed by AT'/T,
so we do not expect much sensitivity on the precise value of ¢,. 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 AI'/T’, both
Ay 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

1This should not be confused with the phase ¢, relevant for B, — B, mixing and defined as
¢s = arg(—Mia/T'12).
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zero-th order of AT'/T'; unfortunately, the shift depends only on Re(f), as Im(f)
comes as a coefficient of sin(2¢,) 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 & over the entire range of [0 : 27| keeping the constraint
on cos(dy). This gives a bound on Ay and Ay, although this is quite weak at
present (however, note that if we take the 1o region on Ay seriously, small values
of Re(f) 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(f), 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 LHCDb, are supposed to be zero in the SM for
channels like B, — ¢¢. 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 B, — B, mixing and hence modifies the weak CP violating phase ¢,
in the decay can hardly generate such large values as all ¢,-dependent terms are
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suppressed by AT'/T". 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]:

Gr )
Hjpp = E{Vfbv}q(clogf +¢2055)
10
= > ViV + Ve Vi§ + Van Vi) Ol + hec, (7.45)
i=3

where the superscript u, ¢, t indicates the internal quark, f can be the u or ¢
quark, and ¢ can be either a d or s quark.
Within factorization, the amplitude for B — VV, can be written as

A(B = Vilp) = ) {{V10)0{20') B + (,0)0(L ') B} (7.46)

0,0

where O and ¢’ are some relevant four-fermion operators. The first amplitude,
(V1D)0, is proportional to the polarization vector of V;, named, €. The second
amplitude, (V,O')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

> (Vi0)0(V,0')B
a0
* * m * *
= —(mp +ma)migy, XAD (m)e} - € + 2—————gy, XAD (mP)e} - pes - p
mp + My
. mi .
it g XV (m? VetPera 7.47
Z(mB+m2)ng (ml)e,wpap"‘q 1 €9 ( )

All phase information is contained within the factor X, 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

> (00K O')B
0,0
* * m * *
= —(mp +m)magy, Y AP (md)e; - €3 + 2—2—gu,Y AV (md)e} - pes - p
mp -+ 71
. UL
— gy, YV (2 YerPes’ 7.48
IL(TrLB"{"‘m])gV? ( 2)5;“/;‘0?“9 €1 &y _ ( )
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 a, b and ¢ of Eq. (7.1) as follows:

a = —migy,(mp+ mg)AgQ) (mf)X — magy,(mp + ml)Agl) (mg)Y
m 2.2 Ly, 2
b = 2 e A( X+2 —_
migy, o m)mg 5 (m7)X + 2magy, (mp 1 ml)mBA2 (m3)Y
= gy eV @ (mA)X — B gV ® 49
¢ migy; (mm t mg)mB (m3) magv, (mm + ml)mB (m3)¥7.49)

Thus, nonzero TP asymmetries are generated from Im(ac*) or Im(bc*) if and
only if both X and Y are present with different phase. Thus, if V; = V5, there
cannot be any TP asymmetry in the SM. l

B: CPT Violation in mixing

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

m=§-11-:(y+g)a; 772=Z—2=<y—g)a; w*—"%, (7.50)
and
£ = gy (=),
Folt) = — (wemat 4 gty (7.51)
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Thus,
(O] = Tl"?il" [cosh (%Ef) ~ cos (AMt)]
~ —"—i%'ﬁ@ {cosh (f-lﬂ) — cos (AMt)J ,
0P = 5 [oost (570 0o o) st (B0 (= o)

+2Re(w) cos (AM¢) — 2Im(w) sin (AM2)]

—Tt
2 —6—2—— {cosh (%) — sinh (Azf‘t) Red + cos (AMt) — Imé sin (AMt)

= 2 eIt ATt 9 ATt
70 = 5o [oosh (55 (4 o) = sinn (557 1 o)
+2Re(w) cos (AMt) + 2Im(w) sin (AM?)] ,

Tt
~ [cosh (éjﬁ) + sinh (AH) Red + cos (AMt) + Imé sin (AM?1)

2 2 2
FLOF-0 = 15— [eosh (55) (1= w) e (B (1 +0r)

+cos (AM?t) (=1 + w*) — isin (AME) (1 + w*)]

ATt
2

e——Tt

4

o~
~

cosh (-—A——2ﬁ> (—Red + iImd) + sinh < ) (2 — Reé — iImd)

+ cos (AMt) (Red — iImd) — sin (AM?) (Imd + i(2 — Red))

£ 0 = 55 [oost (1) - +aimh (57 (140

114 w|?
+ cos (AM?) (1 — w) +isin (AMz) (1 + w)]

N e—-I‘t
4

cosh <A§t> (Red + ilmé) + sinh (Azl"t) (2 — Red + ¢Im)

— cos (AMt) (Red + iImé) + i sin (AM¢) (—Imé +i(2 — Reé)):l ,
(7.52)

Where we take, y &= 1,m@ =~ (1+(=)8) ,w = (1+6) ,|w|? ~ (1+ 2Red) , |1 +
w| ™~ 3(1 - Red), Im)|* = (1 + (—)Red).
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This gives,

A () AR(t) = [T A + Uff:fif] [f+Ak + 1 - Ag]

= A Ak [|f+|2 + ﬂl(f‘ik/Ak)f:f—] + A:Ak [|771|2]f—|2 + nI(Ak/Ak)ﬁf:]

€_Ft

[Af A {cosh(AL't/2) + cos(Amt) — Red sinh(AT't/2) — Imé sin(Amt

2
+m°e;2i¢k A; Ak {2sinh(AT't/2) — 2isin(AM?) + (—Red + ilmd) cosh(AT't/
+ (Red — iImd) cos(AMt)} + Af Ay, {cosh(ATt/2) — cos(AMt)}
_}_771:3:"5" ArAx {2sinh(AT't/2) + 2i sin(AMt) + cosh(AT't/2) (—Red — iImd
+ (Red + :Imé) cos(Amt)}] , (7053)

A (O Ax(E) = [n_"‘ s f:fi:} [mk ' {TAJ

wa WP s 2] aes [F N
= A7 Ax HW?[L + (Ar/Ax) ;5 } + A7 Ax [|f+l2+ (Ax/Ax) ”?2+
—I't
= ¢ 5 [A7 Ax {cosh(ATt/2) — cos(AMt)}
+”’°6_2’¢k Al A {2sinh(AT't/2) + 2isin(AMt)

2
+ (Red + ikmé) cosh(AT't/2) — (Red + ilmd) cos(AM)}
+A? Ay, {cosh(ATt/2) + cos(AMt) + Red sinh(Al't/2) + Imd sin(AMt)}

2igg
e
+ Tk

A% Ag {2sinh(AT't/2) — 2isin(AM?t)
+ (Red — ilmd) cosh(AT't/2) — (Red — iImd) 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 By,. 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
are 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 B, — B, 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 B, — B, mixing, and a possible option

100
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is some effective operator of the form bI'4s7I'r where I'4, ' are some Dirac
matrices.

Chapter 3 deals with the formalism and different parametrizations of CPT
violation. In Chapter 4, we discuss how CPT violation can manifest itself in
By — By and B, — B, 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 B, data, but this time with the
possibility of & nonzero CPT violation in the B, — B, mixing amplitude. While
this reduces the existing tension a bir, 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 subsecuent decay amplitude. As an example, we discuss the decay B, —
DEKF. Observables that can unambiguously extract CPT violation have been
defined. We show that the extraction of CPT violation in mlxmg is independent
of any possible CPT violation in decay. We find that it is possible for LHCDb to
disentangle such CPT violating signals, arid 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 By — ¢¢ 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 B, 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.
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