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Parity & Charge Conjugation

What 1s CP?

*What is P? Answer: parity (r &> —r & p—>-p)

Pl¥(F,s))=H¥(-7.s))

*What 1s C? Answer: charge conjugation.
de)=le")  clp)=l7) clny=-r)

Note that C also flips lepton and baryon number. Note
further that neutral particles can be eigenstates of C.



Parity Falls

Until the mid-30’s, people believed that both P and C would
be conserved. However, in 1957, Wu et al., who were
pursuing ideas of Lee & Yang (inspired by experimental
data on K decays) observed parity violation in nuclear
decay. Although parity is conserved in strong and electro-
magnetic interactions it 1s in a sense " maximally violated” in
weak interactions.



Parity conservation in QED and QCD

‘Consider the QED process € ( —®* € (

*The Feynman rules for QED give:

M = [ae<p3)sewue<p1)];i*“’[aq(m)fey"uq(pz)]

*Which can be expressed in terms ;)f the electron and

quark 4-vector currents: e2 o2

M= _q_zgungj; = —q_gje°jq
with Je = E:3(173)’}’”5519(1)1) and jq — aq(p4)7/‘ul"‘_:z(pZ)

* Consider the what happen to the matrix element under the parity transformation

. }5 ~
+ Spinors transform as uss Pu— ’}/Ou

+ Adjoint spinors transform as
a=utp L (Pu)y = PP = ity =

ELWO

Hence e = Tie(p3) ute(p1) — e(p3) PV Pue(py)




* Consider the components of the four-vector current

0:

k=1,2,3:

2L == 0 since 070 — 1
L e =~ = —mipu =~k since P =~

*The time-like component remains unchanged and the space-like components
change sign

-Similarly
* Consequently the four-vector scalar product

Je-dg = oy — iy — Jedqg — (=i (=J8) = Je-dg k=13 p

Y

0 P 0 &% P & o
.]q E]q Jq 5 _]q k_17273 or j“ij#
TR p .
MG = v

— JhJ

QED Matrix Elements are Parity Invariant

mm) |Parity Conservedin QED

* The QCD vertex has the same form and, similarly,

Parity Conserved in QCD




Parity changes LH to RH

Parity Falls

In particular, neutrinos, which are massless (or nearly so),
have a definite ““handedness’’.

« V'S are left handed —
-

p

«V 'Sare right handed.

¥ L1y

p

In a “symmetric” interaction, one would expect both
helicities to exist, as 1s the case, for example, 1n
electromagnetism, where photons have both left- and

right-circular polarizations.



Parity violation: T — O puzzle

The downfall of parity began in 1950’s
v Two identical particles Tt and 0
same mass, spin , charge etc...
A > The products in the two reactions
o { W e have opposite parity !

v" Lee and Yang proposed that parity may not be conserved
in weak interactions !!

Our lives are predominantly governed by the electromagnetic and gravitational interactions, forces of
nature which do exhibit mirror symmetry, and so it makes sense that parity conservation is intuitive to

us, but evidently this does not hold true in the weak case.

Hard to believe at that point of time,
further experimental evidences !!




* Under the parity transformation:

Parity violation in f-decay

* The parity operator p corresponds to a discrete transformation x — —Xx, efc.

Vectors
change sign

Axial-Vectors
unchanged

- p —

y— —F

ﬁi) —ﬁ (pxz %’ etc-) ENOteBiS an
F o P o . gaxial vector

L—L (L=FAp) dB < TAFEF
) — p — — -2 ‘
| h—q (o< L)

v'Some nuclei have non-zero spin and can be polarized by placing in a magnetic field

v'Beta decay of a nucleus can be used as a test of parity conservation when the
magnetic moment of the nucleus is polarized in the z-direction.
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%x1957: C.S.Wu et al. studied beta decay' of polariiéd cobalt-60 nuclei:
0Co O N* 46~ +7V,

Pairs of left handed
electrons and right
handed anti-neutrinos

If parity were conserved:
expect equal rate for
producing e~ in directions
along and opposite to the
nuclear spin.

are emitted !!
No left handed anti-
neutrinos !!

‘IkConcIude parity is violated in WEAK INTERACTION _
== that the WEAK interaction vertex is NOT of the form ue)/‘”uv



C-violation in weak interactions !

o Wu’'s experiment was shortly followed by another clever
experiment by L. Lederman: Look at decay n*t = u* v,
- Pion has spin 0, u,v, both have spin 2

> spin of decay products must be oppositely aligned
- Helicity of muon is same as that of neutrino.

ut T Vu
_ ﬁ

¢ Nice feature: can also measure polarization of
both neutrino (z+ decay) and anti-neutrino (=~ decay)

e |Ledermans result: All neutrinos are left-handed and
all anti-neutrinos are right-handed




CP conservation !!

 CPis adiscrete symmetry of nature given by the product of two components:
charge conjugation (C) and parity (P).

 Therefore, when we apply a CP transformation to an electron moving with a
velocity v we will obtain a positron moving with a velocity —v . This means that
applying CP on matter gives us the mirror image of the corresponding anti-matter.

Both electromagnetic and strong \

interactions are symmetric under C right-handed V
and P, therefore they must also be — S P ¢

: vV s — =Y Y
symmetric under the product CP. - D

C CP c
Not necessarily the case for the weak v zﬁ"— - ., — S5 v
force, which violates both C and P - P p
left-handed V 0K !

Symmetries !!




CP parity

Pion decay in muon and neutrino

Only LH neutrino and RH anti-neutrino has

been observed !!
+\

Simultaneous operation of C and P, the so
called CP, recovers the symmetry !!

~

The CP symmetry was then assumed to be

conserved in all kinds of interactions !!




CP violation

Evidence for CP violation in the decay of neutral K-mesons
observed by James Cronin & Val Fitch in 1964

» strong eigenstates: |K’) = |ds) & [K®) = |sd)

» mixing of K & KO via weak interaction
» physical states are superposition of K® & K°
» K & K? are no eigenstates of CP:  p K% = — [K9)

CP K% = —|K?)

» CP eigenstates are linear combinations of the strong eigenstates:

1 rya " "
K,) = 7 (IK®) — [K?)), CPIK,) = +|K,) CP even
1 -
K,) = — (|K°) + [K9) | CP|K,) = —|K,) "CP odd"



CP-violation in kaon

» for the final states of neutral kaon decays to pions one finds:
e.g. for KOs 7%% JP.00=500-=L=0
CP |m°7%) = P|n%7%) = (-1)?(-1)! = + |x%7°)
CP|mm) =+ |7m) CP even
CP|rmm) = —|wwm) CP odd

» assuming CP invariance in the decays thus yields:

CP even: Ki — 7, Ky /A mrm

CP Violation

CP odd: Ky — T, Ky /> 9 P e

N— @
Decaytime of 0.9 x 10~ secon

> we identified [Ks) = [K;) & [K,) = [K) () > e ER -
fo*;"”°°'°5- 10 second 0@1

Distance or Time of Flight

» conclusion: observation of K, — 777~ events implies that K,
is not a pure CP-eigenstate = (indirect) CP violation!



CP is violated: What next ?

Hopes for CP conservation were dashed in 1964 by a
Princeton group led by Val Fitch and Jim Cronin, who
detected a tiny CP violating effect in neutral K decays.

This i1s a wonderful story, but one that we won’t go into here.
Reasons for further study:
o CP violation is “surprising”

* CP violation represents a matter-antimatter asymmetry
(we'll see how later on) and is an essential element in
understanding the baryon-antibaryon asymmetry in

Universe.

* CP effects involving b quarks are expected to be large.



Time reversal

Two basic symmetries C and P are violated maximally in weak interactions !!

Time Reversal

In non-relativistic QM, the time-reversal operator is such

that: I —>—1 & tt—> —t

Tl fy=|r")
thus
W(x, 1) =W, e T 5 Pl T

left-mover right-mover

As one would expect. the T operator reverses
momenta (but not positions).



CPT

=Certainly there is a very strong reason for requiring the combination of all three to

be a symmetry of nature !!

v" It has been proven that any Lorentz invariant local field theory must have the

combined CPT symmetry.

1. One of the consequences of

the CPT symmetry is that particle
states i.e. mass eigenstates will have
an equivalent antiparticle mass
eigenstate with the same mass
eigenvalue.

2. Also, they will also have opposite
charges and magnetic moments

The easiest way of conserving the CPT
invariance would clearly have been the

invariance of physics to all three symmetries
separately.

The CPT Theorem

All that is left is an operator called CPT, where “T”
stands for time-reversal.

Although the experimental tests of CPT are somewhat
limited, the CPT theorem is part of the “theoretical
bedrock™ of field theory. If we assume that CPT is a
good symmetry, then

h o

The validity of the CPT theorem is tested by looking for a difference between par-
ticles and antiparticles in terms of mass or lifetime. At the moment the best mea-
surement of the validity of the CPT theorem comes from the measurement in the
neutral kaon system of [mgo — mg,|/mgo which is smaller than one part in 10



The spinor representation of the Dirac equations embodies the electrodynamic
and kinematic properties of the electron like the charge/current density and the

components of the spin density.

All these values can be extracted using 4x4 gamma matrices in various combinations.

&

The results are the so called bilinear covariant fields, The Lorentz scalar,
pseudoscalar, vector and axial vector of the theory.

In general, there are only 5 possible combinations of two spinors and
the gamma matrices that are Lorentz invariant, called “bilinear covariants”:

N

ilinear expression transforms like a:

V1) 1x scalar _ _
Dyt A vector 16 different 4x4 matrices
o) 6 antisymmetric tensor

Py 4x axial vector
Py 1x pseudoscalar

The bilincar covariants of the 4d Dirac equation are listed



Bilinear | P C T CP CPT
scalar U1 Vit Yoty Uy Yoty Vgt
pseudo scalar  ¥yysty | <Uyste Ugystn Upste | Uaystn Ueyst
vector D B e L S S e o S I (e D A
axial vector iy yyste | sy Yamystn Uiy sie | by stn -y st
tensor V1o tha | 0"y R i e I S W e

*The most general form for the interaction between a fermion and a boson is a
linear combination of bilinear covariants

* For an interaction corresponding to the exchange of a spin-1 particle the most
general form is a linear combination of VECTOR and AXIAL-VECTOR

* The form for WEAK interaction is determined from experiment to be
VECTOR - AXIAL-VECTOR (V-A)

o P1 u pP3 y
© ju‘xﬁve('}’”_'}’uYS)”e

v V - A

* Can this account for parity violation?



Experimental evidence for V-A

*The V-A nature of the charged current weak interaction vertex fits with experiment

EXAMPLE charged pion decay
[(n~ — e V,)

(= —p=vy)
‘Theoretical predictions (depend on Lorentz Structure of the interaction)
. o N(n= — e V,)

V-A (U (1=7)8) or V+A (W (1+7)9) == 5= — 1)

Scalar (¥¢) or Pseudo-Scalar (¥y°¢) f— lf(”__ — e_f") —55

‘Experimentally measure: = (1.230 = 0.004) x 104

EXAMPLE muon decay

Vu Measure electron energy and angular
_ v distributions relative to muon spin
H °  direction. Results expressed in terms
of general S+P+V+A+T form in
e~ “Michel Parameters”

e.g. TWIST expt: 6x10° p decays p = 0.75080+0.00105

Phys. Rev. Lett. 95 (2005) 101805
V-A Prediction: p =0.75



Can V-A interaction violates P ?

* The space-like components remain unchanged and the time-like components
change sign (the opposite to the parity properties of a vector-current)

A

n P i g P . n P ) L P )
a— i i |y — s Y — g

* Now consider the matrix elements

N . Lok
M<guwit iy =Ris—Y ith
k=13

 For the combination of a two axial-vector currents

. . P : : &N s .
JAL-JA2 — (—J?)(—Jg) - Z (Jlf)(lec) = JA1-JA2
k=13
« Consequently parity is conserved in a pure vector and pure axial-vector
interactions

- However the combination of a vector current and an axial vector current

.. P : N/ .
JV1-JA2 — (J?)(—Jg) - Z (—J’f)(lec) = —JV1.JA2
k=13
changes sign under parity — can give parity violation !



* Now consider a general linear combination of VECTOR and AXIAL-VECTOR
(note this is relevant for the Z-boson vertex)

Vi u o) (1 =0, (gv?* +8a?* V)1 = gv | +eafi
suv
< qz_mz
Y v 02 U o =0,(gvV* +2aV* VY )va =gvjy +gajh

Myi o< ji.jo=gbjy . j¥ + g3t j4 +avea(iV j5 + it iy)

-Consider the parity transformation of this scalar product

. . P I VA V4 2 A A V A A SV
Ji-J2 = 8y i -Ja +8aJv-Jo —8vealii -Jo +Ji-J3)
- If either g, or g, is zero, Parity is conserved, i.e. parity conserved in a
pure VECTOR or pure AXIAL-VECTOR interaction

8VEA

2 2
8y T 8a
Maximal Parity Violation for V-A (or V+A)

¥

* Consequently only left-handed chiral particle states and right-handed
chiral anti-particle states participate in the weak interaction

 Relative strength of parity violating part <<




Experimentally we know that the eigenstates of the weak
Hamiltonian and the mass eigenstates are different. For
simplicity we start with a two-quark-doublet version of

nature, 1.¢.,
—_ 12 '
q= +T T C If the quairl-;s actec{ lillcv: leptons, then
} 4 only vertical transitions would be
q = —f; d S allowed and the s quark would be stable.
) u o

However, the kaon decays T
in 12 ns. It appears that K- W~ U
there are generation- d
crossing transitions. u m T




Quark mixing : CP violation

Rather than saying that the strange quark 1s decaying
directly to an up quark, we write the following

o N d' cos@ smb Yd
Cabibbo mixing =

S —smB cosO | s

And say that the s-quark in the kaon has a d' component
that can decay 1nto a u-quark.

u \(c 1 C Q: What does
4 4 A .
a1 o ] ! this have to do
J § with CP
violation?

Weak eigenstate Mass eigenstate



Standard Model Lagrangian

'[-"vaf — Ekineta’c + JCHiggs + EYukawa-

/

Lhiinetic = &UJ(D Y D

= M +i9,GH L, + igWtoy, +ig B"'Y,

nd o, the Pauli matrices. GH, W/[' and B* are the
¢ interaction bosons and the single hypercharge boson.

with L, the Gell-Mann matrices
eight gluon fields, the three we:
respectively.
Liggs = (D#@)T(D#@) - ﬁ*z@T@ - )\(@T@f/—%@(f-) ~ ( i:io )
with ¢ an isospin doublet "

—Lyukawa = Y;jt‘—Lz d) ?.L':I'!Rj + h.c.

}/gQ—iz ¢ dIRj + }/E?Q—iz l?; 'U'IRj + Y;E:L—Ez ¢ lIRj + h.c.

B —0
—o

Y;; and Yj? are arbitrary complex matrices that operate in flavour space

couplings between different families, or quark mixing

with

The matrices Y;?,



Mass term

After spontancous symmetry breaking.

N QH— sym.breaking 1 0
o) = ( P ) NG ( v+ h(x) ) *

the following mass terms for the fermion fields arise:
—Lyrs = YIAQL, ¢ dh, + YEQL, ¢ uh; + hec.

Y ukawa
d () ‘U', U
= Yéjdiz-jd Yl NG

= Mﬁ.d d i+ 1IHILL1HRJ + h.c. + interaction terms

us rj T h.c. + interaction terms

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

Mg, = VMV
M;, MV

dzag



Mass term

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

— Ly, = dp; (iwg)dmg dpj +ur; (M) diag vrj + h.c. + ...

dL'! = i, dL dR@ — (VRd)gdg% = - .
Mass eigenstates » it PR teraction elgenstates
1 _ L — (V). I
ULi )i Ur; UYURi = ( R)ljuRj

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

Ekz’netic,cc(QL) - \%Eﬁfﬁl{;_“df}; \/*daLr}/ﬁH’uF“qu_F
g e uyyd T— g 7 u r
— EM(VL Vi) W d,g, + ﬁd&(vgvj)imw i+

'u’r
Vern = (VEVE » Cabibbo-Kobayashi-Maskawa (CIKM) mixing matrix



CKM & CP violation

Transition for down to up

CP wviolation shows up in the c : awa couplings

Transition from up
to down

PV ¢ ¥rj) = Vrj ¢ L

_EYukawa — }/;Jt‘L'g C) ’i,.'L'I»’Rj -+ h.c.

= Yt ¢ Yrj + Y;;l./f’Rj @-‘51 VL

: o . . s
S0, Ly ykawe Temains unchanged under the CP operation if Y;; = Yj

Charged current coupling » Liineticee(Qr) = immﬂ“w’"“d@ + idiLVz;qf“W”r“-uiL

V2 %
Under CP » _ 9 - o
- kznetzc cc — \/idle/zj I,'J,V[ H uzL + — \/E ELV” ;”11 d

The complex nature of CKM is the

origin of CP violation in the SM !! <— Lagrangian is unchanged it V;; = V{;



Properties of CKIM

1) A general n x n complex matrix has n? complex elements, and thus 2n? real param-
eters.

2) Unitarity (VTV = 1) implies n? constraints:

— n unitary conditions (unity of the diagonal elements);

2

— n* — n orthogonality relations (vanishing off-diagonal elements).

3) The phases of the quarks can be rotated freely: wyp;, — e uy,; and dr; — ei(’ﬁgdj:,j.
Since the overall phase is irrelevant, 2n — 1 relative quark phases can be removed.

» In? —n? — (2n—1) = (n— 1)2

A general n x n orthogonal matrix can be constructed from %n(n — 1) angles de-

scribing the rotations among the n dimensions.

'

»The remaining free parameters are the phases: (n—1)?—1in(n—1) = L(n—1)(n—2)



CP violation with three generation

Quark Mixing

Case N Parameter(s)

Cabibbo 2X2 0.

N
KM 3x3 6.6, 93.’\{“‘)

The essential contnbution of Kobavashi and Maskawa was

the observation that only a 3x3 scheme would provide the
phase needed for T wviolation (and hence CP violation).



Parameterizations

In the literature there are many different parameterizations of the CKM matrix

Particle Data Group: by Chau and Keung,

192 13 0 .8136_1613 1 0 0
Vekm = —512 0 0 93 s93 | =
0 13 0 —s93 a3
5138—3'513
—512C23 — €12523513 ' - S12523513€" 523C13
S12893 — C12C23513€"13 P18 a3

cij = cos0;; and s;; = sin 0;;

The phase can be made to appear in many elements, and is chosen here to appear in the
matrix describing the relation between the 1% and 3™ family.



Lec-2



Size of the elements !

|Vygl: | The magnitude of V,,4 is measured in weak u ¢+ d transitions

GZ i’?lg 2 o
I (?r+ — ,u-ﬂ.m(*ﬂ) = 8—;ffmimﬂ (1 — ﬁ) |1z’;.,d|2 (1 4+ :Cﬁ)

\

7, Pion decay constant radiative corrections

Most precise value come from comparing the nuclear - decay rate to pu decay rates !!

Vial = 0.97418 + 0.00027



Size ....CKM

The measurement of |V, | could be done from purely leptonic or
semileptonic decays of Kaon

Purely leptonic (K —
9 2 w(y)) ( f=
decay »|Vus| — |V’r¢-£d| T (?T _ U(F}‘r)) (ff{

Semileptonic

fr+/far = 1.1935(21)

Grmi;
19273

Tk, = B Ol * FE7(0)? TxeSew (1 + drm + dstr(2))

The ¢ — s transition 1s the “Cabibbo-favored” decay channel for charm

Alternative channel »DS — fv
D Kguﬁ/u@ C s @K— » Analogous to |V, | measurement

‘ ‘ V.| = 0.992(15)




Size ....CKM

IVC d I : Completing the upper left 2 x 2 submatrix is the “Cabibbo-suppressed” ¢ — d transition

Main channel [l Neutrino and anti-neutrino induced charm production of
the valence d-quark in neutron !!

Advancement of lattice calculation allows the

extraction from semileptonic decays

u

Ved| = 0-216(5))’ D — mlv decay is also useful, analogous to D — K/fv for |V

|Vcb| : Inclusive and exclusive semileptonic B decays to charm
.

d0(B = D®Wy) Gy (mp +mp)*(w? — 1)G(w)? D,
_ Vo, 1Pm . Vw2 — 12

/ dw 487T3| b| mpwVw TEw (mB _mD*)Q(w 4+ 1)2 [1 + dw l—Qwr—l—rg} F(’EU)2 D*

w+l (1-r)?
provides measurements of |V|G(w) and |V |F(w)
In the B rest frame

7w = ED(.]/THD{.}

o+ r =mp-/mpg

v |Vep|(excl) = 0.0392(5)(3)

i a |Vep| (incl) = 0.0422(3)(7)



CKM ...size

|V,,|: The measurement of |V,;| is analogous with the measurement of |V,

Difficult due to smaller branching fraction and larger relative background

Again both Inclusive and exclusive approaches are taken !!

» So far, the most precise exclusive measurement of |V, 1s obtained with B — wfv

Channel  |V,,| b-> c inclusive decays !!
B fv_ 0.00372(10)(12)
16

Theoretically challenging because of the large

Ay — puv 0.00325(16)(16) 2014 aglerage Preserit average

B —»7v _ 0.00422(40)(9) ADFR 105+ 01370F 442+0.10=0.10
BLNP 445+ 0.15752) 4.40+0.18 £0.21
DGE 4.52 £0.16%51; 4.53£0.18£0.13

4.50+0.18 +0.11

////////a GGOU 4.51 +0.16%512

leptons above the endpomt for & — ¢ transitions



| Vip |
Single top production The production cross section 1s proportional to |1z‘;:jg,|2

f— — 1 "9 qoeeee——" 7 f
b
Wg Vib At Vib
W
b FT% t ¢ / bob > H’;‘”‘MW b W
t-channel s-channel

. +0.06 100% correlation in the
Vsl = 1.0275 g5 ] :
/> theoretical cross sections!!

V| = 1.007(36)



CKM from loop induced processes

Ivt d I and Ivts I * The renminiyth'rd—mw elements Vi; and Vs are very small

Experimentally difficult to precisely measure the t->d or t-> s cross

section in single top production !

/

Instead, these elements are currently best measured in virtual processes involving loop diagrams

The mixing of B” or BS'] mesons provides for measuring Vi or Vi,

_ Voo @ Ve _ _ Voo .k W Va _
b d b —a—eon~~p—a— d
B’ W W B’ B° 7\ ya B° A Ggpm%yﬂlﬂ 9 f 9
m=—"3 n8feBrSo(z:)|VigVis|
Vaa q Vib Va w V

Feynman graphs of box diagrams for B" — BY mixing

[Via| = 0.0084(7), Vie| = 0.0401(31)



Hierarchy in CKM elements

[Vaal | Vas| [ Vab 0974 0.225 0.003
Vil |Vis| V|| =~ [0.225 /0973 0.041],
Vil | Ves|] [ Vinl 0.009 0.040 0.999

This pattern motivated Wolfenstein to parameterize the CKM elements in powers
of parameter A = sin(0,,)




Quark masses « CC couplings

v"We have seen that the origin of quark mixing matrix lies in the Yukawa coupling !!
v'These Yukawa couplings are responsible for the generation of quark masses !!

Yukawa Couplings

A

Couplings Masses
d s b

Both the charged current quark couplings and Does this suggest an underlying
the quark masses show an intriguing hierarchy ! connection between them ??




Unitary Triangle

Let us now return to the six orthogonality relations that give rise to the six unitarity
triangles. Only two out of the six equations have terms with equal powers in .

VudViy, + VedVy + VdVy =0

O\ O\ O\ D
e er
%dv?:d + HSVE:S — thVJb = O /

O(N%) O(N%) O(N%)
convention independent

Known as Unitarity Triangle _—— /
a = arg [ ViaVay ] 3 = arg ngvﬁ;]
VauaVip | ViaVy,
M ViVt Ya Vb + VigVip =0 [ Vuqu*b]
ViaVi Ll
e P =7 V*b VeaVe
s V cdVch
Vudvub N td th
PR— VoV
‘éd Yb cd tb
Y B _ 1 _ 1
0 1 Re P:P(1_§A2)+O(A4) n=n(l- 5)‘2)+O(/\4)




Phase conventions

B Im v Im
H
VidVub
B T *
. * arg Vi, =v
Yy f \ Ya \b ‘/ ’
— —t
B Re Re
aIthd
H
ViaVib
[35 Im
Br 7t arg(VeaVy) — arg(ViaVg) = 7 + 7 — arg(Via) = — arg(Via)
v mHarg(VedVy) —arg(VeaVy) =1 —arg(V) — 71 = —arg(Vi)

Oor mtarg(ViVy) —arg(VelVip) = 7 +arg(Vie) =0 = arg(Vi) + 7

V. Vl;k Vcsvcb < ‘Vud‘ ‘VHS‘ ‘Vub‘e_w
st Ver m woltenstein = | —|Ved| |Ves] \Vep| +O(\)

Viale™  —|Vis|es [Vl




Jarlskog invariant

As mentioned earlier, CP violation requires Vi; # V-

v/'Satisfied if the triangle has a finite area in the complex plan !
v' Area of all the six unitarity triangles are same !

»The corresponding quantity is known as Jarlskog invariant denoted by J

Derived in a simple way from the CKM matrix:
v' Remove one column and one row !

v'Take the product of the diagonal element with the complex conjugate
of the non-diagonal elements !
v'The imaginary part of the product is then equal to J !

J = 3(Vi1Vaa VisVar) = (Vi Vas Vi Vi) = ... Ther.e will bc'a nine possible expressions for
J which all give the same results !
In the Wolfenstein parameterization the quantity .J becomes In the earlier parameterization
~

J = A%\ = 2 x area
Ui 9 .
J = €12€13€23512513523 5111 513



Neutral meson oscillation

 The phenomenon of neutral meson mixing plays an important role for the
extraction of CKM phase !!

, , ) S
OO SR Ozl Eisenstates of electromagnetic and strong interactions !

We can write ¥(t) in the subspace of P? and P? as follows
O i
BV () » i = Hy H=M-1r
Qf(t) — ( b{f) ) ot Q\ 2

M and I' are Hermitian matrices

With the weak interactions responsible for decay !

d Y _ L
4 = Hy = (ﬂ[——F)t) = ( Via = 5T v )z/,r

"ot 2 0 My — Ty

» If we now allow for the transitions P? — P the off-diagonal elements are introduced:

d?/" Ly My — 5T Mg — 5T19
or = =W =gy ( Moy — 3Ty My — Ty )Y




Oscillation

In case CPT is valid

81,[) . o ﬂf — 11—‘ ﬂfflg — %Flg _
o = Y= - QF) | ( My — T4 M — 1T 4

via off—shell states.
weak box—diagram

v Mz N
PO po « Contributions to neutral meson oscillation !
—1
\ —Ij /
2

via on—shell states.
P%s f — p?

Under this assumptions we can now find the eigen values
and eigen vectors of the Hamiltonian !!

v'This will describe the masses and the decay width



Mass eigenstates !

Heavy and light mass eigenstate: Parameters of the mass states
R)=pP’)+ qﬁ) withm, T, m,,, =m=ReH,H,
Iy, =T +2Im\H,,H,,
Am=m,-m, = 2Re H,H,,

Q‘z =1 complex coefficients Al = Ty = I =-4lmyHiH,,

Am AT
X=— und y=—
l r 2T

1
PO) 2—([’:’L>+‘PH>)

P Flavor/weak

R)=AP")-qP") withm,T,

P+

1 eigenstates

)R




Time evolution |

Pu(t)) = e mut=3tut| py(0))

From the schroedinger equation we will get : , .
Pp(t)) = e ™I Pr(0))

Hence, IPY(1)) = g4 (t)|P°) + (f}) g_(t)| P M = (myg +mg)/2

where g.(t) = (e—imHt—%FHt I e—imLt—%FLt) _ le_z'Mt (e—i%Amt—%FHt 4 e—l—z’%Amﬁ—%FLt)

[N NN

(e—z’mHt—%l"Ht - e—imLt—%FLt) _ ie—z’Mt (e—i%Amt—%FHt - e+z’%Amt—%I‘Lt)

Likewise, |P°(t)) = g_(1) (g) P°) + g4(t)|P°)

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 |PY) at time #:

2 Tt
(PO()|P%)* = [g-(t)? (g) with Q';I;(?f)|2/€2i (cosh %Aft =+ cos Amt)

Decay width



Am

The short distance contribution to the P? < P transitions of neutral meson oscillations
is described by Am and can be represented by a Feynman diagram known as the box
diagram, and can be calculated in perturbation theory.

Vt:s,cs,ts Vud,cd,td Vt:s,cs,ts Vud,cd,td
s u,c,t d
KO — KO MATINg ‘ ;0 W W 7%
d w, et 8
VUd=Cd:td VJs;cs;ts VUd:Cd:td VJs,cs;ts

Am = myo —myo = (Kg|H|Kg) — (K7|H|K7)

. 4
Muu — E(Z‘gw) (V't:csvﬂdv;svﬂd)

/ d*k [ —ig* — R Imi \ [ —ig®f — KOkP fmi,
(2m)4 k2 —m3; k2 —m3,

B 4 1My, B _ K+ my
lum(l — 75)52 —3 (1 = ’f’)ud] [vﬁa(l =) 1551 =7")va



Amy

Taking the sum of all amplitudes with all possible intermediate quark lines we get an
amplitude which is proportional to (assuming k% < m3,).

M x / Ak Kk, (—VJEVM L VaVa | Viba )2

2 _ 2 k2 2 k2 _ 2
k? —mz  k* —m2 k% —my

Using unitarity condition VJSVud + V;V:d + Vtzvﬁd =0

1 1 1 1 ’
.‘ A2k ke Vv — Vi Vi o

‘ / Inami-Lim function
GEmiy 2 2/ 2 2
Amyg = 2 nocpBr femi [Sg(mc/mw)\ﬂdﬂg ]
i

where G is the Fermi coupling constant, ngcep is the QCD correction (2 0.85), B and f#
is the “bag-factor” and the decay constant, respectively, which describe the effect of the
transition from bound to free quarks and V;; are the CKM matrix elements.



Decay of meson to a final state f

A(f) =
A(f) =

Hence

(F|TIP°)
(FITIP°)

we define
A\ _Q& . — 1 |
! pAf f_/\f
L
Np= 21 o
! pAf /\f )\f

Probability that a state P° at time t=0 will decay to a final state f at time t

I'po_.¢(%)

FPD_}f{f)

[po_f(t)

1P A(f) =
STeey Al =
Cpo_.(t) '—‘\vf|i”\P0 )I°
= 14 (1) + \sf-
= 1477

= \Af|2§

= 14, (0 +A7Plo-(

> + 2R rg () g-(t)])

g- (O + [Agl*|g+ ()] + 2R\ gy (1)

g=(1)])

g-(OF + [\ s Plgs (0 + 2R[A g4 (1) gZ (1)])

(t)]* + 2R[\;q (1)

]\\

—I't
2

-
(

o]

1
sinh §Aft 4+ isin Amt)

[

1
= —— (| sinh —ATt — isin Amt
2 2



Neutral Meson

e—I‘t

Tpo_f(t) = |A;? (14 Aq% 5 (cosh %AFtJersinh%AFtJrCfcosAmt—stinAmt)
p 2 e—Pt 1
Tpo_s(t) = [Af* |5 (1+ (X 5 —AFt—l—Dfsinh§ t—Cpcos A —l—stinA-mt)
q g
_ 2%)‘“!0 ', = 1 — |Af‘2 _
Rk NPV TRV

For a given final state we have to find out only A; to fully describe the decay

(oscillating) meson !!




Classification of the CP violating effects !




CP violation in decay !

This type of CP violation occurs when

This is obvious when |“1|

0P — f)#T(P" = f)

Example

Consider the CP murror processes:
B> fandB > f
The CP asymmetry 1s defined as
[(B— f)-T(B - f)
Aer IB- f)+[(B - f) .
The decay amplitudes are

=|Af e’ and Af-zlAf‘e@Q’

Note that the KM phase changes sign.

However,
We see no effect! Tlus 15 so even though the weak mteraction
15 1 a sense maximally CP violating.

= We need some sort of mterference, two amphtudes (1.e.,
two Feynman diagrams). Consider B~ 7177 0

”JTO
+B'

b
B'

"

H

— add amplitudes

—



Direct CP violation

The resulting amplitudes are: — g
n i ié i Despite 1ts conceptual and expenimental “sumplicity ”, there
Ry 'YS K\, $s are tw S W -t CP violation:
Af =|, 41 Mo ™y A2 p T are two problems with direct CP violation
A * Cases where there are two comparable
=i i6 ~Wpy, 195, litudes that are large are (probably) rare.
A-:|Al‘e Bie™ 414|e e g Ge.ate (pedietay)
/ = » The strong phases are poorly understood,
2
Note that there 15 one more slight complication: the addition making 1t difficult to extract the weak (KM)
of a strong phase (but this 15 a good thing). phases that are of greatest interest.
2 2
rf = IAll + A, +2 | All A, COS(AQ)KM('B A¢S) We need a better way. Such a way, which goes by
. a the name of “Indirect CP Violation,” has been found
r _| |2 +14 2 + 2 I ||A-,’COS(A¢ /-\A¢ ) and will be the topic of all that follows
A1 2 Al 2 KM\/=YS -




CP violation in mixing

This implies that the oscillation from meson to anti-meson is
different from the oscillation from anti-meson to meson

Prob(P" — P") # Prob(P" — PY)

Experimentally this is searched in semileptonic decays of B® and anti-B°

TN - ..c.cn o v i

The B° meson decays to a positively charged lepton while anti-B° will decay to a
negatively charged lepton

So, an event with two leptons with Comparison of oscillation rates
equal charge in the final state means ‘

that one of the two B- meson ] , :
oscillated ! App = e =N Ip/al” —a/p

TN +N__ |p/q>+|q/pP




Mixing induced CP violation

m=) CP violation in interference between a decay with and without mixing

An interesting category are CP-cigenstates, f = f

/_\V Mrement of asymmetry

P f iy :
s [T — 1)(1) £ (P — f)(0)

Acp(t) = Upoy—g = Upoy—y  2C cos Amt — 25 sin Ami
cp\t) = I'poty—g + Lpoy—s ~ 2cosh %AF*J + 2D ¢ sinh %AI‘t

This simplifies considerably if the transition is dominated by only one amplitude, i.e.
assuming that [As| = [Ag| (or [Af| = 1), so that Dy = RAy, Cr = 0 and Sy = Iy

—3 A sin Amt

cosh %Aft + RApsinh %Art

Acp(t) =



Angle of the Unitarity Triangle




B-measurement

The b — ccs process

Acp(t) = =S Ay sin(Amt)

q

s = (p

b/

_a) v, v

td /hb

ol

/N

) BY (nj/ﬁ)K‘g AJ KO

(J\ _

.
Vin ta

1]

CP eigenstate

Tree

For an explicit,|and important, example, consider the measurement of C'P violation in B — J/¢ K9

Agpx q Aok

)~

p

q

(1) - e v
p)m M Val,
A
7=
(;g) [Ny VeV
q/ i My ViV
Vi ViaVean Vi

)

Vi VigVep Vea

)i Tk (D

Ajf,tpKD
Va Vi

Vi Ves

ViV

S\ 0 = —sin < arg —« =sin23
TS { g( m&a)} |



y-measurement

. _ - Vud ;b
» F}!:Mb(p—i_tn)_a'rb (_L';dv;)

» v 1s accessible in interference between various pairs of tree-level diagrams

I Most poorly measured angle !!

Different approaches . 1nterference between b — cus and b — cus processes leading to the same final state

For example, consider the decays B~ — DK~ and B~ — DK~

amplitude for B+ — DOk amplitude for D" — f p _ p p_

na- — ~ Rp = - =
We define: Rp = amplitude for B+ — D% ’ amplitude for D — f ~
u 2
s K7 .
‘qqg . u R— RD u,.i_-,,v::s L;qg vrﬂqai
b 4 -1 Vi Vus Veg, DL*GZ

uy]
+
':rjal

u . o - . arg(R) = arg(Ro) + 7



y-measurement example

GLW method

~_ |amplitude for B* — DK* 5 o
For h = K* and f= K*K" we define "B = amplitude for B+ — DK |/ D = Tpe
1 _
Consider the C'P eigenstates of the neutral D meson D, = E(DD + DD)
1 _
D_=-—=(D"-D"
V@( )

_ T(B- = DiK~)+T(B* = DiK*)

Ry = - 129 5 al
- (B~ —= D'K-)+T(Bt — D"K+) +7p TR COSOp COS 7Y,

AL = B~ = D:K")-T(B* = DK") +2rpsindp sin vy
“TT(B- = DiK)+[(Bt — D:K+) 1+7%=+2rpcoségcosy

Thus, by measuring the two ratios and the two asymmetries we have four measurements which can
be used to determine the three parameters rg,dp, and . Unfortunately, there 1s an ambiguity under

(0B,7) & (m —dp,m—7) < (7 4+, T+ 7) < (7.9B).



oa-measurement

The angle & measures the phase of V4V, relative to VigVy;,

mm) fime-dependent C'P violation in the b — uud process

» The simplest channel to consider here 1s B — 7w with tree-level and penquin diagrams

V; i
] ub i
0 T b
W m Ve
& d
Bo Vit b W N B
d o E{I ]r”u b T +

d d d d I

m) BT — 77" has no gluonic penguin contribution

m) First, we note that the mm system must be either in an [ = 0 or I = 2 state

+ The tree-level process may have contributions from both isospins

—4—the gluonic penguin amplitude can only have I = 0 contributions

The isospin relations are used to measure the angle a after

the measurements of CP violating parameters in B -> ™ 7



B, (®,) measurement

We may measure the angle 5, by considering By — J/1d

ViV VaVia _

A — ()¢ _ (.21,
se = (D) g gy, = )(e\

Since the ¢ is also spin one, the orbital angular momentum can be ¢ = 0,1, 2

» As with the measurement of 5 in BY — J /1K, penguin pollution 1s expected to be small

T Tl ~ [VasVis/VesVas| & |p +in|A* ~ 0.02

»maxjmum penguin effect of ~ +1° on ¢,
=) In the B, case, it turns out that AI'y = AI'(B;) cannot be neglected

B ['(Bt) — f) —T(B(t) = f) _ Sysin Am(B;)t — Cy cos Am(B;)t

Aslt) = 2 . Cyo
PUT T = H+TBIE = )~ cosh B — o sinh T

- Hence, both Al'y and ¢, are extracted in time-dependent fits to the decay distributions



CP violation in K

The k, and k. states are not CP eigenstates since:

1

s>=—
i+ e
1 1
CP | k >= —(CP | k >+ eCP | k >)= —(—|k >+ g | kK >)¢|k >
L 2 2 1 2 2 1 L
1+ | €| 1+ | €|

Tro_s(t) = N (e "' +e 2y |* +2e | n,_| cos(Amt + ¢y _))

Tgo_s(t) = N e T8t Tt |2 — 2™ t‘nﬂ_|c\os(ﬁmt+qb+_)) o
— e = e
i

» Let us consider the decays K — nt7r~ and K — 7t7 and define the parameter A f

CP |k (CP|k1>+£CP|k2>)——(|k1>—£|k >)¢|ks>

2

Ne_ = = — —
p) K Ager- F= = G | TIKY) ~ pApir + qAmen 1+ Apene

N (g) Apirm (m*n7|T|KL)  pArsn- — qApin- 1= Apen-

If 7, # 0 then that means | A+, | # I»CP violation in mixing: €

Similarly, for the decay to two neutral pions the parameter 7y is introduced



CP violation in decay: €

00 € — 2e o€ : e
100 ~ —— ] — 3— » Measure of direct CP violation in kaon decay
€+ € €

The two pion system can occur in two distinct eigenstates of the strong interaction, namely
I =0 and I =2. So we can decompose the two-pion states emanating from the K? and
K% decay into the Isospin eigenstates:

1
Imtr) = % (\/ﬂ?m] =0)+ |27, ] = 2)) 7% = NG (\217,[ =0) — V2|21, I = 2))

B (27,1 =0T|K° = (27,1 = 0|T|K°) = Age™ mp ©@rl=2TIK") = Ae™
2m, 1 =2|T|K% = A

(mtn~|H|KY) 1  i(5—80)
_= —e+€(1+A F = e
» T+ (ﬂ.+,“__‘HU{g> € 6( ) AL igRAz ) ',
0_0 ) N \/§ AO @ — 1 . 6} _
» oo = ('J'T w ‘H‘I‘}_’) — e — 26;(1 . QA)_l = E%AQ T)4— €
P (7O H|KE) V2 Ao

CP violation




Success of KM |

# |Indirect CP violation in K — 77 and k' — 7l is given by
x| = (2.220 £ 0.012) x 10~

# Direct CP violation in K — 77 decays is given by
¢ /e = (1.65 +0.26) x 10~*

# CP violation in the interference of mixing and decay in
B — J/irK, and other, related modes is given by
Sy, = 0.681 = 0.025

Other measurements @ Sy 5., Speroes Sy Shka
Ap=ps ....= All these measurements are consistent with KM

mechanism.



[ B—Physics: Goal |

Quark Mixing: Unitarity Triangle
il Vg W, Wayrd i
5'|= V. Vv, V.lls =|.-F5.,._.,.| 5| Im  V,yVip + VegVer + VigVip = 0
|-'-:'-'| Ve W l'r-g,lu":'.-l |.t',| I :
N(A-A12) 4 - -
CKM Phenomenology: ty [
s i
Vaa Vs Vab ~ i
o-(EE ) - n s

0 ‘ o(1-A2) =p 1

Wolfenstein Parametrization:

Figure 1. The unitarity relation VgV, + VeaVk + ViaVit = 0
drawn in the complex [, 7j] plane.

1-22/2 A AN (p—in)
Ve Y 1-22/2 AN? .
3(1—p—i —AN2 i 1

AN (L-p—in) —AX 1 Jarlskog’s measure of CP violation :

2 X Area of the UT
» Consistency check in the SM !!

» Searches for NP evidences !!




e

Construction: UT

2 The length of the sides of the UT : |-

By

Vsl = A1 |Va
ue w2 — /77 T =1 Tjiﬁ

VeVl

VigVis| _ 7/ 2 1 ‘VH|
= - - = l _? <+ = —\1|l=1l-
VeVl ( 2+ AlVg

d Theanglefandy: |I,-= |Ir"rd|f'i"?-, V= Vgle™

3 The Unitarity relation : R + Rie #

dThe angle a can be obtained : |  + 3+ v = 180°

0Combining all these : | 7=+,/i? -7,

R -R
Sk

7

~




e

Roleof |V, | and |V |

v IV ||Vl hence R, are determined from tree level decays !

Expected to be f&a of NP effects !!

v" They are universal fundamental constants valid in any extension of the SM! !

0.5

This tells us that the apex of the unitarity triangle
lies in the band shown

mo

05

/ To find where the apex lies on the UT we have

to look at other decays !!

Most promising in this respect are the so-called loop

05

M. Battaglia

p

05 induced decays and CP violating B-decays !!

.arXiv:hep-ph/0304132v)

v'Precise determination of |V, |, [Vl is of utmost importance !

2



http://arxiv.org/find/hep-ph/1/au:+Battaglia_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Battaglia_M/0/1/0/all/0/1
http://arxiv.org/abs/hep-ph/0304132v2
http://arxiv.org/abs/hep-ph/0304132v2
http://arxiv.org/abs/hep-ph/0304132v2

/

~

v" Various curves in the (p,n) plane extracted from different decays and transitions
using the SM formulae cross each other at a single point

asymmetries.

v'The angles (o, B, y) in the resulting triangle agree with those extracted from CP

M. Battaglia
arXiv:hcp—ph/OSO‘H 32v2

f K omvy
1 i = ) | 3.0
& B xy v
1B‘341/1|;Kg v , ’ B%}i{;rl
ol IV P B, 1T
___________________ = N =
I T K —onee
T hooN ele
0 (R R R R NN SN S S Y"Jfll PR SO T ] M PR T T
-1 -0.5 0 0.5 | 1.5

beyond the SM !!

v’ Any inconsistencies in the (p, ) plane will then give us some hints about the physics

J/



http://arxiv.org/find/hep-ph/1/au:+Battaglia_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Battaglia_M/0/1/0/all/0/1
http://arxiv.org/abs/hep-ph/0304132v2
http://arxiv.org/abs/hep-ph/0304132v2
http://arxiv.org/abs/hep-ph/0304132v2

UT Fit Results

15

1.0

05

= 0.0

-0.5

r1|[1|r1|r||||

IIII‘IIII

excluded area has CL= 085 .

g
%
L

>
=

Amy

III'II|IIII|IIII

-1.0 Y
sol. weos2fh=0
EPS 15 . {exclatClL=095) o
_1-5 { | | L1 1 1 ] 1 1 1 1 | | | I | L1 1 1 I | I | I_
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

A=0810T001 A =0.22548 7090068

p=0145T007,  7=0343T05.

Exist a unique preferred region
defined by the entire set of

obsevables under consideration.




UT fit

15

1.0

05

I= 0.0

excduded area has CL= 085 .

IIII‘IIII

Amg

Amy

IIIIII1I|II

'0.5 l__ —

1.0 — Y ' €

L sol wicos2f<0

L EPE 15 ! (exel atCL=0.95)

_15 [ I I | | L1 1 1 i L 1 1 | | I I I | | L 11 1 I 1 1 |
-1.0 -0.5 0.0 0.5 1.0 15 20

D

Considering various measurements

Of |Vub |
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Consistency of UT fit
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» CP conserving observables
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ALEFH
(3 analyszes)

DELFHI
(5 analyses)

L3
(3 analyzes)

OFAL
(5 analyszes)

o

(1 analysiz)
BABAR
(4 analyzes)
BELLE "
(3 analyzes)

LHCb "
(4 analyszes)

Average of above
after adjustments

CLEO+ARGUS
(¥ ; Measurements)

World average
Summer 2015

"HFAG average
without ad justments

e ]
e

o]

o

;

A

0.4

045 0.5
1
Amg (ps )

055

0.446 0,026 +0.019 ps*
0.519 +0.018 +0.011 ps*
0444 0,028 H0.028 p=™
0.479 10018 +0.015 ps
0495 H0.033 H0,027 ps ™
0.506 +0.020 +0.016 ps*
0.506 +) 006 +0,004 ps ™
0.509 +0 004 +0.005 pz*

0.505]1 H0.0018 H0.0013 p.'s'l

0.5055 +0.0020 ps™

0498 10032 ps”

05055 +0.0020 ps™*

BaBar : ' l : 0.69+0.02+0.01

PRD 79 (2009):072009 !

BaBar y_ K. : : . 0.69+0.52 +0.04 +0.07

PRD 8[])((%05;)}1 12001 AR B

BaBar Jhy (hadronic) Kq : 1,56 £ 0.42 1 0.21

PRD 69 (2004):052001 : :

Belle : : A 0.67 +0.02+0.01

PRL 108 (2012) 171802 | :

ALEPH : : L 0.84 152 1+ 0.16

PLB 492, 259 (2000) : =

OPAL : : - 3.20 189 + 0.50,

EPJ C5, 379 (1998) : ! *

CDF i ; i 0.79 0

PRD 61, 072005 (2000) | ‘" [* " o

LHCb : : [ 0.73 4 0.04 +0.02

PRL 115 (2015) 031601 ! :

Belle5S : : : 0.57 +0.58 + 0.06

PRL 108 (2012) 171801 T *F

Average ; ; 0.69 £ 0.02

HFAG

-2 1 0 1 2 3

d || - +0.017

Prediction »sz p=0771 _ ..

AMM = 0.543 +0.091 ps~!

sin(2[3

sin(20,)

|Moricnd 2015
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b -Vt'b "W- ‘{s ry b Hb? u,ﬂ,t?‘{s s
— 0 ' : 70
S S S ‘ L
s Vi, WV wel W b

b\/‘{s

Due to weak interaction B, can transform to anti-By
and vice versa .

AM, := My — Mj

T3, sin® 3,
=2|M35| (11— + ..
i (1 Ll = =
AT, ==T3 —T, o Dispersive part | — M7, = [Mp[e"™ . ViV
_ s s [T'fo|” sin” 99, 5 s i = e
= 2|I'],| cos o], (1 + W + ) 12 = |F12|E ér ) Vis th
Absorptive part |
M .
1o 1= arg (——F:z) =T+ oM — or
12 There can also be new physics contributions to I'{,, e.g. by mod-
ified tree-level operators or by new bsrrT-operators, as discussed
b Ve ¢ below. Dighe, Kundu, SN, Bauer, Haisch, Bobeth ..
- J/V .
0 ", C _ __ EEar)
Bs s ? o) e (P Af)
) S =—?T+¢’M—al‘g(j—i) .
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Other CP Obs.

Time dependent CP asymmetries in B,-> f
AdL cos(AM,t) + AZE sin(ﬂﬂ/

Acpflt) =
4 (0) cosh(2Let) 4 Appsinh( A1)
_ - 2] Hard to measure in B, decays since
2[As] f AT, is expected to b !
_ ) = — . pected to be small !
Aar T+ 2 [arg(As)] FRPWE cos [¢s] d

-

1
_’q.f_j‘P = Cd:ﬂ'fl —+ CEQ:I + EC&FdF—d

C,4 and C, are roughly equal !
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SM predictions

Mass and Life time differences between heavy light mass eigenstates

AMEM2015 — (183 +2.7) ps~! AMSM = (0,528 +0.078) ps~!

ATSM:2015 — (0,088 + 0.020) ps~? ATSM2012 — (2,61 +0.59) - 1072 ps~!

Semileptonic CP asymmetris

d,SM,2015 4 r ]
g, = (-4.7£06)-1077, apSMA08 — (292 +0.27) - 107°
¢IM2015 — (0,096 + 0.025) rad

s,5M,2015 _
_ _EE0 140 2 = (4.6 £1.2) - 1077 rad
= 0.26° + 0.07° .




Includes the measurements of simultaneous
study of the inclusive semileptonic single
charge asymmetry and like sign di-muon
charge asymmetry by D@

Experiment measured aZ (%)

LHCb D(*}HFX —0.02 £ 0.19 = 0.30 Average of all the measurements
—

D0 D™urX +0.68+0.45+0.14 P
BaBar D*fvX 0.29 &£ .84 188

ar UttpA - ~1.61 —0.0015 = 0.0017
BaBar ¢/ —0.394+0.35+0.19
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FCNC : Loop process

GIM : Kaon system

m Cabibbo fixed one issue (s—u transition), but introduced
another one

m [f doublet of weak interaction is (u,d'), than also Z° can couple
to d'd'

= What does it mean in terms of original quarks?
wit 4 dd cos® 0 + sssin” 0 + (sd + sd)sin 6 cosl

The last term would allow FCNC at tree level !

m Jo existing doublet (u,d")=(u,d*cos(8)+s*sin(6)) add second one
(c,s')=(c,d*cos(6)-s*sin(B))

Glashow, lliopoulos, Maiani
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Mass difference

KP — K2
@ K= (dS+sd)/v2, K? = (d5—sd)/v2

® 75 ~ 10~ "0s; 7, ~ 1085 Am ~ 108 MeV
@ K2 decays into two pions, K decay into three pions

@ Am=m; —mg ~ 1012 MeV(exp)

N 3

u

d

g m

=
il

|

| Vv 0 K" u u K0
| W K

|

|

|
K" ‘ W

|

@ including higher order terms leads to divergencies




Rare decays

Neutral current

@ strangeness changing neutral weak interactions do not
occur

@ neutral decay Kf — u* pu~ branching ratio only 9 x 10—°
@ analogous decay K™ — ™ 1, is fully allowed




Rare decays

even If first order amplitude is zero there is the second order
contribution | P

i

=Y

5 W Bt

X

if all of the quark masses where degenerate than there would
be no strangeness changing neutral current effect in any order
since these two graphs would cancel exactly







B-> X_y: Motivation

> The decay width I'(B->X, y) is well approximated by I'(b->sy) :

ﬂQCD) ’ EO ~ mb/2

— . _ . )
I'(B— Xgy) =T(b— sv)+( ( (mp—2Eg > Agep)

my

» I'(b->sy) can be analyzed in perturbation theory !
> b->sy is a flavor changing neutral current (FCNC) process !

> In SM no FCNC at tree level == 0OnNly at the loop level !

> The relevant operator == @, = M50, FHY (1 4 45)b
87
> B->X_yis an important probe of new physics (NP) !
Experimental world average (HFAG, 2.08.2012):

B(B — Xs7)EY, 6 gov = (3.43 &£ 0.21 £ 0.07) x 10—




» The effective Hamiltonian : Hﬁ:c_; \” AF(CIQT+E‘9QE+ Y G:Q1+FWQW+CBQQBQJ_]1-E-
= 1=3,...,10

p=u,c

» At leading order only Q. - Q, contribute

> At higher order contribution from Q; - Q; are also important ..

v Most Important contributions are from, @+ = gzmeson(l+mFs
Hag = ;:; g SO (1 4 g JEHYE
QT = (@blv-_alfglv-_a (g=mu.rc)

8
\ GE 0 €171 TEY 75 1 1
['(b— Xsv)E,>E = F;*";’rf Ve tle E Ci(pw) Ci(pp)Gij(Eo. 1)

1,0=1

Wilson Coefficients C; () are known at NNLO =

|C1,2(pp)| ~ 1, |C3456(up)| <0.07, |C7(pup)| ~ —0.3, [Cs(pp)| ~ —0.15
Gij(Fo, py) = Matrix elements of O, ..... ,Og
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SM estimate [hep-ph/0609232]:

B(B — XL | gy = (3:15 £0.23) x 10 P
Contributions to the total TH uncertainty (summed in quadrature): (,% 3640 23) % 10_4

5 %} non-perturbative, 3 %} from the interpolation in m.

3% higher order O(a?), 3% parametric SM prediction after adding the new

updates on NNLO and power corrections

Experimental world average (HFAG, 2.08.2012):

B(B — Xs7) 516 cev = (3:43 £0.21 £0.07) x 107*

Experiment agrees with the SM at better than ~ 1o level.
Uncertainties: TH ~ 7%, EXP ~ 6.5%.
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CP asymmetry in b-> sy

CP asymmetry in B-> X y decays sensitive to NP !

— X;v) —T'(B — X;
dep(b—s s7) = 8 Xy) = I Y)

[

C

[(

S

— Xy) +T(B — Xy)

SM prediction

_0.6% < Fep(B — X,)sm < zisy X,y=(1.7£1.9+1.0)%

C ] .
Adep = Bt Xgy— BU X,y —> Sensitive to 3 (C_:) Can be constrained using a
precise measurement of the

CP asymmetry difference.




Rare decays: B-> pp

SM branching fraction

. .2
mg,my dm; ( Grpmwy 2 fgq -
— C X i ;
ST m%q ( | ql [Cro(k, %) l_'q > w a0
t
s L W
NNLO w/o A mg
EPS 15 3 NNLO pred
B(By — é¢) = (8.5440.55) x 10714, ol roLHObiOMS
B(B; — i) = (3.65+£0.23) x 107, o | -
B(Bs — T1) = (7.73+£0.49) x 1077, o o6l E
B(By — ¢) = (2.48+£0.21) x 1075, S ]
B(By — ap) = (1.06+£0.09) x 1071°, . j ;
B(By — 71) = (2.2240.19) x 1078, LR e hon w0




Why NP ?

e History of matter and antimatter in the
Universe can not be accounted by SM CP
violation.

e Strong CP problem -> CP violation in Strong
interaction is very small.

* Dark matter/energy puzzle.




Conclusions

o Heavy flavour studies are of fundamental
Importance

o Their lessons can not be obtained any other
way

o None of the novel successes of SM weaken
the case for NP ---TeV scale NP |

o The CP studies “instrumentalized” to analyze
the NP




