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Phenomenology and Experimental Flavour Physics

2 models

1ºModule weak interaction in thequarksector an CP violation Angelo Carbone

2ºModule Flavour physics in the leptonic sector Maximiliamo Sioli

Books CPviolation Bigi and Sanda

Modern Particle Physics Mark Thomson

Exam samequestions
Best of the 2 try 2 times
Oral Exam

Objectives hystoy of flavor physics
Measurements from colliders and neutrino experiments

Meaning Flavor Physics is the description of effects related to the

What we will do

Quantum Mechanics oscillation in the K D and B meson systems and experresults

CP violation in the KD B mesons decay

Unitarity Triangle and CAM matrix

Rave KD B decays and experimental results

Indirect search for New Physics with FP
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Some fundamental questions in flavour physics



– Why three generations?

– What’s the origin of the mass hierarchy?

– What’s the origin of the coupling structure?

– What’s the origin of the baryon asymmetry

of the universe?

– What’s dark and energy matter made of?



Discrepancies from the Standard Model could reveal the way to find the right answers







































































What is flavour physics? 
The Flavour, in particle physics, is a species of elementary particle. It is a quantum number of elementary particle

In quantum chomodynamics, flavour is a global symmetry.

In the electroweak theory the symmetry is broken and and flavour changing process exists

– decay of quarks

– neutrinos oscillations



“The term flavour was first used in particle physics in the context of the quark model of hadrons. It was coined in 1971 
by Murray Gell-Mann and his student at the time, Harald Fritzsch, at a Baskin- Robbins ice-cream store in Pasadena. 
Just as ice cream has both colour and flavour so do quarks. ”






Introduction HADRONIC WEEK INTERACTION
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        Nowadays we know that there’s

        no evidence of primary antimatter 

        on the scale of the observable universe 

        What led to the disappearance of

        antimatter assuming an initial symmetric state?

        How big the asymmetry should  have been?











Mainstream explanation

Antimatter and matter particles annihilated massively in the early universe, but a tiny fraction of matter was left over:

every 10 billion particles, a handful was not annihilated away.

The radiation produced by this gigantic initial annihilation is what we see today as the big bang afterglow: the cosmic 
microwave background.






Sakharov conditions



In 1967 Sakharov enumerated the three conditions which are necessary for the dynamical evolution of an initially 
symmetric to a matter-dominated universe

1. Baryon number should not be conserved

• Otherwise there’s no way to produce an excess of baryons

2. Charge (C) and Charge-Parity (CP) should not be conserved

• Interactions which produce more baryons should not be counterbalanced by interactions which produce more anti-
baryons

3. Interactions must be out of thermal equilibrium

 • Otherwise the baryonic asymmetry is diluted by inverse processes



In a few words: the universe is asymmetric because the baryon number is not conserved in C- and CP- violating 
processes giving rise to more baryons than antibaryons in the expanding universe.



Can we explain the asymmetry by known Physics?



Qualitatively: yes

– The Standard model in principle contains all the necessary ingredients

It is possible to derive the ratio of the number of baryons to that of photons in the universe









Where J is almost 3x10^(-5) is the Jarlskog invariant quantifying the size of CP violation in the Standard Model and

𝑀 ≈ 100 GeV is the electroweak scale at which the baryon asymmetry freezes out 





Quantitatively: no

The previous equation gives 𝜂 ≈ 10^(-19), whereas using Planck experimental data on cosmic microwave background 
one gets





This is off by 10 orders of magnitude! 



CP violation in the Standard Model is too small— strong indication that new sources of CP violation should exist in 
some beyond-the-SM physics.






FP1 4






























































































































Indirect Search of New Physics

Observeddeviation from values expected according to the Standard Model will indirectly
hint to the existence of New Physics Why

RareDecay

È et
4 Δ

B ciuf il
eW x ̅

youcan describe the same diagram with new particles

Δ

witi
un

ZIHino

Wh

When you describe the probability for example of B Mtn you have to square the
sum of SM and BSH diagram contributions

at This

You measure significantly different from SM

Let's see the plot for the invariant mass of B am at LHCb
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But 517 works perfectly

Limit at 90 CL or BF measurements

IF you don'tmesureyou put a constrain

Blue line is the SH prediction No endence that there something new

Where practice FP

LHCb with high precision
complemented with ATLASCMS

Belle
e experiment

LHCb upgrade
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Lagrangian of the Standard Model

The complete L

2 2 2 27 III ÈelcoplingwithHiggs
t Lace t INTERACTION BASES

g Fàwie
è 8 Wide

he Interaction bases are the same as the mass bases Just in the ELECTRON
SECTOR

LEPTON UNIVERSALITY universal couplingstrenght in the week interaction

This is seen in the measurements of the BR 2º D eté 3.6

Here we study something that conceptually is totally different the interactions of QUAR

Cabibbo Angle

KIOS più
pò W 7

nave
I

me
c414 The coupling is

NOTuniversel

e sine 0.22
ae

There is a suppression Indeed if we measure The BRIT DUE we

measure something else with the coupling in the IT ivi being

IE
cose 1.8
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Cabibbo explained the not universality T YII.si II
Let's write the lagrangian

INTERACTION

I 8Y'Vivi1mi E IEEE LL
Let's write the Higgs part for the quarks

Lui micio miotidi_métivh mgiotidi
In here we used the mass basis for the quarks

We can define the INTERACTION Basis for the quarks è Ye DI

Vow taking the L for quark U only

Lacu 9 58 Vuolok Vusse Vubb Wat 4c

FOR THE UPTYPE QUARK LACU 8 TI 8 I Wat h.c
note the index è ED INTERACTION BASIS

So we have learned that the interaction basis are not the real quarks but a
combination of them multiplied by their probability

3.5 In the diagrams we use the mass basis

Vote Note that the UP TYPE Quark is not rotated no chosen to be fixed
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The CAM Matrix

We define the transformation between the Interaction Basis and Mass Basis

In this definition we decide that UPTYPE quarkare the only then remain thesame

1 1Ved Vts V
SPINOR

INTERACTION È BASIS

BASIS

Properties VV 1 t
being transposconjugate

3 3 Matix but just PARAMETERS

Parametrization

Van 11142 CLA

AP 1 g ing AF 1

with 1 0.2260 I 0.0001 sin Ec
A 0.826 0.012

9 0.152 0.014

2 0.357 0.010
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Sictorial Explanation of the CAM Matrix Element

v

I
v

e
p
E

leve a small overview of how to measure venous element of Vern

èVuol 0.97431 0.00012

Decay used β decay Vi
P

Vus 0.22514 0.0055

Decay used s v IÈK T'e te

e c E

Vub 0.00365 0,00010

vitreeDecay used B Diede
po È èIL

Vub Vub e
it

Vus AX g in 8 tg g 66.8 2.0

Vub 0.0036510.00010 è
66.812.01
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IVca 0.218 0.004 Un
mi

Decay used D D Tld Vcd
n d

Haduonization

Kld

DIKKI

e Eh
È

s
µ

e i

Ives 0.97344 0.00012

Decay used Dst_putta Tivù
ve

È

Vcb 0.04271 I 0.00065 VisYIn
Deng used B Dietda 5

d 7 d

IVtb 0.9991121 0.000024

5 b Just from topquarks because it
decays before haduonization

rimw
Vtdl 0.00869 I 0.00014 Using top physics

Ved is complex Measured with BI DB oscillation

Ives 0.04124 0.00056 Measured with BS B's oscillations
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Unitarity Triangle
Vv 1

è X 1
VitVud VetVed VEVed 0

Inorder to build the triangle WECAD DIVIDE BY VÌVed

YIFEI 1 448 only numbers are

IMMAGINARY

ExplicitingVub Vob IVubl è
Vtd Via e'β

Plasigin è

Graphical Representation

Imm Δ

1 β

ASTIETI EMI α AOL.YE.IE I
Z 1z1eirolH

Lets andize one of the side of the triangle

IIII AEISTI 1 142 9 1 E tir 1 E f it
A12 C 1
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Defining 5 9 1 E 5 2 1 È
EXERCISE 1

commute fifteen

IMPORTANT NOTE

Weknow that CP is violated no Result in the CAMmatrix Should happen that the
CKM matrix is COMPLEX

Why

Look at P VIOLATION IN THE LAGRANGIAN

Let's take a term the kinematic part for the quark

Lacy 9 ÉuddetIVubwatt Vu Et Vus5 Vu 5 8 Walt

If we apply the CP operator change particle with antipatiche

Lara 9 vuoldi russi Vista 8 VeWite videttstVIbawitt

If you want that CP is CONSERVED looking at the GREEN ELEMENTS
we need to have Vuol Vuol ad Vud E IR

But we OBSERVE CP violation Vuol Vuoi Vern

Let's introduce J JARLKOG INVARIANT

5 1 V22V33V2V3 A 2 2 Avea UNITARITY TRIANGE

3.10
5

ad If J 0 D CP is violated
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Examples

Example 1

B D A rime
It

5 E
D BR B D'IT α p VII Vuol

d d

Iva IVall 1 E ANY

Decay width Tri azz α P α

1h Ma me mai ma me mal

Mp 5.279GeVC2 dontpretendtocelibate it'sexample

Mp 1.870 GeV c

Mi 0.140 GeVC2

Vi Vuol 1.6 10 BR B DI α P Ivi IVual'v2.7.10

PDG 2.5 10
3

Example 2

B HA_
Immainas

1 tt

E a
BR 13º MT α P.IE Vus12Vual

5

d a
2.4.10

Vi u.it 1 E
2
AF 9242

21.16.10
5
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Example 3

B 514K 5

FI 514
Nasilvàl E AEIis

53Kd 11.6.153

BRCB DJIXK.la NesIIVabl 1.0.10.3

Example 4

D KM D KF

vite vi.pk d
a s w̅ w̅ o

R 11 EC Io12
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The Neutral Kaan System Klds Flats

The first experimental observation of CP violation was made in the neutral Keons
Those are produced copiously in strong interactions I II Il
we have

Kreese the b
Lightest hadrons containing strange quark

Scheme
K

d U 5
è

x ̅s

N DECAYS in Leptons and Hadrons only via weakinteractions ove lightest
2nd since are light Kinematically are allowed esalpions with spark

Since K is NEUTRAL Oscillate into his antiparticle Porgragate ineacomb

We have Flavour Eigenstates K di Ots Interact with weak
interactions

IETF Have a Mass eigenstate Ks Kc Measurable

Peculiarity of Kron system is the lifetime

Elks 0.9.10
1

Alka 0.5 1075

This is theonly system where the lifetime is so different

The lifetime of Bs D for example have comparable lifetimes
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STATIC CASE

KIF 510

The party P operator The C operator change the wave
Funton onto the W.F of the

PIKO 1K antiparticle
Boldstate

mai

Combining them you get

CP E 1K doube minust

When CP is conserved you can measure the CP in the decays of the partic
2nd infeau on the decaying particle since it's conserved

Let's how write Ka Ka as a linear combination of K E

IKI 1,4 11 7 Ika IKI IE

So

CP Ke IES 1K EIKI 1 Erentis Iate
CP Ka IF 1K Ke Negative Eigenstate

ODD EIGENSTATE

Let's discuss about the decays of those particles
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DELAYS OF EIGENSTATES

The Ks donot have so much room to decay just I are possible

Pions J 0

In general Kaons can decay in 2 or 3 pions not 4 because not enoughcento
of mass

2 PION SYSTEM

Let's consider the system of the 2 pions

PARITY
PCTH C 1 PCI PCH 1 LI

l B O because in 2system of 2 particles is O
CHARGE CONJUGATION

CIT IVI DOT IT

Now we apply CP operator to a pair of it

PITTI 11TH

al For the system 11TH 7 it'sdifferent
Tt

Diagram È
c

es FEI TT

but in the end the same result

CP IT IT III
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3 PION SYSTEM

Let's consider the system of the 3 pions

KID ITTIT K TINI

PII PLATH 11 2 1 PCI PCI PCI

Why 2 angularmomento la la

Ti x ̅

ok
it

5º y

Now I Etta but Iffi for Kaon o

no This means that le la l ofKaos

P TTT 1 1
3

1

CHARGE CONJUGATION

TFT H CIT I 1

THE I CIT CIT 1

Combining the 2

CP IIII ITTITI
PITTI I THIS

FP4 19



Now we also have to consider the face space

Mx 2M o 220 Nel E
AL P Phase Space

Ma 3Mt 80 Mev c

And HAT TAITT with α 1
Large phase space Faster Decay

TITH CHA

IF CP IS CONSERVED

Kr TT Ka Iks

K2 TTT Ike KL

Now let's test our expectation with an experiment

EXPERIMENT

We want to produce K To do so we can start from a beam of
proton and antiproton or a fixed target experiment with pion and fixedproton

TIET p Atk

PTF KEN py
me

3

As said before we can write Koand E as a combination of Ks Kc
2nd ifyou let the beam travel enough distance you'll have that giventhe shortdecay time
all the Ks will disappear from the beam and you will remain withpure Ks
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Graphically

Ks TI

beffi K DTT

distance from
production

We expect that far away from the production point we expect only 31T

THE CRONIN and FITCH EXPERIMENT

adoro Amo

OBSERVATION

also otherexperiments CPLEAR
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Now that we have seen the experimental result lets describe the time evolution of akg

Time Evolution

Related to QM evolution of states

A state IN INCE 01 will evolve in 14647 alt NCE

we know that CYCAIMLA 1

alt is unitarity time evolution operator

CHARGED PARTICLES CASE

Let's Focus on a charged particle

We will compute the probabilty of mixing with the corrispective antiparticle

In this case IIII
charged particle P

IPTH e te_E pt
Related to life time of a particle

Time Evolution For STABLEPARTICE with E Mp

f we compute the probability given a pratiche to find it after a
certain time

Kpt PIED è Introduced

With this definition we can consider

i offIPED Hp Ef PCI Schrodinger EQUATION
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NEUTRAL PARTICLE CASE

Need to consider the Probability of migny
Weak interaction Box
allows the mixing

In case of mixing it's important to know the parameters Hp

We know how that we have to evolve a 2 system particle and antiparticle

Eli c3 Eli cB
2 2 matux

With

Σ II I
Mat Eter Maz E112

Mat 121 Mar 122

ad ife PRE Ma ETee PIA Mea E Te 15TH

ife PE MaaEtra 15TH Mas ETae PE

Relaying on CPT theorem Mer Maz This is for flavor states

111 722

Ma MI 121 Te

So using the information coming from CPT theorem we will have

Σ EH

MI Età M E
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By diagonalizing this matrix we can ROTATE the original base and go
to the base of eigenvalues

EINGEVALVES 2nd EINGENVECTORS

Σ 1170 0 with 1 E
v E I ortonound

M ET 1 Mea 112

MIE_Età M E 1

E 1 M E 1 a Etait et

defining F LMIE ET.at Mea E1s2

solving
M ET 1 F M Ef A F

hence

AI M E III Re F i ImEF

Me E 1 M Re F Eltt2InEFIL
ma 1

A Ma EH M Re F 2 InEF
in
MA 7H
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Now we take the difference

M Ma Ma 2Re F O If O then
NO OSCUATION

Dm it's important because it's an observable

We can also define

te 2 In F The sign is NOT DEFINE

We can now rewrite the definition using

H maga III
EINGEVECTORS

M ET MeaÈ112

li a I
P Mea EA 9 AIP

E et P M E 1 9 7 9

We can take the first equation

M ET 1 HP Ma È 112

Ma Etra I M ET
Ma Etra M Et F MET
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Himiienti
Ma È112

IMI

ET.IT12 ÈTse Same expression is obtained
if it is used f

INVERSE OF MATRIX

A
E A

AA 1

Let's how find the inverse of the matrix a

a a ao 1

ence

M EFora E
a L i

lì
a ma EH

So PH t obey to the EXPONENTIAL law

Ptca Mp Preca Mn Tn IBLA ma Te

1Pa PIP 9157 Nygren
to the

IP P PI 915º
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In the other basis

Pre 1Pa ap Po Pa IPA IPC

1Pa Pc 29159 15 IPA IPC

n the end their Time evolution

PACE è è tip
IP A è e pe

i L 1 a li
c
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In order to study CPviolation we can write the so called MasterEquations

Master Equations

I
We already know the form of P'in terms of Pc and Pa

1Pa ERIFILE è ti
ÈI

et's now rewrite it using their definition in terms of Po2nd 5

IP.CH è È PIP 9157
èimat E pipe gip

Rewriting the exponential

IP.CH e.im Et è 1 po

e t.E.int Et po

Let's how define 8 111 and 9 E

9 4 e.im Et èimat It

8 14 Ip
e.im Etjim.t Et

So
PIA E IPO 9 HIP

PCE E 15º
Pgg_

HIP

E o
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CP violation in the Kaan System

E is a complex number describing CP violation no small

Ks associatedwith Ke in the beginning 1kg
Ipa K E K2

Now we have to add ha aswell El

Ke associated with Ka in the beginning KL 1pm Ika EIKI
Now we have to zold He aswell E

Now we manipulate rewriting everything in function of KIE using the definition of KaKa

Iks Ia IETTIE E IKS II

KL EEEE IN III E IKO TESI

Then

Iks La 1 E 1K 1 E IE

Ike
a

1 E 1K 1 E E

Defining

P E 9 L FEI
with p 92 1

With this we can rewrite 1K F

1K ATE KAIKU IE ftp.tT IKs7 1KD
E ITE
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Experimental observation of CP violation

CP MOLATION IN THE DECAY

Kc T'è di K T'e'de
Mass eigenstate

We should build an observable to measure CP violation

A TIK T'e del 1 K TETE
Tk T'e del 1 nte ja

Related to
CPviolation

however the decay has to be explained using flavour eigenstates

Decay diagrams

Es C U

E IT E

Let's write a decayrate

A TIKI M'e'del α ICK.IN
2

le ep
Just those 2

K Tte've

E TettaÈ AL M'e'e α LE KL 11 e12

Now the asymmetry

AL rearranging using 11 212 11 e 1 e 1

11 e EEffiioniNow e è
small

E È le cose ilène le cose tilfsine
2 Re E

11 E 1 2Re E 064
11 24 1 2Re E 0 E
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Rewriting

Acer I 427M71 IZREEE 11 2Re E 2Re E 2 E cose
1 273 1 2124cL

DIRECT CPNOTTI
If AL is different from 0 then p is violate

Related only to the
decay thatwhy DIRECT

Measured value AL 0.331 0.006 102 0

CP MOLATION IN THE MIXING

Why the Kzons mix The following diagrams has a probabilty differentfromO

Box diagram

Yin s

BOX DIAGRAM
uscito a Uist

5
KID E

III x ̅VI
5 1 5 1

How to measure the CP ndation in oscillation

CPLEAR

Production

1 PP KIK µ I È t.FI
2 PP KH'E

µ I

Identification the ke say the EEEIroduction
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Dea

Tiriede KIHEI
Not Possible

n'e E de

Again thedetiene
E T'è te 100 sure that there was MIXING

So we can tag the flavour at the beginning and the Flavon at
the end D CREATE observeable

L YEE

1 et NO MIXING

2 E e NO MIXING

3 E e MIXING

E4 e MIXING

So
IKEA 9 14 1K GOLA F

ETA ICE E G LA K

Pe K 4K K E 1 18 2412 NO MIXING

Pa E F LE ELE 8 6412 NO MIXING

Ps K F CEIKEDIE 218 E 12 MIXING

PILEE F KK FEDI 18_ E 12 MIXING

FP6 33



XERCISEI

Calculate 12411 9 in terms of sink cash sin cos
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Solution

Pelt 1 e e e cent NO MIXING

Pace e e 12 è Le

Pale e e 2e.EE
MIXING

Poca 11 12 e è ze.IE

the CosDmt is common to the 3 probabilities If youwant to observe

mixing you have to
D Measure Am

a

EXPERIMENTAL ASPECTS

PP vi g 55
zo e e

with NCK NCE

we can count the rate that is proportional to the probability

TRAE α NPILE DK LEI RICEILNPo E Ko
Elision

B E α NP K F E E_LEI αNPALE EI
È identify theFlavour
at the decay
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With those we build an asymmetry

ALE RICE IE.LA R LEIFRICE ASSUMINGTHAT

RACE E LEI R LE RICE CP is conserved

is better to

f 2 NO

ASIMMETRIA
E LELE PELE PaLEI PELE

PILE PELE PaLEI PaLEI

azcete Ee E.at 241IT HE2eEamI

2fce e E 241 e è 2

1

2 e cosamt
e 1ˢᵗ e

kt

Plot ALA with real values

aol.eduoeotf50oer
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EXPERIMENTAL CONSIDERATIONS AND FIT

CPLEAR

PP
Decay

pezze
K rete

8pctperry Epoca SÈ
Count a lot of decays and build HISTOGRAMS

A
a

ftp.jpgyff.ee
Perform a fit by fitting the provameters Ts I

You get the RED FIT

AFTER THE FIT DM XXX XXY

Experiment
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This is the true measurement with the Final result
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Meson Decay
We consider also a Final state f f
Epe is 52 ehi me p

P but the formalism that we use is going to be

PO NEUTRALMESON

Ag f HIP it's an amplitude

We still have to specify the hamiltonian

There are 4 amplitudes

Ag flHIP Af f HIP

Aj JIHIP Af f HIP

H is the hamiltonian related to specific final state EWQCD

Now we introduce somequantity that will be used later

AFIII Te 7 È I

Remembering that
POLE 8 E IP 8 E IPT

IPCE E 157 Pg8
E IP

The probability that a certain decay will happen is IAgl Kf HIPIF
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As before we can unte probabilities

IAgi KLIHIP.JP IAgi KJIHIP.JP

IAgi IGIHIPYI IAJI KJIHIP.JP

TIME INTEGRATED AMPLITUDES independent of time

for the first calculation

Tagle KGIHIPEASIE ALEICHIPS g E STIFF 12

18141 IAgi 2.19CAIAJF 2Re4 AjAg8H18L4

tAgIfI8CHIYF II
18CH 2ReE AI8 49 14

I
Agl 181CH IAgIIgCAI 2ReEAg87LH9LA

EXERCISE 3 compte the other 4
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Solutions

Tpa E Agl 181412 1111181412 2Re Agg 48_LEI

Tingle Agl 18 141 Agl 18 CH
2
2ReEAjg LH8LG

F g E Ai 18141 Agl19LA
2
2Re 1j8ILH9 LA

TintLH Agl 11112181412 19.14 2Re 189 E9.143

Now let's consider

lg.ch 2 IIEit e 42 e cosamel cash E cosamt

9 E 8 E rearranging È sinh111 isindmt

tpa.gl IAglE1tF cosh t cosAmt 1111º cosh t cosamt

2Re f sinhDIE 2Imm Ag sinAmt

Revuting it

tpa.gl IAgl'è 1 Agi cosh E 1 Agi cosamt

2Re Ag sinhDIt 2 In Ag sinDunt

We are considering only the decay rate of P P into f berse there are interesting decays like
3º DTT They have f f D The only difference that we have to consideris

if we have different particle in the PRODUCTION There is tagging to distinguish between

particle 2nd antipatiche this is the reason why we only concentrate Po into final states
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Lets compute the other

Teng t IAgi È Agi cosh E cosamt coshDI t

cosDmt 2Re 7g sinhaft Im Agl'sinDM

earranging

Ping t IAgi È 1 Agi cosh t 1 Agi cos Ant

2Re Ag sinhDI t 2 In Ag sinDmt

Everything that we write is going to depend on

finalstatesasee.IE G

Ape g E Agl 1 1111 è CoshIIt Cycosamt Δ sinhDI t SysinDmt

pong E Agl 1 1111 È Icoshaft CycosDmt DfsinhDI t SysinDmt

the DfG 5g are related to the physics that is in the decay

cos sin functions are related to the mixing

EXERCISE compute the other 2
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Classification of CP violation

1 CP VIOLATION IN THE DECAY TIME INDEPENDENT

Apro Tag no 1

if f ftp.nog Trapp AI 1

EXAMPLE 3º KIT f f

Air coulation

also named DIRECT Cpviolation 1 in the decay onlydepends on the
Final state

2 CP VIOLATION IN THE MIXING

Prob P D 5º Prob P P

can study

A Prob P D 5º Prob P D Po
Prob P D 5º Prob P D po

we are considering
IP E GCHIP g CHIP

PG LEI F PIG
LE PI

Lets how write
Prob P POI ILPITCH E 9 E 12

Prob P F KE PIEDI 219.141
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If we build the asymmetry we will have that the A doesn't depend on time

Lets see

A 17 HA EFIII
IIIHIHIGI IIIII

To have er notation in themixing A to IF or 1

In the Kaan system CP violation in mixing has been observed

E 12.228 0,011 10

1
11 0.995522 0.000024

In the case of Bo B NO ENDENCE of CP notation in the mixing

13º 1.0010 0.0008
Compatible with I

139 1.0003 0.0014

3 CP VIOLATION IN THE INTERFEARENCE BETWEEN MIXING AND DECAY

8 8
p ppo

As ampitude that is the sum of the 2 part
Squared INTERFEARONE

piping t TiinPingLEI
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1 1 1 THIS IS TIME

DEPENDENTANALYSISWebuldtheAc.pl
E PPoDICE t PPDg E

PPoDLE E Fong E

NCE Cgcosamt Sisin Amt
cgcosAmt Si sinAmt

DC coshDIE AfsinhIt
A

coshDIE DI sinhIt
D To have CP violation

cg 0 and or Sg o

Remembering the definition of Cy and Sg we have 3 CASES

1 No CP violation Ag Agl
g2 No CP violation 1

3 CP violation can still be observed if Sg o

In È

FP8 45



 

Interpretation of neutral mixing

Kaan System

Yuri
sd o

saqu no
èE

v.fm vi viVoid

9 vcit I u.GE and the matix element Ugg

the on the CRMmatrix when UP Down like opposite nostar

The diagrams are 2 but conceptually the calculation are the same

Let's see Fermi theory for W propagator

Muu α G Violvus1 1
Ut m p

α 12

Ma.caGi Vedvit.IE α

ME I GE VedVE
e

1

1Mac G Violvus'KV.dk
ly m lei m

α

1 α 1ºMet a G VcdVIKVtdVEly.fm
e ME

Must α G VuolVus Vedres'I 1 1 α 16
UE m le ME

As you can see the Mec is the dominant contribution
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B system virtu

fine
ng

b 9 u C E

9
èE

yoga
9 u.cat

Void

Let's see Myu α GF VidVu 12 1 α 1º Move suppressed

Ue m IL Letto
me a g qu p.ge a 1º

yngpggqgg.su

ME GELVVE.fi
e

1º

1 α 1ºMac a G Vudu KV.ir lye m le m

Mat α G Vedrà VedVi 1 1 α 1º
le m e ME

1 α 1ºMost a G Vudu Vede fm se ME

This was done before the discovery of themass Use this for predicting Amy

DM GIF Lan BrfiMa Somn Vedv.si

Ma Mass of Kzon Ma mass of W boson

SoMIE Sola with FÉ NAN LIN FACTOR

mi 5 Ii mi Amp Gigli YacofiBis Ma Solmi mi VegVebl
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3 system virtual

fini
B 5

9 9 5

vivi
Again as before

Ma α VosV b α 1

Mac VesVii 2 1º

Met VesViP α 1º

Mus α VusvitvesVc α 1º

Mut α VusVitVesVis α 1º

Mut α VesvàvesVE α È DOMINANT

Mut is the dominant contribution

Miss is 10 times bigger than AMB

Since Am is like a measurement of how fast oscillation happens

so Bs is oscillating faster we will se this better after

In the case of D cul

There is something special different quarks in the propagator
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D'system

in q.ggijme
diferentmenomenats

po qu n 9 g disb

v.IM
Again as before

Mold α VuòVed α 12

Mss α VosVis α 12 DOMINANT

Usb α vi Vest α 1

Mds α VitVidVives α 12

Mdb α ViàVedVibra α 1º

Usb VìvesVitreb α 1º

In the end if we consider all the calculation that we have done

F Am α 12mi

B Amd 1ºMI

B Am α 1ME

D Am a Imi

We can rapuesent graphically the oscillation in Ela of the differet system
to Show howFast and how slow they are compared to each other
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K

Ha

Ha

Δ B
13º

B

tg
Δ B B

B

Now let's express numerically this graphical representation by defining 2quanti

and 9 1
2 1 1 S Dm S 9

K 0.26.159 5.29.10 0.4077 1

D 0.41 10ᵗʰ 0.024.15 0.0057 0.0078

13º 1.53.10 0.507 15 0.78 0.0015

Bos 1.47.10 17.77.15 26.1 0.06
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CP violation in the B system

We'll talkabout Golden decay

B JINKS L
c

the unitanty triangle

Let's define the observeable for this decay

We have to note that JINKS is the CP eingenstate we know that
IF CP rigenstate Ag Aj because f f and

CP f Irg f gg 1
K

We have 2 master equations TBafia and PEDICE
With

App t TBISCE TI 814
FBILLET TI 814

deve the diagram

imiti
x ̅ E

5
v

è è

And we could have

5º 514 E
13º 514Ks

B 514
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Let's write Is and Ko

Ks PIKO 91K 1K PIKO g I

In the B system

DI 0 lag Agl 1181 1 Pg I Cg o

And
Acp E In Il sinDmlt

EEEE Lei
Vow let's consider this
13º spin0 particle

5 4 Spin 1 particle CP even
1 1 111 1

K Spin O particle CP even

K SpinO particle CP ODD Isak 1

With those considerations let'sconsider some term of Ag

1

EI III I
malevEI

II IEI
Mercer.IT
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Itting eventhing togheter

Iiie Iiii
Vealet

2JINKS

In the end
Jinks 1 Ayyk è

213

Imm 1JINKS sin43

Acri che
Siham
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Observation of CP udation

Let's consider FITTIB KH BIDET ff 13ºKtfwe measure Ag Agl CP violation

Let's see the diagrams

U

u

a

5 w̅ 5 ÉLITE kt

mi 3 ix
THREE LEVEL PENGUIN DIAGRAM

DIAGRAM

Same order of
magnitude

For the three level

THREE LEVEL A A
Giedwerk

prese

I
THREE LEVEL AI fa e è

P change only the weakphase

For the Penguin level

PENGUIN LEVEL Ap Ap e

PENGUIN LEVEL Ap Ap e è
l
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So the total amplitude for B KIT BR B KIT

AttAp 1A e è Apè e

1A è lapè
ier

At Ap fa IApy
il8I dplaicee.ee

At lap è 8 gilet ap

At API LA IAP è e
t EP

è
8T 8

e
iter eri

At API LATIAPI cos 18 88 et er

At Ap LATIAPI Cos 8 88 cos et Ep sin 8 81 since Ep

We can consider
B Kit

AI A AT Ap 21A LAP ns 8 88 coslet e sin 8 81 since EP

Building the asymmetry

a Te ala EE ce e.s

ONLY when the interference between PENGUIN and THREE is different
from zero you can obsere CP violation

8 8 0 et Ep o
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Bt D'K Bt D'kt 1 B 5 F

kt
5

V b w̅
Di of5 è

BtBt 5º08
µ

2nd A B kt 1A e 1A ette

je5 e b
5º

B
e

w̅
È Kù

2nd A B D K 1A e 1A è è

A B 5 K AI 1721 2 Asl Al sin182821sino

A B D K Asl 1721272 Ae Ital sin 82 81 sino

D Acp ALBII A B 1º

ALBI 1A 112

417111121sin182 811sing
217112 21721
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Charm Physics

We first have to define some variables

DIE 9 11
then Ab Te 1 and to 121 Amo me ma

1 Y 1 CP EIGENSTATES l E

The only difference with previous calculation is that Xy are small

EHI Agl 2 1 11812 coshALLE 1 11112 cosamot

2Re 1g sinhallt 2Im Ag sinAmat

III Agl 1 11812 costati 11 1714cosamnt

2Re 1g sinhDaft Im 1g sinDMot

Let's now rewrite

Am X Tp and 11 9 Io

no 1 2 11 11 e

And let's make some approximation

coshlytot 1 costxtot 1 sin Tot nxtot sinhlyftl y.IE
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Now let's rewrite

EHI IASIETFIH.tt eFFIt
22 17,11 cose stat 22 11,11 sina.AE

The other now

II IAI.EETF1 IFIII F IEIIIII
22 AI cose stat 27 II sina.xt.tt

So let's conclude

LEI lAsie 1 2 È cose stat 41 È sina.at

Eee lAsie Y 1 1 11 2 1 1 71 cose 9kt

2 AI sine It

we consider
AI 1

p gg yjdothatbecasenowwekn w

Appling the approximation

Figli tagli 1 right FIÉEN
Ti.ge tagl'è 1 night 147 7 4
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Then we have

Tag E Agl'è 1 It

Tingle Ag e 1 plot

snowing that 24 1 ande 1

axtingLHIAgpeht

YtTJDglh.ltg è te'The

rewriting them

PDo
Dg Ag

2 è 111
α E

75Dg Agp è
1 B E

Writing 1 2 Io
CI B Fi

E lagpe
1

tlDgLEI 1Ag1 e
Et 4 1

So how we can write the observeable

Yn IIII LI M HH H
21
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Remembering α β

ycose sine

y cose sine

te E sine E cose E sine E cose

19 E 141 sine 1 1 141 cose

There is another observeable

Yar È
1113241

1 1 1

2 2 13 1 1 E B2 1 LI
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