

























































































HI.IEFmion mass in the S

a In the SM formulation a Lagrangian formulation allthe terms must be Lorentzinvevient

The quantity I is not alsoforR

Under a Lovente transformation A the 1H doublet transform as

41 1 XICA SCM Malik w 511 Spinor representation of LorentzTre

For we will have
MIA EH ICI 5411

Now the dot product

I x ̅ E NICK STASCHELIX
2nd since 17h is not necessarily egud to 1 this is not invariant

b Be a Mayovana field wouldbe enough In that case fi fi a fi fi

I 2 Conservation of Lepton number

Conservation of La invariance SH under U2 transformation

2 The transformation is a V11 transformation that can be parametrized w α

e x ̅ x ̅ è'x

b I'lldenote the conserved current as 59

Definition 59 28 1
affyol




























































































The transformationdoesn't act on the coordinates so 8 1 0

Let's compute 841791 for both thefields

8441 l'cal eh e 114cal id Kai

871711 in4111

also L and R fields in both cases Y x ̅ will be thesame 84

Then imfotfnnt.ve of the L we Oglwiththe event 4

J i taco iadectiect
ialetier88hiatrt.at.IE

fe eE8ser

c The consened chargewill be

PITT Pdi Iside tata




























































































I 3 Feumion Mixing in the SM 9 us l

a From Flavour physics we ian write the quarkcurrents

Charged current Watgit 1 8512 w 91,91 up down quark

Nectral current J Za98 1 8519 W 9 any gottype

From the notes

È WatterTg 485 e

5 gezat 9 8,8511 Guznvi818 98 de

the structure of the currents are similar for quarksand leptons In analogy with cc connecting upwith
Down querks e in leptons connect the charged leptons with theircorresponding neutrinos

The VA structure is also similar BUT DIFFERENT constants 3 Not 100 vidation

The lepton sector equivalent of the CKM matrix is the PMNSmatrix
It descube the mixing between neutrino flavors

But since we are talking short the SH in which the Us are massless there is no
equivalent For the CAM




























































































I b 58

Assuming that the spectator quarks are not represented we can have

mogub

Tfs
Then it's possible to show that the diagram with the top quark contnhte
the most because it's the haven

b E SAlso this one is possible

hey
È

mio

e In the SH the Lepton number is conserved such diagram brakes the
Lepton consention so it's not possible




























































































HOMEWORK I
I 1 Neitrino detection via cc Ne Es

a Why NCdetection is sensitive to all flavours while cc onlymeasure Ildel

Ideation is based on the Fact that 2 can decay in all the types ofmentrinos
2nd this doesn't depend on the eunuoment in which the detector is

Relatio For the current detection the answer is that ITDEPENDS

For detection based on the production of d's with reactors
since the neutrinos produced are not energetic enough to create
leptons banev thanthe electron D JUST de rue measurable

If we measure neutrinos coming from space COULD HAPPEN that high
energy muonic taonic neutrino are produced and then also

da Ilda is measurable

b If we consideralso charged currents since the couplings of the currents are 8g 2nd YI

È IE eew.Ie g en
0.17 Ow

T de 0 17 T del 5 de 65 de

T de 6 TCI Tidal




























































































I 2 INVARIANT Formation dosallation

Consider the quadratic product Us UÈUpaVajUp

a Venfy that Us is invariant under la e la

We know VIV UPMNS

And also e vite È votp
la V2 l'R TENS if 1

Then elementby elent 107 E VIE IOA

Hence vir calva è valdese è và e

Then Un e Una e
e

Vai lei Usa e

V VÉÉÈ È.ie Uaie e UBye
LUxEUBKUajUpI

Show that possibly present Majorem phases donot enter the oscillation probability

U Ux dig e

The phasescancel out because the Us is composed of 2 V 2nd 2 V so

globdly the phase cancel out

This means than neutrino oscillations processes are blind to the nature of neutrinos




























































































II 3 Antinatrino Oscillations

Consider the decomposition Iva E VIÈIVA Gma β 1 3

a Show antinatuins can be decomposed as 107 E UK Va

We know that 5 0 8

So UEIONI8º CONUN6º LUKINUN UN E

Hence 1077 UnaIde

Ididn't write the sum was implicit

b Devive Piano for antineutrinos

Let's compute the time evolution for an antineutino

ITL4 Vakè 1077 with laid Ida

E Un o

Pap t tappi E l

A DELA LE ILA Σ UnUPI èiet

Hence PI Dj E VaxUp UfUp è
E tilt

IgEEE MI mi

exp _i



c We want to venute Padp e

Let's recall the result for neutrinos oscillation

We separated P into a diagonal and off diagonal term using

E È

After a mathematical thots we wrote

Pao E Gap 4 E Re V4 sin AMI Ge 2 IM V1 sin AMI

To extend this formulas without calculations we can ASSUME CPT invariance

da 7 vi I

and then PCI Dup PCI Ja

All we have to do is to charge α β

But Us UÈUBKVaiUp Ue UpÈUnaUp U

that is the romplex conjugate of the prenus term So all we have to
do is maintain the calculation result of neutrinos BUT we must change the
sign for the Im part

Pep TE Gap 4 E Re V4 sin Dmt 2 ImmIUDsin AMI



II 4 Oscillation in 2 flavour case

Starting from the most general 3 Flavour oscillation probability

Pa β LE II Utupevajupìexp i AMKE

in the limiting twoflavour case HB era kit 1,21 one has

PredonkE sin20 sin DIÈ
Hint 107 107 147 related to lui Iva 1027 with a 2 2 mixing

m.tn

we nave 0 11
2nd consequently

u 1

Using the original Plan Ip 843 Red 3 2 IN 3

we have to compute

4VIUpaUnaVia _fsinecosecosesine sin20

Then for 2713

Plda d Tap Csinzesin Ami 2 0 sin Dm sincesin Arini



HOMEWORK III

III 1
Assume Us are Divac particles with a mass arisingfrom Yukawa interaction withHiggs
After SSB

mg Yg fa f ud t ama deumide

2 Estimate the size of York coupling of chased fermions

up Mu Yi Egg since U 285 Gev
mon 2MW

Y Mye 0.0075

d 2.68 10
5 Ye 7.35 10 3 5 Ys 5.5 104

E Ye 9.93 10 b Yb 2.80 10 2

e Ye 2.94 15 µ Yu 6.07 10 d Y 1.02 10 2

b Haviest neutrino has monotev What's Yus

Myra 10

Discess The Yukawa coupling with a mass of theorder of the eV is very small



I 2 Majorana natrinos

a Consider the Field CIT
Prove that Pa is indeed a righ handed field
Hint also can prove that has no Lit component

PICHT f 1
851CHI W PE 1 851 PR1,11851

Chet x ̅ C 1 1 Since Cis hermitian C Ct 2nd 5C 85

Papa Pc CIT 1211 85 C FPR 121185CPEF PE PR CLEFT 0

since FPR

b If 4 is a Majorana fermion with a generic charge 9 ithe EM current

In 587 vanishes 98JeAn 0 This implies that the Majorana

fermion cannot couple to An Photon Majorana Fermion has no electromagnetic chege

C For Hajovene neutrinos we have seen that

U U CleaCasCasBa x dig 1 e e

Device the expression for faulskog invariant we knowthat

Dar'f In UnVeabile ImIU.EU eEU è viè
I
viUe v Ue

This does not depend on the Majorana of Doracnature of the neutrinos
During lecture we saw that also we can write

Jeph CarsercessesCI513sin823



II 3 Oscillation of Dirac Majorana neutrinos

Single generation with Majorana Divac mais terms

FI mm WMW

a una

Mass eigenstate

a Venfy that W can be cast as

1 1 un ma

FÉÉTÉTÉT

winery 1 X 1 11 1
I
p

c e S
11 11 1

e cum sumo e cum sama
sumotcama ÈSwmatcamo

è c'um Cusumo e cwm.su Sima e Cusuma Simo
e Cum SwCwMo

q magma sem gnam gne gnam gang g

4



Hence

Ma è CEM CwSuMD aMoSw SIMR

ma SEmi SwCwMa CwSwm CheMr

0 e Cwswma CIma SIma SwCwMr

0 e CaSwm SIma CIMD Su CwMr

Then

0 ma Mr Cwsw Ma CE Sul

0 ma Mr sin aw Ma cos 2W

è m.imTm

b To find the 2nd ma we lookforthe eigenstates

I MII
Ma 1 Mr 1 ma o

McMr 1 mi mia 12 mi o

7 mame VChyt.my
2 4CmemrHBl a when we can unte

mi I maMr ImitmetammaMT

I
miMrt mamai mimr Mo 2 MathurIlmetmet 4ImameMoT

I mi Mr maMr emi a matmrldcmimrttfm.it
Then

Δm MI m mitMr dlmim.atfMT Vlmemr2ICmemrttmiT



Homework II

II 1 Effectiveneutrinomassfrom 00213 decays

U dig 11 e e

Vee Veil

Vez Ue _e Ue è Iverle da 21

Ue Vest è Ue e
8 1 3 241 83

Mee Verme Veale ma Veste In Vealimet Ver e ha Ives e m

Also

Ma TE Amor ms mitante Amet

micaAmò micadmé

I 0 mamiami mè miami amò DI

Mee VealinetIVeal e ma Ives èh
I VertmitDMT Veal e Mstametamat Ives m e

Sine we can neglect mi and AMI w.it me we will have

Imeel IVealadmittlveel'e AmittIves e mal



b Following the notes taking the limit Ives no

mee Veal DMT IVeal'e DMT
which can provide the bounds

meet IVeetamat IvertDMT for è 1 Upper bond

mee NealDMT VealDMMl for e 1 Lower bound

C Using numbers for NO 2nd I O

NO Imee 1,743nel

10 18,746Hell Meet 48,99met

D The ranges we different and not compatible

With high sensitivity and precision we should be able to determine and distinguish in
which order neutrmo ave

ACHTUNG We've neglected the massof the lightest neetrino and 1 me Ah m can also

be neglected wit Amò inN.O



HOMEWORK I

I 1

2 species of stente fermions Cdp X 1

LMAss madtctor 12m77 Y'di8th Matrix Havix the

µ in 74 e.sannam

Subset of terms

Lass 1 è U MRIX EMI the
Electroweak symmetry beating

Ma Yofa so LMass moVÌU MRIX 12M I

Non h and let's write the Lagrangian of the masses term

Lnass GhtC'Mn the

Consequence Mae Haa 0 Majorana Mass da and da which don't appear in our Lagngian

For the same reason Mas Mse 0 since the L doesn't contain the cross terms dell

Now stating from CIT

CI 8º CIT 8º ette 8 18'1 c

Lygoxtctextet 4 Ict x ̅ x'ct

The make is M
Y fr to prove it let'scompute EntctMn and

find back our L origind



I Intctan E't.VE mi
I
d'Ctmofir dimad ÈMax 17CHE È 1 4 7

I
Madrid maiale IMRIX IMakX I Hx X

I Moki MRIX MAI

c Let's consider the limit Mx macome

Now the eigenvalues coming from dat 1 11 0

in 1 Mx 1 Mi mo Mo Mx 11 0 0

Mx 1 1ME m Mx 11 0

1 1Mt 1 ME mò mòMx 0

We expect 1 small eigenvalues related to thesmall coupling term and 2 bigone

Henke we can use the approximate 12 2nd fanno Go find the smalleigenvalue

Than I can write the equation as A17131 C 1 ftp.II
ng

0AXBI C1 KA12 BK1 CK 0 D A1 B KA 12 CC BAIA CK 0



By comparing the coefficients we can get A 1 B Mx IIII
Ignoring terms with Mi Mitmò I È 777

i m YIII.FII

IIII pY.FI Y thimTf E
10

MI 1 III
macche
Maccm

TE

t.am 1

1,2 Ma Moe Ma a Mr fare keeponlythe physical solution

d We know va 18N so we have more10 YpfMx Since extremely small valuesof

a coupling constant ME ore very difficult to explain Eleontally we need a very large valve

Mr
This would correspond to a seesaw type 1 like
the mediator of highmass that suppress theYukawa Iuplings of nettinos is a RH

fermon

If the hay states had the exact solution More More Mr thiswould correspondto
the Diva case

In reality we have it as an approximation so that 2 states are massive

Myn neetinas which are almost degenate and of opposite CP parties They are difficult to
disentangle from a single Dirac neutrino so their behavior is called pseudo Diree


