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Historical Introduction
The StandaraModel of MasslesdNeutrinos

Mass-relatedNeutrinoProperties:
Helicity versusChirality, MajoranaversusDirac

NeutrinoMassTermsBeyondthe SM:
Dirac, Majoranathe See-S& Mechanism . .
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At endof 1800s radioactvity wasdiscoreredandthreetypesidentied: ,
. anelectroncomesout of theradioactve nucleus.

Enegy conseration) e shouldhave hada x edenegy

(A;Z)! (A;Z+1D+e ) Ee=MA;Z+1) M(A Z)

But 1914Jame<hadwick shavedthatthe electronenepgy spectrums continuous

Energy spectrum of beta
decay electrons from 210g;

Intensity

ﬁ“ e 0 0.2 0.4 0.8 0.8 1.0 1.2
== : Kinetic energy, MeV

Do we throw away theenegy conseration?
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In 1934, HansBetheand Rudolf Peierlsshoved that the cross
sectionbetween and mattershouldbe so smallthata go
throughthe Earthwithout deviation

In 1953 FrederickReinesand Clyde Cowan
placea neutrinodetectomearanuclearmlant

400litters of water
andcadmiumchloride.

et p! € +n

e" annihilatese of thesurroundingmnaterialgiving two simultaneous 's.
neutroncapturedoy a cadmiumnucleuswith emissionof 'ssomel5 msecafter

Theneutrinowasthere.lts tagwasclearlyvisible
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‘ Neutrino Helicity I

Theneutrinohelicity wasmeasuredn 1957in a experimentoy Goldhabeletal.

152 152
: : e + Eu! + Sm
Usingtheelectroncapturereaction

| 152Sm +

with J(P?Eu) = J(*®*Sm) = OandL(e )= 0

8
Angularmomentum 3 Jz(e) = J.( )+ J(Sm)
conseration) 5 = J;()+3J:()
S tE o= TE 1) k()= 3(0)

Nucleiareheary ) p(*?Eu)' p(*2Sm)' p(**?*Sm )= 0

Somomentunconseration) p( )= p( )) helicity= helicity

Goldhabeetal found hadnegative helicity ) hashelicity 1
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comingoutof anuclearmreactons . becauseét is emittedtogethemwith ane

Question:s it differentfrom themuontypeneutrino  thatcouldbeassociatedo
the muorf? Or is this differencea theoreticalarbitraryconvention?

In 1959 M. Schwartz thought of
producingan intense beamfrom
's decay(producedw~rhena proton
beamof GeV enegy hits matter)
Schwartz, Lederman Steinbeger
and Gaillard built a sparkchamber
(a10tonsof neongas)to detect

They obsere 40 interactionsin 6 ane comesoutandin 34a  comesout.

|f e ) equalnumberof ande ) Conclusion: is adifferentparticle

In 1977Martin Perldiscorerstheparticletau thethird leptonfamily.
The wasobseredby DONUT experimentat FNAL in 1998(of cially in Dec.2000.



Sourcesof 's

TheBig Bang
= 330=cn’ SN1987

E =0.0004eV =

Earth = 5 1010 =cnPs Atmospheric %
E 0:1-20MeV ev 1 er
HumanBody 1 =cnfs .
= 340 10° /day =/ /\

NuclearReactors
E few MeV

Earth's radioactvity Accelerators
6 10° /cPs E ' 0.3-30GeV

ConchaGonzalez-Garcia
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\ In the SM |

The SM is agaugetheorybasedn the symmetrygroup
SUB)c SU@)L U@d)y ) SUB)c Udewm

3 Generation®f Fermions:

(1,2 32 G2HLL HELE)EL D Qem = Tiz+ Y
i i i
Lo Q_L Er Yr D 'sareT 3= 1 compo-
ul . .
ee L 4 . er uly di, nentsleptondoubletL |
c i i 's have no strongor EM
L s L interactions
| . .
] tU ] R tg o No g (they aresingletsof
gaugegroup)
Spin-Oparticle : (1;2; 3)
| |
+
_ S8 1_ 0
0 p—2 v+ h
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L = QL 1@ g5-G* g3 ;W ¢z B Q
k=1 i;j =1
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k=1 i;j =1
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Invariantunderglobalrotations
g! € ®3q i1 LR e nT
) Accidental( notimposedplobalsymmetry B L. L L
) Eachlepton avour, L;, is consered
) TotalleptonnumberL = L.+ L + L Isconsered
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\ Number of Neutrinos |

Thecountingof light active left-handedheutrinosis basedon the family structure
of the SM assumingaa universaldiagonalNC coupling:

n X

/Zw< jZ: L L

n

Form . < mz =2 onecanusethetotal Z-width , to extractN

1

N _ inv _( . ) 3 )
'S #

12 Ry
R

h Mz

v = theinvisible width
L= thetotal hadronicwidth
/= width to chagedlepton

Leads N = 2:9840 0:0082
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A fermionmasscanbeseenasata Left-Righttransition

m:f fr + h:c: (thisisnotSU(2). gaugeinvariant)

In the StandardModel masscomesfrom spontaneousymmetrybreakingvia
Yukawa interactionof theleft-nandeddoubletL |, with theright-handedsingletErg:

Ly = LuEg; +hic: = thescalardoublet
After spontaneousymmetrybreaking
8 9
ss ~ 0 ~ \
3 o ) L' .= L.M Eg+ hc

2

M = e5 'v Diracmassmatrix for chagedleptons

‘'sdonotparticipaten QED or QCD andonly | is relevantfor weakinteractions
) thereis no dynamicakeasorfor introducing r, SO

In SM Neutrinosare Strictly Massless
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‘Helicity versusChirality I

We de ne thechiral projections Pr.| = 1—2—5

In the SM the neutrinointeractionterms

g .. . . N i .
L = P2l*W +] W'+ prD 77
2 2CO0S
i =1 P =e; jT=j 7 j%= P

) L interactand r donotinteract
) chirality statesarephysical statedor weakinteractions

However whatGoldhabemeasuredavasthe helicity notthe chirality of
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ThelLagrangiarof amassie freefermion is L= (xX)(i @ m) (x)

The Equationof Motion is: i—@ =H = 9%(:p+m)

@
In momentunspacehis equationhas4 possiblesolutions
( p mMus(p)=0 ( p+m)vs(p)=0

S = % andus(p) andvs(p) arethefour componenDirac spinors.

~

For this freefermion[H ; J]=0 and[p; J:p]=0 with J = [ + > ('= °3°0
) wecanchoseu(p) andvs(p) to beeigenstatealsoof the helicity projector

1 272 1 P
5 ipi _ ip
2 2

Only for masslesfermionsHelicity andchirality statesarethesame.
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‘Dirac versusMajorana Neutrinos |

In the SM neutralbosonscanbe of two type:
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X h | i
“=Cc Cc'= ¢ b(pus(pe T +al(pvs(pe™ = cC'

5P (C=i 20)

which containtwo setsof creation—annihilatiolmperators

) Thesewo elds canrewrittenin termsof 4 chiral elds
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) A Majoranaparticlecanbedescribedvith only 2 independenthiral elds:
L and( ()¢ whichverify | = ( g) ()= r

In the SM theinteractiontermfor neutrinos

i i
Lot = P20 PL )W +( PUW' ]+ p—o" (P )Z
2 2 COS
Onlyinvolvestwochiral elds P, = | and “Pr = ¢ L)CTCy

)  Weakinteractioncannotdistinguishif neutrinosareDirac or Majorana

Thedifferencearisesdrom the masserm
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A fermionmasscanbeseenasata Left-Righttransition

m:f fr + h:c: (thisisnotSU(2). gaugeinvariant)

In the StandardModel masscomesfrom spontaneousymmetrybreakingvia
Yukawa interactionof theleft-nandeddoubletL | with theright-handedsingletErg:

Ly = LuEg; +hic: = thescalardoublet

After spontaneousymmetrybreaking

8 9
SSB S 0 7 L ) -
! g ) Lmass = L. M'Egr + h:c:

2

L 'y Diracmassmatrix for chagedleptons

‘'sdonotparticipatein QED or QCD andonly | is relevantfor weakinteractions
) thereis no dynamicakeasorfor introducing r, SO

How canwe generatea massfor theneutrino?
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Oneintroduces r which cancoupleto theleptondoubletby Yukawva interaction
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OPTION1:
Oneintroduces r which cancoupleto theleptondoubletby Yukawva interaction
L) =  Rily @+ hc (€=i, )
Underspontaneousymmetry-breaking. !, ) ) L s’
LPe) = FMp . + hc %(_RI\/ID L+ (L)Mp ' ( r)Y)+h:c . M )

k
Mp = pl—i v =Dirac massfor neutrinos Vi, ’MpV = diag(mi; my; m3)

L{Prac) involvesthefourchiral elds | ; r: ( )¢ ( r)C

) Theeigenstatesf M areDirac particles(sameasquarksandchagedleptons)
D — V y L 4 VRy R

) Total Leptonnumberis consered by constructior{(not accidentally.

u@a), =-¢€ and U(1), —=

e
U@l), ¢ =ze’? © and U@) C=¢€ ¢

= ¢ C
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‘ Mass Terms: Majorana Mass |
OPTIONZ:

Onedoesnotintroduce r butuseshatthe eld ( | )¢ isright-handedsothatone
canwrite a Lorentz-irvariantmassterm

. 1. 1 X
= T EMy cene 3 el
k

M, =Majoranamassfor neutrinos is symmetric
V "My V = diag(mg; my; mg)
But underary U (1) symmetry
U@ ¢=e' ¢ and U@Q)"=e' ~
) it canonly appearfor particleswithout electricchage

) Total LeptonNumberis notconsered

) Theeigenstatesf M,, areMajoranaparticles
M=V Y (VY )C (verify MT= M)

) ButSU(2)_. gaugeinvariances broken!!!
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‘GeneralSU(Z)L Invariant MassTerms I

OPTIONS:
Introduce , (i = 1;m) andwrite all LorentzandSU (2), invariantmassterm

1
ET”MN;” rj T he

Ly = i rRiLiy ©

After spontaneousymmetry-breaking

1 1
I—$I1a)ss — RMp E_RMN ch"' h:c: §~CM ~+ h:c:

. 0 M1
with ~ = t andM = D

Lﬁngss = émk_{\{' M where V ™ V =diag(m;msy;:::;M3em)
k
In generaif My 6 0) 3+mMajorananeutrinostates

M=V Y |+ (VY L) (verify MT= M)

) Total LeptonNumberis notconsered
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A particularrealizationof OPTION3: Addm . so

1 1—
I—ﬁna?ss = "rRMp L E_RMN § + h:c: §~C|V| ~+ h:c:
. 0] M/
with~=  _ andM = b
R Mp My

AssumeM Mp )

—3light neutrinos 'sof massm |, ' MJM'Mp

—m Heary 'sofmassm , ' My

—Theheavier . thelighter | ) See-Sa& Mechanism
— Naturalexplanationto m m;; Mg

— Arisesin mary extensionf the SM: SO(10)GUTS, Left-right...
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‘Summaryl I

— Accidentalglobalsymmetry B Le L L $ m 0

In the SM:

—neutrinosareleft-handed helicity-1): m = 0) chirality helicity
— No distinctionbetweenViajoranaor Dirac Neutrinos
f m 6 0! NeedtoextendSM

I differentwaysof addingm totheSM
— breakingtotalleptonnumber(L = Lo+ L + L )! Majorana
— conservingotal leptonnumbert Dirac : 6 ©

Question:How to searchifor m ?

Answer. Tomorronw....



