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The oldest fundamental particle
after the electron and the photon

(Pauli, 1930)
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Offener Briaf an dis Jrunpe der Radicaktiven bol der
Gauveraina~Tegung zu Tibingsn.

Abmohrd ft

Physikelisches Instltnt

dar Eidg, Technischen Hochachula Airich, 4. Dess 1930
Arich Oloriastranse

Liebe Radicaktive Damen \md Herrem;

Wis dar Usbarbringsr dissar Zeilan, den ich Iulovollst
ansuhbren bitte, Ihnan des nEheren sussinsndersstsen wird, bin ioh
angesichts der "felachen" Statlatik der Ne und Li-6 Kerne, sowle
des kontimierlichen beta-Spektrums gauf olnen vargweifelten Aueweg
varfallen um den "Weohselsate™ (1) der Statfstik und den Energiesats
e retian, Nimlich die MGglichkeit, es ktimten elektrisch nsutrale
Tellohen, #H.e ioh Neutronen nemman will, in den Iernen existieren,
veolshe dem Spin 1/2 haban und das Ausschlisssungaprinsip befolgen upd
‘wheh von ldchtquanten wusserdam noch dadirch wnterscheiden, dass oie

wit Liohtgescwindigkeit laufen. Dis Hosse dor Neutrenen

von derzelben (Yosmenordmng wis die Elektroneosssse sxdn wad

s nioht grosser als 0,0], Protonamaesas~ Dam kontimuieriiche

Spektrum wire dann varstindlich unter der Atmahme, dass beim
boba~Zarfell mit dem slektron jeweils noch ein ¥eutron ewittiert
wipd, derard, dass die Sumne der Energlen voa Neutron und klektron
konstant 1st.

N, Genava -

First kinematical properties: spin 1/2, small mass, no charge



K © Baptised and quantized within
Ge four-fermion effective interaction

] , (Fermi, 1933-34)
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LA RICERCA SCIENTIFICA

ED I PROGRESSO TECNICO NELL' ECONOMIA NAZIONALE

Tentativo di una teoria dell’ emissione
dei raggi “beta”

Nots dol prof. ENRICO FERMI

Rinssunto: Teoriz della emissione dei rajgi B delie sostanze radicattive, fondata sul-

Iipotesi che gli elettroni emessi dai nuclei non esistano prima della disintegrazione

ma vengano formati, insieme ad un newtring, in modo analogo alla formazione di

un quanto di luce che accompagna un salto quantico di un atomo. Conironto della
teoria con Vesperienza.

First dynamical properties: Weak interactions, Fermi constant



After > 70 years of research we have learned a lot more, e.g.,
that neutrinos come in three flavors,

) Ce)r) 2

and that the Fermi interaction is mediated by a charged vector
boson W, with a neutral counterpart: the vector boson Z

Ve, i, €, U, T

\/ Charged current (Ag=1)
|
W

Ve,u,r Ve,u,r

0
-1

Neutral current (Ag=0)

W4




Despite great progress, only recently we have got (or can reasonably
hope to get "soon") an answer to some fundamental questions asked in

the last century:

How small is the neutrino mass ?
(Pauli, Fermi, '30s)

Is the neutrino its own antiparticle?
(Majorana, ‘30s)

Do v, of different flavors trasform (“oscillate”) among them?
(Pontecorvo, Maki-Nakagawa-Sakata, '60s)

In particular, one can give an affirmative -and rather detailed- answer
to the last question. Explosion of interest (both expt. and theor.)



Num,

O(10%) neutrino papers in the last decade. Boost
after 1998 (evidence for atmospheric v oscillations)

__ Number of neutrino papers/year (SLAC-Spires)

19%
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004

Many excellent neutrino reviews and books exist. Ask me for
refs. or browse the “v unbound” website: www.nu.to.infn.it
Hereafter, I will only touch a few selected topics, and cite

literature only occasionally - with apologies to v colleagues



vV inkeractions £ masses:
elements of theo Yy




Fermion currents in the Standard Model SU(2), x U(1)y

Building ( UN) Uz U = “up” fermions
L

= = = “down” H{ermious
blocks: D Dz P ="do /-’f—- .
N =14,2,3 - geverafion P= 1705
J Qeindex LR >

(‘l} , ‘l}) = SU(2), charges

Charges:
Y =2(a-T3)=U()y chage
R = em. chayge
Gauge bosons W/ff (m =Mw)
(after SSB): Zu (M =Mz)

Aft (m =0)




Wﬂt { J/u-\’: %J_)—:‘ b'/,« Ut
I = U gDl
Z/& { J/]zz %DZ((—‘; -Qs‘mlew)g,*L)‘f
+Un (-asin*0,) BMUE + (VD)
A { F5'= ZU QU079

Fermion
currents.

Low-energy [ = _‘l’f% l}:,—; J+ ¢ 2 J,uz]

limit: corie

Q=1 if 538 wmduced by Higgs doublet”
fou O =479 6 . = bookkeepi arameler
9= Su(2), coupbivg (Cg/M be euﬁ:?&fd i teyms

g'= Ulv), of- moss spedtrum +(x, GF) rots)



Probing fermion currents with neutrinos

Neufrinas hove been used to:
’D Assess strewqtih ok weak mter, (Cu:)

2) Probe. V-A structure af Ji (cc)
3) Probe (1,-Qsh) darge of JuT(NC)
9 Probe. (C+¥NC ivdc'e\cftww

Exomples

1) p-decay , /Ldm&

9 7T->/,4v ey eco%/
e sca\'l‘erwtg,

4) A scaﬂ'e\/‘lwg



1) Probing G¢ in beta-decay and muon decay

2

de aa- E ’ vuck. B
2 0 1\ %
rofe : Al G x(phase 5.?,) je Je
e pedr 1
Vlerg‘é specirum. : 5
é[ o< Glf'. FQEZ-(Q - 6622 (m)/ EO) "\":O
o neCe(@-E)fa-EdPmi (>0 | >0™\




2) Probing V-A structure in pion decay

g&%ﬁﬁtéﬁ; [% M””@R] :[

P
«— ’/Ld/(cit?,

q)R;L = /1~__:12’5 < Cl'u}m/(ﬂg/

(Weyl repres) (A-b - Y

f-70
e

For me~»0 : helictty = cWadA'fg

Ay, = =P +O(m/E)

wwirong” chivalify

uF t’o‘l/O(\M e/ E)
& ""ﬁ
e ( RH) Ve (RH)
TC>e Ve {orbiddew

by V-A for m—>0O

r(t->ey) _
M(T>pv)
2 2 1\
Me Mr—-m
z(m—> ( r:’_ e;)<<i.
M\ Mg = M
«1 >4

chirally phose
Suppressed  Spoce
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3) Probing (T5-Qsin%6,,) NC structure with neutrinos

(-) =)

V/u Y \(/;.2 scarter\'m:g on electrons
NC electron chavyes:

€ =(Tz-Qsy)e, = "%_ + S%
- - €z = (T3-Qs%4)Ce =0 + S&

AF lugh energy, Nelicity ~ duirality aud
tokal (ve) spin J=0 (5 wave) or J=1

(p-wawe) in C.M. system E
P 5 do/dy  (3=%
Vi s ez(1-y)
Vi > ¢ —— € et(-4)?
Vi ——t >T ———=e, et

Ar low energy, helicity # civalilc Eilo Me .
owid o\{uvﬂ«e\,ér LR c,or\rect«ow o%)&\r =Y J
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Differential
cross sections:

Total

cross sections:

"History":

14

TC
Qe (per) > 29y (e} 46 C-y))

%@. &)= 2G& Mebv ek +el(1-9))

2 o 1/2 T=A stafe
‘[54-9)43 =4/3 < a?(l;gWejL l(:\chonse.mSt

G(V;.e') =< (€h+ L1 €2)
G‘(Vﬂe‘j o< (€L + 4363_)

R___sm _3el+ €x  -4si+iEsy
6(7)  Der+€r T A-4sh+16Sy

allowed. first estimates of s%,

avd of fre-level. Mw aud Mz from

& =Tl /T2 GeMyy 5 Sw=1-Mu/Mz



4) Probing W-Z interference with neutrinos

Ve Ve Ve EL_
T+
— <L Ve

: <2 (-y)

X (6,_—(— i)z-

€ €Eeo

d6 (vee )~ quw“E" [(€L+ ’|)+ ez (- %)J

3—g<vee->~2w€v[(e +4)+e,_(4 4) f

W-Z |INTERFERENCE

IMplications —




* () < S 08)

OOpe) . EL+€=/3
6(%8) (g+1)4€%/3

0Ve@ =), E -FLat SFQCh‘LLWL/

A

N

dg(ye)oc’l’f( T LA-4Y < const
Pyrig
... Lo be compared with
Ve — e »wd— ppe-”
T-Ee \4 Ey ?AI Ey
Ee
eergy > eergy >

Im por tomt -for solavr v experime\r\t's
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Fermion masses in the Standard Model

®,,.. (i: ) = (\fﬁz) Yukowa lagrangion :
Ly = Z {;‘? (V% “)(U/J_)
g:@ (Uo( K) (\r/d") 2\Ue “ 1‘?'—6‘:2_" wc%ss

= Z}’D’:‘Mj‘,“"1>,‘§4r O MFue
t 1 b

eneric 3x3
“ cc;mPlex matrices

—Diago nalization.




Theorem : Geveric M (Nxn) is
diogovalizoble through biunitary
trousformation :  STMT =My
where ™My :A(og C‘Mﬁ My, o mw)
omd SSY=A=TT+

Prook . MM* is hermibione , s
—_ S+(MM+)5=MA = deB(M1, ceny mN)
with wt = (M3 = [(stM)S™MT],,
= S (stM);; (S0
J

= > [s*mlj; >O

—> MM has \\:'eo-l posibive eiguvalues u
Define My = |n% =diag(Wz mz, -, ANy
Thet: H=SHMST <« hnermdA
V=HIM < wilaryg-
T =yv+tsS < wuibory
Mi = SY'HS =STMVTS = S*™M T
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Tuvarione. : the currents
J " Zu._ 5,4

& u“(-as )bju Ue +(V~9)
Je =2 uugxﬂuh(uao)
ore invariont uuder the transformatious
@) U — TB Ut
(i) US — S*F VF
(i:) D — s%E D
(iv) Dg — D&

} some -5 TTY=4

Tlus c& tw\t(hes that either M, or My con
zed without Q((-eChvtg currents



Usual “trick" for cluarKS :
Use properties (i),(i4), (¢it) to
identify T amd.S with the watrices
diasmlxzm& Mu: My= S*Mﬁaﬁ‘r

Thew use (iv) to identify W with. one
of the marices diogowalizing Mo :
Mp = V+M303W - OnB V thsicaL :

DY —=V*D/

The V-transformation afecs Jui
(bwt wot J/‘EN, J’/‘Z.) : &ec M

Ju = ; L Xw\iupr
e CHKM mabrix




What about leptous 2
If my=0 (novg) then only A wmatrix
needed for diagowolizotion. — wo
observolde. CkM lepton. watrix

If we introduce VR in the
some way asfor quarks then ...
con gét WLy <O but...
@ no hint for smalluess of w,

@ wmass terms for v can be
wore. geueral thom for quorks
since- ¥ is neubral



Massless and massive (neutral) fermions

Im Dirac repre sewbation :

1%=[29] V=051 ¥5=[23]

(E. ] _ip x”
R -LP/“X +=4
|e €

|

“pppTICLE" sdution. Yo~

R

Q
Lz

“ANTIPARTICLE" Solution %\, e X | i X X*=1
X, | £ Y= Pauli spinors

lativist — 17T
Gporvicie) timie : %e~[8]  F~ (3]
S=Fy =lgI*

P =¥%y°¢ = O

V =FxAq =513 0 }use,@d/
A =g’y =( €7
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N
Pocreti el = EW)

-ovtiparticle [ ti
CJ;;v:a:r“t:g‘t'ar‘c 3¢Wﬂuﬁa o "H’, A~ KG‘JA, P>

EW = iy*¢*
= L)(Z)(OZPT
- CL_PT C='.'X7'Y°
:(_\)"

4 Prove that Cp) =¢a ; hint : use
0,6 % =-66, omd set \'=-i02 %™
2) Prove. twat™ if ¢ is em. charged,
[iy* (- igAm) -]y =0, e
[y (m+igqAp) ~wmly =0



Convention :
Whew opem\-ioms suchas R ,e ,c_),
omd. €, are involved, :

which acs
R beore C “hefore ()

\

Yir = (PaP)= ($,0)= P, (@)
Pe=(Rery)-= (-qTo,:) =@,

Fe -G

Fe = (a4, = P, ($9=F Re




oWV
esevntok
Wey re?r represeqtan B
) "to
basis (frow' Dirac
Lot's hovse

—>TL|/
l‘fy/f‘é TD//“T -1

T=Lm)-L |5 1]

D(w)_ ]D’W[a- I w6
-ﬁﬂéﬂ.'

L\/ A *YS ._P [4’@] oot
R=

e roup
Ay 5]=
g-\)l-— 2
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I xcH trausforms an

— = —_ T
[y (w0 T + %K) yz=
ROTATION BoosT

Hiem CPRA_‘H’ansﬁorm/ as

(G o) & coupled by Dirac

Pr = = (F-i) 2 4)2’ eq‘tfo\ﬁgm? decoupled
;o i(c3+£\1’)§ CP ouly if l:VL‘-'-O
P=& L (wWey! spinors)

Given. P, (Rn) o, X is LH

Theorem : giveu $ (LH), -0y X (s RH
(HMt’ use 023'.* - _?Q‘Z
ond infinibesimal rromsform. )

: . . r

build ) mor u/

_’fcgm’f\«% RH 3}:&‘3?5"11‘/0 xfl/xr: LV = | «| = 4)&
;v %] L

|
(or from two Lrt ouas)



‘7)) components ‘
(L,R) n Weyl basis:

el wled el
?:[-fw’o;,u*] P, =[-w’ 5, 0] Yr= [0, W]
\FQLE%*] vie[7] s LFW“I

—

5% [ o] Too[o0]  Fielids o

Lwith & Swopping W <> U~

3womt o velation
betweenw WU aund UV~



Given = [fg-;v*] (wv R.H):

W # VU ->Diroc V
U=V ->Mc§omkuv

For Majoroua peutrinos, U =v~ implhies
ot uy.—.\\f' (see previous se,{de.)‘

- Majoravo. ¥ ore faudr own autiparhcles
~>They wust be courplel: neubral
(mo ew. choge, o geuer zed howge)

Move Seuemﬂﬂ / f\or Mocjomua/ Ve o

L}) - &.\) € , ei‘em <—“Majomm creation Pho.sg”
M ™M con. be. di{fere/ut —f(‘va +4
(exomples Later)



Sum mary o{. 1% represeu\’aHo US

W =0 ¥ Y;K] - Y 5iwqalest MAss(ess
Weyl o =[5t cose, 2 dof

MFO 4[]t =v" simplest wassive
MQJ‘OW ov: L\/: [‘is'z'l/ﬂ‘]-.CI/LH-I/:' :glJc Case/ 2 doF
"

M #£O . _ oemenl wossive
D;;ic b otk # ¢ awse, 4 dof
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Pavadox omd resolution :

Define. 72 asthe neutral Define 7. os the neutial

AL odmeed i gt femion produced w 8°
fjwj&-‘)sgwa meu.f decoy o(_?’;om unf))

. Vo N —> P+
Q How" con I.Eb& Th L A prel /P
* Ve = Ye Lfﬁ 1.+t p —n+tet ¢
V) + P > N+

Indeed, 22 # Ve ton. vummboer® (s
AG) (Dirac wsz) - élo?&swved:ALe,:O

A(2) Ttis y=y (Majorana) [ “Ve” = Ry
© owd we ove nawamg ¢ “TLY = Pe Y

The tnitial e is produced LH However, O(m/€) does ot wean
M p+decay and remaius SO upTo  wpever. Such veaction coan
O(w/). The reaction. 1,p>net  toke plae of smoll euergies:
is twus chivally suppressed by V-A  Ale =2 at O/€)



Majorana neutrinos and neutrinoless 2f decay

OVZP decoy : alow-wergy o\ |p  n

e«(’rw mfe ([weakl?!) T
reachow. A Wcm es AN—2"Y
chowrge by two umits |
omitS o couple. of electirous " )

Ivttuitwe Ficture ‘
(RH) is umitted in A

. If it is massive, at O(w/E) it
develops o Lxi compovemt

« I y=v, sudr comgouent is a
L H mmhum
e The V,_is absov‘be,ot w2 omol
owm electron 15 K\ff'wl “ N
o Tuit skate: wo electvous ; final UV o= cmtg,
5‘%‘0& 2 g(al’rous - Afe‘; 2, 'POSSJo(e. o Mojoroves ¥

& wot possible for Weyl v

& ot ?osstlo\e r@r Dirac ¥

31



32

Relevaut paromeler in OVZ‘S

& enenal , % = Superposition
joroma {ields vV, wd'l«v

mossm Wi, coeeu cieuts Ue: y
aud creation phases exp(ic; )

2

Z )\T i %% 17( X 'Z,Uéimi e,“h Ii(Z(U¢1,Zm£é¢"{l
- * Ue,_ A 1
ck.,mur_y = <\Me‘e_>z or
o = e
m % “eltecbive. Ma ajoroua. wass”
lobal phoses i (Wixing + Ma
i\fe, 3 ?tw&/ -:PLOM b?aus\'mm) Mg ]06 swoll

or destrudive inferf- - (i) chaunets © due to "councelakious”



Deep fink between Ov2g

dgcq(g, oud MOSO(‘ ano. )/
¢ o Majorounor
%‘;@Mmﬁ weutrivio moss term
{for Ov2p decay ... if Ov28 ocurs
£Y V



Neutrino mass terms for ONE FAMILY

Con. generote D et (9irac) > P =Fke +Tad,
mey D) = (Mapr) > PY=Fto+ T
in 3 possible ways 3) & = farsk (toior) > P =Tshis Pt
doublet P < standard wodel Higgs
How? €.g. Higas {triplet & < Layoud staudard wodel
singlet @ « 0 o
L = 'ﬁ/(;‘, e_L) @ Ve, Mp (i{‘)’g + VRVL) Dirac
o\ ey SS - e = ‘
+R' ()T < ’ét'_) i_E; T (VVE+ VM) Majer.
* 0 (FE Vet VYR )P + mk(i&vb VR 1) Major.
doublet x doublet x singlet Maiiorana mass Ferms uok imvoviant
douldet x triplet x doublet ¢ any gievol U(): §» et

singletx sivglet « singlet >uo oddiTive (kpfon) nmmber couserved




Moss la rowdiovt malirix form
3 % (MJoraM basis) ﬁ)

C
\MD WLR‘ Vo ¥V

> Intaiivey cloar Hiob in gemarol,
diagoualization will give Majorame. y/
05 2hgpusiales (wot Dirac v')



Diggonalization exefTISe

M=[‘M'-'M" T=TM =M +Mr
Wy M) D= detM =wmag —m%

Eqemvalues: Wi = —%(T:I: \/71_4,9)

Sin20=2M0.  os20- = MW
Y7i-4p VT12-4D

wy 0] [ Se "’“{.W‘D][@ ‘Se]
[+ ‘[ | Mp MR)| Se co

[vi, v ) [W o [ = [ L][m;,m][uw’]

"“0 WR elgenvec, Vi
’ _f¢ce 59:\ [U'-\ O s wot a “Cabibbo’
o & wgle.('tfawlg W&W}
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‘LDimc”case, : M - om
(fecover Dirac v) m O

¢ Eigeuvutor_s s 4)4 = "i—i[("\.* Vf) +(Vg+YR )] mass ML
4)2: jfi' [‘(’i:' %e)+ (Vr+Y5)] mass -

o “Nosaﬁve wmass” wot o PfOBIem

(Mosoroma. Phoase = -1).Define gl A (fyye e
whids ob%hfb‘:m%q, e, &% -\,—Z[(:L v +(ve-Y4))
V\'O‘:C : 4’2_6: - cbz

e ¢ and a;; hawve bothh was W
Obsesvoble (acHve)componeutis: ¥ =Fy= R(uwve) =L (b+4,)
—>&€l’ o Dirac Spinor y(#ve) A VZ
Wik MASS m=wA(d) = M (§,) T (u+ z),,



, om
“See-saw case. M=lm v

¢ Jv, intermion multiplels of wa v/
SHRWWLLDMS »€9., 4‘;5_ o{_ &;0(4234;/ ’uL u(, 1’(1, (5
—>3d‘a\ quomm mass term dl. d,_ d,_ e‘_

M (% Yo+ VRV ) Mo Me Up V,
Corese Lbly Lo ss scale \ R MR MR R
gﬁm;zi;?@ o xtousions dr dp dr g

® Ejgewvectors P =)+ %("L* %) < heavy mass M

ok OCW/ M) - &, =+ ”,f)-r%(*’a %) < egative wags —w/M

B2 sy <L)+ (-24) = light wass /M

® The Ught state is ackive (€ ?6,,) 2 Dirac. scal
® The 14'5/\1' stafe wmass can M(d)z) — l“_, © (ggcé) “

be very small (see-sauy) M
< Beyoud SM
“heavy” scale

38
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Neutrino masses for MORE FAMILIES

4) In the geveral case

o > LH gowoe doublets 1Y A=euc
(Dirac+ Majorana)

stortArom : ong RH gange Singlefs IZp S=12-1s
. ' H v - Vp“_ d:%:
2) Bul(d CO\lMM«W 0{: [H ~ﬁ€ S L= ))\sc?g, 3+Nhg
g Yow o{ RH -ﬁ’eHs
3)) Wrife mass term le ___|_-’7LcM v,
.. and dingounlize M z T cofmmmn of LH fields

ML =3x3 <« Majorana
M= [M‘: Mp ] MS’ =3IxNg & Dirac
Mo MRJ Mg =vsxns « Majoraso
€ ontisimmelry SIMo=ME
4 pmcommutobtion rules Mp =Me

M5 = Mp
- M =MT (sywmebric matrix)



Diagowolization i geueral (Difac Majoraua) Cose

—>atleast 3 iMpo t

40

differances w.rt.

pure Dirac (quark-Uke) cose

Eigenvectors Vi¢
(mass eigeustates) —>
e g_\wem\\l.’ Matjom\m,

r"1;ce.|_1 r7/311_ W
Q)Tke LHco&wwn(v )isa VaL Yy
linear combindition of Vi —> Vo i
Cov\versei(j MASSive states Ve | = U E
are Supérp rpositious of Vo
active 1 omd sterile Vs :
(active/stecile » mixing) B 122,

)Smce Mis sywmetric, o

one wdtrix weeded for duagomhz
(w0t biunitary) > less Lrecdom
‘o reabsoch V\mses

Expect OYZ@ C\Q(Elj

Eg. for 3 v geueralions :

Dirac Case E)
(*quark- Like") U> O

MAJOC ase. U 2 éCP ) (l)l, <l>//



RECAP
o Neutrino curvents well undevstood. owmd tested

o Neutrino natiure (Wey? Majorama ?9irac 2) difficult to explore
n practice, due to chirlity of intevackions aud

swiollness of y mass.
Howewer: M, #0 »uot Weyl ; J Ov2p —uok Dirac

o Neutrino mass terms con be wore generol than in the
quark sector, aud point towards new physics in gemesal

—wou, stamdand Higgs sector

—heavy RH Scale
— octive - serile \M/'txiu@

4



