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YY) : THE OLDEST KNOWN FUNDAMENTAL
PARTICLE AFTER THE ELECTRON AND
THE PHOTON

l

ENORMOUS EXPERIMENTAL + THEORETI(CAL ACTINITY
SINCE ITS INTRODUCTION IN PARTICLE PHYSICS
(PavLl > kinemahics j FERML djmwu‘cs)

+ Roost o{- interest a{-i‘er 1998 —grom a’(‘w\ospkerfc
Y osallakons m Su]:erkavwiokwn\e_

(cwremﬂg : hundredk 0’} I:apers / gaour\)

|

Only some  old + new selected
fopics discussed  here



OUTLINE

L. reutrivo currents X wmass terms
X. veutrivo osallations (tHaeory )

puid R'I! . Ofmospmr(c, v osaill. (2v)

-SNO solar vV osall. (2v)
solar + atmosphenc  (3v)
Solar+ afimosph. +LSND  (4v)
indicakous about absoluly V nasses

Y. SPQO«'OJ lectivre o receut SNO resudis
omd. wwp&cat;ms



TOPICS IN THESE LECTURES ALSO -TREQRTED
IN  MANY EXCELLENT REVIEWS

Bi\eukg % Petrov
Miltheuear & SMirnov
Kwo & Pautaleone

Haxtou X Holstein
Gelwuaws & Roulet
Bilumley , Giumk X Grinmus
Yalle

Lwﬂokdter

Aldamedou

Obevouar Xk voun Fealitescn
3”3""

klo.FoLor

Youyser

AND BookS
kKim % Pevener

| M»\AAPAM % Pal
Kouser
Bahall
Bohawm % V%z,l
(aisser

------

WHERE oNE CAN §FIND REFERENCES TO
AUTHORS / PAPERS / EXPERIMENTS / IDEAS . -.
(HNERE QUOTED ONLY OCCASIONALLY)







Lecture T






FERMION CURRENTS IN
THE STANDARD WMODEL
Svu(2), @ vy

@ BUILDING BLOCkS:

LJd UF{{ X =423
Dd A D; :SQMQY'AHO?\ 1ndex

U= “wp” {ermior\s
D= “down" {errm{ ous

PL,R= ’4_%'69 (more on chiral stutes later)
@ CHARGES
(T)Tz)= SU(z)_ charge |
Y = 2(8-T)< UGy chage (Himl )
Q = €.M. charse, |
@ GAUGE BoSoNS (afrer 558)
A/A (m=0)
Z/A (M’-H?‘)

W/,i|t (m= Mw)



@ FERMION CURRENTS

Au = M- ZUepU%+ (0s0)
W > 3= Z Bl

J,; = %B:fﬁ‘ th(
Zy > 3; = 2 0A(T3-Qsin'ow) g LS

+ Uﬁ( (-Q Sin"ew) b‘,,\ U; + (U-;D)

® LOW-ENERGY L\MIT

o AGE[ytu, R
Lccwc— EF [3/43" +§3/43’u ]

¢=\ if 5B wduced by Higgs doublet

Tom Oy = g'/g_ sz book kee pi 'Ta);meTer
. Su2), Couph'w% (Cam be QL"WA'M“?&A M
%\-. NOYE Feyms of wass Spectrum

+(X,Gr)  (+us if V02, )



PROBING NC

«-)

Vi sm‘l'tzmﬁ ou S

NC eleclron dmvges :

€= (h-&sw)e, = -1 +sd
€= (B-QsW)€g = O+

At Wg\n ewnergies, heliaty ~v/ c\n,imbig ool
toral (v,e) spin J=0 (S-wave) or J=| (P-ware)

%

in CH. syslewn
V?* - %‘?e <
"7,; »— >
V>
W}A o> =)

d&"

4y

€R
€L(1-y)?

ek (-y)®

€L

5 < —Eé-ev ( racHoual e(éd‘nm

energy )

At low Q,V\Qvg\es ) heh'd\:tj % cIM“mU’g omd
%u‘H\Qr LR correchhon aPPQarS

e '€L€R (Yl\_g .
Ey

- inPOrhMl* —?0\# occorate caleulahans



PROBING
TERMION CURRENTS)

WITH NEVTRINOS

NEUTRINOS HAVE BEEN vsSeD 7o :
A) Asseés strongth of weok interackous (Ge)
2) Probe V-A structure of a/f (co)
3) Probe (B-&sw) charge of ;ﬁ (Ne)

4) Probe cc+Ne inten{erouce

EXAMPLES

4) Pdecud ) M olzcuj_
2) T - /AV,QV decay
3) ’%Q Scatfqriuﬁ_
%) s Scalteriug.



PROBING G

(A

2
< G

° P-deca_wj |

G TG
DECAY RATE ATl x qf: x (phase Space )

ENERQY SPECTRUM:

2
% < qu PeEe(&-Ee) (my=0)

< qu Pe Ee (&- Ee) J?Q‘EQ)}\'M‘IV (my >0)

curreat Lunts :
«® M
My < Jew eV




PROBING V-A
in T decag

Dirac eg. for [-& A+h 0
{ree Pﬁh‘ e ¢ {%’] = [ }
(weyl Tepres) | 4-h —”-é'-’ i ¢ o
' E ﬁ s helicity

CPR,L = '(f._ﬁg‘, s Chival !|3

Tor mle >0 : A g = = g, + O(m/E)
\'\Q\AC("B .:W\rql,q@

< & = > TI~>€w
. e - Ve bidd

S5 e

lr
twrowg " clhirali r Me3O
U{)?@ (’MQ/E? {0
2 ? A
F(T>ev) .~ (_V!’_g,_) (err—me &4
™ ( n'-»/uv) Mu /| \mg - m},
&A1 >4
chiral hase



D\'ﬁmu Hal cross Sechous :

- 2 |
%—g(%e')z QGF_T“geEv [éﬁ+é%_(1—3)’l_]

e 2Bms [eho iy

Tohl cross sechous:

J(l-g)ng =l <« ouly 1/3 of 3= shafes
3 allowed by I couservahon

O (ue) o (e'§+—ée’,,>Ey
S(pe) = (e +LeR)Ey

o @ (AO-“_EK CYV)")

A0 MRV

A-4si+ s,
=3
\\§ 3 ek..,e‘l‘_ A- 48k + 46 53,

allowed garly eskiomates of <X, awd of
fuo-lovel  Mw,z masses -‘:M

S’l = M—.

W V2 Ge My

0 .
kA
M3

10



PROBING W-2 INTERFERENCE

S)e sca1ﬂ2rn}149_
e

Ye Ye Ve e 2
%z Ew < (6L+4)z
L& € e §.+ \IJ
Vg YQ, 2.
Z r4 2
§ oK GR (4 "':’)
€. € | |

46 ~ Q_QQQFMQ_EV 22 0\
Z\EC”QQ) = [(GL:-H)+€R(\ 3)]

2 i
g_g({;e o) & 26 FT'.(“/QEV [(€8+l>2+ et (“372]

W -Z iwfen{www

TMPORTANT EFFECT ON DIFFERENTIAL
AND TOTAL Y2'e CRoss SecTions -

11



() ~ EL+ER[Z 4
C(vee)  (ex1)*+ekr/3

_p

® 7e->Ye : {at electron sro.d’rum

dT(V&) < A+ E€R_ (4—9)2 ~ coust

(EL+1)?
small
S?QC- N
Ee & Vet —%e
eucrgy >
...To be compared
S‘*c- ty Wil P
E -
€ Ved - PPQ
= >
QMQX‘S\J,

—> |MPORTANT FoR SOLAR Y EXPERIMENTS
(sk vs SNno)

12



FERMION MASSES

IN THE S.M.
- q;(-r) $$8 )
* (4""’) > (wr/rz)

Hiags

® YUKAWA LAGRANGIAN :

Ly = D(ZP_?;‘P(U% p%), (0 )

WA

De
+ 2, ‘YJ§ (U“I D*), (V'/'E LJS < ?ﬁ::,afg—s
D(F o :iﬁZd}i‘
—d X —
= 2 5 MDE L O MPLR
P

(

3wuic 3x3
CO'W\Pbx atices

- diasgonalizakon



el

THEOREM :  (eneric M (NxN) is
diagonalizable ‘hrougln biuw’hrg
‘h‘w*orvma\ion:
S+MT - Md

Proef: MUY is hermikan
SHMMY)S = MY = dadﬁ ("M?“M?z, -..,m},)
with (mlt. = LH‘ld)ii
= [(stu)CstmOHT;
= Z (shjj (s
J

- PN o
-?_(S H)i) P

—> UM has yeal, positive 2(qemvalues mé’
Defim:  Md= (WY = diag(me,my, ---,my)
Hagun : H=SMyst - heyrmuw Ham

V= H'M ——?wu'(‘uy

T= V*s — '(,wi)m:(j
Md = S'HS= S*Mv*S = StMT g

14



INVAR[ANCE: THE CURRENTS
o= 11 % K
Sp = 2 U
T -—
I = Z DA(H-Qsw) g U
+ DR & sW)yu UR + (u»b)
M. st &
I = 2 UTapu* + (U-=D)
ARE (NVARIANT VUNDER THE TRANSFORMATIONS :
() Ll?;f - T"'F’Ué3

. o R B S5'= |
(i) ul - sty is g T
ame

(v) Dp = W'PDF

THIS IMPLIES THAT EITHER Mp or Mu
CAN BE CHOSEN DIAGONAL  WITHOUT
AFEECTING THE CURRENTS

15



USUAL TRIKK -

® FOR QUARKS , use (i),(11),Gii) o
idevtify Towd S with the WMatrices
dingonalizing My ( Mu= STME™ T)
oud use (iv) fo identfy W with one
of the ematvices diagoualizimg Mp
(Mp=V* M iog W) —> ONLY ONE PHYSICAL
UNITARY TRANSFORM.,

DX VB DF
which aftects 35 (nor 38, )
p > Z U VD,
P )
CKM

e FOR (EPTONS |
Only oue watix to dn'a\gomh'ze it wy<o

(Ew) ~- - o observable CikM
matrix i the SM. withh mimiwal
-fervw'om cowtreut

WHAT IF Vg INTRODVCED
IN THE SAME WAY AS FOR &QUARK?

..Can get” WMy but- :
@ NO HINT FOR Wy SNALL

® MASS TERMS FOR Y CAN BE
MORE GENERAL THAN FOR QUARKS

16



MASSLESS AND MASSIVE
NEVTRAL FERMIONS

IN DIRAC REPRESENTATION

Yo+ [TO'—OI] Yo [2,

—G

UParTICLLE " Soluhon

P
w

0

Y ANTIPARTICLE ! SOtubon 4/
| [ e d

NoNRELATIVISTIC (parhicle) Liwmt

Yoo 18T 5 e~ [5T

S=%¢ = lgl°
P=¥py =0
V=3 yprye (15150)

A= Trpsw = (0, 4'6%)

[ £ -\p r Yo

o7 }e s ggt;

LE+m

rgiﬁwx] 3L

N X g,)(=?aM\4
ﬂbiu.ors

g useful later

17



DIRAC REPRESENTATION VSEFUL TO DEFINE
PARTLCLE- ANTIPARTICLE CONJUGATION OPERATOR

Yoa= ECta,r)

Lp)= iy'¢”
- 56160‘?1’
= C?T C=iy%y°

:.,';C

[ E.g. ?rovo, that C('{’p%‘f’ﬁ ;\m'vxf‘ *oUuse
636% = 507 amd seb X=-i6zg*.

® Prove that \',g' ¢ 15 EM. C\n,avaﬂ-ol, . of

Ly (9u-igAn)-mJg=0  Huam
Lig# (9n+qAn) -mIp=0

18



CONVENTION - when opemh‘ons such as
PL)R, C"‘), omd e, are
in\l‘o("d)

PL, R ack loz{or C whith acts before 2—7

g

“"f,k = (PL:R‘{’)C’-' ("'L,R)(-‘ PR,L(‘I’C)

IFLIR = QPHR "}’) = @:,:) = -‘FPR,L
7§

For= Purg) = @) = Bre@)=F Rr

19



o WEYL REPRESENTATION
Llf > Ty
P> TyrT™

Wity T= v-_'i(vﬁ'rvg)ﬁ,% [11;1]
Y&/’Bol] Yw: %'g} va[—éor]
Gy = 41.;(5 = JJR u
R 2 L[) ):0 ] ™ Fumdamenmlal " objtd“s
) = 4__%;&\): [gL] < umder Lorwﬁgmp

CHANGE BASIS

U
xl/u: e,l'(o:).s.—i-akﬁ) x/u
ra\‘a/\I;ou ans{’
4}, _ ej (J__ ia’)‘ % Cb ) @uﬂ?ov\'os Dirac
R R_ eﬁ )
! (4 ..) e y decoupled ouly
P = e'lwtm)3 ¢ if m=0
J (Wey] spinors)

THEOREM:  Given &g (R i%ﬂ s LH.
" ¢ (LK) r‘i(’\z‘t’: Is R.H.

(Hiut: use E§*:-?G}_ dud
inbiutesyrmal 'f’rmsoLor/vmein)

20



—> Can wake & Dirac Spivor +
Wikh two RH. Spiwors 4 awd V- :

+= [i;:v*] ) [+f]
¢- [;;:‘,x] .= [io;r*] e [A”
g=[isa]  §um[ve] Fes [o]

telimel  wl5] 4 [idu]

§<= [, vt] :l:t— [0,0%] Q;:[—iu"?z,o]

owith & Swapping MU aud Vv
(m\»gwd{j ) oue cam make L}/ with LH. Jf%wws)

Iu 3Q\nem\, vno velabion betweasn
N cumd A

21



Giew = [1otye] (e 1)
M#V’ — DIRAC ¥
U=V —> MATORANA V

(L‘} = q)c, see 'Prem'ws mt)

MAJORANA  NEUVTRINOS ARE THEIR OWN ANTIPARTIUES

—> MVST BE COMPLETELY NEUTRAL
(NO EM. (HARGE, NO GENERAURZED CHARGE)

MORE  GENERALLY , FoR A MAJORANA V:

Ll’u = ‘hi e“‘PM
|

“ M@)om treahom :}>\Msz”
Com be o(hﬂ.crw{' fraw +/
(examuples laler)

22



SUMMARY OF VY REPRESENTATIONS:

m=0 “Y: (13) *fo

W0

or ¢ = ()QL )’""L

LI/ ﬁ‘zv{) et ‘PR

WEYL

sivn?lesl' massless
case, Zdns.

MAJORANA

§MMP|1$f" massive.
case , Zoto(_

DIRAC

Lueral massive
case., ¢ dof

23



PARADOX 3¢ RESOLUTION :
¢ ouh FM‘HAL

&- How can it be Ve = VQ_ ff

»+n —> pre
YerP —> n+et
Vet /» p+e
’)’Q+P }4 n+et 7

(Here, Yo = neulral {vaﬁov\ fdeucw( im +dt2c‘5
Ve = " i " Y (?-)‘atnwv)

AA. Iudeed , Ve # Ve (Dirac), amd leplon
nuwmber s wnserved @ Al, =0

02, Ttis v=V (Majode\), omd we call

W ye n = pl_v )
W VQ” - PRV .

“The wikal “ve" s 'Fronded L.H. in +clecy
awd rewmding dowmivomtly so due to Small m,, ,
50 the rackion ¥ p->ne is chirally suppressed
b5 V-A @lp to terwms of GCm/E)).
Iu ?rimdp\e, \'\ﬁwQVQP, such Yeach'ou cam take
“)\Ace. J;or swall euergies 1 Ale=2 at 6(%1/6)

24



 PHYSICAL \MPLICATIONS OF
MAJORANA NEUTRINOS :

Ove p DEcay

NUCLEVS CHANGES CHARGE BY TWO UNITS
AND EMITS cOUuPLE OfF ELECTRONS :

®,

'\ e
1 _ P EXTREMELY RARE :
v=V CW'EAK)?" '

INTVITIVE PICTURE :
® A V% (rRH) is emutted in A

® I itrs magsive | it cam develop a LH
Component o< My, (not possible if WEYL v)

® \f V=V, such compoment s o LH neutrino
(not possible £ Dirac v)

® The V_ Is absorbed im B and Ws(omwl inQ
0 Lophou # violaked (2 wuits)



WHAT 15 0BSERVED IN Ov2pR decay

Iu gememl ) Ye_ = Superposikou of Majrana
fields ¥y with wefficieuts
e, (Covnpbw) omd creakion

‘)MS@S e ¢
( \ 2
\Q\ RH  CH " e
C 19
Y ve' ‘ . 2
Ue; T e o< ‘ ; LJ;,- m; e,"h‘ '
b(m(;
Qirality - 02 %2
\ ..S:(‘F » =~ I;IUQ,‘M|Q¢LI
=(Mee
“efleckive eleckron wass”
current Uwits @ dmeed <« -fu»lx 10~' eV

GLOBAL PHASES P ( mixing»Majormua Prases)
ARE PWYSICAL — CAN GET CONSTRULTIVE/ DESTRUCTIVE

[INTERFERENCE AMONG (0, §) CHANNELS

> <Mee? Moy be Sl due to “comallafiom’

26



?Ro#oONb VINK BETWEEN
OVZP detay oMol Najorm Y

Tudepeudoutly ou the mechauisw fou
OVZIS deﬂ )

e _a
P P
n n

ot & Majorana wass tem,

27



NEVTRINGO MASS TERM TOR
ONE FAMILY

Generate /W\?LF —-Ffom:
A) $= Grd (DIRAC) > Fh= (e Yotk
D) = qrs (M30R) — Tp= ReS+ £
3> Y= $o+fe (MAJR) 7 G¢= Frte +¥rte
doubler &

-How ? Qﬁ < $|'Kﬁ|€l" L’D "'{4999 § Beyoud
Tn'plx,(‘ 3’ S.M.
QC 2 'tv (v, EL) ? ')’& Doublil x doublet x ﬁ\@lel-

B (Ve + VRYR) N Singlet X siuglet xsiuglel
- . ™D c ‘
+‘ﬁ" (’VLQL> ¢;§-(ch ) Aouble} x‘('r(P(Q,I‘x doublef

e,
S8
— o[mass =
Wp (M Vk + VW) DIRAC
< =C <. v.C
MR (V& o+ VaVE) MAJORANA IS Beyoud
My (VLVLC+—\7L‘VL) MAJORANA SM.

MAJORANA  Mass Rrms wot .fmmwwwk umdep
oy dlobal ui) - - q"d’qz
- wo addibive (leploun) nuuwmber couseried

28



® Re-wrik
_~°£m&$$ (YL‘\' VL '/R +V (-) (YV'L M‘D )(y._‘f%c)

Mp MR VR+V£'
(Majorm loasfs)
—> iutwhively cdear Huals , in 9weml
dmsomlahhon will give  Majorama vV
/X4 mﬂwshhs

Dioﬁwlimkou :

A = [T ‘MD] T= Trell = M+ Mp
\MD W‘P‘ B d.d‘o(a( MLmR-—mD

exéwvahus: CW!-_t (\:E\)T’ D)

Sim2e = LMo cos2o = MR
UT> 40 VT 4p

ERAREA4 I By

(oa, w3 [ "‘b] i I; [viv)J[meo ][m’{
Mp MR JLV2 abwvecl‘ © M- 1w

7! Ce So ([,

—,;{]: 4&(&][ ] 6 No'r Cabibbo (W)X:uj)

e (4 founily only! )

29



m O

“DIRAC" CASE : uu.=[°"”}

Recover ourac ¥-
o EfﬁQMVQcFOrS :

b, - ili[(v” Vo) + (m+ v.é’)] mass  m
b, =4 [—(v,_w,f) + (w +Vn‘)] wmass -wm

® Nng\HvQ mass not & ?rololem (~1 = Majorama 1’1"‘“‘)
Define &, =54, = L [(VL W)+ (r-%E )]

wluch Obegs Divac aq Wik, posihve WM.
Noe : &5 = - &,

o & aud &, have bot mass m .
compovent 1s N o
)/L-’- PLV = PL CVL"'V&): PL -L (é\-}él): L (¢,+¢‘_)L

—> 821‘« Dirac §‘>\\M" Y CV#V) wikh mass
wm = wm(d)= m(dz)

Observable_ (adv'vz)

30



ee-saw (ase : M = [© ""—]
| m M

v M {ermion mulliplefs of many
SM oxleusious; ¢.4.

Aé o} SO (o) d. d, d. €

UR U Ur VR
dr dp dr eq }

- 321‘ M&)orm mass term M (gnQVR-P vaﬁ )

Presumably large mass
scale charachKrrshve
0f. SM exteusion

. )
Ergeuvechors &) = (Va+ VR )+!r:.. (V+ %) <« wmass M

' 2
(at 6(m/M)) c\),_ = (v,_+v,f)+_g (VR +¥<) <~ mass)%
b, - = (V~KS)+m (g =Yg ) ¢mass A
$2=Vs¢z= (N-w)+ 2 (=Y ) *

7\
o THE LIGHT MAJORANA STATE |5 active ( % € )
® THE MA% OF @7 Can BE VERY SMALL

om (&') - MY & Dinc sale (SM 558 )

— as ~or qwxrk;

M & m»s Scle

(see ~ sam)

31



GENERAL DIRAC+ MATORANA
CASE (>1 FAMILIES)

/\) START FROM :
® 3 LH qauge doublets Vw_ K= QU T

(achve neubtrinos)
® Ny RH gauge simgls  Vgp 51,70, M

2) BUILD CoLUMN OF LH fields V= (:‘ﬁ;) dim=3+ng
S

3) WRITE MAgs TERM [ - __Zl_;'_? My,

VYow OLJ { column of LH

RH .(Za‘el,ds {“Qus
L D ‘
M= M™ M ML = 3x3 (Mojoruna)
, HD’ MR Mp’= 3xw s ( Dirac)

MR = Wgxng Cw}“"‘_‘f‘”‘)
€ amkisimmely + auhcommulohom — h:Lsz%
R = Mg

Mg = Mp
—> M= sﬂmwmhrfc |

4-) DIAGONALIZE

32



DIAGONALIZATION OF GENERAL DIRAC+NATORANA
MATRIX QG\VES (AT LEAST) THREE )MPORTANT
DIFFERENCES WITH RESPELT TO THE pPURE
DIrRAC (e, “3uArk—h‘ke") CASE :

4) Eigauvectors Y (-e., Mags a‘smshhs)
are , im geweral, Majoraua — 3 Oy2p deay

SR

2) The lefr-hamded Column, ( :f‘CL) .
linear combinakion of Vi -

[ Ver ] ] (nwersely,
&Ct-{ )V;ML L massive Sht-es
L 1
yk - U y?,_ >  aresupe q;ouhow'
o " xS : of achive t sherile
l ;c ' C,afaf'és
; )/
[ [ Mie) oL (aclive/ sterile mixing)

Since M is sywmelric , only one mdtriy
s needed for ciagonalitabion (ot biunitary)
- less —freo.dovw Y rmabsorb phases
E.%: -5:01‘ 3 3%2%"\‘0#6: J 5 SCP DIRAC ("que{“k;;)
L} 9 dce, d;4" HaTORANA
\’—W
% phases

Com s\qu wp
v OvZﬁ

33



Arlchani -Awmd , Divnopamio
Ny = 00 : the tase o{ Duaki, Marc-Russel |
Yra di ‘ D Dudlas, Guergiatto
Svmirnov
exTro. cumeunsions By St
2‘;‘&?"“{{“' Nomdy', Peres -L.
O N axtra-dim. of size Ri = ko Romepny e Yokt
gravitatioua| poteutial wwel fed at-
short distauces r< Ry ; dl'w\e,us(ou,quﬂ ‘
=2 =N-2
.M_f - M 4

r v IT R

My = new mass geale

2 AL
Hk /\/Mpm(ﬁe() Nt2 Cauvt be muc

® Efo. o Ri<Amm ~10% g™
—> N=l : Mg is wot "1'mferesh’v~3lﬂ swall

N=[ : H*NH,f/‘a"B 2, A03 Gev
N=2:

"

“'\'00 ngeu
- ‘s
Me ~ M:/“(Rz)/" 2, 403540/ ‘ mf‘e,resb'ug u

® Howener, Lor stmplicity let us consider
Neg =1 | ( Rira << Rt)

34



@ COORDINATES : ® O

@ TRES PARTICIE IN BuLk (Mmass M)
b=,2) ~ o Pz -Pst)
PERIODIC CONDITION
P (z, 2+2TR) = (= %)
-> Pz QUANTIZATION
?ga%/ M=0, £(,%2, -

KLEIN- GORDON ERUATION
PPl Pup® = apht- 4 - "

® " BprAvE ViEwPOINT " :
2 _ 2 uz
Morme = Tupl= M+ (kk ower)

(also ,gor M=0)

@® \DEA : TAKE MASSUESS STERIG 1/ IN Bulk
AND COuPLE (T TO USvAL LEPTON

POUBLET THMROUGH THE HILLS
—> GET 00 MASSIVE STATES AFTER SSB
~ (6T POSSIBLE HINT FOR My SMAUWNESS
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Ackon § :Jdﬁ: dz ¢ (x,2) i MUY @2)

A= 0,1,2,3,?
= (yM ~i55)

Fourer QolfoMSu‘w +60

Q) .
Li/(x,z)N_Z_ Ll, &), exp (iu%)
=% amr, |
t___s\,._._l . P V\r————.—s’
Bulk Brome.  faclonyd 2
72 peeded
dlmms{oway

KK fower mtrrackow om brame

Guple. Weew)= = ‘G;T’(:

1o elechon donblet (340 )=L
through Higgs H T wa ssfess

k. ~ RGH&_‘L("_)@ﬁ

T Vare
Cou‘ob\'mﬁ
Tk]= mass"2
&M <HY
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® NATURAL TO ASSUME 'k ~ SCMM/Z)

e o L DL o M
Ed WVN\F.': VA Ty Mp
v Mp

RELATES SMALLNESS OF Wy, TO SMALLNESS
OF Mx/Mp

- Wy wmight glve mfo on My
® MASS SPECTRVM

At =0, Kk Jower gives a coubribuHon -
_ +00 M '___(”
Lrnass > T $™ the

-

as well as  Yukawa!s qfhvp SSB

to
~clmass > M 2 Vo i 4 he.
=- 0
1
i

He
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| SQPam‘ft masslm (sero ) wode U=0 oumd Sumn up £ :
“-[mss 2 2 ((h(") () ZFL (-n) RC—n))
+ W! Vel ‘PR
tW S o (0 M) 4 he.
® To get camomical Limass define
))(n) - L (q'm_', o) q’m 7(») M (n)

(“) _L ) _ ) (~n) C») )
0’!’ q’ ) R = VR :N&
NG - L (e g emy > - Vz
(‘}’ "l’R ) ‘Hf"’: %, ,\{?fw)
NO = L /gy g m Ve
(4’ + ! ) f..)_ yén\+N(u)
Y < | =
® ... omd get
°£MMS > m 7€LVR(0)
2w ﬁ Yo Ve
—\-Z M (V(n)y[n) ,Vlu)N(n)) “l’LlC
u—-

L—V%,,w
Jdecou Pli.d ( «ff%)



@ TnaLY, T YN =3 AND GET

| S(0) o) =~ = o)
sy 2 [T Ty T [

where

/Wt Zm VZm Ewm Twm —--—\
M= © AR © © o0 ---
o O % © O - - -
o © o 3k o ---

o o o o Y% ---
\ )
|

) ’ ) N\ .
) ’ ' ) ) \
\ ! \ X I >
. ’ N "

A
Mass  matiny

(HH* d;,,q:mum( in te couhxt of
Y oSullaens — laken)
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RECAP

@ NEUTRINO CURRENTS WELL UNDERSTQOD
AND TESTED

® NEVUTRINO NATURE ( WEYL 7 MAJORANA? DirAc?)
DIFFICULT TO EXPLORE IN PRACTICE, DUE To
CHIRAUTY OF INTERACTIONS + SMALLNESS OR V
MASS . HOWEVER:
WMy #£0 -> NOT WEYL
30,,2{5 —> NOT DIRAC

@® NEUTRINO MASS TERMS CAN BE MORE GENECRAL
THAN IN THE QUARK SECTOR ; AND POINT TDWARDS
NEw PHYSICS N GENERAL

~ noushomdard Higgs seclor

’h%"ﬁ 1 7% Scale M (N—S'W)

=~ new Space ime properkes (extradim --.)
e h,ope foexP\oin Swullness of wy,

® MASS MATRIX DAGONALIZAT(ON IMPLIES THAT,
IN GENERAL, MASSIVE STATES CAN BE SUPERPOSITION
NOT ONLY OF ACTIVE FLAVOR STATES (AS FOR
QUARKS)  BUT ALSO oF STERILE sTates (NoT
INTERACTING  UNDER  SV(2)@u(1)) -
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