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TWO THEORETICAL REASONS
TO BELIEVE SMALL NEUTRINO MASSES .



I. UNIFICATION OF QUARKS mw LEETONS
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MOST OF UNIKICATION MOBELS REQUIRE
Fisft-Jonded  NEJTRINOS 2k = N.

IRLGHT - HANBED NEUTRINO N IS A KEY
INGREDIENT FoR UNIFIcATION /!

CONSIDER THE GUT DIRECTION AS AN EXAMPLE

To SEE IT.
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TAKE THE SU(5) GUT FOR AN EXPLANGTION
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AT, WE MVE  Yokawo COUPLINGS :
L= SLI0H + (010H .

ONLY ONE TU@) IS LEFT UNBROKEN !
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BUT, THE TWO ANOMALIES ARE CANCELED
OUT BY INTROPUCING ONE__SINGLET FERMION .
N (+5)

0{"1 \Ut

s‘-t o) g X AAA ﬁn\ﬁ L
UUJ"M"{ =0 ; UUJ—Q =0
ult) gmuq‘l'm

NO ACCIDENTAL 6GLOBA SYMMETRY [S LEFT,

SINCE THE NEW N CAN HAVE  Yedawn COURLING :

:lCN - S*L.N' H.
-3 5 -2
THE NEW (A1) GMUGE SYMMETRY MUST BE BROKEN
AT VERY HMIGH ENEGY , SIN& WE Do NOT HAVE
ADDITIONAL QAUGE. BosoN'. THE N oBINS A LARKE
MASS OF THE ORDER OR THE TBREAKING SCALE.
L =+M N-N

Mgamma, MQSS
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/ITUWWO Y AN THE HEAVY “'y'arun N
RORM 2 X2 MASS MATRI X .
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X THE SMALL. MASS OF NEUTRNO 15 A KEY
INGREDIENT ROR THE UNIRICATION, -

THE FURTHER UNIRICATION INCLUDING RAMILY
STRUCTVR &G :)' SU(E) »Uc) x:{,l'{I)aUUJ e
EAHJL*{' STRUCTURE
IT nm* ﬂmm THE MASS MATRICES OF QUARKS
AND LEPTONS Nielsen , Tohanishe




THE BARYON ASYMMETRY
IN THE UNIVERSE

“ FREDICTS
NG/

SMALL  NEUTRINO MASSES
Jukugs . TY (1984)

BUT NOT TROTON IECAY .



BARYON NUMBER NONCONSERVATION
IN THE STANPARD GAUSE THEORY .

TWO GLOBAL (HARGES

LEPTON NUMBER

- BARYON WNUMBER B

i

L

THEY ARE BROKEN BY QUAMTUM ERRECTS,

BUT,

(B-L)

( ANOMALIES)
¥Heogt (199¢)

IS CONSERVED {|
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THE QUANTUM TUNNELING FROM ONE VACUUM
TO ANOTHER CAUSES BARYON- NVMBER VIOLATION.
"BUT, THE TUNNELING IS SUPBRESSED AS

Ao W

THE PROTON (8 STABLE .

WHAT HAPRENS IN THE EARLY UNWERSE P

Y



THE B- NUMBER VIOLATION 1S NOT SUPPRESSED

AT HIGH TEMPERATURE.
Nomarion, Ruubasov, Shoposhied iov
(1995)

Suss fnd.  (1990)
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THERMAL TRANSITION

IR THE ENERGY oF THERMAL FRLUCTUATION |[S

LARGER THAN THE BARRIER MHEIGHT, THE SYSTEM
TASSES OVER TWE BARRIER RREELY.

B- VIOLATING "PROCESSES ARE IN THWERMAL EQUILIBRIUM

IN THE EARLY TMVERSE T > O(toe) eV

BlG IMBACT o8 THE EWLUTION OR
 BARYON - MUMBER ASYMMETRY.
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B40 L %0
(B-L) 1S ONLY CONSERVED.

O({oo) i e ——— . T G e |

GeV B
{ L.] ARE SERARATELY CONSER VED,
0
N _INSth Ny
(nB (PRESENT) = 22 Ny 4 13Ny @E_L)a

I2

.35 ('nﬁ-h )o

B-L GENERATION IS IMEORTANT.

B-L MUST BE BROKEN AT VERY HIGHT ENERSIES.
;/L
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IF B-L (S BROWEN IN THE EARLY UNIVERSE ,

IT7 /S MOST LIKELY THAT (B8-L) VIOLATING

EFFECTIVE OPERATORS ARE INDUCED AT LoW
ENERGIES

BUT, ALL OPERATORS FOR PROTON OFCAYS

ConsErRvE B8-L N

O = $%¢%1 : d@B-L)=0
Weinhovg,

Wilael et . .
1979)

THE PROTON DECAY (S ~oT A PREPICTION

OF THE BARYOGENESIS,

G In THE QUARK SECTOR 1S WOT RESPONSIBLE FoR
B-ASYMMBTR.

WHAT IS (B-L) VIOLATING

OPERATOR AT LOW ENERGIES 9
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THE LOWEST TDIMENSIONAL OPERATOR 1S

o, = fd._ L “Pq’ Wetwbary ( *79)
4@B-L) =-2

lx(Z)L © Migys (P‘(:,) '

THIS PRODUCES A NEUTRILO MASS .

L <P
‘Z"h\l.u = H J)

SEESAW MECHANISM

<b>

m, =
o M

THE SMALL NEUTRINO MASS (S A NATURAL
PREDICTION OF THE BARYOGENESIS !!!



LEPTOGENESIS s
(1996

THE SEESAW MOBEL ox GRSY .

SM® N, (i=1-3)

g-"!-"'"'- M"E. J}:&-JI“A—
L o= 5 &L

thy NP H o+ M NPN'  +he.
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NEUTRING MASSES
z
(mMy) = AT 5-h <H>

CF PUMSES ARE IN THE Yjhaun OOUPUNG
CONSTANTS h‘&
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N TEAY HAS LEPTN NUNEER VIOLATION.

',;r"‘ H M & H
3 _.
N N N &%
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LEPTOW MUMBER VIOLATING
MASS TEBRM

IF hi; WVE CE PHASES, N DECAY “PRODUCES
THE LEPTON ASYMMETRY :

BR(N- £+H) :\E BR(N — L+ HY)

TROUED L ASYMIETRY = B ASYMMETRY !
CONVERTEL
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BARYON ASYMMETRY

FnB ~ fnl..
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ESTIMATION OF £ DBARAMETER :
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CONSIDER N, DECAY .
P(N. > 2¢h)- T(N->L+H*)

aﬂ " T(N—1+k) + P(N,=L+H")
Flane, Tasches, Sarkar |
~ 3 (9»‘..9) My W Cowi , Roube , Vissani ,
w <hy?* Bideatler, , Planacher .

Belaghsis . ...
. -6 M .
(‘3:.1!3 ) * 10 [-ioi_nlﬁa'}

fR W), = 005eV | L) = 246GV
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_q;_B = M @‘M%) ""0.1 (i:TL:GEIJ

fo VIoLATING PHASE

X SHOULD BE ZETERMINED By SolUNG THE 3@.“,.

EQUATIONS .
j( = ;(ﬁa}, M, 3

OUT- Ok - EQUILIBRIUM CONBTION

rmr < ﬁﬂ, (T"—* ™y, )

Fmr - }Ji' (h hr)ﬂ M

M, Mpg
(ml’ )14 < 2y '{H>1 ~ {0 eV
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10-—13 R At PP T e .._....:1

10~ 10—* ll]‘ 10~¢ 102 0.01 0.1 |
"y o, (eV) Packwsthe , Dhonecher

08: Baryon abundance represented in units of kng/s as a function of ‘neutrino
for an assumed right-handed neutrino mass M = 108, 10° and 100 GeV aﬂd
[1513]. The allowed region (d < 1) is shown by shading.
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THE MINIMUM SEESAW MODEL EXPLAINS

THE CBSERVED TARYON ASYMMETRY IN THE
“PRESENT UNIVERSE , T . 45l (g0,

IF My & 10"’ GV , My = 1015 eV.

o
My SHOULD MOT BE Too SMALL D
Too LARGE !0

THIS IS VERY CONSISTENT WITH

THE COBSERVATION :
MYy » 0.05eV
My, >~ 0.005 eV

Seesar : ““:/H ="y Ms x> 1076V  gr mpa mge
Is My Mat My oo meimu | aaq = (0% 6t i)
IS THE MOBEL OF ALMOST DEGEAERATE
NETTRINGS ~ INCONSISTENT WITH LEPTOGENESIS ©

My, 2 My, 2m); a O, { eV

/N
NO " g , Mamagudkl | TY

(2002 )
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NON-THERMAL PRODUCTION OF N*'s |

N0 OUrok- EQULIBRIUM CONBITION ,

INRLATQN TEGLY

Ne,2,3

imj‘ ”uiaﬂ

in‘rl' = BR(Z-nNn) E (TER]
. 1t (M
A ) B s

Gindicw o2 oL

N -4
3 0 BR ln"'Gw’) (——H! )

BR= t % |, R=10°@l Mg-M

ONE G’ETB m% G 3 x {0"4‘( .
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LUS

THE SEESAW MOPEL OF GRSY EXPLAINS
TWO INDEPENDENT OBSERVATIONS :
) SMALL NEUTRINO MASSES .

2.  UNIBERSE S BARYON ASYMMETRY .

IT HAS TwWO GENERIC PREBPLCTIONS :

4 oY 20 PEAY,
KDHK

L. CP VIOLATION IN MeuTRIN) SECTOR

‘,QP IN 2 OSCILLATION.,
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Suestion 1. CP VIOLATION by Ay

[ﬂrfugucﬁs
P Phese ~ A (h M k)

)fa:m.;ug..'
Mieraro. phagse Petoow el (PAP thesis )
Valle o4 .2 (1922)
Pes
1) 035G aTiom e

CP phs ~ pu(m] W)

T’isa are ;u.alartualult TLA.U-'L,

But on pan a}[ﬁs i e e o Couplac,
hej . We upd  wvisible OF w » oscllalion

a4 ﬁna a0 thue s mo- occedonlol concallalion .
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