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FERMION MASSES...



NEUTRINO MASSES

The Standard Model (SM) content requires higher-dimensional
operators’ to accommodate massive neutrinos. The lowest order”
one is the so-called d=5 operator.
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Lo= (1,2, -1/2), Up=(1.2.1/2) L= (1 ) Vp = (IF g )

my ~ 1071 eV, Yo ~ 1, (Up) ~ 10°GeV = A < 10" GeV

T S. Weinberg (1979).
& See the James Jankins talk for a general survey of the relevant higher-dimensional operators. See also

talk by Jennifer Kile.



*TYPE I

*TYPE II':

*TYPE 111

SEESAW MECHANISM
(Why are the m  elements so small?) %

fermion(s) — (1,1,0)
scalar — (1,3,1)
fermion(s) — (1,3,0)

o

The SM transformation
properties

" P. Minkowski (1977); T. Yanagida (1979); M. Gell-Mann, P. Ramond and R. Slansky (1979);

R.N. Mohapatra and G. Senjanovi¢ (1980).

T G. Lazarides, Q. Shafi and C. Wetterich (1981); R.N. Mohapatra and G. Senjanovi¢ (1981).

¥ R. Foot, H. Lew, X.G. He and G.C. Joshi (1989); E. Ma (1998).



SEESAW MECHANISM IN SU(5)

SM SU(5)
*TYPE I fermion(s) — (1,1,0) 1, 24:
*TYPE II: scalar - (1,3,1) 157
*TYPE III:  fermion(s) — (1,3,0) 241

TL.D. and P.F.P. (2005); I.D., P.F.P. and German Rodrigo (2006); I.D., P. F.P. and R. Gonzalez
Felipe (2006). I.D. and Irina Mocioiu, in preparation.

I B. Bajc and G. Senjanovié¢ (2006); I.D. and P.F.P. (2006), P.F.P. (2007).




TYPE I SEESAW IN SU(5)
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TYPE II SEESAW IN SU(5)t
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F. Buccella, G.B. Gelmini, A. Masiero and M. Roncadelli (1984).



TYPE II SEESAW IN SU(5)t
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t 1.D. and P.F.P. (2005).



TYPE III SEESAW IN SU(5)
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CHARGED FERMION MASSES IN SU(5)

5, =(1,2,-1/2), + (3,1,1/3),
— ’ : 1/R *_ 9 ’_. )
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H. Georgi and S.L. Glashow (1974).



FERMION MASSES IN SU(5)

Up quark masses: Down quark and charged
lepton masses:
10 x 10 = 5 ¢ 45 & 50 10 x5 =5 ¢ 45

5y =V=(Up, Up)=1(1,2.1/2)+(3.1.—1/3)

455 = A = (A1 Ag. A3, Ay, As. Ng. A7) = (8.2,1/2) + (6 1 —w)
+ (3,3, -1/3)+ (3.2, -7/6)+ (3,1, -1/3)+(3.1,4/3) 4+ (1.2.1/2)

Neutrino masses:

= 10 ¢ 15

1

5 x

15y = = (D, &y, D) =(1.3.1)+(3.2.1/6) + (6.1, —2/3)




FERMION MASSES IN SU(5)
(type 1I seesaw)
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MGUT

SU(S) SYMMETRY BREAKING

;ql.!r{';:[ .?]T":iqur[' X5 _:I
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SU3) x SU(2) x U(1) SYMMETRY BREAKING!

SUR3) x SU2) x U(1): (5r) = v5/V/2
a3 a \ a (53) = o/
(15y) = v1s
e 45)1° = (45m)F = (45m)5° = vy
SUQB) x U(1),, @

VZ + V35 + 43 + 4v?
3 3 o0
U5 + V5 + 8V

P =

I [.D. and Irina Mocioiu, in preparation.



CHARGED FERMION MASSES

(non-renormalizable terms with ¥ =5, and X =24,))
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J.R. Ellis and M.K. Gaillard (1979).



My, My, M,

NEUTRINO MASSES

SIMPLE SU(5) MODELS

/\

RENORMALIZABLE

TYPE I SEESAW TYPE II SEESAW

NONRENORMALIZABLE

TYPE I+ TYPE IIIl SEESAW



PROTON DECAY IN SU(5)

(vector gauge boson d=6 contributions™)
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" P.F.P. hep-ph/0403286 ; 1.D. and P.F.P. hep-ph/0409095.



PROTON DECAY IN SU(5)

(vector gauge boson d=6 contributions)

Uc=U Dc=FE Ec=D

C'(p,m) . . : 5
") = T g3 [AB? 4 AL(1+ VA

I'(p — e

TP (p — 7et) > 4.4 x 10* years

o Meor \*
tho. (p — ?1_664-) = 1.0 x 1033&6%11 (ﬁ) years

Mgy > 2.6 x 108 /agyr GeV

Ai=14+D+F, Ay =1+ 22(D~F), m, =938.3MeV, D = 0.81, F = 0.44, mp = 1150 MeV,
fr=130MeV, A, = 1.25, o = 0.015 Ge V3, |V, = 0.97377, |Vi| = 3.96 x 1073, AL = AR =25



PROTON DECAY IN GUTS

(vector gauge boson d=6 contributions®)

(ViVup)'* = 0; v,W=0 V=0 (a=lorf=1)

P(p — K'u®) = Cp, K)A7 [AS > + AG?] [V *

TP 5 4.4 x 10% years

o, a8 ﬂ'fG[:'T !
rthe — 9.3 10%&@‘5@ (M) years

ﬂ-iFrG[;T > 99 x 101413’&'(;[;]“ GeV

I I.D. and P. F.P., “How long could we live?” Phys. Lett. B 625 (2005), hep-ph/0410198.



UNIFICATION OF GAUGE COUPLINGS IN THE SM
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DATA: PDG 2006



UNIFICATION OF GAUGE COUPLINGS

Bas 5sin? Oy (Mz) — aem(Mz)/as(Mz)

By 8 3/8 — sin? Oy (Mz)

= 0.716 £ 0.005

(D

B-test

| Mapr  16w3/8 —sin? Oy (M)  184.94+0.2
Il
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The GUT
scale relation

In Mgyp /M
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Georgi-Glashow SU(5):

HIGGS SECTOR:

My=Mgarr

= (Xg, Ya, S.;je.,-.z;.- X(3,2), Lo4)

)

2y = ¥
= (8,1, U:I + I':_]_. 3. {]';'I + (3, 2, —DJ,-*"'G':] + (E 2, 5},-*';6'] + I':_]_. 1, {]:I

V= (Up, Up)=(1,2,1/2)+(3,1,—-1/3)

SH
MATTER SECTOR:

10, = (1,1,1)4+(3,2,1/6)+(3,1,-2/3)

5, = (1,2, —-1/2)4+(3.1,1/3)

The Georgi-Glashow GUT content

GG model is ruled out by experiments.

T Georgi and Glashow (1974)




DorsSner-Fileviez Pérez SU(5):

HIGGS SECTOR:

;"I-_'ﬁr.f :J_-lr_i!rG T (: M(X,Y))
24y = ¥ = (Ts, T3, L33y, L(32), Lu)
(8

,1,0)+(1,3,0)+(3,2,-5/6)+(3,2,5/6) +(1,1,0)

bg =V =(Up, Up)=(1,2,1/2)+(3,1,—1/3)

MATTER SECTOR:
10, = (1,1,1)+(3,2.1/6) + (3,1, —2/3)
a=1,23

5, = (1,2, —-1/2)4+(3.1,1/3)

The Georgi-Glashow GUT content

EXTRA SCALAR:

15y = =(d,, ), &) =(1,3,1)+(3,2,1/6)+(6,1,—2/3)

The Dorsner-Fileviez Pérez SU(5)* content

I I.D. and P.F.P., hep-ph/0504276; 1.D., P.F.P. and R.G. Felipe hep-ph/0512068;
I.D., P.F.P. and G. Rodrigo hep-ph/0607208.




__ M, =108GeV

_____ My =105GeV PREDICTIONS:

40

ID-' \

My =10 GeV

1) Light leptoquarks ®@,.

log My, / (1 GeV)

\= \ (See talk by Timur Rashba.)
6 | \2 \
\@- \ ii) Light X, scalar.
4t \ &,
D 3 tho.y exp.
\ \@ 111) max(t,"*) ~ 10 7 .
| M, =242 GeV  \
: .
1.0 1.5 2.0 2.5
'Lf(fLrT [ 1014 (}C‘\r?]
Higgsless S Tn Ly ¥a 23 Py i 0
ABas % % _é _% % % El _%
ABiz = —% = 0 ~3 — —1 i




Georgi-Jarlskog SU(5):

HIGGS SECTOR:

;"I-_'ﬁr.f :J_-lr_i!rG T (= M(X,Y))
24y = ¥ = (Ts, T3, L33y, L(32), Lu)
(8

,1,0)+(1,3,0)+(3,2,-5/6)+(3,2,5/6) +(1,1,0)

bg =V =(Up, Up)=(1,2,1/2)+(3,1,—1/3)

MATTER SECTOR:
10, = (1,1,1)+(3,2.1/6) + (3,1, —2/3)
a=1,23

5, = (1,2, —-1/2)4+(3.1,1/3)

The Georgi-Glashow GUT content

EXTRA SCALAR:
45y = A = (A1, Ao, Az, Ay, As, Ag, A7) = (8, 2, l;’f?‘_‘.l + IE 1, —lf.ﬁ‘]
+ (3,3, -1/3)+ (3.2, -7/6)+(3,1,—-1/3) +(3,1,4/3) + (1,2,1/2)

The Georgi-Jarlskog SU(5)* content

I [.D. and Irina Mocioiu, in preparation.




5
Z PREDICTIONS:
4.5 ¢
4l If the d=6 proton decay
3 [ o o operators are not suppressed
= O G then the model with the
- - e — o . .
7 3.5 = = = Georgi-Glashow particle
%0 < g ~ content with the type I
3| | seesaw is ruled out!
NOTE:
95 . .
3 Mooy > 2.6 X 10161;-’&{;[;]1 GeV
2 | | l
15.2 15.4 15.6 15.8 16 MscaLAR > 1012 QeV
ll}g {;‘1".?{;LII?'."II1 (_iell"i"r]
sSM o T Ya a Ay A Az Ay Mg Ag Ay
ABxs % & S -5 & 3 I S :
ABr & % & 0 -3 -% ® & © & ¥ —%




DorsSner-Mocioiu SU(5):

HIGGS SECTOR:

;"I-_'ﬁr.f :J_-lr_i!rG T (= M(X,Y))
24y = ¥ = (Ts, T3, L33y, L(32), Lu)
(8

,1,0)+(1,3,0)+(3,2,-5/6)+(3,2,5/6) +(1,1,0)

bg =V =(Up, Up)=(1,2,1/2)+(3,1,—1/3)

MATTER SECTOR:
10, = (1,1,1)+(3,2.1/6) + (3,1, —2/3)
a=1,23

5, = (1,2, —-1/2)4+(3.1,1/3)

The Georgi-Glashow GUT content

EXTRA SCALARS:
45y = A = (A1, Ao, Az, Ay, As, Ag, A7) = (8, 2, l;’f?‘_‘.l + IE 1, —l;’f.ﬁ‘]
+(3,3.-1/3)+ (3,2, —=7/6) +(3.1,—1/3) +(3,1,4/3) +(1,2,1/2)
15 =9 = (D, O, P.) =(1.3,1)+(3,2,1/6) +(6,1,—-2/3)

The Dorsner-Mocioiu SU(5)* content

I I.D. and Irina Mocioiu, in preparation.




Sh Upn o " ¥ Aq JAY Aq Ay Ag FAY A= D, Dy, D,
/ 11 1 1 1 1 _2 _5 3 1 1 1 1 2 1 _5
ABg; 3 G [ 2 3 3 G 7 G 6 B G 3 B 5
22 _ 1 1 1 _ 8 2 _9 17 1 16 1 _1 _ 7 8
AByy 3 15 15 0 3 15 15 5 15 15 15 15 15 15 15

We fix the mass of @, at 300 GeV 1n order to insure its detection at LHC and

then find the maximal value of the GUT scale that one can have. This exercise
yields the following:

ihrEa = ;1111-2 ihrEs — 1“!5 (:-:1“11.-"' ;,lljr__:.ll = ;U-z ;"lllr_.:..g =2 x 1{]‘10 (::1“11.-"' ;hr__:.h_ = .',lllrz

I:: I Jrr__: T _.“'Ill 1 Dl i CeV :l o EH_ - T d=6 gauge ;.'".j" EXp. Td= 6 scalar a..f"j" eX
1.4 29.4 40 1



Bajc-Senjanovi¢ SU(5)*

HIGGS SECTOR:

;"I-_'ﬁr.f :J_-lr_i!rG T (= M(X,Y))

24y = ¥ = (Ts, B3, V(az), L32), Loa)

by =V =(Up, Up)=1(1,2,1/2)+(3.1,—-1/3)

MATTER SECTOR:
10, = (1,1,1)+(3,2.1/6) + (3,1, —2/3)
a=1,23

5, = (1,2, —-1/2)4+(3.1,1/3)

= (8,1,0)+(1,3,0)+ (3,2, -5/6) +(3,2,5/6) + (1,1,0)

The Georgi-Glashow GUT content

EXTRA MATTER:

24 = p=(ps, p3, P32 PGE2) P24)

= (8,1,0)+(1,3,0)+ (3,2, -5/6) +(3,2,5/6) + (1,1, 0)

The Bajc-Senjanovi¢ SU(5)* content

T B. Bajc and G. Senjanovi¢, hep-ph/0612029.




NEUTRINO MASSES

(type I+type III seesaw) s i I
The “DIRAC” part: 1J
- - i ; 1 - - i ] . 1 - - i ] . 1 r - h ]
}IC¢(5E}C¢JO j]'IH + 5}211{5:')11{)‘}2}&.]‘1!'& + E}/:ﬂn{ﬁijnz ij;L.‘I’A + E}/-in(ﬁ':')ﬂlplzg_jpjj
rank 1
rank 2
— — 1~ —
m, = Ynl Yn2 Yn3 Mp 0 Ynl Yn2 Yn3
é:Ynl éYn2 éYnS 0 Mp24 é:Ynl éYn2 éYnS
— — 1~ —

Y

nl

Yo

m

Yn2
YZ

m

+ P.F.P. hep-ph/0702287.

Yn3
Ym3




The “MAJORANA” part:

o 1
'm'P;OEjF’J;—l—)'LEP j;‘o Jr\_‘; ‘|‘ (- I,f} pj \_‘F \_‘E

\

P3 P4 7T M
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(:OFJI'

0
M

P24

PERTURBATIVITY:

Jy2 i J skl
X))+ azp’ 0 BT + agp

a;| < Viar,  i=1,23,4

i

=k

k s
pIx



Bajc-Senjanovi¢ SU(S)

ADJOINT FERMION MASSES (continued):
Seesaw relevant

RGE relevant - Ap 'E-‘ v
il-fp_z;i = Mg — V}{} _"L 1—|—G2—|—ﬁ|ﬁ'3—|—ﬁ_1| II
SApv U2 18
I My, = mp — 222 4 2 oy 4 S(ag + ay)
ps = MF 70 A ar + 5las + ay) Il
2N pv 2 8
o0 = 22 o R

30 0
| Apv 02 1
n— g, e T { o+ (1303 - mi

2 A acur ((Mps — 2My, ) + My )

gy =
A2
-'IIG{.-'T

_-hrtxjf"-, = \/STT{'E(_;-UT;;?)?} = Moo

1 1.D. and P.F.P. hep-ph/0612216.



205
A= 1.2x10" GeV
2.04 | -'”Lx Meur
M =7.9x10% GeV
- Py
> 203 ¢
w202}
<&
o
) g L
S 2.01
M =100 GeV
2 | . 1 -
>
s,
1.99 | f
]'L;H I i . " " " i " " R O O N N ) i a i
15.5 15.65 15.7 15.7

Lt}gm[ ;Iﬂr._:..?. f 1 GeV)

PREDICTIONS®:

The predictions depend
strongly on the cutoff A of the
theory.

A= iqlfl:'ln.nu:k

E ﬂfé[}.‘:{'

My, ~ =&

. 2N Taqrr {:I:.-“Hrps — 2;”,;,[32]] + ;nlfpg)
_.1 b

iql- .ﬂr E; T

gt

LIGHT FERMIONIC TRIPLET!

LIGHT BOSONIC TRIPLET!

I B. Bajc and G. Senjanovi¢, hep-ph/0612029; I.D. and P.F.P. hep-ph/0612216; B. Bajc M.

Nemevsek and G. Senjanovi¢, hep-ph/0703080.



Let us fix the mass of fermionic triplet p; at 300 GeV in order to
insure its detection at LHC and then find the maximal value of the
GUT scale that one can have. This exercise yields the following:

;qlirga = ;hrg ;"ll.ﬂrps = 1.5 x 1“6 GeV

v MODEL (M /101 GeV) aghr rd=6 gauge /exp. pi=6 sealar | exp.

D-M 1.4 20.4 40 1
B-5 1.5 7.6 115 15000




CONCLUSIONS

1) The simplest SU(5) models the type I seesaw
mechanism are ruled out under the usual
assumptions.

2) Other realistic nonSUSY SU(5) GUT theories
could be tested at LHC.

Three specific SU(5) GUT models that aim in that
direction are: (i) nonrenormalizable SU(5) with the
type II seesaw, (ii) renormalizable SU(5) with the
type II seesaw, and (111) nonrenormalizable SU(5) with
the hybrid—type I + type Ill-seesaw scenario.



CONCLUSIONS (CONTINUED)

In all three cases interesting signatures include
(in)direct observation of exotic light particles,
enhanced rates for specific rare processes,
observable proton decay and, most importantly,
correlation between these processes and the
parameters in the neutrino sector. Latter could also
allow us to experimentally probe the underlying
seesaw mechanism.

Even though these models are extremely fine tuned
they are very predictive and hence falsifiable.
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