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Departing from the minimal




GUTS AND NEUTRINO MASS

SO(10): all fermions in 16 representation

SU(5) fermions: in 5 and 10 representations

—> VR is asinglet

e adding a singlet to the theory gives a lot of new
parameters

e SU(5) breaks directly to SU(3)xSU(2)xU(1)

- no intermediate scales

...and m,, calls for intermediate scales

A. MELFO




THE (B-L) BREAKING SCALE

Best idea for small m,, : the see-saw mechanism
give Vr a mass by breaking B-L
at a large scale Mg

(AYviioovg (A) = Mg
2
Mg

Mp ~ 102GV

An intermediate scale would be convenient

(not indispensable)

A. MELFO
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SUSY: ONE-STEP
UNIFICATION

1 i b;
— — — In(Mc 8
Ozz(Mw) ay i n( G/ W)

Ma ~ 10'°GeV

NON-SUSY:
INTERMEDIATE SCALE

L

1 1 b
— — — In(Mgp 18
()érL(Mw) oy 2T n( R/ W)
b’
—— In(Mg/M
2% In(Mo /M)
M g determined by the

particle content




SO(10) SYMMETRY BREAKING

SO(10)
Many possible
intermediate scales Mx | (p)

SU(4)C X SU(Q)L X SU(Q)R

GUl seale

Mps | (a)

SU(B)C X SU(Z)L X SU(Q)R X U(l)B_L

Mg | (o) see-saw scale

SU(B)C X SU(Q)L > U(l)y

A. MELFO




TWO TYPES OF SEE-SAW

TYPE | (renormalizable version)

e An SU(2)r triplet with (B — L) = 2 gets a vev at a large
scale Mp
(A°) = v° mass ~ Mp
gives a mass to the right-handed neutrino

e At EW scale, neutrino gets a Dirac mass mp

2 2
(o m) o
1%
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Mohapatra, Senjanovic, 1980

In Left-Right theories, terms like: H : bidoublet
A : Left-handed triplet

A®: Right-handed triplet

TYPE Il

A H?AC S mAAQ

Provide a small vev for the Left-handed triplet after EW breaking

H)\? c 2
e o) % Mass for v from L 75 (A) L
mA R

vev of A¢induces a small vev for A after EW breaking

In SUSY SO(10) , triplets are in 126:
mixing with 54 or 210 can give such terms in the potential.

TWO TYPES OF SEE-SAW ARE OF SAME MAGNITUDE:
BUT VERY DIFFERENT PARAMETERS INVOLVED

A. MELFO




YUKAWA SECTOR

Pati-Salam
fourth color: ([ \
g

=

( i \ SO(10):

d

\ e

e All fermions in one (spinorial) representation

e Couple to:

U ('
V('

Reate s 0
FARU D)

V(O

A. MELFO
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120 (antisym.)
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SU(d)c X SU(2)LX SU(2)R
DECOMPOSITION

B (6,1,1) 4+ (1,2,2)
o, — (10,1,1) + (10,1,1) 4+ (6,3,1) + (6,1,3)+ (1,2, 2)+ (1S

e = (10,1,3) + (10,3,1) + (6,1,1) + (15, 2,2)
AR Ar

* 126 can give type I and type II see-saw
e (15,2,2) in 126 can contain the SM Higgs

» is 126 enough for all fermion masses ? NO..

A. MELFO
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One doublet is not enough: Lazarides, Shafi Wetterich 1981

Clark, Kuo Nakagawa 1982

i (1,2, 2)% +y126 (15,2,2)19

0 (1,2,2)¢, Y126 (15,2, 2)%a6

ME == y10<1, 27 2>61l0 _3 9126 <157 27 2>61Z26

S onlvl0: my = m
Y J l } at the GUT scale,

* only 126: 3mgq = my for all generations
e 126 required for neutrino mass - but what else?

» is there a difference between choosing 10 or 120 ?

Notice: same question for SUSY or non-SUSY models

A. MELFO




NON-SsUSY: 126 + 10

(2nd and 3rd generations only) Bajc, A.M, Senjanovic, Vissani 2005
W — 110 (1,2,2)Y, +y126 (15,2,2)756

MD e ylo <17 2, 2>61i0 ‘|‘9126 <157 27 2>Cli26

Mg

MI/D e y10<17 27 2>?1L0 _3y126 <157 2 2>§L26

12

= gl 2, 2)‘1l0 —3y126 (15, 2, 2>il26

see-saw, type I and II: My = =M, MI/_RlMVD + My,

approx. g, =V =0

A. MELFO

(2,2,1)Y; _ Me(mr —mp) —my(my, —ms)  my
i 1 MMy — My, M mpy

e real 10: Ty — My

* need a complex 10 - PQ symmetry = axion as Dark Matter
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SUSY OR NOT: 126 + 10

Bajc, Senjanovic, Vissani 2002

Mp = y10 (1,2, 2)%5 + y126 (15,2, 2) %6
s — yi0(1, 2, 2>C1i0 — 3y126 (15,2, 2) %96

Type Il see-saw: My = M,, = y126 (10,1, 3)%

0p = 0 (small mixing in Mp) e 0 0

ms =m, =0 0. mp 11
unless 71, = M., neutrino mixing vanishes

large 0,4, < b — 7 unification

Full 3-gen. analysis:

Matsuda, Koide, Fukuyama, Nishiura 2002

Goh, Mohapatra, Ng, 2003

- connection still true
-013close to exp. limit

. MELFO




NON-SUSY: 126 + 120

(2nd and 3rd generations only)

B i00((1,2,2)75, + (15,2,2)150) +y126 (15,2,2)75¢
WD — 1120((1,2,2)%50 + (15,2,2)%00)  +y126 (15,2, 2) 506

ME = y120<<17 27 2>il20 o 3<157 27 2>611l2()) —3 Y126 <157 27 2>61l26
MVD o y120(<17 27 2>1f20 e 3<157 27 2>11L20) _3y126 <15a 27 2>1f26

A. MELFO

Y120 antisymmetric

& cal120: . — My

e complex 120: interesting connections with neutrino
masses and mixings

14
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SUSY OR NOT: 126 + 120
“Bajc, A.M, Senjanovic, Vissani 2005 |

Defining some small ratios : € = m;, ! Imi

(2nd and 3rd generations only)

. 3
neutrino masses: m§ - m% cos20 (| |)

m3 + m " 1—sin? 204/2

PREDICTIONS:

» large 0, gives degenerate neutrinos

e quark masses relation at the GUT scale:

% _ 31 35in204 Relen —en] - Ol
b

b Bt . = ZTrib. - include running, 3-gen. effects...

® quark mixing:
Vel =~ COSZHA— + O(|€?])

» large neutrino mixing 1mp11es small quark mixing

A. MELFO
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126 + TOOR 126 + 120

e In non-supersymmetric models, both posible in
principle

» 10 and 120 need to be complex
» can have a PQ symmetry - axion as DM
e SUSY requires 126 + 10 for mp = m

e Type Il (even Type I) see-saw can give relations
between neutrino and charged fermions masses
and mixings

* Detailed models can be even more predictive:
symmetry breaking and unification constraints

e 10+ 120 ? radiative see-saw - works for split-SUSY
Bajc, Senjanovic 2005

A. MELFO
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UNIFICATION:

NON - S U SY Deshpande, Keith, Pal 1993
fm,VZfrn2 Mp == Mp > 1013 GeV log(Mgr/GeV
n _

1 SO(lO) 5T> {2L2R40P} E {2L2R1X3cp} h—> {2L1Y30} 8.6-13.6
II: | 8O(10) — {2c2r4cP} —— {2:2-1x3:} — {2:1v3c} 8.0= 1814

o i ST O ) o 1212p4c P} G {2.1Rr4c} S 12cly 3. 192 154
il | S50(10) e {212r4c P} A {202Rr4c} 7o 12 11.3-13:6




UNIFICATION:
SUSY

* One-step: no intermediate scales

b, MVQV/MGUT can be too small

* Potentials very constrained: no survival principle

» calculate all the masses

e See-saw + SUSY = MSSM with R-parity

Aulakh, A.M, Rasin,

» R-parity is in the center of SO(10)

» R-parity = Matter parity = (—1)3(B—1)

» See-saw: break (B-L) with a (B-L)-even field in order

(Bene | amass ...get R-parity preserved

and the stable LSP is a DM candidate

A. MELFO

Senjanovic 1998
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WHAT IS THE MINIMAL
RENORMALIZABLE SUSY- GUT ?

e Based on SO(10)

e With a see-saw for neutrino mass: 126 (+ 126)

* Yukawa sector: 10 + 126 needed: the light Higgs must be a
combination of doublets in 10 and 126

» need a mixing (®) HigY:5; can use 210

126
" Babu, Mohapatra, 1993

e Symmetry breaking down to LR
(126, 126 break down to MSSM)

®210, Hio, 2735, 2126

———

» 210 can do that too

A. MELFO

19
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MINIMAL SO(10)

Clark, Kuo, Nakagawa, 1982

Aulakh, Bajc, A.M, Senjanovic, Vissani, 2003

V16, H10, 22126, 2756, P210

We = me®?4+meIY + A0° 4+ 0% + myH? + ®H(aX + aY)
+ y10VCTYH + y126VCI°TY

* 26 real parameters: same as MSSM
e light Higgs made up of 126, 10 and 210 doublets
» rich enough Yukawa structure
e Type I and II see-saw
» possibility of connecting large 64 with b — 7 unification
e symmetry can be broken down to MSSM (+R-parity)
» stable LSP

A. MELFO




SYMMETRY BREAKING %

B0 (6.1,1) - (1,2,2) doublets:

®—210 = (15,1,1)+(1,1,1)+(15,1,3 / vev ~ My
53 1)+ (6,2,2) + (10,2,2

26— (10.1,3)

126 g0t 3)

)
( )+ (10,2,2)
(10,3, 1) + (6, 1, 1) (152
( ) £ (1522

Ml
I
+ +

126 = B0 o) (6l

SM singlets: s

type 1I see-saw:
vev ~ MGUT

vev ~ Mz /Maur

e Find the symmetry breaking conditions
Bajc, A.M, Senjanovic, Vissani 2004 |

Aulakh, Girdaar, 2004 *
e Find the composition of the light Higgs — L e

doublets Fukuyama, et. al. 2004 _

A. MELFO

e (alculate masses for all states




AN OVERCONSTRAINED
MODEL

After fine-tune of the SM Higgs mass:
8 parameters left in the heavy Higgs sector

m,a,q, A, |n],¢ = arg A = —argy z = R(z) + iS(x)
A\

ratio of masses

Vevs and masses of all states have form:
m

2 Xf(x)

\/Tnf(m)

- variation with parameters quite smooth, with x non -trivial

A. MELFO

2




28

1 MASSES OF ALL STATES
1080—— 500 —4 5;‘0 - 1000 ; 16
F 1 1 1 1 1 1 1 1 lf\‘ 1 1 1 1 I 1 1 1 ] LOg[MZ/]—O ]
i
]
e D, )
n i
I

{ rreal < 1

Light states spoil unification:

111 1

keep x =l

'
N
1

1

1




FERMION MASS FITTING

e The light Higgs is a combination no longer arbitrary

10 126 126 126 126 210 210

I :
» Tu,d known functions of the parameters

* Assume type II see-saw

(10—|—\/_777“ )210

ma

Wy = U196 UA VN

» neutrino mass depends on the same parameters

A. MELFO
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TROUBLE FOR
TYPE Il SEE-SAW

Some relations among fermion masses depend only on x

My = % tan f x [My + £(2) (Ma = M)
d

Define the ratio
R=|1+1/§(z)|

== then R > 1 from trace identities

Write type-II mass as

2 Xsinzﬁx ]>\|XMd—MeXN5§ (@)
m = o T
o M, cospf 7] v Ny =

=2 then ¢{;7(z) must give 102 — 103

A. MELFO
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too large yukawa coup.

—
1 1 1 1 1 1 1 1

TOO SMALL Bajc, A.M, Senjanovic, Vissani 2005
NEUTRINO MASS
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THRESHOLD EFFECTS

® L>1
® >2
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GENERAL ANALYSIS

(TYPE | AND II)
Bertolini, Frigerio, Malinsky, 2005-2006

Aulakh,Garg, Girdaar, 2005-2006

Mohapatra, Goh, Ng, Dutta, Mimura...
e Do the complete fit with all fermion masses and

all parameters Wang, Yang |

e Parameter space for type I and type II getting
smaller

e Include unification constrains, threshold effects

- even worse i
too small neutrino mass:

model seems to be ruled out !

A. MELFO




WHAT TO DO?

Add more Yukawa couplings: 120 - Aulakh, 2005-2006

D12O e (1_07 17 1) e (107 17 1) 3 (67 37 1) ah (67 17 3)+ (17 27 2) I (157 27 2)
(another 10 or 126 cannot help)

No SM singlets: symmetry breaking is the same

e Antisymmetric: only 3 complex Yukawa couplings more

Two doublets mix through:
c1 D120 H19®P210 + c2 D120 126P210 + c3D1202126P210

e More parameters in the superpotential

G Oy C3 o) 26 +13 =39

A. MELFO
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OR: CHANGE THE HIGGS

SECTOR
Alternate model: 54 + 45 instead of 210 S 54
= 0 - - moS° - maA® +meYXY +pAXY A4
BB 5 5%, A% ATRS fl 11206

* 29 real parameters

(compare to 26 in minimal model with 210)
e see-saw of type I and Il
s 101 126 but...
» they do not mix - light Higgs is only 10

gives wrong fermion masses

A. MELFO
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54 + 45 WITH ADDED 120: all doublets mix

iiee . DAY - DAY oL

H 1

COMPARE WITH A s
MINIMAL MODEL Y

e once you have to enlarge the Yukawa sector, almost
same number of parameters: 41 vs. 39

* smaller representations

= find symmetry breaking and mass spectrum

Ramirez, A.M., in prep.

A. MELFO
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SYMMETRY BREAKING

<(17171)54> =S = )\—33
A
ms 6x — 1
1Ee = 1 85) = —
<( ) )45> a - [
mys 4dx + 1
sl =thi s
<( iy )45> 1A ] e
e mxma (6 — 1)(4x + 1
<(1737 1O>126> = <(1,3, 10)ﬁ> == \/ 22 4 ( )( )
Uy 1 —2z

dma Na

2ms Ag C Ag mg
o oo
(1—2:13)2 )\A ma

e one-step breaking at 10'°GeV

e can arrange for a Type II see-saw dominance

A. MELFO
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EXAMPLE:
ARRANGING A LIGHT TRIPLET

RGE in the MSSM
I Wy [ 1 1 i
MW = Q4 8% bz —bj e 1,2,3
Suppose the A triplet has a mass < Mgyt
VA X L i, = lioe UA Type II see-saw
ma

other light fields could cancel its contribution to the running

SU(3) x SU(2) x U(1) dbq dbs dbs
(1,3;£1) A 9/5 7) 0
(6,1;+1/3) 2.5 0 5/2
(2 1/2) 3/10 12 0

Total 5.2 5/ 2 512

A. MELFO
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ALL THESE FIELDS ARE AVAILABLE

A (S133-,X131) mg + 6lgs —v2Asno
(S133+, X131) \/§A§E my, — 3na

(36130, Co11) ms —1na —v/208b
(Xg1305 Cp11) V2B8b  mg —12Xcs

(H122_ 72122_ ) 2122_ ) C1122_ ) 01/22_)
(H122+ ) 2122+ ) 2122+ ) 0122+ ) 01'22+)

/mH—I—?))\Hs 0 0 ab —V3aa \
0 ik — 0 —5Axs $Ba %B(Qa—b)
0 —BAsS mx +nb — %ﬁa Tﬂ(2a+b)
ab \/gﬁa — %Ba mg + 18\¢s 0

\ V3aa %B(Qa—b) %B@a—kb) 0 me — 2A¢s )

e enough free parameters to tune their masses at an
intermediate scale

e triplet can be as light as necessary for neutrino mass
without affecting unification constraints

A. MELFO
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SUMMARY

SO(10): ideal framework for small neutrino mass

Models can provide connections between fermion
masses and mixings, for example

» b — 7 unification <= large 9 (10+126)

atm

» large neutrino <as=small quark mixings (120+126)
» large 0 t17, < degenerate neutrinos  (120+126)
Non supersymmetric models are alive and well

Minimal SUSY GUT is in trouble

* lack of intermediate scales

Next-to-minimal SUSY GUT may not be predictive ...
* but work is in progress




