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The see-saw and the Yukawa sector
Non supersymmetric models

The minimal SUSY model

Departing from the minimal




GUTs and neutrino
Mmass

SO(10): all fermions in 16 representation

SU(5) fermions:in 5 and 10 representations

— VR is a singlet

® adding a singlet to the theory gives a lot of new parameters
® SU(5) breaks directly to SU(3)xSU(2)xU(1)

- no intermediate scales

...and M, calls for intermediate scales




The (B-L) breaking scale

Best idea for small 71, : the see-saw mechanism
giveVr a mass by breaking B-L
at a large scale M

(AYviioovg (A) = Mg
2
Mg

Mg ~ 108 GeV

An intermediate scale would be convenient
(not indispensable)




SUSY: ONE-STEP
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UNIFICATION
1 1 b;
= — —In(Mqg/M
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/ Mg ~ 10'°GeV
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NON-SUSY:
INTERMEDIATE SCALE

1 1 b
— — ~ In(Mg/M
()érL(Mw) oy 2T n( R/ W)
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Mdetermined by the particle
content




SO(10) symmetry

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

SU(4)C X SU(Q)L X SU(Q)R
Mps |} (a)
SU(B)C X SU(Z)L X SU(Q)R X U(l)B_L

Mg |} <U> see-saw scale

SUB)e x SU2), xU(1)y




three types of see-saw

TYPE | (renormalizable version)

®An SU(2)g triplet with (B—L)=2 getsavevata large

scale 77,

(A°) = v°mass ~ Mp
gives a mass to the right-handed neutrino

® At EWV scale, neutrino gets a Dirac mass
mp

R R




Senjanovic, Mohapatra 1980

TYPE Il

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

2 AC 2
AH"A" + maA A®: Right-handed triplet

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

H\)2(AC 2
(A) ~ AT % Mass for v from LY 75 (A) L
mA R

vev of\ ¢ induces a small vev for /\ 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




Yukawa sector

Pati-Salam SO(10): U
fourth color: ( u \ ( d \ (10) ( \
U d D
U = D= Wi =
DC

U d
\ v/ \ ¢ | e
® All fermions in one (spinorial) representation

® Couple to:

vOorew H, 10
vl :?aerC\IjDabc 120 (antisym.)
U OTTTT T Y gpege 12




SU(4)c x SU(2)L x SU(2)r
Decomposition
Hip = (6,1,1)+(1,2,2)
D1z = (10,1,1) +(10,1,1) 4+ (6,3,1) + (6,1,3)+ (1,2,2) + (15,2, 2)

Ye = (10,1,3) 4+ (10,3,1) + (6,1,1) + (15,2, 2)
AR Ar

® |26 can give type | and ® is 126 enough for all
type |l see-saw fermion masses ! no..

® (15,2,2)in 126 can
contain the SM Higgs




One doublet is not enough; Lazarides, Shafi Wetterich 1981
Clark, Kuo Nakagawa 1982

My = y10(1,2,2)Y +y126 (15,2,2)706

Mp =10 (1,2,2)4, +y126 (15,2, 2) {26

ME — y10<1, 27 2>61l0 _3 y126 <157 27 2>61Z26

® only 10: Mg = My
at the GUT scale,
for all generations

® only 126: 3myg = my
® |26 required for neutrino mass - but what else?

p is there a difference between choosing 10 or 120 ?

Notice: same question for SUSY or non-SUSY models




non-susy: 126 + |0

Bajc, A.M, Vissani, Senjanovic 2005

(2nd and 3rd generations only)

My =910 (1,2,2)10 +y196 (15,2, 2) %
Mp = y10 (1,2,2)%5 44196 (15,2, 2) %6
ME = y10<1, 2, 2>61i0 -3 Y126 <157 27 2>61l26

MI/D — y10<17 27 2>§LO —3 Y126 <157 2, 2>111J26

see-saw, type | and I

My =—-M, M, 'M,, + M,,




approx.

0=V =0

® real 10: "¢y = Ty
® need acomplex |0 -PQ symmetry =paxion as Dark Matter

101°GeV < Mpg < 10"°GeV
16 — ¢'“16

— 21
10 — e =710 Breaks PQ at the right-handed
neutrino mass scale...

126 — ¢ 2'“126

But cannot break completely: combination U1l)pg, U(l)p_r, Tsr

remains




SUSY ornot;: 126 + |0

Bajc, Vissani, Senjanovic 2002

Mp = y10 (1,2,2)55 + y126 (15,2, 2) g
Mg = y10(1, 2, 2>C1io — 3126 (15,2, 2) %54

Type Il see-saw: My = M,,, = y126 (10,1, 3>61Z26

6p = 0 (small mixing in Mp) Mo o ( 0 0 )
N

unless 1m; = m, neutrino mixing vanishes

large 044y < b — 7 unification

Full 3-gen. analysis: , —
- connection still true Matsuda, Koide, Fukuyama, Nishiura 2002
6,3 close to exp. limit Goh, Mohapatra, N¢, 2003




non-susy: 126 + |20

(2nd and 3rd generations only)

My = y120((1,2,2) 50 + (15,2,2)5,)  +y126 (15,2, 2) Vo6
Mp = y120((1,2,2) {50 + (15,2,2)%50)  +y126 (15,2, 2) s

ME — y120(<17 27 2>il20 o 3<157 27 2>611l2()) —3 Y126 <157 27 2>Cli26
MVD — 9120(<17 27 2>1f20 o 3<157 27 2>11L20) _3y126 <15a 27 2>7ib26
Y120 antisymmetric
<17272>11L20 T <157272>1f20 my

S ———

<17272>61l20 T <157272>(il20 my

® real 120: 71+ = Ty

® complex 120: interesting connections with neutrino masses
and mixings




SUSY or not; 126 + 120

Bajc, A.M, Vissani, Senjanovic 2005

Most general charged (2nd and 3rd generations only)

fermion matrix:

. 92 .. .
sin“ 6 1sin @ cos 0 + ie
MfZMf( / )

—isin @ cos 6 — i€y cos? 0

ef| ocmd /mf < 1

to leading order in €|

| =mj

sin 20|e¢| = mg/mg;.:




*neutrino masses

< 2
II S111 (9
MN XX Y126 XX ( COSZH >

.2
_ 0
M]{r x (Y126 + CY120)TY1261;(Y126 + cY199) ( St cos2 0 )

So 6§ ~60,4 toleading order in

and for neutrino masses:

m3 — m;

[51

cos 26 4
+ O(le])

5 5
ms + mj

T 1 sin2204/2

» large () 4 gives degenerate neutrinos




eV

018+
D12

99% CL
36° < O3 < H4°

central value
[Ami,| = (254£0.2)103%eV?




erelation

msr

mp

My, M

at the GUT scale

3+ 3sin204 Releg — ep] + O(|€?])

» but m, ~ 2my ....include

-running (large Yukawa coupling)
-correction of higher order in
-3 generations

€




equark mixing

Veo| = |R(€) — i cos 204 I(E)| + O(|e?])
£ =cos204(ep — €p)

since:  sin 20|ef| = mi /mi

sin204 ~ 1 cos 204 ~ 0

: m m m
then: Ep > = > €y =g \Vcb| ~ c0s 20 4 i

my my my

» large neutrino mixing implies small quark mixing

» even too small...

Vil ~ 1/25 ms/my < 1/20

cos204 < 1/3




126 + 10 or 126 + 120!

In non-supersymmetric models, both posible in principle
p 10 and 120 need to be complex

p can have a PQ symmetry - axion as DM

SUSY requires 126 + 10 for 7% = M7

Type Il (even Type |) 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

|0 + 120 ? radiative see-saw - works for split-SUSY

" Bajc, Senjanovic 2005




my, Z m%/MR » MR > 1013 GeV

Unification:
non-SUSY

[+ | SO(10) - {212p4c} —— {202p1x3c} —— {201y3.} 8.2-10.6
I | SO(10) —= {2r2r4cP} —— {212r1x3.P} — {201v3.} 8.6-13.6
HI: | SO(10) — {2r2r4cP} — {212r1x3:} — {201v3:} 8.0-13.6
IV: | SO(10) —{2.2p1x3:P} = {202r1x3c} — {201v3.} 8.2-10.8
Vi | SO(10) —— {212rdc} > {2c1ndc} — {201v3c} 11.0-11.2
VI: | SO(10) —= {2:2pdcP} —— {201rdc} — {201v3c} 122 - 13.6

VIL: | SO(10) — {212r4cP} ——{212r4c} — {201v3:} 11.3- 136
VIIT: [ SO(10) —— {212p1x3.} —— {201rlx3:} — {201v3.] 2.0-77
IX: | SO(10) —={202p1x3:P} — {201rlx3c} — {201v3c} 2.0-10.0

X: [ S0(10) ——{212rdc} —— {2r1rlx3:} — {201y3c} ]

XI: | SO(10) —= {212r4cP} = {201rlx3c} —— {201y3c} 2.0-13.5
XII : SO(10) P {211Rr4c} D {201R1x3:} P {201y3.} 2.0-5.3




Unification:
non-SUSY

m, > mi /Mg = Mg > 10'3 GeV log(Mp/GeV)

II . SO(lO) 5T> {2L2R4C’P} H {2L2R1X3cp} h—> {2L1Y30} 8.6 - |3.6
OI: [ SO(10) —~ {2:2rdcP} —— {202r1x3: — {201v3c} 8.0-13.6

VI 1 SO(10) —= {202r4c P} = {20140} —— {201v3c} 12.2- 13.6
VII: | SO(10) - {212r4c P} T {202Rr4c} - {221yv3.} 11.3-13.6




Unification:
SUSY

® One-step: no intermediate scales

2
p My, X My, /Mcur  can be too small

® Potentials very constrained: no survival principle

p calculate all the masses

® See-saw + SUSY = MSSM with R-parity
Aulakh, A.M, Rasin,
p R-parity is in the center of SO(10) Senjanovic 1998

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

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

give rmass ...get R-parity preserved

and the stable LSP is a DM candidate




What is the minimal renormalizable
SUSY- GUT ?

Based on SO(10)

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 _

p need a mixing (D) Hyjo Xme  CaN Use 210

Symmetry breaking down to LR Babu, Mohapatra, 1993

(126, T26 break down to MSSM)

D210, Hio, 2135, 2126

P 210 can do that too




minimal SO(10)

V16, H1o, 2126, 2754, P210

Wr = meP?4+meXY + X034+ ndSY + myH? + PH(aX + a)
+  y1oVCOTVH + 9106 VCT°UY
® 26 real parameters: same as MSSM
® light Higgs made up of 126, 10 and 210 doublets
p rich enough Yukawa structure
® Type | and Il see-saw
p possibility of connecting large  6uith b —unification

® symmetry can be broken down to MSSM (+R-parity)

p stable LSP




symmetry breaking
SO(10)
Mx | (p) in 210
SU(4)C X SU(Q)L X SU(Q)R
Mpgs | (a) in 210
SU(S)C X SU(2)L X SU(Q)R X U(l)B—L
MR U, <O'> in 126

SU(S)C X SU(Z)L X U(l)y




symmetry breaking

H=10=(6,1,1) + (1,2,2) doublets:

®»=210 = (15,1,1)+ (1,1,1)+ (15,1,3) VeV ~ My
+ (15,3,1) +(6,2,2) + (10,2,2) + (10,2, 2)
» =126 = (10,1,3)+ (10.3,1)+(6,1,1) + (15.2,2)
S=126 = (10,1,3)+ (10,3,1)+(6,1,1) + (15,2,2)
SM singlets: /

type |l see-saw:

vev ~
Mcur vev ~ MVQV/MGUT

® Find the symmetry breaking conditions

Bajc, A.M, Vissani, Senjanovic 2004
Aulakh, Girdaar, 2004
® Find the composition of the light Higgs

doublets Fukuyama, et. al. 2004

® Calculate masses for all states




An overconstrained
model

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

m,oz,a, |)“7 |77|7¢ — arg)‘ — —argnm

Vevs and masses of all states have form:

r = R(x) + 13(x)
A

ratio of masses

m

~ Xf(x)

\/Tnf(x)

- variation with parameters quite smooth, with x non -trivial
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® Light states spoil unification:
keep x < |




Fermion mass fitting

® The light Higgs is a combination no longer arbitrary

10 126 126 126 126 210 210

I :
P "u,d known functions of the parameters

® Assume type Il see-saw

(1O—|—\/_777“ )210

ma

my = Y126 VA VA =

D neutrino mass depends on the same parameters




General analysis
(type | and Il)

Bertolini, Frigerio, Malinsky, 2005-2006

Aulakh,Garg, Girdaar, 2005-2006
Mohapatra, Goh, Ng¢, Dutta, Mimura...

® Do the complete fit ® [nclude unification
with all fermion masses constrains, threshold
and all parameters effects - ) .
even worse

® Parameter space for
type | and type |l
getting smaller

too small neutrino mass: model
seems to be ruled out!




Summary

SO(10): ideal framework for small neutrino mass

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

 , _  unification _gn large 0, (10+126)
p large neutrino _gamsmall quark mixings (120+126)
p large @,;,, <g degenerate neutrinos  (120+126)

Non supersymmetric models are alive and well

Minimal SUSY GUT is in trouble

*Iack of intermediate scales

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




