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[ 1. Motivation of GUT

« Unification of Strong & Electroweak interactions
—> Gauge coupling unification (SUSY GUT)

 Unification of Quarks & Leptons
—> Yukawa unification (bottom-tau)

* Proton decay —— Most important direct test
Negative results for now.

» Charge quantization
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Motivation of SO(10) GUT

LUnification of fermions in one irreducible representation J

YA6)=(vuuvvuuwuvdddedddEe)

Full and sufficient unification of quarks and leptons

Predictive!
|-

Variety of masses and mixings can be understood
by less number of parameters.

cf SU(S) 10: (uvvuuwudddve), 5:(dddev), 1:(V)

|

@ T
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SHNY

cf PS (4,2,1) : (2” Z Z :) (1,1,2):(



Proton Decay

o Dimension 6 operator
dominant mode : p — 70T

Q Q
,92
A =22 (Up tp Hadron matrix element)
X M)?(
gs g5
My ~ 2 x 1016 GeVv
E° e mp ~ 1034 — 103° years

e Dimension 5 operator with gaugino or Higgsino dressing

Q; Q dominant mode : p — K10
QD
A = OF L]
4miMp . msysy|
I 0 Severe constraint to models
J 5



Minimal SU(S) v1l.0 (Hisano-Yanagida-Murayama)

Wy = Y410;10;Hs + Y410,5,Hz + Y,/5,1, Hs + Mp1;1;

Yo=Y, v, =Y.' «——— Wrong prediction

Wy = M¥34+ A\E34 + Hs(X + My ) Hs

Proton decay constraints kill the Minimal SUSY SU(5) y1,0.

(Goto-Nihei, Murayama-Pierce)

wkl  ~agkl

D5 Proton decay operators : C; ™ ~ Cp

~ (Y)is(Yu)k/Mpu,,

kl kl -
—Wg = %CZLJ U919l —I—C’j eqUr U Cdc

There is room for evading the constraints.
—— We will be back later.  °



Open Question

o Can D5 nucleon decay be suppressed
and are the current constraints satisfied naturally?

7(p = K7) > 19 x 1032 years @

r(n — 70) > 4.4 x 1032 years
m(n — K7) > 1.8 x 1032 years

a N

In this talk, we will study the case where

the D5 operators do really exist,

and the D5 proton decay can be observed

In the next generation of water Cherenkov detector.

(& /
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Dimension-5 Proton decay suppression

D5 Proton decay amplitude: /wmo

Oézﬁp 1 mW C..
> 17kl
Vs to\

- /
Lightest colored Higgs mass ~ squark Function of h, f,h

A ~

Possible solutions to suppress D5 proton decay

1. SUSY particles (squarks) are heavy.
— Look forward to LHC
==)> 2. Colored Higgs is heavy. (arxiv:0712.1206)
m=)> 3. Typical flavor structure of Yukawa h, f,R’.

‘ 6\3\“ — Predictive to masses and mixings
e (PRL94 091804: PRD72 075009)




A Minimal SO(10) Model

(Babu-Mohapatra,1992)

16 x 16 =10+ 126 + 120

Higgs fields which couple to fermions +(16):
H(10), A(126) [and D(120)]

Renormalizable Yukawa terms:

zg¢zw3H+ fz;,%%A + —h'ﬁﬁz%

N

. symmetric k! : anti-symmetric




GJ relation from CG coefficient ™s ~ 3%
my mr

126 =145+ 10+EE under SU(5)
126 = (6,1,1) + (10,3, 1) + (10, 173)+

under SU(4)xSU(2)xSU(2)

w R-parity : automatic
— Merit to use 126 Higgs (without 16 Higgs)

Babu-Mohapatra (1992)

Matsuda-Koide-Fukuyama-Nishiura (2001), Fukuyama-Okada (2002),
Bajc-Senjanovic-Vissani (2003), Goh-Mohapatra-Ng (2003),
Dutta-YM-Mohapatra (2004), Bertolini-Frigerio-Malinsky (2004),
Babu-Macesanu (2005),

Bajc-Melfo-Senjanovic-Vissani (2006), Bertolini-Scwetz-Malinsky (2006)



SO(10) breaking vacua down to SM

Minimal choice : 126(A) +126(A) + 210(®P)

Vacua can be specified by a single parameter .
(Aulakh-Bajc-Melfo-Senjanovic-Vissani)

1 1 _ _
Wy = 5mlcb2 + g)\1¢3 + moAA 4+ AP AA
_ myz(1-5z2) _ mp1-2z—22 — m1
P1= _)\11 (1—x)2 P2 = _)\_11 i P3= YR

oot — M1 e(1=32)(1+2?)  3-14z4+1522-823 _ mo)
RYR = X{\5s~  (1=-2)2 ' (1—2)2 miA2

P =(P1234), Po=(Pse78) = (P7890) = (Poos6)>
P3 = (P1o56) = (P1278) = (P1290) = (P3s56) = (P3s78) = (P3490),

vp = (Doaeso), Ur = (A13579)
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1 1 1, -
Wy = Shipbip;H + Sfigib; &+ Shiphiyp; D 1HQ0), 2(126), D(120)]

Higgs doublets

pg = (Hi%, D}, D3, Dy, Ay, D)

mass term :

Light doublets
Hq = Uf,(¢d)a

Yu=h+raf +r3h/
Yg=ri(h+ f+ 1)
Ye = r1(h — 3f + ceh')
Y, =h —3rof + coh’

[A(126), ©(210)]

Pu = (H&07 D’zlj,a D12u Aua AU? CDU)

(@a)a(Mdoub.)ab(Pu)b

Ce

T dia
UMqgoup. V' = MyS8

U,V . unitary matrices

h=Viith [=U4/(V3r)f
h' = (Uyz 4 Uy3/V/3)/ril/
U1i1
ri — —/—
Vi1
ro = ?“1m rz3=—nmr V12 _ V13/\/§
Ui4 Uiz + Ui3/V3

Vio +v3Vi3

_ Upp—V3Uis "
Ui+ Up3/V3

U+ Ui3/V3

i/:



Neutrino Mass

myd"t = My — MP MY (MP)T

Type | Type |

My =2V2f(AL)  Mp=2V2f(ApR)

Ar:(1,3,1) Ap: (1,1,0)
SU(2); triplet

1 1 _ 1 o
Wy = Ehijlbﬂij + Efz'jwi@bjA + §héjw¢ij [H(10), A(126), D(120)]

?,D?,DA D, EEAL + EDAR
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_ 7 = 7 - h=Vah  F=U/(V3r)f
Yy =h+r2f +r3h h' = (Uya 4 Uys/V/3)/ril/
Yy=ri(h+F+7) B
11
— T r 7/ ;
Ye—‘rl(h—3f—|—66h) i :'r@ T3:T1V12_V13/\/§
Y, = h — 3?“2f-|- c,,?z,’ ’ U4 Uiz + U13/V3
. = Uiz — V3Ui3 Va4 V3Vi3

= Cy =—T1
Uio+ Ui3/V3 Uiz + Ui3/V3

If Higgs potential is symmetric under the exchange A + A
—— r1 =1 (tang ~ 50).

—— top-bottom-tau Yukawa unification (approximately)

Evenif 71 # 1, we may have bottom-tau unification (approximately).

Top-bottom-tau unification:

Banks, Olechowski-Pokorski, Ananthanarayan-Lazarides-Shatfi,
Dimopoulos-Hall-Raby, Murayama-Olechowski-Pokorski

Blazek-Dermisek-Raby, Baer-Ferrandis, Tobe-Wells, .... 1



Topics of Minimal SO(10)

ﬁl\/laximal mixing for atmospheric neutrino can be realized in type H\
seesaw due to the bottom-tau mass convergence at GUT scale.
(Bajc-Senjanovic-Vissani)

@ Detailed numerical analyses (both type | & II, with & without 120)

(Matsuda-Koide-Fukuyama-Nishiura, Fukuyama-Kikuchi-Okada,

Goh-Mohapatra-Ng, Dutta-YM-Mohapatra,
Bertolini-Frigerio-Malinsky, Yang-Wang, Babu-Macesanu, ....)

@ Minimal model (10+126+12_6+210 Higgses) is disfavored.
(Bertolini-Schwetz-Malinsky, ...)

@ Higgs sector (Fukuyama-llakovac-Kikuchi-Meljanac-Okada,
Q&ljc—Melfo—Senjanovic-Vissani, Aulakh-Girdhar) /
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Minimal model (10+126+126+210 Higgses) is disfavored.
(Bertolini-Schwetz-Malinsky, ...)

Yu — FL —I_ Tzf_
1. 72 is a function of vacua . Y, =r(h+ F)
o — _ 3(@=1)(z+1)(22-1)(2>452—1) Ye = r1(h — 3f)
2 = T 8x6—272543824—702348722—312+3 _ _
Yy — h — 3T2f

2. Neutrino scale is a function of .

2 2 2
= _ m7] x(1-3x)(1+z°) _ 4x(4z°—3z41)mo
YRUR = X715 (1—x)2 - M) = 823—1542+142—3

- =

Experimentally allowed solution : & ~ =

But, gauge coupling unification spoils on the vacuum.

16



How to repair it in non-minimal SO(10) models

1. Add additional 10 or 120 Higgs.
ro 1S free.

2. Add additional 126+126, or 54 Higgs for neutrino scale.

Type | seesaw  Type |l seesaw

The detail does not affect to the following discussion.

Alternative Higgs choices :

126(A) +126(A) « 16 + 16 210(P) <> 45 + 54

126(A) + 126(A) + 210(P) + 144 + 144
(Babu-Gogoladze-Nath-Syde)



Dimension-5 Proton decay suppression

D5 Proton decay amplitude: /wmo

Oézﬁp 1 mW C..
> 17kl
Vs to\

- /
Lightest colored Higgs mass ~ squark Function of h, f,h

A ~

Possible solutions to suppress D5 proton decay

1. SUSY particles (squarks) are heavy.
— Look forward to LHC
==)> 2. Colored Higgs is heavy. (arxiv:0712.1206)
3. Typical flavor structure of Yukawa h, f, 1/

— Predictive to masses and mixings
(PRL94 091804; PRD72 075009)




Q. What binds colored Higgs mass?
A. Gauge coupling unification condition.

L 1 LM gy MSUSY g gy Mx Mo 5o a0 M
053(?712) OéU(/\) 2T A\ mz N\ i N\

L= Lz 20 susY g MX s Al in M2
Oég(mz) O{U(/\) 2m N\ S myz N Ji AN

1 . 1 1 33, myz 5,  msysy 2
ay(mz)  ay(N) 2w

M M M
+— (=22 _ 2 +10In=2 _Zin e S aplin =L
5 A 2 my AN A5 A

I : fields except for X (heavy gauge boson) and Hg

1 (3,2,-5/6)

2 3 1 1 (12 My MSUSY

az(my) az(my) ai(my) 27\ 5 my my

2 1 M%A M
= 242 = (12 PR g ™susY v L M
az(myz) ax(myz) ai(my) 2w my my 7 A



2 3 1 1 (12 My msysy 7 M
E + ( In—< — 21n +ZNA|nT
I

az(my)  azx(my) ai(my) 2w\ 5 my my
2 3 5 1 M2A M
_ _ 4 = —[12In =24 8In8YSY L ShNfin =L
az(mz) azx(myz) ai(myz) 2« my, my 7 A

NL =2AbL —3A0L + AL,  Nj=2Ab% + 3Ab5 — 5AD]

Ex1. minimal SU(5) v1.0 M(8,1,o) — M(1,3,o)
2 3 1 1 (12 My m5U5y>
_ -+ — = In C _ 2In ————
az(myz) az(myz) ai(mz) 2w ( 5  my my
2 3 5 1 M3 Mg 1.0) MsyUSY
— — -+ = 121In —— 4 8In
az(myz) ax(mz) ai(my) 2w ( m3 my

Hisano-Yanagida-Murayama

3.5 x 101* GeV < My, < 3.6 x 101> GeV

(M)Q(Mf(8 1 0))% ~ 2 % 1016GeV (Murayama-Pierce) 29



Ex2. minimal SU(5) v1.1  (Bajc-Fileviez Prez-Senjanovic)

1 1
Wy = MTrX3,+\Tr Z§4+m1E(Tr 254)24—%2@_“’ >34

M M
(8.1.0) 7 M(13,0) M13.0) = 4Mg.1 0y (A 0)
2 3 1 1 (12 My (8,1,0) msysy
— -+ — = In C 16l — 21
az(mz)  az(myz) ai(mzg) 2w ( 5  my (1,3,0) mz )
2 3 5 1 MfcM(sm)M(l?,O) msysy
- - = — |6l 2 - 8ln ————
a3(mz) az(mz) ar(mz) 2 ( " mg LR

If (8,1,0) is light, colored Higgs can be heavier.

e.g. Two 24 Higgs non-minimal model (Chkareuli-Gogoladze)

21



Ex3. SU(5) 75 Higgs

M Mg1 0)M? M?
28 :1(12m e ©10Mis 350 M08 susv)

+ 61n

az(mz) ax(myz) ai(mz) 2 my Mg 3.0) my
2 i

2 3 05 1, MXM(810)M(8,3,0) + g SUSY

az(myz) ax(mz) ar(myz) 2« mZ M6 35/6)M5 1 5,3) mgy

Wi = m752 4+ \753
E=) M(s30): Mis1s/3) Me2s/6) - Ms10) =5:4:2:1
MHC bound becomes larger, but My becomes smaller.

e.g. (Modified) missing partner model (Hisano-Nomura-Yanagida)

22



2 3 1 1 (12 My mMsuUsy ;. My
— + ( In —< — 21n +ZNA|nT
I/

az(my)  ax(my) ai(my)  2m\ 5 my my
2 5 1 M2A M
_ 3 — 121n =2 4 gin TSYSY 4 S N Lin =L
ag(mz) azx(mz) ai(mg) 2w my, myz 7 A

NL =2A05 — 3400 + Abl,  Nj=2Ab5+ 3Ab5 — 5Ab]

/ A condition to suppress D5 proton decay \

The lightest colored Higgs mass is always comparable to
(or smaller than) the heavy gauge boson mass.

Therefore, to increase the colored Higgs mass > 1017 Ge
we need a light field whose N4 and Ng are both positive.

If such a field splits from the multiplet for a given vacuum,

v’

Qle lightest colored Higgs can be heavier. 23/




Let us find fields whose N4 and Np are both positive.

Fields which mixed with would-be-Goldstone bosons:

Abs [ Aby [Aby [ Ny [ Np

© o
(1,1,1)4cc. | O | O | 2 | 2 | -6
(3,1,5)+ce. | 1 | O | 2 | 2| -6
(3,2,—-2) +cec. | 2 3 5 0 | —12
(3,2,2)+cec. | 2 | 3 | & |-%| 12

For heavy gauge bosons, multiply by (-2)

Doublet-triplet :

Abs [ Aby [Aby [ Ny [ Np
(1,2,5)4cc. | O | 1 | 2 |-2|0
(3,1,—3)+ce | 1 0 : | = 1]0

24



126 + 126:

Abs [ Aby [Aby [ Ny | Ng [ SU(5)
(1,1,2)+cec. | O o | 22 | 22 | 24| 50
5 5
(1,3,1)+cec. | O 4 | 2| -FZ | -6 15
2
(3,1,-3)4cec. | 1 | 0 | 2 | 22 |-30| 45
(3,2, 5)4ce. | 2 | 3 | 2 | &£ |-36| 4550
(3,3,—3)+ce | 3 |12 | 2 |-212%| 36 | 45
(6,1,—5)4cc.| 5 | 0 | 22 | & | —6 | 15
(6,1,5)+cc. | 5 | 0 | = 5?—4 6 45
(6,1, %) +ce. | 5 | 0 | & | 22 |54 50
(6,3,3)+cec | 15 | 24 | 2 | -2 90 | 50
(8,2,5)+cc | 12 | 8 | £ | £ | 24 || 45,50




210:

Abs [ Aby [ Ay [ Ny | Ng [ SU(B)
(1,2,2)4cc. | 0 | 1 | 2L | 2 |-24]| 40
(1,3,0) 0 | 2 | 0| -6 | 6 24
(3,1,2) + c.c. 1 0 10 | 12 |-48| 175
(3,3,5)4cec. | 3 | 12 | == | -2°| 18 | 40
(6,2,—2)+cc. | 10 | 6 £ | = | 36 40
(6,2,2) 4 cc. | 10 | 6 10 | 12 | =12 75

(8,1,0) 3 ] 0] O 6 6 [ 24,75
(8,1,1)+cec. | 6 | 0 | 2 | 122 |36 40
(8,3,0) 9 [ 16 | 0 | —30 | 66 75

26



126 + 126 + 210 thresholds

2 3 B 1
az(myz)  az(mgz) a1(my)

— i EmMHC_QmM
mz

2w\ 5 my
det’ M(l,l,l) d

12.78

_|_§ n M(%(3,2,1/6)

et/ M3

(3,1,2/3)

det’ M2

(3,1,1/3)

6
M¢y31,2/3)

det M4

2
5 Mgy

4 7
Maa2MGa43)

(3,2,7/6)

7 I'af2
det' M(32,1/6) det M7 5 4 /0y

M(161,1,2/3)M?6,1,1/3)

Ml9

(6,1,4/3)

det M4

(8,2,1/2)

M7

(1,

MlO

2
MG 23/2)ME15/3

MG 21 /6)

10
Mg25/6)

22
~7

21 3
3.1)ME3.1/3M(6.3,1/3)

5

18
Mig1.1)

ar21

M

(1,3,0)™

2 3 n 5
az(myz) ao(my) ai(my)
1(8|n’msusv
2T

mz
+61In

1894 = -—

4 72 2
Mx Mg 1,1yMG

(3,3,5/3)

(3,1,2/3)

25
Mg'30y

det’ M2

(3,2,1/6)

6 A4
mZMG(3,2,1/6)

“ M?3,3,1/3)M(6,1,1/3)

3,2,5/6)

15
M(53,1/3)

4
det M(8,2,1/2)

|

6
LandetMp, L,

5
(3
<

4
M(1,1,2)M(1,3,1)

M1 3,0) M(33,3,5/3) M(66,2,1/6)

1= vy 7

ot o

M(6,1,2/3)M(96,1,4/3)

M?1,2,3/2)ME:3,1,5/3)M(46,2,5/6)M(b8,1,1)

M (181,3,0))

27




Candidates to increase lightest colored Higgs mass :

N, | Ng SO(10) SU(5)
(8,2,1/2) 4 c.c. | %= | 24 | 126 4 126, 120 | 45,50
6,1,1/3)4+cec. | 22| 6 |126+126, 120 | 45
5
(6,2,—-1/6) +cc. | = | 36 210 40
(8,1,0) 6 | 6 210, 45, 54 | 24,75

There are only four in the well motivated SO(10) reps.
All four candidates are also included In 144 4 144.

\_

Especially, above (8,2,1/2) threshold, b3 =by =9,b; =
(6,2,-1/6) threshold, b3 = b, =b; =7

If these fields are split from the multiplets,
colored Higgs can be easily made heavy.

57\

5

5 /)




MSSM+(8,2,1/2) threshold

0.12

0.10
0.08

0.06 (8,2,1/2)

004 o

0.02 + %1 -

10° 10" 10° 10° 10" 10" 10" 10" 10"
Q (GeV)

Gauge symmetry does not recover, but couplings run almost uniteddy.



Suggested possibility :
Approximated gauge coupling unification scale
may be the scale of (8,2,1/2) or (6,2,-1/6) mass.

It gives a simple explanation why gauge couplings look unified
though there is a little hierarchy to the gravity/string scale.

SO(10) symmetry is recovered at more than
1017 GeV (possibly the Planck scale)

Gauge couplings blow up when we meet the other
decomposed fields from 126+126 and 210.
Maybe it connects to the strong coupling string theory.

30




SO(10) breaking vacua down to SM

Minimal choice : 126(A) +126(A) + 210(®P)

Vacua can be specified by a single parameter .
(Aulakh-Bajc-Melfo-Senjanovic-Vissani)

1 1 _ _
Wy = 5mlcb2 + 6A1¢3 + msAA + MHPAA
_ myz(1-5z2) . mi1-2z—22 mq
P1=- >\11 (1—-z)2 P2 = - )\11 e P3=p
2
— _ m7 2(1-32)(14+2°)  3—14z4+1522-823 _ mo)\g
YRVR = X103 (1-2)2 (1-2)? T om1A2

b1 = (P1234), P2 =(Pserg) = (P7390) = (Poos6)>
P3 = (P1oss) = (P1278) = (P1200) = (P3456) = (P3478) = (P3490),
v = (Doaeso), Ur = (A13579)

31



Landscape of the minim breaking vacua
At the marked points, deton elds\split from multiplets.

| (8,2,1/2)
1 We live herel _‘7 SV
- SU(5) SU(5)

[ 24 75

l /(8 1,0)

0L . . . .

(6.2,-1/6) / .

RV VV,V.V,V.V M .
5 [ SU(5)xU(1) _

[ 50

—1 I .
[ 3211
1.5 -1 -0.5 o0 0.5 1 1.5 2
Re x

Higgs spectrum : Fukuyama-Illakovac-Kikuchi-Meljanac-Okada

Bajc-Melfo-Senjanovic-Vissani, Aulakh- Girdhat’



N7 SO(10) SU(5)
24 | 126 + 126, 120 | 45.50 | ——
126 + 126, 120 | 45 |«——
36 210 40

6 210, 45, 54 | 24,75

(8,2,1/2) + c.c.
(6,1,1/3) 4 c.c.
(6,2,—1/6) 4+ c.c.
(8,1,0)

) m\ﬁm\gm\ﬁg
o

(8,2,1/2) and (6,1,1/3) can couple to fermions.
queP (g 2,1/2)T4d°P(8 2, —1/2) T 999 (§.1,—1/3) T 1 d P 6,1,1/3)-

Through the threshold, flavor violation for both left- and
right-handed squark mass matrices can be generated.

- U
_ T
[ Impact on the meson mixings ] QOQ

(Yesterday’'s my talk)




queP (g 2,1/2)T4d°P(8 2 _1/2)F499(G.1,-1/3) T 1 d P 6,1,1/3)

/Bottom Yukawa i1s modified through the threshold. \
If the couplings are order 1, it decreases the bottom Yukawa
coupling at low energy.

Good direction for bottom-tau unification!

\ Bottom-tau can be unified for any tan g. /

Cf. For MSSM running, bottom-tau unification can happen
only when tang ~ 2 or ~ 50.

34



N4 | Np SO(10) SU(5)
(8,2,1/2) +c.c. | %= | 24 | 126 4+ 126, 120 | 45,50
(6,1,1/3) + c.c. 6 | 126 +126, 120 | 45

(6,2,—1/6) + c.c. 36 210 40

(8,1,0) 6 210, 45, 54 | 24,75

o 1| Qo

None of the four candidate to increase colored Higgs mass
couples to leptons.

. N
Large lepton flavor violation is not expected for the

direction to increase the colored Higgs mass.

9 T — WY, T — €7, b — €7, y
Note : Large LFVs are not generated from right-handed
neutrino loops neither since Dirac neutrino coupling
does not have large mixing in the naive SO(10) fit,_




126 + 126:

Abs [ Abs [Aby | Ny | N [ SU(B)
(1,1,2)+cec. | O | 0 | 2 | & |-24] 50
(1,3,1)+cc. | O 4 | B -2 | -5 15
(3,1, —7§) +ece | 1 0 % ﬁ —30| 45
(3.2,5)+ce. | 2 | 3 | 2| & |-36] 45,50
(3,3,—3)+cec | 3 |12 | 2 | 12| 36 | 45
(6,1,—-5)+cc. | 5 0 | 22| &8 | 6 15
(6,1,5)+cc. | 5 0 = = 6 45
(6,1,5)+cc. | 5 | 0 | 2] 1F [-54] 50
(6,3,2) +cc. | 15 | 24 | 22 | -128] 90 | 50
(8,2,5)+ce. | 12 | 8 | 22 | =& | 24 || 45,50

Type |l seesaw may decrease the unification scale
If SU(5) 15 multiplet splits.

If the candidates are lighter enough, there is a solution
to increase Higgsino mass.

There may be a hint to distinguish type | and Il. 36



Note : Minimal SU(5) v2.0 with 45 Higgs
(which reproduces GJ relation)
can have the same threshold effects.

Ng SO(10) SU(5)

(8,2,1/2) + c.c.
(6,1,1/3) + c.c.
(6,2,—1/6) + c.c.
(8,1,0)

36 210 40
6 210, 45, 54 | 24,75

o i ', 2

To explain GJ relation from renormalizable coupling,
(8,2,1/2) is incorporated in the model.

24 | 126 + 126, 120 | 45,50 | «——
6 | 126 4+ 126, 120 45 —



LHC/ILC results

—— More accurate information of
gauge and Yukawa couplings above TeV scale

— It gives important probe of the GUT thresholds.

Flavor violations are also important to probe the thresholds.

Keep watching:
Sin 2¢1-V,,;, disCrepancy in unitarity triangle
phase of Bs-Bs mixing
(CP violation of Bs — J/v¢ decay)

T — WYy, T — ey, W — ey, p-econversion ...
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Dimension-5 Proton decay suppression

D5 Proton decay amplitude: /wmo

Oézﬁp 1 mW C..
> 17kl
Vs to\

- /
Lightest colored Higgs mass ~ squark Function of h, f,h

A ~

Possible solutions to suppress D5 proton decay

1. SUSY particles (squarks) are heavy.
— Look forward to LHC
2. Colored Higgs Is heavy. (arxiv:0712.1206)
m=)> 3. Typical flavor structure of Yukawa h, f,R’.

— Predictive to masses and mixings
(PRL94 091804; PRD72 075009)




Dimension 5 operators :  —Ws = %Czjqukqlqzﬁ + Cp equsugds

_ _ _ symmetrlc
Higgs triplets  (3,1,1/3) 4 c.c.
Yr — (H’fv DT: Dlj_”) AT& AT) A,Ta CDT)
o1 = (Hp, Dy, Dip, A, A, AT, Sr)
mass term : (o7)a(M7)ap(eT)s
T _ asdiag _
XMpY ' = MT Hp and A7 have opposite D-parity.

CEJ - Z M—(Xalh Xa4f+\/§Xa3h,)ij(yalh+ya5f)kl

T, L /
¢ Opposite signature ~no h
] —IEL'F e kg r
CP™" =3 —(Xa1MO)Xaa fHV2X2h")ij(Ya1 h—(Yas —V2Y,6) f+V2(Ya3—Ya2 i
K a MT,
CPM = chijhp+oy fij frutoafij futasfihitoahlhg+oshl; fi
CE = chijhiyr Fij frtyaFig Frutysfijhtyallhatyshl fut- -

T3 = —Y3 (Dutta-YM-Mohapatra)

40




Proton decay suppression

SUB) limit:  CP™ ~ 3™ ~ (V)i (Yu) /M,

In SO(10), we may have cancellation among different Higgs couplings,
CPM™ = chijhy+as fij futrafij futas fighitrahlhg+oshl; fi

.
Cr" = chijhi+yi fijfrtvafijfrutysfijhertvahizhutyshi frut- -

But,

=T

a i

Q

(Xa1hBXaaf+V2X 430" i (Yarh+Yas f
. Opposite signature ~no n/
}%“‘“’—Z—(}:ﬂlh Xaaf+V2X2h")ii(Yarh—(Yas—V2Y06) fAV2(Yaz—Yo2)) i

i} A

Q

Yu=h+ rof +r3h’

= e M/ me <K mg/my, me/me K mg/my,
Yg=ri(h+ f+ 1)
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My /my <K mg/my, me/my <K ms/my,

Up-type quark masses are hierarchical rather than down-type ones.

Typical solutions:

Yu=h+rof + rah/
Yg=r1(h+ f+h')

-

Sol. 1: ro,r3 ~ O(1)

roughly, r1h ~ Yy
-

~

)

-

.

~

Sol. 2: ro,r3 < O(1)

roughly, h ~ Yy

)

In Sol. 1, cancellation among &, r»f, and 3k’ IS needed.

But such cancellation hardly happen in both C;, and Cp

~no h'

—
ckl = 3 MT U h)Xaaf+V2Xa3h")ij(Yarh+Yas i
a
Opposite signature
5 kel
Cp =2

“LTE

(Xa1 X 4f+"-f_]{ Zh }:_y{}alh (Yas— "-f_}raﬁ}f_l_\/_(}a?: 4@2))“




(p — Kv) > 19 x 1032 years

i — a2fp A = 32
Proton decay amplitude A= A 7(n — ) > 4.4 x 10°¢ years
4rMrmsusy 7(n — K7) > 1.8 x 1032 years

A~ — Clzihh_l_xlAff_l_xQAhf+$3Afh+$4gh’h+x5gh’f

To satisfy current bounds,
Alp = Kp) <1078, A(n—mp)<2-1078, A(n— Kiv)<5-1078
(M; =2-1016 Gev, M;=1 TeV, My =250 GeV]

When ro, r3 ~ O(1), Ap, ~107%—-10"°
(roughly, T ~ Yy) Cancellation is unnatural.

When ro, r3 << 1 and h~ Yy, Ap, ~ 107

One still needs to care about cancellation in each decay mode, p — KvVeu,r

. =

A special choice is more preferable.

h ~ diag(< A, € Ae, Ap) Yo="nh+rof + r3h’
(A, < 10_8) Yy=ri(h+ f+1)



A special choice of texture (in h-diagonal basis)

h ~ diag(< Ay, < Aey Ap) A~ 0.2
~0 ~0 A3 0 A3 3

fel ~0 X2 A2 |, R ~il =23 0 A2
A3 A2 N2 -X3 =A% 0

Relations are clear under this texture!

e.g. Charm Yukawa: A; ~ roms/m; ==y |ro| ~ 0.1 —0.15

MgMmsmy ~ cgmem”mT ) |co| ~ 1.

Yo =h+rof +r3h’ Yy=ri(h+ f+h")

Yo=ri(h—3F+ech) miMacF (typell) .



~0 0 )\ 0 X3 A3
h ~diag(0,0,1), F~| 0 X2 X2 |, R ~il =23 0 )2
A3 N2 \2 23 =22 0

Rough structures of the Yukawa matrices

/ ~0 ~O0 7oA ~0 X3 ~ )3 \

Yo | ~0 A2 mA2 |, Yy~rg| —id3 A2 ~ N2
roX> roA? 1 ~ A3 ~A2 1
~ 0 iced3 ~ A3 ~0 ~0 A
N3 a2 > light 0 A2 )2
Ye >~ 71 —1CeA” —3A° ~ A , my X ~
K ~ \3 ~ \2 1 A3 A2 )2 /
Yo =h+rof +r3h’ Yy=ri(h+ f+h")

Yo=ri(h—3F+ch) mi"acF (typell) .



Simple explanation of successful fermion mass and mixings

Fermion mass matrices are rank 1 (k) + corrections (f, h')

Let us consider a limit where 15t generation is massless.

h' =0, fis also rank 1.

f-diagonal basis. faz small — CKM small.
o c? be ac o A1 O O

h = h3z | bc b2 ab , J = [33 0 A2 O

ac ab a2 O 0 1

In the limit A1, A» — O,

24 .2 .

a

2 large, 1 small neutrino mixings are automatic.

Yu=h+rof +r3h’ Yy=ri(h+ f+h")

Ye =r1(h @ ceh’) my I @ (type Il) 46



. . ™m ] A 2
[Ue3| =sinf13 is corrected by ~ w/,,,,,LZ , ~sinfeg #ﬁq

L L T T T T T |Ue3| 90 Ce<0
0.15-
014 L | | 120 60
0.10- /
| 150
0.05 - N
™ ; & 2
@& 0.10 0.00:180 ; 0
D ,
- 0.05-
0.08 ] PN .
1 210 S X 330
0.10 - / \
0.06 ]
0.15-
AP R SR RSN SRS S S R 270
00 02 04 06 08 10 12 14
C O O O O
Cel SmNnsp ~ 130° — 150°, 310° — 330

(Hermiticity of fermion mass matrix is assumed.)
PRD72, 075009 (2005)

Measurable and testable in near-future experiments. ,,



Fortunately, many of the SO(10) models predicts measurable

13 neutrino mixing.

It will be measured near future.

=

HyperKamiokande will be designed (hopefully).

- =

Nucleon decay experiments can disentangle the models.
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{ Summary }

e \We study the proton decay suppression by
(1) increasing the colored Higgs mass

(2) selecting suitable flavor structure

iIn SO(10) models.

® There are four candidates in the SO(10)
multiplets to increase the colored Higgs mass.

® \We present a possibility for the interpretation of
coupling unification scale [(8,2,1/2) and (6,2,1/6)].

®Proton decay constraints may imply quark flavor
violation rather than leptonic one.
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® \We study a suitable flavor structure to suppress
proton decay naturally.
The fermion masses and mixings are predictive.

® Measurement of 13 neutrino mixing and a phase,
accurate analyses of guark and lepton flavor violating
processes, squark-slepton masses (LHC/ILC) will lead
us a scheme of vast scope to investigate GUT scale
physics.

International Workshop on GUT: Current Status & Future Prospect 30




Back up slides
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Type | seesaw
Y,y T
= (h—3rof + i)Y h = 3rof — cu))

= (h+c,h)f~1(h — cvh') — 6roh + 9r5f

\

Cancellation is needed.

’o A3 0 A3 A3
h ~ diag(0,0,1), f~ . R ~i| =A3 0 A2

A3 \2 )\2 ~A3 —)\2 0

Compatible to f33 suppression
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0.127

0.1r

0.08}

0.06}

0.04}

0.02}

(6,1,1/6)

!
i

(1,3,0)

i

(8,2,1/2)

1 & 8 10 12 14 16 18
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16 Higgs Scenario

Matter @ 916 + Y10 Higgs : Hipo + Hie
Yukawa couplings : ¥16¥16H10 + Y16%10H16

P16 D 1041, 10 D5 under SU(5)

Fermions are not completely unified.
Quantitative predictivity is less.

126 Higgs Scenario

R-parity : automatic
No dimension 4 baryon-number violating operator
Lightest SUSY Particle is stable. (Dark Matter candidate)

Explanation of factor 3 in GJ relation due to CG coefficignt




Relation of bottom-tau mass conversion and large atm. mixing

(Bajc-Senjanovic-Vissani)

(Mg =r1(h+ ) vy
Me:T’l(E_?’JF)Ud

=)

]\/[d—MechnLI

my o f

|

-

O(\3)
O(N\2) O(\?)
o3 o(\?) 1

~/

\
Md ) my

O(\3)

12

O(N\2) 0O(\?)
ON3) Oo(\2) 1

| )

mp — mr ~ O(A2)my,




[ Our Model ]

o We assume that Yukawa matrices are Hermitian.

h=Vith, [=U14/(V3r1)f
h' = (Uyo + Uyz/V3)/rih/

(h, f : real, &' : pure imaginary)

SO(10) x C Spontaneous CP violation by VEV of 45 Higgs.
VEVs of 45 Higgs are pure imaginary.
120 Higgs mixing is pure imaginary.

Merits of the assumption:
1. Number of parametersisless. ==> Predictive

2. No cancellation between f and h'.
==> The predictions are stable.

3. Asolution of SUSY CP and strong CP problems
6 = 0 + arg(det M, M3




Note:
When r3 — 0 and U ~ V (tan g ~ 50),

then ce ~ —1, ¢, ~ 2.

dia
UMdOUb-VT — Mdougb.

.= U1 'y =1 Vio — Vi3/V3
=L —
Vi1 Uio + U13/V3
- Uis — V3Uq3 o= Vio + vV3Vi3
e — v — 11
U2+ U13/V3 Uio + U13/V3
Note:

When fllale — 0, det Me ~ |Ce|2det M,

|ce| >~ 1 satisfies Georgi-Jarskog relation.

Yy=ri(h+ f+hr") Ye = r1(h — 3f + ceh’) -



h, f : real symmetric, } 12 parameters
h! : pure imaginary antisymmetric

Higgs parameters : ri, r2, r3, ce, v } 5 parameters
Total 17 parameters in the Yukawa matrices

4 parameters are insensitive to fit masses and mixings

(h11, h22, 3, cv)

/ mUl mC1 mt \ / \
Me, My, MMt My Ths: 1%
Vs, Ve Vaubr 6CKM ' [Ues|, OMNSP

k Oatm: Osol Am§o|/Am§tm/ N J

Inputs Outputs
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Note on the model without 120 Higgs

h, f : complex symmetric } 9+(6) parameters
Higgs parameters : r1, 72 } 2+(1) parameters

Total 18 parameters in the Yukawa matrices

Yy=ri(h+ f) l
Yo =r1(h — 3F) We need cancellation in [1-2] block.
h11, hoo are needed.

=

Every property Is just fit.
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Predictions

1. Strange quark mass

015 ———

0.14
0.13
0.12
0.11
0.10
0.09
0.08
0.07

|Ue3l

0.06 [

0.05

Prediction: ms/mg~ 17— 18, 19 —20.5 [

(roughly, ms ~ $m,(1 £ O(A2))

~—— 1c lattice ———

0.0 0.10 0.12

0.14

0.16 0.18

m¢ (GeV) at 2 GeV

mp ~ m+(1+0(\2)) mm)

large tan 8 (tan 8 ~ 50)

1 e ms~ 120 — 130 MeV
e ms~ 155 —-165 MeV

Non-lattice value ]
ms/mg = 18.9 & 0.8

(Leutwyler)
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Yg=ri(h+ f+ 1)

Predictions .,
~0 ~0 A
light 2 2
m ~ | ~0 A A
2. |Ue3| Y )\3 >\2 )\2
Approximated relations : fi2 < f13
1 |V, tan2¢9 |
Ues| = L Ues|® = o —Amgy/ AmSim

V2 | V|’

0.15 ———
0.14 f
0.13 E
012 F
0.11
0.10
0.09 f
0.08 |
0.07
0.06 E

|Ue3l
|Ug3l

005"' . TR N S S — 004t v v b v v v ]
0.0030 0.0035 0.0040 0.0045 0.0050 0.0055 0.020 0.025 0.030 0.035 0.040 0.045 0.050

Vv 2 2
Vil Am: / am?



0.14

0.12

0.10

|Ue3l

0.08

0.06

00 02 04 06 O 1.0 12 1.4

Prediction: |U,3| ~ 0.08 — 0.12  (Jee| ~ 1)

Ye — T']_(i_l — 3f+ Ceﬁl)

Note: Note:
When r3 — 0 and U ~ V (tanp ~ 50), When i1, fio — O

then ce ~ -1, ¢, ~ 2. det M. ~ |ce|? det M,




Predictions

3. MNSP phase
Approximated relation (type Il dominance) :

| 1 singS, L e,
Sin dpNsp ~ ﬁsin@ﬁ sin (tan _

3f12
|U93| 90 Ce < 0 |Ce| 90 Ceo < 0
0.15+ 60 1.5+
0.10- o e/ 1.0
1 150 . .. 1 150
0.05 - 0.5
0.00{180 0.0-480
0.05 - 0.5
1210 N 1 210N
0.10 / ‘ 1.0
0.15- 15
270 270

Prediction : dynsp &~ 130° — 150°, 310° — 330°  (ce ~ —1)
63
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my9I"t = My — MP Mt (MP)T
Type Type |

My =2V2f(Ar) Mpr=2V2f(ApR)

When (Ap)/Uia ~ 2 x 1016 GeV, type II contribution is dominant.

When (AR)/Uiq ~ 2 x 1015 GeV, |(m])33]/(mi)33 ~ 0.2

Ues| : unchanged B Aasaaasensnsnsmansnanananay

MNSP phase : modified 2

sin dyNsp

0.10

1.0 b
015 020 025 0.30

0.00 0.05

(m Haal ! (m,)33



%\/e)

P(v

0.07 ———————————————————————
I 520 ] Am?, =25 x 1073 eV?,
I o ] Am2, =8 x 1075 eVv?,
0.05F| ——0=330 a
3 S Usz| = 0.1
: VAT 2 —
i L/ n<6;>» =0.4
=. 0.03F H ta 5 12
L .."-._ll :'”. Sin 29 = 1
0.02 f ; 23
: Ey, = 0.7 GeV
0.01F 3
¥/ p=3g/cm3
ool o T
0 500 1000 1500 2000

N N L (km)

(Tokai> It will be measured
@ In future experiments.
amioka

Korea Tokai-to-Korea proposal:
Hagiwara-Okamura-Senda s
Ishitsuka-Kajita-Minakata-Nunokawa




Conclusion

ﬂ. A Minimal SO(10) Model with suppressed \

proton decay Is presented.

2. Predictions:
|U.3| ~ 0.08 —0.12

SMNsp ~ 130° — 150°, 310° — 330°

(type Il dominant case)

3. It will be verified in the future experiments.

\ T2K, KASKA, NOVA, double-CHOO/Z, .... /




Lepton asymmetry via right-handed neutrino decay

e =3, C(Ny—=tH ) =T (N1 =4 Hy)
1 = 2 T (N =€, H )+T (N1 —2; Hy)

b C
— Hy, ) / j H, ) H, — Hy,
. V fa—
Vll% V]R V}z ‘Q—R< ’/}g A1:rip.
H
N He O\ ¢ :—g

Prediction: |e1|=(1—-4) x 107%(c,/2) diagram a) & b)

M 'mH
A —4 Ry V3
= (2.5-6)x10 2 G
=1 ) (ev/ )(1013(5ev) (0.0SeV) )

y+1 a2 2
G(y) =yln ” y = MR, ../ Mg,

When Mp,. /Mg, ~ 0.1, ef is negligible compared to e;.

Yy — ]TL — 3T2f:F Cy?bl



In thermal leptogenesis scenario
using WMAP data: 73 = (6.3 +£0.3) x 10719

Lightest right-hnanded Majorana mass :

Mpg, ~ (0.4 — 1)(2/cy) x 1013 GeV
VEV of Ap :

vp ~ U1a(2/c)(1 — 2.5) x 101° GeV

Under this choice,

[(mL)as]/(mi)33 ~ 0.2

|U.3| : unchanged

sin dynsp

MNSP phase : modified

] '0.00 0.05 0.10 0.15 0.20 0.25 0.30

|(m,,I)33| [ (m VH)33



Two possibilities:
1. vp/Uis > 2 x 1016 GeV

Type Il seesaw dominant : MNSP phase predicted.
2. vp/Uia ~ (1 —2.5) x 101> GeV

Type | seesaw contributes : MNSP phase modified.
To satisfy WMAP data, SU(2) triplet contribution is not needed.

|Cel 90 Ce <0 |Cel
1.5 15-
1.0 o - 10,

1 150 e 1 150
0.5 \ N 05, ‘
0.0 180 0.0—:180
0.5{ 0_5,:

L 210N ; -
1.0 o 210
15 1.5£

270 570



Br(p—ey)

10

11
10

-12
10

13
10

10

Lepton flavor violation

__]_[]HHHIHI””HIIIIIH”IIIIIIIIII _8 I_Illllllllll
= tanp=50, p>0 10 = tanfi=50, 110 3
i A,~0 GeV ] - Ay=0 GeV .
3 E 9| |
z 1 = 10 5
[ 1 T i ]
3 E = - .
: : a2 : ]
i - -10
I . 10 E
14| 11|
s b b b 10 crvvva b v by v vy
400 600 800 1000 400 600 800 1000
m, ,[GeV] m, ,[GeV]
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P(vueve)

0.03 i : : : .

' 0.04 |
0.02 0.03

[ = 0.02
0.01F [

' 0.01]
000 - N B I ISR SRS NSRS SRS RS TS R SRR ] 000 [

00 05 10 15 20 25 30 0.0 051015 20 25 30 35 40 45 5.0
E  (GeV) E, (GeV)
at Kamioka at Korea
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