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Standard Model (SU(3)cxSU(2)xU(1)v)
IS very successtul in particle physics
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Of course, the SM is very successful in flavor physics
as well.

. No tree-level FCNCs.

- Flavor changing processes are very suppressed
by the GIM mechanism.

For instance,
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Ko-Ko mixing predicted

W W by the one-loop,
and very small.
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This is not the end of the story!

because of

Dark matter
and
there are many “why” in the SM.
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Supersymmetric

Grand Unified Theory

IS very natural explanation!



SUSY can explain why SU(2).xU(1)y breaking
happen around 246 GeV

Supersymmetric SM
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Grand Unified Theory (GUT)

IS a good answer
to the origin of gauge symmetry



SM gauge groups naturally embedded into GUT

SO(10) Embedding: su). x SU@). x U1)y xU(1)xi = SO(10)
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SM gauge groups naturally embedded into GUT
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supersymmetric SO(10) GUT looks very elegant and natural

but story Is not so simple...
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looks very elegant and natural

It is difficult to achieve 125 GeV Higgs in the MSSIV.
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SUSY search also getting severe!

ATLAS Preliminary

ATLAS SUSY Searches* - 95% CL Lower Limits

Status: Feb 2015 Vs=7,8TeV
iss - e
Model U Ty Jets EX [Ldiib™] Mass limit Reference
MSUGRA/CMSSM 0 26jets  Yes 203 |&% 1.7TeV. m@)=m() 1405.7875
4, 4—qt) 0 26jets Yes 203 |d 850 GeV m(E?)=0 GeV, m(1* gen. §)=m(2" gen.q) 1405.7875
@ iy, 4V (compressed) 1y O-1jet  Yes 203 |[d 250 GeV m(@-m@!) = m(c) 1411.1559
S 23—t 0 2-6jets  Yes 203 |Z 1.33 TeV m(¥1)=0 GeV 14057875
§ 2%, Boqa¥E sqqwid 1e,pu 3-6jets  Yes 20 |2z 1.2 TeV m(¥})<300 GeV, m(¥*)=0.5(m(¥})+m(z)) 1501.03555
@B 2z Goqq(ll/tviwT 2ep 0-3 jets - 20 |2 1.32 TeV m(i})=0GeV 1501.03555
Q GMSB (7 NLSP) 1-27+0-1¢ 0-2jets  Yes 20.3 4 1.6TeV  tang>20 1407.0603
] GGM (bino NLSP) 2y - Yes 203 |z 1.28 TeV m(¥})>50 GeV ATLAS-CONF-2014-001
3 GGM (wino NLSP) Tepu+y - Yes 4.8 m(¥})>50 GeV ATLAS-CONF-2012-144
= GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥})>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 03jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet Yes  20.3 F'2 scale 865 GeV m(G)>1.8 x 10~* eV, m(g)=m(3)=1.5TeV 1502.01518
S gobbl) 0 3b Yes 201 |[% 1.25 TeV. m(¥))<400 GeV 1407.0600
%E goit) 0 7-10jets  Yes 203 |Z& 1.1 TeV m(¥}) <350 GeV 1308.1841
< E o 0-1 e, 3b Yes 201 |z 1.34 TeV m(7})<400 GeV 1407.0600
R NN 0-1e.p 3b Yes 201 |& 1.3 TeV m(i))<300 GeV 1407.0600
we bbb Sbt) 0 2b Yes  20.1 | & 100-620 GeV m(¥})<90 GeV 1308.2631
X8 bbbt 2e,u(SS)  03b Yes 203 | b 275-440 GeV m(¥i)=2 m(t)) 1404.2500
S S iy, bty 12e,pu 12h Yes 47 | & \Y m(Fi) = 2m(¥}), m(¥})=55 GeV 1209.2102, 1407.0583
88 an. oWt or i) 2eu  02jets  Yes 203 |& 90-191 GeV 215-530 GeV. )1 Gev 1403.4853, 1412.4742
£ 8 iy, fi -] 0-1e,u 1-2b Yes 20 i 210-640 GeV 1407.0583,1406.1122
%‘8‘ Aif, ot 0  mono-jet/c-tag Yes 203 | A 90-240 GeV m(i)-m(¥))<85 GeV 1407.0608
T & Afi(natural GMSB) 2e,u(2) 1b Yes 203 |7 150-580 GeV m(¥})>150 GeV 1403.5222
hiy, -l +Z 3e,u(2) 1b Yes 203 |@ 290-600 GeV m(¥})<200 GeV 1403.5222
frlLg, I-0F) 2epu 0 Yes 203 |7 90-325 GeV m(E})=0 Gev 1403.5294
XXX — () 2ep 0 Yes 203 | ¥ 140-465 GeV m(E})=0 GeV, m(Z, 7)=0.5(m (¥} )+m(})) 1403.5294
= 5 XXX -t 27 - Yes 203 xf . 100-350 GeV m(¥))=0 GeV, m(7, 7)=0.5(m(¥} )+m(¥})) 1407.0350
DL ML), L) Sep 0 Yes 203 | Wb 700 GeV m(ET)=m(T2), m¥1)=0, m(Z, 7)=0.5(m(¥T }+m(¥1)) 1402.7029
S rith-wtizd) 23eu  0-2jets  Yes 203 |¥EE 420 GeV m(T)=m(F3), m(¥})=0, sleptons decoupled | 1403.5294, 1402.7029
T WIY, hosbb | WW/tr)yy € HY 0-2b  Yes 203 |¥5E 250 GeV m(¥})=m(E2), m(¥})=0, sleptons decoupled 1501.07110
O, K55 Skt dep 0 Yes 203 |F3, 620 GeV mEE3)=m(¥3), m(¥)=0, m(Z, 7)=0.5(m(¥3)+m(¥})) 1405.5086
Direct ¥1¥] prod., long-lived ¥{  Disapp.trk ~ 1jet  Yes 203 [¥ 270 GeV m(ET)-m(E})=160 MeV, r(¥1)=0.2 ns 13103675
E @ Stable, stopped g R-hadron 0 1-5jets Yes 279 |Z 832 GeV m(¥})=100 GeV, 10 us<r(2)<1000 s 1310.6584
=G Stable g R-hadron trk - - 19.1 z 1.27 TeV 1411.6795
2%  GMSB, stable 7, '\ 7@ p)+r(e.p) 124 - - 191 | &) 537 GeV 10<tanB<50 1411.6795
S 9 GMSB, #{ -G, long-lived ¥} 2y - Yes 203 | 435 GeV 2<7(7)<3 ns, SPS8 model 1409 5542
33, %) —qqu (RPV) 1, displ. vix - - 203 [@ 1.0 TeV 1.5 <cr<156 mm, BR(u)=1, m(¥})=108 GeV | ATLAS-CONF-2013-092
LFV pp—v: + X, ¥r—e+p 2ep - - 4.6 A4,,=0.10, 1;3,=0.05 1212.1272
LFV pp—¥r + X, Vr—e(u) + T lep+t - - 46 44,=0.10, 42)33=0.05 1212.1272
=~ Bilinear RPV CMSSM 2e,u(SS) 0-3b Yes 20.3 4,8 1.35 TeV m(g)=m(g), ctsp<1 mm 1404.2500
& T X W, e, e, 4ep - Yes 203 | W 750 GeV m(¥)>0.2xm(F}), 121 %0 1405.5086
XX W W) srtv,,et9, Ben+T - Yes 203 | 450 GeV m(¥))>0.2xm(¥t), 1i33#0 1405.5086
&-4qqq 0 6-7 jets - 203 |& 916 GeV BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
goiit, i —bs 2e,u(SS)  03b Yes 203 & 850 GeV 1404.250
Other Scalar charm, E—m\?? 0 2c¢ Yes 20.3 € 490 GeV | m(¥))<200 GeV 1501.01325
L L L L L L L M
Vs =8TeV -1
- - full data 10 1 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.



Problem 2

It is difficult to realize the realistic Yukawa couplings in the GUT.
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r only 3 matters ) oredict same mass matrices
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\ ) no CKM mixing
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Only one-type
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Problem 2

It is difficult to realize the realistic Yukawa couplings in the GUT.

g only 3 matters h | same mass matrices
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same mass spectrum

We need extra something.



Our setup

(extension of the minimal SO(10)
GUT to solve the problems)



minimal setup
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et me add extra matters (101, 102 1053)
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et me add extra matters (101, 102 1053)
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Then SM particles are given by the linear combinations:

(%) sm >= [bf > > |(bR)sm >= (cos bh)|bR > +(sin 0 ) |b >




3rd generation

My =~ My X (1/60)



3rd generation  my & my x (1/60)
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3rd generation my ~ my X (1/60)

from
top: my | TLtR 9"116,10,16 + 11:10,10;

~
“extra” quarks

---------------------------------------------

b +M bTC &+ L chb’C
bottom: ( ) - 0 "

I ; mass mixing

()b @V € M

bottom quark

( )X ( COS 9b) bottom quark
my = (% :
mainly from 10 rep. (b%)



The mixing between 10 and 16 can realize the
hierarchy between top and bottom.

(High-scale SUSY predict small tan )

But It is difficult for only the mixing to achieve the
all elements of realistic Yukawa coupling.

m
(mixing) = tan ﬁ(VCKM)ubm—b > 1

We add Higher-dim. operators

»

(hui; +(§-€Z—{j":’)(2uD%j]—[d + (hy i +(§1€Zj})LL-ztEf?de



Next question

How prove this model?



Crucial point is

d and 'di carry different U(1)x charges




(YO, J. Hisano, Y. Muramatsu, M. Yamanaka)

Crucial point is

( )

d and 'di carry different U(1)x charges

m lgen
down—t;ype quarks ' '
[ (di)sar >= Uyldy(=3) > +ULfdi+2) >]
d«
4 — < (d%)sm|Qx|(dR)sar > i

d Flavor violating!



Contributions to Flavor Physic

finite Z-Z° mass mixing predlcted
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flavor changing

almost “flavor-universally”

(d,s), (d,b), (s,b), (e,u), (e,T), (u,T), .... elements
are O(1) and complex.

Very nice predictions
because it is usually difficult to prove GUTs.



Note that

1. In order to achieve the 125 GeV Higgs,
SUSY scale is around 100TeV.

2. U(1)" I1s assumed to be broken radiatively.
— /' 1s also around 100 TeV.

3. We have O(1) flavor changing gauge
coupling of Z' In all elements.
— Important processes are K and u physics

because of the strongest constraints and the sensitivity to the
New physics.
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Excluded by K-Kbar mixing
deviations of KL= u u,ue, Ki—=m+v vare less than O(1)%.



Allowed region for uN—e N Z
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Summary

. Higgs discovered! What is next?
. We are waiting tor discovery of new physics.

. Flavor violations will be very good processes to
find the evidence of new physics. SM predicts
tiny flavor violation.



. | discussed SUSY SO(10) GUT.

125GeV Higgs mass

flavor violating
O(100)-TeV Z

)

realistic Yukawa

assuming U(1) from SO(10) is radiatively broken.

* Kand u physics are the most important.

Thank you
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T decay

BR(T — l;l1) < 107°
BR(7T — l;7) <107°

(arXiv:1001.3221;0908.2381)
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u—3e, L-e conversion are

U decays
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most iImportant



K physics

SM prediction /' contribution
d > S d
W W Vs Z
s : d s )

ViVia| ~ 5107 < V3 Via| ~ 1072 < [VijVig| ~4-107

K system B, system B system

K system Is more sensitive to hew physics



