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1. Introduction 00/41Content

concept only
forget mathematical difficulty



i. Short review for GUT 01/41GUTis marvelous !!!

ÅUnification of forces(interactions)

╢╤╢╨╖╤╣sparticle mass

:SM

:MSSM

Ώ Ḑς ρπGeV

unification of forces is one of the goals (dreams) of physics

electric force

magnetic force
aŀȄǿŜƭƭΩǎ Ŝǉǳŀǘƛƻƴǎ

electromagnetic force

gravity

Einstein tried
but not succeeded

ƳŀƪŜ ǎƛƳǇƭŜΣ hŎŎŀƳΩǎ ǊŀȊƻǊ



i. Short review for GUT 02/41GUTis marvelous !!!

Åcharge explanation
ὛὟυᶳὋ

ὛὟυ diagonal generator ʂὋ diagonal generator

esplecially Ὗρ charge = Ὗρ generator
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ὛὟσ part

ὛὟς part

ςȡσ ȡ

ὗ Ὠ ὗ ὰ GUT explain SM charge

Åanomaly free explanation
SM charge is anomaly free

=GUT explain why SM is anomaly free

e.g.

traceless



i. Short review for GUT 03/41GUTis marvelous !!!

Unification of interactions and particles is great advantage of GUTs, 

but unification of particles makes some troubles

ÅUnification of particlesRealize simultaneously!!

Unification of SM fermions in ὛὟυGUT model

Unification of SM fermions in minimal ὛὕρπGUT model

The SM is gauge theory 

Gauge groups describe not only interactions but also particles.



i. Short review for GUT 04/41Unification of particles

What will happen when particles are unified into 
samelrepresentation? 

Unification of SM fermions in ὛὟυGUT model

One of the ὛὟυYukawa terms

ὛὟυ Yukawa relation
@ GUT scale

Unified particles have same character (here mass) at GUT scale.

ά ά
ά ά

ά ά

at GUT scale



Yukawa unification in SU(5)

@ὓ scale

@GUTscale

Does RG eq. effect from GUT scale to ὓ scale modify this problem?

RG eq. effect does not modify this problem.

i. Short review for GUT 05/41



non-renormalizable ὛὟυGUT

or smaller

GUT group breaking 
contribution

non-renormalizable terms contribute to mass of the first- and 
second- generation particles.

Yukawa unification in SU(5)

these non-renormalizable contributions solve this problem
I will use this mechanism later

i. Short review for GUT 06/41



Origin of additional ╩ii.ὤᴂfrom GUT 07/41

Ὃ Ὗρᴂ

origin of additional ὤ: ὤᴂ

Ὃ ὛὟσ ὛὟς Ὗρ
Ὗρᴂ

4(=2+1+1)+1=5

gauge group rank

rank of SM group

ὛὟυ minimal unification group 4

Ὓὕρπ 5

GUT is one of the famous candidates for additional ὤ.

But light ὤᴂis allowed ? Does proton decay restrict it ?



at GUT scale ḐρπGeV

light ὤᴂmass scale

origin of ὤᴂ

Light ╩ᴂii.ὤᴂfrom GUT 08/41

constrained by proton decay

constrained by ὤᴂphysics

light ╩ᴂis possible

In this work we do not specify how to realize light ὤᴂ.

some cancelation and/or some additional symmetry is necessary



Origin of flavor violating ╩ᴂiii. Flavor violating ὤᴂ 09/41

Fermion gauge interaction from Ὗρᴂsymmetry
in interaction basis

we have to transfer from interaction basis to mass basis 
to make Yukawa matrix diagonal

ή: Ὗρᴂcharge for 

interaction basis mass basis

unitary transformation



Origin of flavor violating ╩ᴂiii. Flavor violating ὤᴂ 10/41

Å In SM Z interaction (ή ή ή ή)

after unitary transformation

flavor universal charge = identity matrix

Å In some Ὗρᴂsymmetry which has flavor non-
universal charge(not ή ή ή)

non-diagonal matrix = flavor violating ὤᴂ



╩ᴂin GUTiii. Flavor violating ὤᴂ 11/41

In some Ὗρᴂsymmetry flavor non-universal chargeis 
essential to realize anomaly cancelation.

ÅὟρᴂgauge symmetry comes from GUT symmetry

üno anomaly problem

ügeneration universal charge (ή ή ή)

but

summarizing the above

VGUT can be a origin of ὤᴂ
Vbut this ὤᴂis flavor conserving



2. Flavor violating ὤᴂfrom 
ὛὕρπSUSY GUT model 11/41Content

2. Flavor violating ὤᴂfrom ὛὕρπSUSY GUT model

i.  Problem of ὛὕρπGUT

ii. Flavor violating ὤᴂ



i. Problem of ὛὕρπGUT 12/41Quark and lepton unification

unify all quark and lepton 

üadvantage

üōǳǘ Χ

cause some trouble

How to realize observed quark and lepton masses 
and mixings?

In ὛὕρπGUT model



i. Problem of ὛὕρπGUT 13/41Mechanism to solve it

üadd new Higgs (e.g. ρςπ)

In Ὓὕρπgroup

Ễ

new contribution, break GUT relation

üuse SUSY threshold correction

If ÔÁÎis large SUSY threshold corrections solve this problem.

> 40

ᶿÔÁÎ



i. Problem of ὛὕρπGUT 14/41In this model

üextend matter sector

introduce three sofὛὕρπ

MSSM matters

This mixing is useful to realize observed quark and lepton 
masses and mixings.

heavy particles



origin of flavor violating ὤᴂ

e.g.

flavor non-universal charge

origin of ὤᴂ

i. Problem of ὛὕρπGUT 15/41flavor violating ╩ᴂ

MSSM matters

heavy particles



i. Problem of ὛὕρπGUT 16/41short summary

üὛὕρπunification group

origin of ὤᴂ

ümechanism to solve ὛὕρπGUT model

make ὤᴂflavor violating one

This Ὓὕρπmodel is good origin of FV ὤᴂ.

This model has following interesting features

Vcompatible with some high-scale (split) SUSY model

Vdistinctive flavor violation

only for matters



ii. Flavor violating ὤᴂ 17/41Flavor violating ╩ᴂinteraction

Flavor violating ὤᴂinteraction in fermion mass basis

ὤᴂgauge boson is interaction basis

φ φunitary matrix

unitary condition

of course other fermions have flavor conserving interaction 



ii. Flavor violating ὤᴂ 18/41Flavor violating ╩ᴂinteraction

Flavor violating ὤᴂinteraction in fermion mass basis

What we want to calculate this interaction

Åὤᴂgauge boson mass : ὓ

Ågauge coupling : Ὣ

Åὤ ὤᴂmixing angle : —

Åmixing parameter : Ὗ

by hand

but ὕρππTeV is interesting

from gauge coupling unification

from fermion masses and mixings



3. Phenomenology

i.  Flavor violating coupling

ii. Phenomenology

2. Phenomenology 18/41Content



i.  Flavor violating coupling 19/41Flavor violating coupling calculation 

down-quark

charged-lepton
Yukawa up-quark Yukawa

make Yukawa 
matrix diagonal

This relation is satisfied at GUT scale.

We use this relation in low energy scale.

mixing angle is ratio of Yukawa coupling and



i.  Flavor violating coupling 20/41Flavor violating coupling calculation 

To calculate flavor violating coupling we need

up-type quark mass

down-type quark mass

charged-lepton mass

CKM matrix

:

:

:

:

ά

ά

ά

Ὗ

We can calculate these parameters at ὓ scale if we 
assume particle contents.

In this model we assumeὓ ὕρππTeV.



In this model we assume high-scale SUSY (split SUSY)

ὕρππTeV SUSY particles, 

but gaugino mass is O(1) TeV (loop induced)

i.  Flavor violating coupling 21/41Particle content

at GUT scale ḐρπGeV

light ὤᴂmass scale= SUSY scale = ὕρππTeV

SUSY flavor contributions are negligible

GUT scale (ὕρπ GeV)

SUSY scale (ὕρππTeV)

gaugino scale (ὕρ TeV)

: GUT particles

: ὤᴂ, SUSY particles, 
vector particles (from rep.)

: gaugino



Åhigh-scale SUSY

advantage
üobtain ρςυGeV Higgs mass

üsatisfy SUSY flavor constraints

ümore precise gauge coupling unification

üὕρ TeV gauginos

üthe residual SUSY particles mass is ὕρππTeV

High-scale SUSY

Low-scale SUSY
SU(3)C

SU(2)L

U(1)Y

from 
Hisano-ǎŀƴΩǎ 
slide

i.  Flavor violating coupling 22/41Gauge coupling unification



i.  Flavor violating coupling 23/41Higgs mass in high-scale SUSY model

Giudice, Strumia 
(2012)

ÔÁÎḐσ
is favored when stop 
mass is ὕρππTeV.



i.  Flavor violating coupling 24/41ÔÁÎ♫in ╢╞ model

ÔÁÎḐ ϳά ά

ὣ ὣ

ά ḳὣὺÓÉÎ
ά ḳὣ ὺÃÏÓ

In the minimal ὛὕρπSUSY GUT model

In our ὛὕρπSUSY GUT model

ÔÁÎḐ ϳά ά

ὣ ὣ

large ÔÁÎis favorable

+extra sof Ὓὕρπ
small ÔÁÎis 
acceptable



Introduce higher dimensional operator contribution (Ã) to 
realize observed fermion masses and mixings.

i.  Flavor violating coupling 25/41Yukawa relation

From these relations we can calculate flavor violating coupling



i.  Flavor violating coupling 26/41Flavor violating coupling

1-2 generation 1-3 generation 2-3 generation

ὃ ὃ ὃ
ͯ

Re(ὃ )ḐIm(ὃ )

red : ὧ ρπ blue : ὧ ρπ

K physics B physics



i.  Flavor violating coupling 27/41Flavor violating coupling

Indeed ὃ ᶿά ά

ὃȾὃ ᶿάάȾά ά
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