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Flavor &
 C

PV
  w

as supposed to be 
the prom

ised land to see N
ew

 Physics 
(specially for BSM

 solving the hierarchy problem
)

W
here are the expected big effects?

W
e have a lot of null results to explain! 
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heap” w

ays to explain it: 

☛
 D

em
and sim

ilar BSM
 flavor-structure as in the SM

:

Im
posed C

P &
 Flavor Sym

m
etries in the B

SM

☛
 D

em
and BSM

 is very heavy ~
10

3 TeV
 but…

 hierarchy problem
?

“…
sym

m
etry and its generalizations are not fundam

ental at all, but 
just accidents, approxim

ate consequences of deeper principles. To 
the extent that these sym

m
etries w

ere our spies in the high 
com

m
and of nature, w

e w
ere exaggerating their im

portance,  
as also often happens w

ith real spies” 

                                  Steven W
einberg 

N
evertheless…



C
P &

 flavor sym
m

etries in the B
SM

  
should arise from

 dynam
ics!

T
his is also the lesson from

 the SM
:  

N
ot based on sym

m
etries!

gauge sym
m

etries ☛
 redundancies of the theory

arise as a consequence of Lorentz sym
m

etry
W

einberg’s Book 1, page 246
(

)
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nly few

 exam
ples know

n:

Sym
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SU
SY

:
G

auge M
ediated Susy B

reaking (G
M

SB
)

soft-m
asses through gauge interactions (flavor blind)

Beyond m
inim

al m
odels…

 ED
M

s are sizable!

d
e
⇠

10
�
2
8cm

e ✓
M

S
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T
eV

◆
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tan
�

O
nly few

 exam
ples know

n:

Q
Q

~
~

x

but today m
inim

al G
M

SB
 highly tuned to reproduce M

H ~
125 G

eV

Sym
m

etries from
 dynam

ics



C
om

posite H
iggs:

Sym
m

etries from
 dynam

ics

Yukaw
as from

 linear m
ixing to operators of the strong sector:

1
In

tro
d
u
ctio

n

A
n

attractive
solu

tion
to

th
e

h
ierarchy

p
rob

lem
is

to
requ

ire
th

at
th

e
H

iggs
is

n
ot

an
elem

entary
p
article,

b
u
t

a
com

p
osite

state
arisin

g
from

som
e

stron
gly-cou

p
led

sector
at

T
eV

en
ergies.

T
h
is

p
ossib

ility
h
as

im
p
ortant

im
p
lication

s
for

th
e

th
eory

of
fl
avor.

C
ontrary

to
m

od
els

w
ith

an
elem

en
-

tary
H

iggs
in

w
h
ich

th
e

stru
ctu

re
of

Y
u
kaw

a
cou

p
lin

gs
can

h
ave

its
origin

at
very

h
igh

en
ergies,

as
large

as
th

e
P

lan
ck

scale,
in

com
p
osite

H
iggs

m
od

els
th

e
origin

of
fl
avor

m
u
st

b
e

ad
d
ressed

at
m

u
ch

low
er

en
ergies.

T
h
is

is
b
ecau

se
th

e
H

iggs
is

associated
w

ith
a

com
p
osite

op
erator

of
th

e
stron

g
sectorO

H
w

h
ose

d
im

en
sion

d
H

m
u
st

b
e

larger
th

an
on

e
to

avoid
th

e
h
ierarchy

p
rob

lem
,
1

im
p
lyin

g
th

at
f̄
L O

H
f
R

h
as

d
im

en
sion

larger
th

an
4,

th
at

is
to

say
th

at
th

e
Y

u
kaw

a
cou

p
lin

gs
are

irrelevant
at

low
en

ergies.
T

h
erefore,

if
f̄
L O

H
f
R

are
gen

erated
at

very
h
igh

en
ergies,

e.g.
th

e
P

lan
ck

scale,
ferm

ion
m

asses
w

ill
b
e

too
sm

all
at

th
e

electrow
eak

scale.
D

i↵
erent

ap
p
roach

es
to

fl
avor

in
com

p
osite

H
iggs

m
od

els
h
ave

b
een

con
sid

ered
.

T
h
e

m
ost

p
op

u
lar

on
e

is
p
artial

com
p
ositen

ess,
in

w
h
ich

th
e

S
M

ferm
ion

s
f
i

get
m

asses
by

m
ixin

g
lin

early
w

ith
an

op
erator

of
th

e
stron

g
sector:

L
l
i
n

=
✏
f
i f̄

i O
f
i .

(1.1)

A
t

th
e

stron
g

scale
⇤
I
R

⇠
T
eV

,
w

h
ich

d
eterm

in
es

th
e

m
ass-gap

of
th

e
m

od
el,

an
d

at
w

h
ich

th
e

H
iggs

em
erges

as
a

com
p
osite

state,
th

e
ferm

ion
Y

u
kaw

a
cou

p
lin

gs
are

gen
erated

w
ith

a
p
attern

Y
f

⇠
g⇤ ✏

f
i ✏

f
j
,

(1.2)

w
h
ere

1
<

g⇤
.

4⇡
ch

aracterizes
th

e
cou

p
lin

g
in

th
e

stron
g

sector.
T

h
e

ap
p
ealin

g
featu

re
of

th
ese

scen
arios,

u
su

ally
called

“an
arch

ic
p
artial

com
p
ositen

ess”
[2],

is
th

e
fact

th
at

th
e

sm
alln

ess
of

th
e

m
ixin

g
✏
f
i

can
sim

u
ltan

eou
sly

exp
lain

th
e

sm
alln

ess
of

th
e

ferm
ion

m
asses

an
d

m
ixin

g
an

gles.
N

everth
eless,

th
is

ap
p
roach

also
p
red

icts
fl
avor-violatin

g
h
igh

er-d
im

en
sion

al
op

erators
of

ord
er

[3]

g
2

⇤
16⇡

2

g⇤ v

⇤
2I
R

✏
f
i ✏

f
j
f̄
i �

µ
⌫ f

j
gF

µ
⌫

,
g
2

⇤
⇤
2I
R

✏
f
i ✏

f
j ✏

f
k ✏

f
l f̄

i �
µf

j f̄
k �

µ f
l ,

(1.3)

w
h
ere

v
'

174
G

eV
.

T
h
e

op
erators

in
E

q.
(1.3)

lead
for

⇤
I
R

⇠
T
eV

to
large

contrib
u
tion

s
to

th
e

electron
an

d
n
eu

tron
electric

d
ip

ole
m

om
ent

(E
D

M
),

µ
!

e�
an

d
✏
K

,
ab

ove
th

e
exp

erim
ental

b
ou

n
d
s

[4]
(see

also
R

efs.
[5–8]),

as
sh

ow
n

in
T
ab

le
3.

T
akin

g
⇤
I
R

ab
ove

th
e

T
eV

is
p
ossib

le,
b
u
t

at
th

e
p
rice

of
fi
n
e-tu

n
in

g
th

e
electrow

eak
scale.

2

A
n

interestin
g

altern
ative

to
th

e
ab

ove
ap

p
roach

is
to

con
sid

er
th

e
right-h

an
d
ed

qu
arks

to
b
e

fu
lly

com
p
osite

[11].
If

th
e

stron
g

sector
h
as

an
accid

entalS
U

(3)
fl
avor

sym
m

etry
an

d
C

P
sym

m
etry

(som
eth

in
g

n
ot

d
i�

cu
lt

to
envisage

as
it

occu
rs

in
Q

C
D

),
th

e
fl
avor

b
ou

n
d
s

can
b
e

easily
satisfi

ed
.

In
d
eed

,
in

th
is

case
th

e
w

h
ole

fl
avor

stru
ctu

re
com

es
on

ly
from

th
e

lin
ear

m
ixin

g
of

th
e

left-h
an

d
ed

ferm
ion

s
w

ith
th

e
stron

g
sector

th
at

m
u
st

th
en

b
e

p
rop

ortion
al

to
th

e
S
M

Y
u
kaw

as
Y
f ,

as
in

1F
or

th
e
h
ierarch

y
p
rob

lem
w
h
at

is
in

fact
n
eed

ed
is

th
at

th
e
d
im

en
sion

of
th
e
gau

ge-sin
glet

term
O

H O
†H

is
larger

th
an⇠

4,
to

avoid
relevan

t
op

erators
in

th
e
th
eory.

In
stron

gly
-cou

p
led

th
eories

w
ith

a
large-N

ex
p
an

sion
th
is
im

p
lies

d
H

�
2,

b
u
t
th
is

is
n
ot

tru
e
in

gen
eral.

N
everth

eless,
b
ou

n
d
s
from

con
form

al
b
o
otstrap

[1]
in
d
icate

th
at

it
is

n
ot

p
ossib

le
to

h
ave

d
H

⇠
1
togeth

er
w
ith

D
im

[O
H O

†H
]&

4.
B
ein

g
con

servative,
w
e
w
ill

b
e
con

sid
erin

g
h
ere

d
H

&
2.

2A
ltern

ative
con

stru
ction

s
h
ave

b
een

recen
tly

p
rop

osed
b
ased

on
com

p
osite

T
w
in

H
iggs

in
w
h
ich

th
e
scale

of
com

p
ositen

ess
can

b
e
p
u
sh
ed

u
p
w
ith

ou
t
in
tro

d
u
cin

g
ad

d
ition

al
tu
n
in
g
in

th
e
H
iggs

p
oten

tial
[9].

It
is

also
p
ossib

le
to

red
u
ce

som
e
b
ou

n
d
s
b
y
tak

in
g
sm

aller
g
⇤ ,

b
u
t
th
is

im
p
lies

red
u
cin

g
th
e
U
V

cu
to↵

(see
for

ex
am

p
le

R
ef.

[10]).

2

 portal to the strong sector

O
nly few

 exam
ples know

n:

partial-com
positeness



Explicit exam
ple (for the top):

arX
iv:1502.00390

dim
ension at w

eak coupling:  9/2
dim

ension needed at strong coupling:  5/2
(γ=

 2)

Possible? lattice could tell us!

II.
F
E
R
R
E
T
T
I’S

M
O
D
E
L

In
R
ef.

[10],
several

requ
irem

ents
w
ere

p
u
t
forw

ard
for

a
class

of
com

p
osite

H
iggs

m
od

els
b
ased

on
a
hyp

ercolor
gau

ge
th
eory

as
a
U
V

com
p
letion

.
W
e
b
egin

by
listin

g
th
ese

requ
ire-

m
ents.

T
h
e
gau

ge
grou

p
is

assu
m
ed

to
b
e
sim

p
le,

an
d
th
e
d
yn

am
ical

sym
m
etry

b
reakin

g
p
attern

,
G

→
H
,
to

b
e
su
ch

th
at

H
⊃

S
U
(3)

color ×
S
U
(2)

L
×
S
U
(2)

R
×

U
(1)

X
(2.1)

⊃
S
U
(3)

color ×
S
U
(2)

L
×
U
(1)

Y
,

w
ith

th
e
S
M

gau
ge

grou
p
in

th
e
last

lin
e.

T
h
e
grou

p
S
U
(2)

R
is
th
e
fam

iliar
cu
stod

ial
sym

-
m
etry

of
th
e
S
M
,
an

d
th
e
hyp

erch
arge

is
Y

=
T

3R
+
X
.
T
h
e
S
M

H
iggs

d
ou

b
let,

w
ith

qu
antu

m
nu

m
b
ers

(1
,2

,2
)
0
u
n
d
er

S
U
(3)

color ×
S
U
(2)

L
×
S
U
(2)

R
×
U
(1)

X
,
sh
ou

ld
b
e
contain

ed
in

th
e

N
G
B

m
u
ltip

let
associated

w
ith

th
e
sym

m
etry

b
reakin

g
G

→
H
.
In

ord
er

to
accom

m
od

ate
a
p
artially

com
p
osite

top
qu

ark
[7],

i.e.,
for

th
e
top

qu
ark

to
acqu

ire
its

m
ass

th
rou

gh
lin

-
ear

cou
p
lin

gs
to

hyp
erb

aryon
s,

th
ere

m
u
st

exist
hyp

erb
aryon

s
w
ith

qu
antu

m
nu

m
b
ers

th
at

m
atch

th
ose

of
th
e
S
M

qu
arks.

T
h
is

in
clu

d
es

a
set

of
right-h

an
d
ed
,
sp
in
-1/2

hyp
erb

aryon
s

w
ith

qu
antu

m
nu

m
b
ers

(3
,2

)
1/6

of
th
e
S
M

gau
ge

grou
p
S
U
(3)

color ×
S
U
(2)

L ×
U
(1)

Y
,
w
h
ich

serve
as

p
artn

ers
of

th
e
S
M

qu
ark

d
ou

b
let

q
L ;

an
d
left-h

an
d
ed
,
sp
in
-1/2

hyp
erb

aryon
s
w
ith

th
e
qu

antu
m

nu
m
b
ers

(3
,1

)
2/3 ,

to
serve

as
p
artn

ers
of

th
e
S
M

qu
ark

sin
glet

tR
.
F
in
ally,

th
e

hyp
ercolor

th
eory

sh
ou

ld
b
e
asym

p
totically

free,
an

d
b
oth

th
e
hyp

ercolor
gau

ge
grou

p
an

d
th
e
S
M

gau
ge

grou
p
sh
ou

ld
b
e
free

of
an

om
alies.

T
h
e
hyp

ercolor
m
od

el
w
ith

th
e
sm

allest
gau

ge
grou

p
th
at

satisfi
es

all
th
ese

requ
ire-

m
ents

is
an

S
U
(4)

gau
ge

th
eory

[10].
T
h
e
hyp

erferm
ion

content
con

sists
of

fi
ve

M
a
joran

a
ferm

ion
s
χ
i ,
i
=

1,...,5,
tran

sform
in
g
in

th
e
six-d

im
en
sion

al
tw

o-in
d
ex

antisym
m
etric

irrep
of

hyp
ercolor,

w
h
ich

is
a
real

rep
resentation

;
an

d
th
ree

D
irac

ferm
ion

s
ψ
a ,

a
=

1,2,3,
in

th
e
fu
n
d
am

ental
rep

resentation
.
T
h
e
M
a
joran

a
fi
eld

χ
can

b
e
w
ritten

in
term

s
of

a
W
eyl

ferm
ion

Υ
as

χ
A
B
i
=

(

Υ
A
B
i

12 ϵ
A
B
C
D
ϵ
(Ῡ

C
D

i
)
T

)

,
(2.2a)

χ
A
B

i
=

12
ϵ
A
B
C
D
χ
TC
D
i C

=
(−

12 ϵ
A
B
C
D
(Υ

C
D
i )
T
ϵ
Ῡ

A
B

i

)

.
(2.2b

)

W
e
u
se

cap
ital

letters
for

th
e
S
U
(4)

hyp
ercolor

in
d
ices,

w
ith

low
er

in
d
ices

for
th
e
fu
n
d
am

en
-

tal
irrep,

an
d
u
p
p
er

in
d
ices

for
th
e
anti-fu

n
d
am

ental
irrep.

S
everal

low
er

or
u
p
p
er

in
d
ices

w
ill

alw
ays

b
e
fu
lly

antisym
m
etrized

.
A

D
irac

ferm
ion

ψ
in

th
e
fu
n
d
am

ental
irrep

can
b
e

w
ritten

in
term

s
of

tw
o
right-h

an
d
ed

W
eyl

ferm
ion

s,
Ψ

in
th
e
fu
n
d
am

ental
irrep

an
d
Ψ̃

in
th
e
anti-fu

n
d
am

ental,
as

ψ
A
a
=

(

Ψ
A
a

ϵ
¯̃Ψ
TA
a

)

,
ψ

Aa
=
(−

(Ψ̃
Aa
)
T
ϵ

Ψ̄
Aa

)

.
(2.3)

W
e
su
p
p
ress

sp
in
or

in
d
ices.

C
is

th
e
ch
arge-con

ju
gation

m
atrix,

ϵ
=

iσ
2
is

th
e
tw

o-
d
im

en
sion

al
ϵ-ten

sor
actin

g
on

th
e
W
eyl

sp
in
or

in
d
ex,

an
d
th
e
su
p
erscrip

t
T

d
en
otes

th
e

tran
sp
ose

in
sp
in
or

sp
ace.

W
ith

th
e
lattice

in
m
in
d
,
w
e
w
ork

in
eu
clid

ean
sp
ace,

ch
oosin

g
ou

r
D
irac

m
atrices

to
b
e
h
erm

itian
an

d
u
sin

g
th
e
ch
iral

rep
resentation

,
see

A
p
p
.
A
.

T
h
e
hyp

ercolor
th
eory

p
ossesses

a
fl
avor

sym
m
etry

grou
p

G
=

S
U
(5)×

S
U
(3)×

S
U
(3)

′×
U
(1)

X
×

U
(1)

′
,

(2.4)

4

b) five               ∈ 6 (antisym
. m

atrix)

 
L
,R

a) three             ∈ 4 (fundam
ental) 

SU
(4) strong sector 

O
perator that can  

be coupled to the top
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F
E
R
R
E
T
T
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M
O
D
E
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In
R
ef.

[10],
several

requ
irem

ents
w
ere

p
u
t
forw

ard
for

a
class

of
com

p
osite

H
iggs

m
od

els
b
ased

on
a
hyp

ercolor
gau

ge
th
eory

as
a
U
V

com
p
letion

.
W
e
b
egin

by
listin

g
th
ese

requ
ire-

m
ents.

T
h
e
gau

ge
grou

p
is

assu
m
ed

to
b
e
sim

p
le,

an
d
th
e
d
yn

am
ical

sym
m
etry

b
reakin

g
p
attern

,
G

→
H
,
to

b
e
su
ch

th
at

H
⊃

S
U
(3)

color ×
S
U
(2)

L
×
S
U
(2)

R
×

U
(1)

X
(2.1)

⊃
S
U
(3)

color ×
S
U
(2)

L
×
U
(1)

Y
,

w
ith

th
e
S
M

gau
ge

grou
p
in

th
e
last

lin
e.

T
h
e
grou

p
S
U
(2)

R
is
th
e
fam

iliar
cu
stod

ial
sym

-
m
etry

of
th
e
S
M
,
an

d
th
e
hyp

erch
arge

is
Y

=
T

3R
+
X
.
T
h
e
S
M

H
iggs

d
ou

b
let,

w
ith

qu
antu

m
nu

m
b
ers

(1
,2

,2
)
0
u
n
d
er

S
U
(3)

color ×
S
U
(2)

L
×
S
U
(2)

R
×
U
(1)

X
,
sh
ou

ld
b
e
contain

ed
in

th
e

N
G
B

m
u
ltip

let
associated

w
ith

th
e
sym

m
etry

b
reakin

g
G

→
H
.
In

ord
er

to
accom

m
od

ate
a
p
artially

com
p
osite

top
qu

ark
[7],

i.e.,
for

th
e
top

qu
ark

to
acqu

ire
its

m
ass

th
rou

gh
lin

-
ear

cou
p
lin

gs
to

hyp
erb

aryon
s,

th
ere

m
u
st

exist
hyp

erb
aryon

s
w
ith

qu
antu

m
nu

m
b
ers

th
at

m
atch

th
ose

of
th
e
S
M

qu
arks.

T
h
is

in
clu

d
es

a
set

of
right-h

an
d
ed
,
sp
in
-1/2

hyp
erb

aryon
s

w
ith

qu
antu

m
nu

m
b
ers

(3
,2

)
1/6

of
th
e
S
M

gau
ge

grou
p
S
U
(3)

color ×
S
U
(2)

L ×
U
(1)

Y
,
w
h
ich

serve
as

p
artn

ers
of

th
e
S
M

qu
ark

d
ou

b
let

q
L ;

an
d
left-h

an
d
ed
,
sp
in
-1/2

hyp
erb

aryon
s
w
ith

th
e
qu

antu
m

nu
m
b
ers

(3
,1

)
2/3 ,

to
serve

as
p
artn

ers
of

th
e
S
M

qu
ark

sin
glet

tR
.
F
in
ally,

th
e

hyp
ercolor

th
eory

sh
ou

ld
b
e
asym

p
totically

free,
an

d
b
oth

th
e
hyp

ercolor
gau

ge
grou

p
an

d
th
e
S
M

gau
ge

grou
p
sh
ou

ld
b
e
free

of
an

om
alies.

T
h
e
hyp

ercolor
m
od

el
w
ith

th
e
sm

allest
gau

ge
grou

p
th
at

satisfi
es

all
th
ese

requ
ire-

m
ents

is
an

S
U
(4)

gau
ge

th
eory

[10].
T
h
e
hyp

erferm
ion

content
con

sists
of

fi
ve

M
a
joran

a
ferm

ion
s
χ
i ,
i
=

1,...,5,
tran

sform
in
g
in

th
e
six-d

im
en
sion

al
tw

o-in
d
ex

antisym
m
etric

irrep
of

hyp
ercolor,

w
h
ich

is
a
real

rep
resentation

;
an

d
th
ree

D
irac

ferm
ion

s
ψ
a ,

a
=

1,2,3,
in

th
e
fu
n
d
am

ental
rep

resentation
.
T
h
e
M
a
joran

a
fi
eld

χ
can

b
e
w
ritten

in
term

s
of

a
W
eyl

ferm
ion

Υ
as

χ
A
B
i
=

(

Υ
A
B
i

12 ϵ
A
B
C
D
ϵ
(Ῡ

C
D

i
)
T

)

,
(2.2a)

χ
A
B

i
=

12
ϵ
A
B
C
D
χ
TC
D
i C

=
(−

12 ϵ
A
B
C
D
(Υ

C
D
i )
T
ϵ
Ῡ

A
B

i

)

.
(2.2b

)

W
e
u
se

cap
ital

letters
for

th
e
S
U
(4)

hyp
ercolor

in
d
ices,

w
ith

low
er

in
d
ices

for
th
e
fu
n
d
am

en
-

tal
irrep,

an
d
u
p
p
er

in
d
ices

for
th
e
anti-fu

n
d
am

ental
irrep.

S
everal

low
er

or
u
p
p
er

in
d
ices

w
ill

alw
ays

b
e
fu
lly

antisym
m
etrized

.
A

D
irac

ferm
ion

ψ
in

th
e
fu
n
d
am

ental
irrep

can
b
e

w
ritten

in
term

s
of

tw
o
right-h

an
d
ed

W
eyl

ferm
ion

s,
Ψ

in
th
e
fu
n
d
am

ental
irrep

an
d
Ψ̃

in
th
e
anti-fu

n
d
am

ental,
as

ψ
A
a
=

(

Ψ
A
a

ϵ
¯̃Ψ
TA
a

)

,
ψ

Aa
=
(−

(Ψ̃
Aa
)
T
ϵ

Ψ̄
Aa

)

.
(2.3)

W
e
su
p
p
ress

sp
in
or

in
d
ices.

C
is

th
e
ch
arge-con

ju
gation

m
atrix,

ϵ
=

iσ
2
is

th
e
tw

o-
d
im

en
sion

al
ϵ-ten

sor
actin

g
on

th
e
W
eyl

sp
in
or

in
d
ex,

an
d
th
e
su
p
erscrip

t
T

d
en
otes

th
e

tran
sp
ose

in
sp
in
or

sp
ace.

W
ith

th
e
lattice

in
m
in
d
,
w
e
w
ork

in
eu
clid

ean
sp
ace,

ch
oosin

g
ou

r
D
irac

m
atrices

to
b
e
h
erm

itian
an

d
u
sin

g
th
e
ch
iral

rep
resentation

,
see

A
p
p
.
A
.

T
h
e
hyp

ercolor
th
eory

p
ossesses

a
fl
avor

sym
m
etry

grou
p

G
=

S
U
(5)×

S
U
(3)×

S
U
(3)

′×
U
(1)

X
×

U
(1)

′
,

(2.4)

4

w
ith

qu
antu

m
nu

m
b
ers

(5
,1

,1
)
(0,−

1)
for

Υ
;
(1
,3̄

,1
)
(1/3,5/3)

for
Ψ
;
an

d
(1
,1

,3
)
(−

1/3,5/3)
for

Ψ̃
. 4W

e
assu

m
e
th
at

d
yn

am
ical

sym
m
etry

b
reakin

g
takes

p
lace,

gen
eratin

g
a
con

d
en
sate

⟨χ
i χ

j ⟩
∝
δ
ij

th
at

b
reaks

S
U
(5)

→
S
O
(5).

C
on

sistent
w
ith

th
e
gen

eral
con

sid
eration

s
of

R
ef.

[6],
th
e
M
a
joran

a
b
ilin

ear
χ
i χ

j
is

antisym
m
etric

on
its

sp
in
or

in
d
ices

an
d
sym

m
etric

on
its

hyp
ercolor

in
d
ices,

an
d
so

it
is

sym
m
etric

on
its

fl
avor

in
d
ices.

In
ad

d
ition

,
th
ere

is
a
con

d
en
sate

⟨ψ
a ψ

b ⟩
∝
δ
a
b
th
at

b
reaks

S
U
(3)×

S
U
(3)

′
to

its
d
iagon

al
su
b
grou

p
,
w
h
ich

w
e

id
entify

w
ith

S
U
(3)

color .
B
oth

con
d
en
sates

also
b
reak

U
(1)

′.
T
h
e
u
nb

roken
grou

p
is

H
=

S
O
(5)×

S
U
(3)

color ×
U
(1)

X
.

(2.5)

F
or

h
eu
ristic

argu
m
ents

su
p
p
ortin

g
th
is

p
attern

of
sym

m
etry

b
reakin

g,
see

R
efs.

[6,
8].

O
f

cou
rse,

w
h
eth

er
th
is

is
th
e
actu

al
sym

m
etry

b
reakin

g
p
attern

is
som

eth
in
g
th
at

can
b
e

investigated
on

th
e
lattice.

In
d
eed

th
e
sym

m
etry

b
reakin

g
p
attern

of
th
e
D
irac

ferm
ion

s,
w
ith

S
U
(3)×

S
U
(3)

′
b
reakin

g
to

th
e
d
iagon

al
S
U
(3)

su
b
grou

p
,
is
con

sistent
w
ith

all
kn

ow
n

lattice
resu

lts.
A

fi
rst

stu
d
y
of

th
e
real-irrep

sym
m
etry

b
reakin

g
p
attern

,
in

a
sim

ilar
th
eory

excep
t
w
ith

fou
r,
in
stead

of
fi
ve,

M
a
joran

a
ferm

ion
s,
h
as

recently
ap

p
eared

in
R
ef.

[16].
T
h
e
eff

ective
th
eory

at
en
ergy

scales
m
u
ch

b
elow

th
e
hyp

ercolor
scale

Λ
H
C
thu

s
contain

s
N
G
B
s
p
aram

etrizin
g
th
e
U
(1)

′
grou

p
m
an

ifold
,
an

d
th
e
cosets

S
U
(3)×

S
U
(3)

′/S
U
(3)

color

an
d
S
U
(5)/S

O
(5),

am
ou

ntin
g
to

1,
8
an

d
14

N
G
B
s
for

each
of

th
ese

factors,
resp

ectively.
T
h
ese

N
G
B
s
are

m
assless

w
h
en

all
cou

p
lin

gs
of

th
e
hyp

ercolor
th
eory

to
th
e
S
M

are
tu
rn
ed

off
.
A

n
on

-trivial
eff

ective
p
otential

is
in
d
u
ced

b
oth

by
th
e
S
M

gau
ge

b
oson

s,
as

w
e
b
riefl

y
review

in
S
ec.

III,
an

d
by

th
e
cou

p
lin

g
to

th
e
th
ird

-gen
eration

qu
arks.

T
h
e
latter,

w
h
ich

is
th
e
m
ain

su
b
ject

of
th
is
p
ap

er,
w
ill

b
e
stu

d
ied

in
S
ec.

IV
.

T
h
e
H
iggs

d
ou

b
let

is
a
su
b
set

ofth
e
N
G
B
m
u
ltip

let
p
aram

etrizin
g
th
e
coset

S
U
(5)/S

O
(5).

In
m
ore

d
etail,

th
e
14

N
G
B
s
corresp

on
d
in
g
to

th
e
gen

erators
in

th
is

coset
are

d
escrib

ed
by

a
n
on

-lin
ear

fi
eld

Σ
∈

S
U
(5)

ob
tain

ed
by

con
sid

erin
g
fl
u
ctu

ation
s
arou

n
d
th
e
vacu

u
m

⟨Σ
⟩
=

Σ
0
=

1
,

Σ
=

u
Σ

0
u
T
=

exp
(iΠ

/f
)
Σ

0
exp

(iΠ
/f

)
T
=

exp
(2iΠ

/f
)
,

(2.6)

w
ith

5

Σ
=

Σ
T

⇒
Π

=
Π

T
.

(2.7)

U
n
d
er

g
∈
S
U
(5),

Σ
tran

sform
s
as

Σ
→

gΣ
g
T
.

A
t
th
e
level

of
th
e
algeb

ra,
S
U
(2)

L
×

S
U
(2)

R
in

E
q.

(2.1)
is

equ
ivalent

to
th
e
S
O
(4)

⊂
S
O
(5)

associated
w
ith

th
e
fi
rst

fou
r
row

s
an

d
colu

m
n
s.

T
h
e
exp

licit
form

of
th
e
gen

erators
is
given

in
th
e
ap

p
en
d
ix.

W
ith

th
is
ch
oice,

th
e
fi
eld

Π
can

b
e
w
ritten

as

Π
=

Θ
+
Θ

†
+
Φ

0
+
Φ

+
+
Φ

†+
+
η
,

(2.8)

w
ith

Θ
contain

in
g
th
e
H
iggs

d
ou

b
let

H
=

(H
+
,H

0 )
T
,

Θ
=

⎛⎜⎜⎜⎜⎝

0
0

0
0

−
iH

+
/ √

2
0

0
0

0
H

+
/ √

2
0

0
0

0
iH

0 / √
2

0
0

0
0

H
0 / √

2
−
iH

+
/ √

2
H

+
/ √

2
iH

0 / √
2
H

0 / √
2

0

⎞⎟⎟⎟⎟⎠

.
(2.9)

4
C
om

p
are

T
ab

le
1
of

R
ef.

[8].
5
N
ote

th
at

in
R
ef.

[8],
th
e
n
otation

Σ
is
u
sed

for
th
e
fi
eld

u
of

E
q
.
(2.6).

5

G
lobal sym

.

 Ferm
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=
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t
o
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H
ig
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⇤
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G
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w
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w
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Flavor & C
P-violation constraints

1
In

tro
d
u
c
tio

n

A
n

attractive
solu

tion
to

th
e

h
ierarchy

p
rob

lem
is

to
requ

ire
th

at
th

e
H

iggs
is

n
ot

an
elem

entary
p
article,

b
u
t

a
com

p
osite

state
arisin

g
from

som
e

stron
gly-cou

p
led

sector
at

T
eV

en
ergies.

T
h
is

p
ossib

ility
h
as

im
p
ortant

im
p
lication

s
for

th
e

th
eory

of
fl
avor.

C
ontrary

to
m

od
els

w
ith

an
elem

en
-

tary
H

iggs
in

w
h
ich

th
e

stru
ctu

re
of

Y
u
kaw

a
cou

p
lin

gs
can

h
ave

its
origin

at
very

h
igh

en
ergies,

as
large

as
th

e
P

lan
ck

scale,
in

com
p
osite

H
iggs

m
od

els
th

e
origin

of
fl
avor

m
u
st

b
e

ad
d
ressed

at
m

u
ch

low
er

en
ergies.

T
h
is

is
b
ecau

se
th

e
H

iggs
is

associated
w

ith
a

com
p
osite

op
erator

of
th

e
stron

g
sectorO

H
w

h
ose

d
im

en
sion

d
H

m
u
st

b
e

larger
th

an
on

e
to

avoid
th

e
h
ierarchy

p
rob

lem
,
1

im
p
lyin

g
th

at
f̄
L O

H
f
R

h
as

d
im

en
sion

larger
th

an
4,

th
at

is
to

say
th

at
th

e
Y

u
kaw

a
cou

p
lin

gs
are

irrelevant
at

low
en

ergies.
T

h
erefore,

if
f̄
L O

H
f
R

are
gen

erated
at

very
h
igh

en
ergies,

e.g.
th

e
P

lan
ck

scale,
ferm

ion
m

asses
w

ill
b
e

too
sm

all
at

th
e

electrow
eak

scale.
D

i↵
erent

ap
p
roach

es
to

fl
avor

in
com

p
osite

H
iggs

m
od

els
h
ave

b
een

con
sid

ered
.

T
h
e

m
ost

p
op

u
lar

on
e

is
p
artial

com
p
ositen

ess,
in

w
h
ich

th
e

S
M

ferm
ion

s
f
i

get
m

asses
by

m
ixin

g
lin

early
w

ith
an

op
erator

of
th

e
stron

g
sector:

L
l
i
n

=
✏
f
i f̄

i O
f
i .

(1.1)

A
t

th
e

stron
g

scale
⇤
I
R

⇠
T
eV

,
w

h
ich

d
eterm

in
es

th
e

m
ass-gap

of
th

e
m

od
el,

an
d

at
w

h
ich

th
e

H
iggs

em
erges

as
a

com
p
osite

state,
th

e
ferm

ion
Y

u
kaw

a
cou

p
lin

gs
are

gen
erated

w
ith

a
p
attern

Y
f

⇠
g⇤ ✏

f
i ✏

f
j
,

(1.2)

w
h
ere

1
<

g⇤
.

4⇡
ch

aracterizes
th

e
cou

p
lin

g
in

th
e

stron
g

sector.
T

h
e

ap
p
ealin

g
featu

re
of

th
ese

scen
arios,

u
su

ally
called

“an
arch

ic
p
artial

com
p
ositen

ess”
[2],

is
th

e
fact

th
at

th
e

sm
alln

ess
of

th
e

m
ixin

g
✏
f
i

can
sim

u
ltan

eou
sly

exp
lain

th
e

sm
alln

ess
of

th
e

ferm
ion

m
asses

an
d

m
ixin

g
an

gles.
N

everth
eless,

th
is

ap
p
roach

also
p
red

icts
fl
avor-violatin

g
h
igh

er-d
im

en
sion

al
op

erators
of

ord
er

[3]

g
2

⇤
16⇡

2

g⇤ v

⇤
2I
R

✏
f
i ✏

f
j
f̄
i �

µ
⌫ f

j
gF

µ
⌫

,
g
2

⇤
⇤
2I
R

✏
f
i ✏

f
j ✏

f
k ✏

f
l f̄

i �
µf

j f̄
k �

µ f
l ,

(1.3)

w
h
ere

v
'

174
G

eV
.

T
h
e

op
erators

in
E

q.
(1.3)

lead
for

⇤
I
R

⇠
T
eV

to
large

contrib
u
tion

s
to

th
e

electron
an

d
n
eu

tron
electric

d
ip

ole
m

om
ent

(E
D

M
),

µ
!

e�
an

d
✏
K

,
ab

ove
th

e
exp

erim
ental

b
ou

n
d
s

[4]
(see

also
R

efs.
[5–8]),

as
sh

ow
n

in
T
ab

le
3.

T
akin

g
⇤
I
R

ab
ove

th
e

T
eV

is
p
ossib

le,
b
u
t

at
th

e
p
rice

of
fi
n
e-tu

n
in

g
th

e
electrow

eak
scale.

2

A
n

interestin
g

altern
ative

to
th

e
ab

ove
ap

p
roach

is
to

con
sid

er
th

e
right-h

an
d
ed

qu
arks

to
b
e

fu
lly

com
p
osite

[11].
If

th
e

stron
g

sector
h
as

an
accid

entalS
U

(3)
fl
avor

sym
m

etry
an

d
C

P
sym

m
etry

(som
eth

in
g

n
ot

d
i�

cu
lt

to
envisage

as
it

occu
rs

in
Q

C
D

),
th

e
fl
avor

b
ou

n
d
s

can
b
e

easily
satisfi

ed
.

In
d
eed

,
in

th
is

case
th

e
w

h
ole

fl
avor

stru
ctu

re
com

es
on

ly
from

th
e

lin
ear

m
ixin

g
of

th
e

left-h
an

d
ed

ferm
ion

s
w

ith
th

e
stron

g
sector

th
at

m
u
st

th
en

b
e

p
rop

ortion
al

to
th

e
S
M

Y
u
kaw

as
Y
f ,

as
in

1F
or

th
e
h
ierarch

y
p
rob

lem
w
h
at

is
in

fact
n
eed

ed
is

th
at

th
e
d
im

en
sion

of
th
e
gau

ge-sin
glet

term
O

H O
†H

is
larger

th
an⇠

4,
to

avoid
relevan

t
op

erators
in

th
e
th
eory.

In
stron

gly
-cou

p
led

th
eories

w
ith

a
large-N

ex
p
an

sion
th
is
im

p
lies

d
H

�
2,

b
u
t
th
is

is
n
ot

tru
e
in

gen
eral.

N
everth

eless,
b
ou

n
d
s
from

con
form

al
b
o
otstrap

[1]
in
d
icate

th
at

it
is

n
ot

p
ossib

le
to

h
ave

d
H

⇠
1
togeth

er
w
ith

D
im

[O
H O

†H
]&

4.
B
ein

g
con

servative,
w
e
w
ill

b
e
con

sid
erin

g
h
ere

d
H

&
2.

2A
ltern

ative
con

stru
ction

s
h
ave

b
een

recen
tly

p
rop

osed
b
ased

on
com

p
osite

T
w
in

H
iggs

in
w
h
ich

th
e
scale

of
com

p
ositen

ess
can

b
e
p
u
sh
ed

u
p
w
ith

ou
t
in
tro

d
u
cin

g
ad

d
ition

al
tu
n
in
g
in

th
e
H
iggs

p
oten

tial
[9].

It
is

also
p
ossib

le
to

red
u
ce

som
e
b
ou

n
d
s
b
y
tak

in
g
sm

aller
g
⇤ ,

b
u
t
th
is

im
p
lies

red
u
cin

g
th
e
U
V

cu
to↵

(see
for

ex
am

p
le

R
ef.

[10]).

2

1
In

tro
d
u
ctio

n

A
n

attractive
solu

tion
to

th
e

h
ierarchy

p
rob

lem
is

to
requ

ire
th

at
th

e
H

iggs
is

n
ot

an
elem

entary
p
article,

b
u
t

a
com

p
osite

state
arisin

g
from

som
e

stron
gly-cou

p
led

sector
at

T
eV

en
ergies.

T
h
is

p
ossib

ility
h
as

im
p
ortant

im
p
lication

s
for

th
e

th
eory

of
fl
avor.

C
ontrary

to
m

od
els

w
ith

an
elem

en
-

tary
H

iggs
in

w
h
ich

th
e

stru
ctu

re
of

Y
u
kaw

a
cou

p
lin

gs
can

h
ave

its
origin

at
very

h
igh

en
ergies,

as
large

as
th

e
P

lan
ck

scale,
in

com
p
osite

H
iggs

m
od

els
th

e
origin

of
fl
avor

m
u
st

b
e

ad
d
ressed

at
m

u
ch

low
er

en
ergies.

T
h
is

is
b
ecau

se
th

e
H

iggs
is

associated
w

ith
a

com
p
osite

op
erator

of
th

e
stron

g
sectorO

H
w

h
ose

d
im

en
sion

d
H

m
u
st

b
e

larger
th

an
on

e
to

avoid
th

e
h
ierarchy

p
rob

lem
,
1

im
p
lyin

g
th

at
f̄
L O

H
f
R

h
as

d
im

en
sion

larger
th

an
4,

th
at

is
to

say
th

at
th

e
Y

u
kaw

a
cou

p
lin

gs
are

irrelevant
at

low
en

ergies.
T

h
erefore,

if
f̄
L O

H
f
R

are
gen

erated
at

very
h
igh

en
ergies,

e.g.
th

e
P

lan
ck

scale,
ferm

ion
m

asses
w

ill
b
e

too
sm

all
at

th
e

electrow
eak

scale.
D

i↵
erent

ap
p
roach

es
to

fl
avor

in
com

p
osite

H
iggs

m
od

els
h
ave

b
een

con
sid

ered
.

T
h
e

m
ost

p
op

u
lar

on
e

is
p
artial

com
p
ositen

ess,
in

w
h
ich

th
e

S
M

ferm
ion

s
f
i

get
m

asses
by

m
ixin

g
lin

early
w

ith
an

op
erator

of
th

e
stron

g
sector:

L
l
i
n

=
✏
f
i f̄

i O
f
i .

(1.1)

A
t

th
e

stron
g

scale
⇤
I
R

⇠
T
eV

,
w

h
ich

d
eterm

in
es

th
e

m
ass-gap

of
th

e
m

od
el,

an
d

at
w

h
ich

th
e

H
iggs

em
erges

as
a

com
p
osite

state,
th

e
ferm

ion
Y
u
kaw

a
cou

p
lin

gs
are

gen
erated

w
ith

a
p
attern

Y
f

⇠
g⇤ ✏

f
i ✏

f
j
,

(1.2)

w
h
ere

1
<

g⇤
.

4⇡
ch

aracterizes
th

e
cou

p
lin

g
in

th
e

stron
g

sector.
T

h
e

ap
p
ealin

g
featu

re
of

th
ese

scen
arios,

u
su

ally
called

“an
arch

ic
p
artial

com
p
ositen

ess”
[2],

is
th

e
fact

th
at

th
e

sm
alln

ess
of

th
e

m
ixin

g
✏
f
i

can
sim

u
ltan

eou
sly

exp
lain

th
e

sm
alln

ess
of

th
e

ferm
ion

m
asses

an
d

m
ixin

g
an

gles.
N

everth
eless,

th
is

ap
p
roach

also
p
red

icts
fl
avor-violatin

g
h
igh

er-d
im

en
sion

al
op

erators
of

ord
er

[3]

g
2

⇤
16⇡

2

g⇤ v

⇤
2I
R

✏
f
i ✏

f
j
f̄
i �

µ
⌫ f

j
gF

µ
⌫

,
g
2

⇤
⇤
2I
R

✏
f
i ✏

f
j ✏

f
k ✏

f
l f̄

i �
µf

j f̄
k �

µ f
l ,

(1.3)

w
h
ere

v
'

174
G

eV
.

T
h
e

op
erators

in
E

q.
(1.3)

lead
for

⇤
I
R

⇠
T
eV

to
large

contrib
u
tion

s
to

th
e

electron
an

d
n
eu

tron
electric

d
ip

ole
m

om
ent

(E
D

M
),

µ
!

e�
an

d
✏
K

,
ab

ove
th

e
exp

erim
ental

b
ou

n
d
s

[4]
(see

also
R

efs.
[5–8]),

as
sh

ow
n

in
T
ab

le
3.

T
akin

g
⇤
I
R

ab
ove

th
e

T
eV

is
p
ossib

le,
b
u
t

at
th

e
p
rice

of
fi
n
e-tu

n
in

g
th

e
electrow

eak
scale.

2

A
n

interestin
g

altern
ative

to
th

e
ab

ove
ap

p
roach

is
to

con
sid

er
th

e
right-h

an
d
ed

qu
arks

to
b
e

fu
lly

com
p
osite

[11].
If

th
e

stron
g

sector
h
as

an
accid

entalS
U

(3)
fl
avor

sym
m

etry
an

d
C

P
sym

m
etry

(som
eth

in
g

n
ot

d
i�

cu
lt

to
envisage

as
it

occu
rs

in
Q

C
D

),
th

e
fl
avor

b
ou

n
d
s

can
b
e

easily
satisfi

ed
.

In
d
eed

,
in

th
is

case
th

e
w

h
ole

fl
avor

stru
ctu

re
com

es
on

ly
from

th
e

lin
ear

m
ixin

g
of

th
e

left-h
an

d
ed

ferm
ion

s
w

ith
th

e
stron

g
sector

th
at

m
u
st

th
en

b
e

p
rop

ortion
al

to
th

e
S
M

Y
u
kaw

as
Y
f ,

as
in

1F
or

th
e
h
ierarch

y
p
rob

lem
w
h
at

is
in

fact
n
eed

ed
is

th
at

th
e
d
im

en
sion

of
th
e
gau

ge-sin
glet

term
O

H O
†H

is
larger

th
an⇠

4,
to

avoid
relevan

t
op

erators
in

th
e
th
eory.

In
stron

gly
-cou

p
led

th
eories

w
ith

a
large-N

ex
p
an

sion
th
is
im

p
lies

d
H

�
2,

b
u
t
th
is

is
n
ot

tru
e
in

gen
eral.

N
everth

eless,
b
ou

n
d
s
from

con
form

al
b
o
otstrap

[1]
in
d
icate

th
at

it
is

n
ot

p
ossib

le
to

h
ave

d
H

⇠
1
togeth

er
w
ith

D
im

[O
H O

†H
]&

4.
B
ein

g
con

servative,
w
e
w
ill

b
e
con

sid
erin

g
h
ere

d
H

&
2.

2A
ltern

ative
con

stru
ction

s
h
ave

b
een

recen
tly

p
rop

osed
b
ased

on
com

p
osite

T
w
in

H
iggs

in
w
h
ich

th
e
scale

of
com

p
ositen

ess
can

b
e
p
u
sh
ed

u
p
w
ith

ou
t
in
tro

d
u
cin

g
ad

d
ition

al
tu
n
in
g
in

th
e
H
iggs

p
oten

tial
[9].

It
is

also
p
ossib

le
to

red
u
ce

som
e
b
ou

n
d
s
b
y
tak

in
g
sm

aller
g
⇤ ,

b
u
t
th
is

im
p
lies

red
u
cin

g
th
e
U
V

cu
to↵

(see
for

ex
am

p
le

R
ef.

[10]).
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Tow
ards suppressing ED

M
s

A
void linear m

ixing of light ferm
ions to BSM

:

Bilinear m
ixing:

m
od

els
w

ith
m

in
im

al
fl
avor

violation
(M

F
V

)
[12].

T
h
erefore

fl
avor

b
ou

n
d
s

are
easily

satisfi
ed

for
⇤
I
R

⇠
T
eV

.
N

everth
eless,

d
u
e

to
th

e
com

p
ositen

ess
of

th
e

right-h
an

d
ed

qu
arks,

4-ferm
ion

contact
interaction

s,
as

for
exam

p
le,

g
2

⇤
⇤
2I
R

(ū
R
�
µ u

R
)
2

,
(1.4)

lead
to

large
d
eviation

in
d
ijets

d
istrib

u
tion

s,
pp

!
jj,

at
h
igh

en
ergies,

an
d

sizab
le

p
rod

u
ction

cross
section

s
for

com
p
osite

reson
an

ces
in

th
e

m
u
lti-T

eV
m

ass
ran

ge
are

p
red

icted
[13–15].

A
llth

ese
e↵

ects
h
ave

n
ot

b
een

ob
served

at
th

e
L
H

C
an

d
severely

con
strain

th
ese

m
od

els.
S
im

ilar
resu

lts
can

b
e

fou
n
d

in
variation

s
of

th
ese

id
eas

w
ith

oth
er

com
p
osite

S
M

ferm
ion

s
[16].

W
rap

p
in

g
u
p
,

com
p
osite

H
iggs

m
od

els
m

u
st

ad
d
ress

th
e

S
M

fl
avor

stru
ctu

re
at

low
en

ergies,
givin

g
th

en
u
n
equ

ivocal
p
red

iction
s

for
fl
avor

ob
servab

les.
T

h
e

m
od

els
p
rop

osed
so

far
seem

to
clash

w
ith

som
e

exp
erim

ental
d
ata.

A
lth

ou
gh

extra
fl
avor

an
d

C
P

sym
m

etries
cou

ld
b
e

im
p
osed

,
for

exam
p
le

in
th

e
m

ixin
g

term
s

✏
f
i ,

to
avoid

certain
exp

erim
ental

b
ou

n
d
s,

it
is

u
n
clear

h
ow

th
ese

sym
m

etries
cou

ld
em

erge
in

th
e

m
od

el.
O

n
e

n
eed

s
to

sp
ecify

th
e

d
yn

am
ics

of
th

e
m

od
el

to
u
n
d
erstan

d
w

h
eth

er
fl
avor

an
d

C
P

sym
m

etries
can

arise
accid

entally
at

low
en

ergies.
H

ere
w

e
w

ou
ld

like
to

p
u
t

forw
ard

a
d
eviation

from
th

e
an

arch
ic

p
arad

igm
th

at
can

avoid
th

ese
severe

fl
avor

an
d

C
P

-violatin
g

con
straints.

T
h
e

id
ea

is
to

assu
m

e
th

at
th

e
op

erators
O

f
i

of
E

q.
(1.1),

th
at

m
ed

iate
th

e
m

ixin
g

b
etw

een
th

e
S
M

ferm
ion

s
an

d
th

e
H

iggs,
get

an
e↵

ective
m

ass
at

som
e

en
ergy

scale
⇤
f
i �

⇤
I
R

⇠
T
eV

,
an

d
th

en
d
ecou

p
le

from
th

e
stron

g
sector.

T
h
is

im
p
lies

th
at

Y
u
kaw

a-like
cou

p
lin

gs
L
b
i
l ⇠

f̄
i O

H
f
j
,

(1.5)

are
gen

erated
at

scales
larger

th
an

⇤
I
R

,
avoid

in
g

in
th

is
w

ay
sizab

le
contrib

u
tion

s
to

fl
avor

an
d

C
P

-violatin
g

ob
servab

les.
T

h
e

h
ierarch

ies
in

th
e

ferm
ion

sp
ectru

m
of

th
e

S
M

an
d

th
e

sm
all

fl
avor

m
ixin

g
an

gles
cou

ld
b
e

n
ow

exp
lain

ed
by

th
e

d
i↵

erent
scales

⇤
f
i
in

stead
of

th
e

sm
all

✏
f
i .

T
h
e

larger
th

e
⇤
f
i ,

th
e

sm
aller

th
e

Y
u
kaw

a
cou

p
lin

g
for

f
i .

W
ith

ou
t

im
p
osin

g
any

extra
sym

m
etry

in
th

e
m

od
el,

w
e

w
ill

d
erive

by
sim

p
le

p
ow

er-cou
ntin

g
w

h
ich

are
th

e
stron

gest
fl
avor

an
d

C
P

-violatin
g

con
straints,in

d
ep

en
d
ently

of
th

e
d
etails

of
th

e
m

od
els.

W
e

fi
n
d

th
at

top
-m

ed
iated

p
rocesses

give
th

e
largest

contrib
u
tion

to
fl
avor-violatin

g
ob

servab
les.

T
h
ese

are
ch

aracterized
by

on
ly

tw
o

op
erators.

O
n
e

op
erator

gen
erates

th
e

�
F

=
2

p
rocesses

✏
K

,
�

M
B

d
an

d
�

M
B

s
at

a
level

close
to

th
e

p
resent

exp
erim

ental
con

straints
for

⇤
I
R

⇠
few

T
eV

.
T

h
e

secon
d

op
erator

lead
s

to
fl
avor-violatin

g
Z

-
cou

p
lin

gs,
contrib

u
tin

g
sim

u
ltan

eou
sly

to
K

!
µ
+

µ
�
,
✏ 0/✏,

B
!

(X
)``

an
d

Z
!

bb̄
w

ith
a

size
also

close
to

th
e

exp
erim

ental
b
ou

n
d
s.

T
h
ere

are
also

im
p
ortant

contrib
u
tion

s
arisin

g
from

th
e

scale
at

w
h
ich

th
e

ch
arm

an
d

stran
ge

m
asses

are
gen

erated
,
10

7�
10

8

G
eV

,
lead

in
g

also
to

sizab
le

e↵
ects

to
✏
K

,
an

d
forcin

g
d
H

.
2.

C
ontrib

u
tion

s
to

th
e

n
eu

tron
E

D
M

are
d
om

in
ated

by
th

e
top

E
D

M
,

b
ein

g
n
ot

far
from

th
e

p
resent

exp
erim

ental
b
ou

n
d
.

O
n

th
e

oth
er

h
an

d
,
in

th
e

lep
ton

sector
w

e
fi
n
d

th
at

th
e

d
om

in
ant

contrib
u
tion

to
th

e
electron

E
D

M
com

es
at

th
e

tw
o-loop

level
from

B
arr-Z

ee
typ

e
d
iagram

s
[17],

an
d

is
arou

n
d

th
e

exp
erim

ental
b
ou

n
d
,
w

h
ile

µ
!

e�
is

fou
n
d

to
b
e

very
sm

all.
T

h
erefore

th
ese

scen
arios

p
rovid

e
realistic

exam
p
les

w
h
ere

th
e

fl
avor

an
d

h
ierarchy

p
rob

lem
can

b
e

d
yn

am
ically

solved
w

ith
ou

t
contrad

ictin
g

th
e

p
resent

exp
erim

ental
d
ata,

an
d

w
h
ich

n
ear

fu
tu

re
exp

erim
ents

cou
ld

b
e

ab
le

to
exp

lore.
H

avin
g

p
rop

osed
a

d
i↵

erent
origin

for
ferm

ion
m

asses,
w

e
also

an
alyze

th
e

exp
ected

d
eviation

s
in

H
iggs

cou
p
lin

gs.
O

u
r

ap
p
roach

to
th

e
sm

all
ferm

ion
m

asses
is

a
rem

in
iscent

of
th

e
old

E
xten

d
ed

-T
ech

n
icolor

id
ea

[18],
in

w
h
ich

m
asses

from
E

q.
(1.5)

w
ere

gen
erated

from
an

exten
d
ed

gau
ge

sector,
or

from
integratin

g
h
eavy

ferm
ion

s
[19].

E
arlier

attem
p
ts

alon
g

th
ese

lin
es

w
ere

con
sid

ered
recently

in

3

1
In

tro
d
u
ctio

n

A
n

attractive
solu

tion
to

th
e

h
ierarchy

p
rob

lem
is

to
requ

ire
th

at
th

e
H

iggs
is

n
ot

an
elem

entary
p
article,

b
u
t

a
com

p
osite

state
arisin

g
from

som
e

stron
gly-cou

p
led

sector
at

T
eV

en
ergies.

T
h
is

p
ossib

ility
h
as

im
p
ortant

im
p
lication

s
for

th
e

th
eory

of
fl
avor.

C
ontrary

to
m

od
els

w
ith

an
elem

en
-

tary
H

iggs
in

w
h
ich

th
e

stru
ctu

re
of

Y
u
kaw

a
cou

p
lin

gs
can

h
ave

its
origin

at
very

h
igh

en
ergies,

as
large

as
th

e
P

lan
ck

scale,
in

com
p
osite

H
iggs

m
od

els
th

e
origin

of
fl
avor

m
u
st

b
e

ad
d
ressed

at
m

u
ch

low
er

en
ergies.

T
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tion

s
to

fl
avor

an
d

C
P

-violatin
g

ob
servab

les.
T

h
e

h
ierarch

ies
in

th
e

ferm
ion

sp
ectru

m
of

th
e

S
M

an
d

th
e

sm
all

fl
avor

m
ixin

g
an

gles
cou

ld
b
e

n
ow

exp
lain

ed
by

th
e

d
i↵

erent
scales

⇤
f
i
in

stead
of

th
e

sm
all

✏
f
i .

T
h
e

larger
th

e
⇤
f
i ,

th
e

sm
aller

th
e

Y
u
kaw

a
cou

p
lin

g
for

f
i .

W
ith

ou
t

im
p
osin

g
any

extra
sym

m
etry

in
th

e
m

od
el,

w
e

w
ill

d
erive

by
sim

p
le

p
ow

er-cou
ntin

g
w

h
ich

are
th

e
stron

gest
fl
avor

an
d

C
P

-violatin
g

con
straints,in

d
ep

en
d
ently

of
th

e
d
etails

of
th

e
m

od
els.

W
e

fi
n
d

th
at

top
-m

ed
iated

p
rocesses

give
th

e
largest

contrib
u
tion

to
fl
avor-violatin

g
ob

servab
les.

T
h
ese

are
ch

aracterized
by

on
ly

tw
o

op
erators.

O
n
e

op
erator

gen
erates

th
e

�
F

=
2

p
rocesses

✏
K

,
�

M
B

d
an

d
�

M
B

s
at

a
level

close
to

th
e

p
resent

exp
erim

ental
con

straints
for

⇤
I
R

⇠
few

T
eV

.
T

h
e

secon
d

op
erator

lead
s

to
fl
avor-violatin

g
Z

-
cou

p
lin

gs,
contrib

u
tin

g
sim

u
ltan

eou
sly

to
K

!
µ
+

µ
�
,
✏ 0/✏,

B
!

(X
)``

an
d

Z
!

bb̄
w

ith
a

size
also

close
to

th
e

exp
erim

ental
b
ou

n
d
s.

T
h
ere

are
also

im
p
ortant

contrib
u
tion

s
arisin

g
from

th
e

scale
at

w
h
ich

th
e

ch
arm

an
d

stran
ge

m
asses

are
gen

erated
,
10

7�
10

8

G
eV

,
lead

in
g

also
to

sizab
le

e↵
ects

to
✏
K

,
an

d
forcin

g
d
H

.
2.

C
ontrib

u
tion

s
to

th
e

n
eu

tron
E

D
M

are
d
om

in
ated

by
th

e
top

E
D

M
,

b
ein

g
n
ot

far
from

th
e

p
resent

exp
erim

ental
b
ou

n
d
.

O
n

th
e

oth
er

h
an

d
,
in

th
e

lep
ton

sector
w

e
fi
n
d

th
at

th
e

d
om

in
ant

contrib
u
tion

to
th

e
electron

E
D

M
com

es
at

th
e

tw
o-loop

level
from

B
arr-Z

ee
typ

e
d
iagram

s
[17],

an
d

is
arou

n
d

th
e

exp
erim

ental
b
ou

n
d
,
w

h
ile

µ
!

e�
is

fou
n
d

to
b
e

very
sm

all.
T

h
erefore

th
ese

scen
arios

p
rovid

e
realistic

exam
p
les

w
h
ere

th
e

fl
avor

an
d

h
ierarchy

p
rob

lem
can

b
e

d
yn

am
ically

solved
w

ith
ou

t
contrad

ictin
g

th
e

p
resent

exp
erim

ental
d
ata,

an
d

w
h
ich

n
ear

fu
tu

re
exp

erim
ents

cou
ld

b
e

ab
le

to
exp

lore.
H

avin
g

p
rop

osed
a

d
i↵

erent
origin

for
ferm

ion
m

asses,
w

e
also

an
alyze

th
e

exp
ected

d
eviation

s
in

H
iggs

cou
p
lin

gs.
O

u
r

ap
p
roach

to
th

e
sm

all
ferm

ion
m

asses
is

a
rem

in
iscent

of
th

e
old

E
xten

d
ed

-T
ech

n
icolor

id
ea

[18],
in

w
h
ich

m
asses

from
E

q.
(1.5)

w
ere

gen
erated

from
an

exten
d
ed

gau
ge

sector,
or

from
integratin

g
h
eavy

ferm
ion

s
[19].

E
arlier

attem
p
ts

alon
g

th
ese

lin
es

w
ere

con
sid

ered
recently

in

3

T
he larger the scale of decoupling,

                                                                   the sm
aller the ferm

ion m
ass!

 O
perator of the strong sector that at Λ

IR  
projects into the H

iggs:

O
f
i ,

w
h
ich

are
th

e
p
ortals

of
th

e
S
M

ferm
ion

s
to

th
e

stron
g

sector,
d
ecou

p
le

at
som

e
scale

⇤
f
i ,

gen
eratin

g
th

e
Y
u
kaw

a
term

s
f̄
L O

H
f
R

at
th

at
scale

in
stead

of
at
⇤
I
R

as
in

th
e

an
arch

ic
case.

T
h
e

d
ecou

p
lin

g
of

th
e

op
eratorO

f
i
can

b
e

d
u
e

to
th

e
fact

th
at

som
e

of
th

e
con

stitu
ents

ofO
f
i
get

a
m

ass
⇠
⇤
f
i ,

or
th

at
a

d
yn

am
ically

gen
erated

m
ass-gap

m
akes

h
eavy

all
com

p
osite

states
created

by
O

f
i

(th
ose

| 
i

w
ith

h0|O
f
i | 

i6=
0).

U
sin

g
th

e
A

d
S
/C

F
T

corresp
on

d
en

ce,
w

e
can

easily
visu

alize
th

is
typ

e
of

scen
arios

by
w

arp
ed

extra-d
im

en
sion

al
m

od
els

w
ith

several
b
ran

es,
as

th
e

exam
p
le

sh
ow

n
in

F
ig.

5
of

A
p
p
en

d
ix

A
.

In
w

h
at

follow
s

w
e

w
ill

estim
ate

th
e

fl
avor

stru
ctu

re
of

th
ese

scen
arios

w
ith

ou
t

restrictin
g

to
any

sp
ecifi

c
U

V
realization

.
T

h
e

scale
at

w
h
ich

th
e

Y
u
kaw

a
cou

p
lin

g
for

th
e

S
M

ferm
ion

f
=

u
,d,e,...

is
gen

erated
is

d
eterm

in
ed

by
th

e
scale

⇤
f

at
w

h
ich

eith
erO

f
R

orO
f
L

d
ecou

p
le

from
th

e
stron

g
sector.

W
e

ch
oose

th
ese

scales
follow

in
g

F
ig.

1.
T

h
is

is
ou

r
d
yn

am
ical

assu
m

p
tion

.
N

o
fu

rth
er

sym
m

etries
w

ill
b
e

im
p
osed

.
O

th
er

op
tion

s
cou

ld
also

b
e

p
ossib

le,
an

d
w

e
w

ill
con

sid
er

later
m

ore
econ

om
ical

m
od

els
w

ith
few

er
scales

⇤
f .

U
n
d
er

th
e

assu
m

p
tion

of
F
ig.

1,
th

e
Y

u
kaw

a
stru

ctu
re

w
ill

b
e

th
e

follow
in

g.
L
et

u
s

con
sid

er
fi
rst

th
e

d
ow

n
-typ

e
qu

ark
sector.

A
t

th
e

low
est

scale
⇤
b ,

w
e

h
ave

on
ly

on
e

p
air

of
op

eratorsO
Q

L
3

an
d

O
b
R
,
to

w
h
ich

on
ly

on
e

lin
ear

com
b
in

ation
of

S
M

left-h
an

d
ed

an
d

right-h
an

d
ed

qu
arks

can
resp

ectively
m

ix
w

ith
.

W
e

n
am

e
th

ese
lin

ear
com

b
in

ation
s

th
e

3rd
fam

ily
left-h

an
d
ed

qu
ark,

Q
L
3 ,

an
d

right-h
an

d
ed

b
ottom

,
b
R
:

L
(
3
)

l
i
n

=
✏
(
3
)

b
L

Q̄
L
3 O

Q
L
3
+

✏
(
3
)

b
R

b̄
R

O
b
R

.
(2.1)

B
elow

⇤
b ,

after
integratin

g
ou

tO
b
R
,
th

e
follow

in
g

Y
u
kaw

a-like
op

erator
is

exp
ected

to
b
e

gen
erated

L
(
3
)

b
i
l

=
1

⇤
d
H
�
1

b

(✏
(
3
)

b
L

Q̄
L
3 )O

H
(✏

(
3
)

b
R

b
R
)
,

(2.2)

w
h
ere

O
H

corresp
on

d
s

to
th

e
low

est-d
im

en
sion

al
op

erator
th

at
at
⇤
I
R

p
ro

jects
into

th
e

H
iggs,

h0|O
H

|H
i6=

0,
an

d
d
H

is
its

en
ergy

d
im

en
sion

.
A

t
a

larger
scale

⇤
s

�
⇤
b ,

w
e

h
ave

an
oth

er
p
air

of
op

erators
O

Q
L
2

an
d

O
s
R

p
resent,

cou
p
led

to
a

d
i↵

erent
lin

ear
com

b
in

ation
of

S
M

ferm
ion

s.
B

y
an

S
U

(3)
rotation

th
at

d
oes

n
ot

a↵
ect

E
q.

(2.2)
w

e
can

alw
ays

go
to

th
e

b
asis

w
h
ere

th
is

lin
ear

com
b
in

ation
contain

s
on

ly
tw

o
qu

arks,
Q

L
3

an
d

Q
L
2

(th
is

latter
is

id
entifi

ed
w

ith
th

e
secon

d
fam

ily
left-h

an
d
ed

qu
ark),

an
d

sim
ilarly

for
th

e
right-h

an
d
ed

sector,
b
R

an
d

s
R
:

L
(
2
)

l
i
n

=
(✏

(
2
)

b
L

Q̄
L
3

+
✏
(
2
)

s
L

Q̄
L
2 )O

Q
L
2
+

(✏
(
2
)

b
R

b
R

+
✏
(
2
)

s
R

s
R
)O

s
R

,
(2.3)

th
at

b
elow

⇤
s ,

after
integratin

g
O

s
R
,
lead

s
to

L
(
2
)

b
i
l

=
1

⇤
d
H
�
1

s

(✏
(
2
)

b
L

Q̄
L
3

+
✏
(
2
)

s
L

Q̄
L
2 )O

H
(✏

(
2
)

b
R

b
R

+
✏
(
2
)

s
R

s
R
)
.

(2.4)

F
in

ally,
at
⇤
d ,

after
integratin

g
O

Q
L
1

an
d

O
d
R
,
w

e
exp

ect
th

e
m

ost
gen

eral
form

L
(
1
)

b
i
l

=
1

⇤
d
H
�
1

d

(✏
(
1
)

b
L

Q̄
L
3

+
✏
(
1
)

s
L

Q̄
L
2

+
✏
(
1
)

d
L
Q̄

L
1 )O

H
(✏

(
1
)

b
R

b
R

+
✏
(
1
)

s
R

s
R

+
✏
(
1
)

d
R
d
R
)
.

(2.5)

N
ow

,
at
⇤
I
R

w
e

id
entify

th
e

m
atrix

elem
ents

ofO
H

w
ith

th
ose

of
th

e
S
M

H
iggs

H
,
w

h
ich

im
p
lies

th
e

rep
lacem

ent
3

O
H

!
g⇤ ⇤

d
H
�
1

I
R

H
,

(2.6)

3F
or

sim
p
licity

w
e
are

assu
m
in
g
a
sin

gle
cou

p
lin

g
g
⇤ ,

b
u
t
in

p
rin

cip
le

th
e
cou

p
lin

gs
at

th
e
scales

⇤
f
cou

ld
b
e

d
i↵
eren

t.

5

e.g. if a constituent get a m
ass ~Λ

f

e.g.

 portal decouples at higher energies:

(also related w
ork by M

atsedonskyi 15, C
acciapaglia etal 15)

O
H

⇠
 ̄
 



⇤
d

⇤
s

O
b
R

O
s
R

D
ecoupling  

energy scale
O

perator

⇤
b

O
d
R
,O

Q
L
1

⇤
IR ⇤

u

⇤
d

⇤
s

⇤
c

⇤
t ⇠

⇤
IR

O
u

R

O
b

R

O
s

R

D
ecoupling scale

O
perator

⇤
b

O
c

R
,O

Q
L

2

O
t
R
,O

Q
L

3

O
d

R
,O

Q
L

1

F
igu

re
1:

E
n
ergy

sca
le

a
t
w
h
ich

th
e
ferm

io
n
ic

o
pera

to
rs

O
f
i
d
eco

u
p
le

fro
m

th
e
stro

n
g
secto

r.

R
efs.

[20]
for

com
p
osite

H
iggs

m
o
d
els.

In
th

ese
m

o
d
els,

h
ow

ever,
Y

u
kaw

a-like
cou

p
lin

gs
w

ere
gen

erated
at

a
sin

gle
en

ergy
scale,

an
d

th
e

ligh
t

q
u
ark

fam
ilies

w
ere

con
n
ected

b
y

p
oten

tially
large

m
ix

in
g

an
gles.

T
h
is

lead
s

to
ad

d
ition

al
sizab

le
n
ew

-p
h
y
sics

e
↵
ects

an
d

to
b
ou

n
d
s

ty
p
ically

m
ore

strin
gen

t
th

an
th

e
on

es
w

e
fi
n
d

h
ere.

F
u
rth

erm
ore,

th
e

lep
ton

sector,
w

h
ere

th
e

ex
p
erim

en
tal

b
ou

n
d
s

are
th

e
m

ost
d
i
�

cu
lt

to
satisfy,

w
as

n
ot

con
sid

ered
.

T
h
e

attem
p
t

of
th

is
w

ork
is

to
sh

ow
th

at
fl
avor

b
ou

n
d
s

can
b
e

satisfi
ed

in
com

p
osite

H
iggs

m
o
d
els

w
ith

ou
t

th
e

n
eed

of
im

p
osin

g
fl
avor

sy
m

m
etries.

W
e

d
o

n
ot

p
rov

id
e

an
ex

p
lan

ation
for

th
e

h
ierarch

ies
in

th
e

ferm
ion

m
asses,

as
th

ese
are

ju
st

trad
ed

for
th

e
scales

⇤

f
i .

N
everth

eless,
it

is
n
ot

h
ard

to
im

agin
e

a
p
ossib

le
m

ech
an

ism
th

at
ex

p
lain

s
th

e
largen

ess
of

⇤

f
i ,

th
u
s

p
rov

id
in

g
a

reason
for

th
e

sm
alln

ess
of

th
e

ligh
t-gen

eration
s

m
asses.

F
or

ex
am

p
le,

it
is

p
ossib

le
to

en
v
isage

scen
arios

w
h
ere

th
e

⇤

f
i

cou
ld

b
e

gen
erated

from
d
im

en
sion

al
tran

sm
u
tation

,
ex

p
lain

in
g

in
th

is
w

ay
th

e
size

of
th

e
ferm

ion
m

asses
as

a
fu

n
ction

of
O

(1)
cou

p
lin

gs.
W

e
w

ill
n
ot

p
u
rsu

e
fu

rth
er

th
e

origin
of

⇤

f
i ,

b
u
t

assu
m

e
th

at
th

ey
h
ave

th
e

correct
valu

es
to

fi
t

th
e

S
M

ferm
ion

m
asses.

W
e

w
ou

ld
like

to
close

th
is

section
b
y

stressin
g

th
at

in
m

ost
scen

arios
b
eyon

d
th

e
S
M

(B
S
M

)
th

at
ad

d
ress

th
e

h
ierarch

y
p
rob

lem
,

in
clu

d
in

g
su

p
ersy

m
m

etry,
on

e
gen

erically
fi
n
d
s

large
E

D
M

s.
T

h
is

is
b
ecau

se
ferm

ion
s

h
ave

lin
ear

cou
p
lin

gs
to

B
S
M

fi
eld

s.
F
or

ex
am

p
le,

in
su

p
ersy

m
m

etric
m

o
d
els

ferm
ion

s
cou

p
le

lin
early

to
sferm

ion
s

an
d

gau
gin

os,
lead

in
g

gen
erically

to
sizab

le
E

D
M

s
at

th
e

on
e-lo

op
level.

T
h
erefore,

u
n
less

a
d
h
oc

sy
m

m
etries

are
im

p
osed

in
th

e
B

S
M

sector,
th

e
on

ly
w

ay
to

avoid
th

ese
large

con
trib

u
tion

s
is

to
restrict

th
e

S
M

ferm
ion

s
to

h
ave

b
ilin

ear
cou

p
lin

gs
to

th
e

B
S
M

states,
as

th
e

scen
arios

p
rop

osed
h
ere.

In
th

is
case

th
e

d
om

in
an

t
con

trib
u
tion

s
to

E
D

M
s

arise
at

th
e

tw
o-lo

op
level

(see
d
iagram

F
ig.

3)
th

at
can

b
e

accom
m

o
d
ated

ju
st

b
elow

th
e

ex
p
erim

en
tal

con
strain

t.

2
M

u
ltip

le
fl
a
v
o
r
sc
a
le
s
in

c
o
m
p
o
site

H
ig
g
s
m
o
d
e
ls

O
u
r

fram
ew

ork
for

fl
avor

sh
ares

m
an

y
featu

res
of

p
rev

iou
s

com
p
osite

H
iggs

m
od

els
w

ith
p
artly

-
com

p
osite

ferm
ion

s
v
ia

E
q
.
(1.1).

T
h
e

m
ain

cru
cial

d
i
↵
eren

ce
is

th
e

assu
m

p
tion

th
at

th
e

op
erators

4

⇤
u

⇤
d

⇤
s

⇤
c

⇤
t ⇠

⇤
IR

O
u

R

O
b

R

O
s

R

D
ecoupling scale

O
perator

⇤
b

O
c

R
,O

Q
L

2

O
t
R
,O

Q
L

3

O
d

R
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O
f
i
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u
p
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n
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[20]
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com
p
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H
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els,
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Y

u
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p
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w
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gen
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gle
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an
d

th
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ark
fam
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w
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p
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m
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g

an
gles.

T
h
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d
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e↵
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d
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b
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n
d
s
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strin
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e
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es

w
e
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n
d

h
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F
u
rth
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ore,

th
e
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ton

sector,
w

h
ere
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e

exp
erim
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b
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n
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e
m
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w
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n
ot

con
sid

ered
.

T
h
e
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t
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w
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th

at
fl
avor

b
ou

n
d
s

can
b
e
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ed

in
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p
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H
iggs

m
od

els
w
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ou
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th

e
n
eed
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im

p
osin

g
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m
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W

e
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p
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ation
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th
e

h
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e
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⇤
f
i .

N
everth
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e

a
p
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le
m
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an
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th

at
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s

th
e
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⇤
f
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s
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a
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e
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s
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p
le,
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le
to

envisage
scen
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w
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⇤
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b
e
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u
tation

,
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g
in
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e
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e
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a
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O
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p
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W

e
w

ill
n
ot

p
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e
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⇤
f
i ,

b
u
t
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m

e
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ey
h
ave

th
e
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S
M
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b
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b
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p
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b
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b
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[10],
several

requ
irem

ents
w
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p
u
t
forw

ard
for

a
class

of
com

p
osite

H
iggs

m
od

els
b
ased

on
a
hyp

ercolor
gau

ge
th
eory

as
a
U
V

com
p
letion

.
W
e
b
egin

by
listin

g
th
ese

requ
ire-

m
ents.

T
h
e
gau

ge
grou

p
is

assu
m
ed

to
b
e
sim

p
le,

an
d
th
e
d
yn

am
ical

sym
m
etry

b
reakin

g
p
attern

,
G

→
H
,
to

b
e
su
ch

th
at

H
⊃

S
U
(3)

color ×
S
U
(2)

L
×
S
U
(2)

R
×

U
(1)

X
(2.1)

⊃
S
U
(3)

color ×
S
U
(2)

L
×
U
(1)

Y
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w
ith
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e
S
M

gau
ge

grou
p
in

th
e
last

lin
e.

T
h
e
grou

p
S
U
(2)

R
is
th
e
fam
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cu
stod

ial
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-
m
etry

of
th
e
S
M
,
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d
th
e
hyp

erch
arge
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Y

=
T

3R
+
X
.
T
h
e
S
M

H
iggs

d
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b
let,

w
ith

qu
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m
nu

m
b
ers

(1
,2

,2
)
0
u
n
d
er

S
U
(3)

color ×
S
U
(2)

L
×
S
U
(2)

R
×
U
(1)

X
,
sh
ou

ld
b
e
contain

ed
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th
e

N
G
B

m
u
ltip

let
associated

w
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th
e
sym

m
etry

b
reakin

g
G

→
H
.
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ord
er

to
accom

m
od

ate
a
p
artially

com
p
osite

top
qu

ark
[7],

i.e.,
for

th
e
top

qu
ark

to
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m
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lin

-
ear

cou
p
lin
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to
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erb
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s,

th
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m
u
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erb
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s
w
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m
b
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e
S
M
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T
h
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a
set

of
right-h
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d
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,
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in
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s

w
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m
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m
b
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(3
,2

)
1/6
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e
S
M
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ge
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p
S
U
(3)

color ×
S
U
(2)

L ×
U
(1)

Y
,
w
h
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as

p
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ers
of

th
e
S
M
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ark
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an
d
ed
,
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in
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e
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m
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m
b
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)
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p
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th
e
S
M
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.
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e
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ercolor
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b
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an

d
b
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th
e
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p
an

d
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e
S
M
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ge

grou
p
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ld
b
e
free
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T
h
e
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ercolor
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od
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w
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e
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gau

ge
grou

p
th
at

satisfi
es

all
th
ese

requ
ire-

m
ents
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an

S
U
(4)

gau
ge

th
eory

[10].
T
h
e
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erferm
ion

content
con

sists
of
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M
a
joran

a
ferm

ion
s
χ
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i
=

1,...,5,
tran
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in
g
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e
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im
en
sion

al
tw
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d
ex

antisym
m
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irrep
of

hyp
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w
h
ich
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rep
resentation

;
an

d
th
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D
irac

ferm
ion

s
ψ
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a
=

1,2,3,
in

th
e
fu
n
d
am

ental
rep

resentation
.
T
h
e
M
a
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b
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=
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B
C
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D
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ϵ
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A
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d
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d
u
p
p
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e
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n
d
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u
p
p
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d
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w
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b
e
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.
A

D
irac
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ψ
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e
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n
d
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b
e
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d
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W
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e
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n
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irrep

an
d
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e
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n
d
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ψ
A
a
=

(

Ψ
A
a

ϵ
¯̃Ψ
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,
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(Ψ̃
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)
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Ψ̄
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(2.3)
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=
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r
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b
e
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d
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g
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e
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rep
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,
see

A
p
p
.
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.
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e
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=
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(2.4)
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(2.4)
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E
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(2.5).
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w
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w
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⇤
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lead

s
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R
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⇤
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◆
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S
M
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Y
f

'
m
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T

h
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↵
L
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↵
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E
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↵
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✏
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s
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d
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↵
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L
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↵
R
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T
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g
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e
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✏
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L
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d
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⇤
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⇠
g⇤
Y
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⇤
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(2.11)
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w
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as
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th
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tran
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W
e

can
p
roceed
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u
p

sector.
T

h
e

large
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aller Yukaw

as for large decoupling scale!
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ixing angles suppressed by Yukaw
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ergent flavor structure



Sim
ilarly for the up-quark sector (and lepton sector)

⇤
u

⇤
d

⇤
s

⇤
c

⇤
t ⇠

⇤
IR

O
u
R

O
b
R

O
s
R

D
ecoupling scale

O
perator

⇤
b

O
c
R
,O

Q
L
2

O
t
R
,O

Q
L
3

O
d
R
,O

Q
L
1



��-����
���

�-����
�������

�
�����

�

�
��
���

�

� �����
�

���
���

���
���

���
���

���

�� �

�� �

�� �

��

Λ� [���]

F
igu

re
2:

U
p
per

bo
u
n
d
o
n
th
e
sca

le
⇤
f
(fo

r
f

=
e,u

,d,s,µ
,c,⌧,b,t

fro
m

to
p
to

d
o
w
n
)
a
t
w
h
ich

th
e
ferm

io
n
Y
u
ka
w
a
s
ca
n
o
rigin

a
te

fro
m

a
bilin

ea
r
term

(E
q.

(2
.9
)
w
ith

✏
(i
)

f
L
i,R

i ⇠
1
,

g⇤
⇠

4⇡
a
n
d

fo
r

⇤
I
R

=
3
T
eV

)
a
s
a
fu
n
ctio

n
o
f

d
H
,
th
e
d
im

en
sio

n
o
f
th
e
H
iggs

co
m
po
site

o
pera

to
r

O
H
.

T
o

d
erive

th
e
n
u
m
erica

l
resu

lts
w
e
id
en

tifi
ed

th
e
ferm

io
n
m
a
sses

w
ith

th
e
ru
n
n
in
g
m
a
sses

a
t
1
T
eV

[4
],

n
eglectin

g
th
e
e↵

ect
o
f
ru
n
n
in
g

m
f
fro

m
T
eV

to
⇤
f .

W
e

m
u
st

p
oint

ou
t

h
ow

ever
th

at
th

ere
can

b
e

extra
contrib

u
tion

s
com

in
g

from
⇤
d
,s,b .

T
h
e

m
ost

im
p
ortant

on
es

com
e

from
⇤
d

w
h
ere

it
is

p
ossib

le
to

gen
erate

�
L
(
1
)

b
i
l

=
1

⇤
d
H
�
1

d

✏
(
1
)

d
L
Q̄

L
1 Õ

H
(✏̃

(
1
)

t
R

tR
+

✏̃
(
1
)

c
R

c
R
)
,

(2.15)

th
at

lead
s

to
contrib

u
tion

s
to

th
e

entries
(Y

u
p )

1
3

⇠
(Y

u
p )

1
2

⇠
Y
d

th
at

can
b
e

slightly
larger

th
an

th
ose

in
E

q.
(2.14)

sin
ce

Y
d

>
Y
u .

W
e

ab
sorb

th
ese

contrib
u
tion

s
in

E
q.

(2.14)
by

a
red

efi
n
ition

of
↵
u
c,u

t
R

.
S
im

ilarly,Y
d
o
w
n

can
receive

extra
contrib

u
tion

s
from

⇤
u
,c,t .

T
h
e

largest
exp

ected
on

e
is

from
⇤
c

w
h
ere

w
e

can
h
ave

1

⇤
d
H
�
1

c

Q̄
L
2 O

H
b
R

,
(2.16)

th
at

lead
s
to

(Y
d
o
w
n )

2
3 ⇠

Y
c
th

at
is

p
aram

etrically
a

factor
Y
c /

Y
s ⇠

10
larger

th
an

th
e

corresp
on

d
in

g
entry

in
E

q.
(2.8).

A
gain

,
w

e
ab

sorb
th

is
contrib

u
tion

in
a

red
efi

n
ition

of
↵
sbR

.
W

e
m

u
st

ad
d

h
ow

ever
th

at
if

th
e

stron
g

sector
h
ad

an
S

U
(3)

fl
avor

sym
m

etry,
th

e
contrib

u
tion

s
in

E
q.

(2.15)
an

d
E

q.
(2.16)

w
ou

ld
b
e

zero,
as

th
ey

origin
ate

from
th

e
o↵

-d
iagon

al
interaction

s
in

th
e

stron
g

sector,O
Q

L
1 Õ
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p
tion

for
ou

r
estim

ates.
In

ou
r

scen
arios

for
fl
avor

th
e

contrib
u
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it
im

p
lies

th
at

th
e

contrib
u
tion

s
to

th
e

th
ree

ob
servab

les
✏
K

,
�

M
B

d
an

d
�

M
B

s
are

all
of

th
e

ord
er

of
th

e
p
resent

exp
erim

ental
sen

sitivity.
In

d
eed

,
by

lookin
g

at
th

e
con

straints
on

�
F

=
2

op
erators

rep
orted

in
T
ab

le
1,

w
e

fi
n
d

th
at

th
e

th
ree

ob
servab

les
✏
K

,
�

M
B

d
an

d
�

M
B

s
give

rou
gh

ly
th

e
sam

e
b
ou

n
d
.

T
h
e

correlation
E

q.
(3.3)

also
arises

in
M

F
V

scen
arios,

an
d

a
b
ou

n
d

h
as

b
een

d
erived

on
th

e
size

of
th

ese
e↵

ects
(see

T
ab

le
1)

th
at

lead
s

in
ou

r
case

to
⇤
I
R

&
5x

t T
eV

.
(3.4)

F
or

x
t

⇠
1/2

w
e

can
accom

m
od

ate
E

q.
(3.4)

for
valu

es
of

⇤
I
R

as
low

as
th

ose
n
eed

ed
to

p
ass

E
W

P
T

,
⇤
I
R

&
3

T
eV

[8,27].
T

h
e

correlation
s

in
E

q.
(3.3)

are
an

interestin
g

sm
okin

g
gu

n
for

th
ese

scen
arios

of
fl
avor,

th
at

cou
ld

b
e

tested
in

th
e

fu
tu

re
w

ith
a

b
etter

d
eterm

in
ation

of
th

e
ob

servab
les.

In
p
articu

lar,
w

e
m

u
st

ob
serve

a
d
i↵

erent
valu

e
of

�
M

B
d
,s

from
th

e
S
M

on
e,

w
ith

th
e

ratio
fi
xed

:

�
M

B
d

�
M

B
s

'
�

M
B

d

�
M

B
s ����

S
M

.
(3.5)

T
h
e

im
p
act

in
th

e
u
p

sector
is

n
egligib

le,
sin

ce
th

e
m

ixin
g

an
gles

(/
Y
u
,c /

Y
t )

are
m

u
ch

sm
aller

th
an

in
th

e
d
ow

n
sector.

T
h
e

largest
e↵

ect
com

es
from

th
e

th
ird

op
erator

in
E

q.
(3.1),

w
h
ich

gives
a

contrib
u
tionC

(Q
cu4

)'
Y

2

t

⇤
2I
R

(V
u
p

R
) ⇤3

2 (V
u
p

L
)
3
1 (V

u
p

L
) ⇤3

2 (V
u
p

R
)
3
1 ⇠

Y
2

u
Y

2

c
/
Y

2

t

⇤
2I
R

'
10 �

1
5

1

⇤
2I
R

,
(3.6)

w
h
ere

w
e

h
ave

taken
↵
L
,R

⇠
1.

T
h
is

is
m

any
ord

ers
of

m
agn

itu
d
e

b
elow

th
e

exp
erim

ental
b
ou

n
d

for
⇤
I
R

⇠
T
eV

.
L
et

u
s

n
ow

m
ove

to
th

e
e↵

ects
at

th
e

scales
⇤
f

�
⇤
I
R

.
It

is
clear

th
at

contrib
u
tion

s
at

⇤
b

are
sm

aller
th

an
th

ose
of

E
q.

(3.1),
as

th
ey

are
su

p
p
ressed

by
a

larger
scale

⇤
b �

⇤
I
R

.
C

ontrib
u
tion

s
from

⇤
c

an
d

⇤
s

can
h
ow

ever
b
e

sizab
le

as
th

ey
involve

secon
d

fam
ily

qu
arks.

T
h
e

m
ost

relevant
contrib

u
tion

s
are

6

g
2

⇤ ✏
(
2
)
4

c
L

⇤
2c

(Q
L
2 �

µQ
L
2 )

2

,
g
2

⇤ ✏
(
2
)
3

c
L

✏
(
2
)

t
L

⇤
2c

(Q
L
2 �

µQ
L
3 )(Q

L
2 �

µ Q
L
2 )

,
g
2

⇤ (✏
(
2
)

s
L

✏
(
2
)

s
R

)
2

⇤
2s

(Q
L
2 s

R
)(s

R
Q

L
2 )

.
(3.7)

5In
an

ab
u
se

of
n
otation

w
e
w
ill

b
e
u
sin

g
th
e
sam

e
n
otation

for
th
e
q
u
ark

s
in

th
e
p
h
y
sical

an
d
in
teraction

b
asis.

6N
otice

th
at

con
trib

u
tion

s
to

th
eQ

2
an

d
eQ
2
op

erators
req

u
ire

tw
o
H
iggs

in
sertion

s
an

d
are

th
u
s
h
igh

ly
su
p
p
ressed

.

10

Predictions:

● O
nly C

K
M

 phase

● 

im
p
liy

in
g

th
e

follow
in

g
con

d
ition

s
on

th
e

↵
L
’s

of
th

e
d
ow

n
-Y

u
kaw

a
m

atrix
:

↵
d
s

R

m
d

m
s

'
(V

C
K
M

)
2
1 '

�
c

,
↵
sb
R

m
s

m
b

'
(V

C
K
M

)
3
2 '

�
2c

,
↵
d
b

R

m
d

m
b

'
(V

C
K
M

)
3
1 '

�
3c
,

(2.18)

w
h
ere

�
c '

0.22
is

th
e

C
ab

ib
b
o

an
gle.

F
rom

th
e

estim
ate

m
d

m
s

⇠
m

s

m
b

⇠
�
2c
,

(2.19)

w
e

ob
tain

u
sin

g
E

q
.
(2.18)

th
at

↵
d
s,d

b
R

m
u
st

b
e

sligh
tly

larger
th

an
on

e,
in

p
articu

lar,

↵
d
s

R
⇠

↵
d
b

R
⇠

1/�
c

,
↵
sb
R

⇠
1

.
(2.20)

T
h
is

can
b
e

easily
accom

m
o
d
ated

b
y

h
av

in
g

✏
(
1
)

s
R
,b
R

sligh
tly

sm
aller

th
an

on
e

(an
d

a
su

p
p
ression

of
E

q
.(2.16)).

O
n

th
e

oth
er

h
an

d
,
th

e
↵
L

are
n
ot

con
strain

ed
at

allb
y

th
e

C
K

M
an

gles,
an

d
cou

ld
even

b
e

very
sm

all
if

som
e

m
ix

in
gs

are
zero.

F
or

ex
am

p
le,

th
is

cou
ld

b
e

th
e

case
if

✏
(
1
)

s
L
,b
L

⇡
0

d
u
e

to
som

e

accid
en

tal
d
iscrete

sy
m

m
etry

at
⇤
d ,

as
d
iscu

ssed
in

A
p
p
en

d
ix

B
.
N

otice
th

at
in

th
e

lim
it

✏
(
1
)

s
L
,b
L

!
0

th
e

rotation
m

atrix
V

d
o
w
n

R
is

n
ot

an
y
m

ore
given

b
y

E
q
.
(2.13)

b
u
t

b
y

E
q
.
(B

.1).
N

everth
eless,

w
e

em
p
h
asize

th
at

th
e

fram
ew

ork
for

fl
avor

p
rop

osed
h
ere

d
o
es

n
ot

n
eed

an
y

accid
en

tal
sy

m
m

etry
to

p
ass

th
e

p
h
en

om
en

ological
con

strain
ts,

as
w

e
d
iscu

ss
b
elow

.

3
Im

p
lic

a
tio

n
s
in

fl
a
v
o
r
a
n
d

C
P
-v
io
la
tio

n
p
h
y
sic

s

A
t

each
scale

⇤
f

w
e

h
ave

p
oten

tially
n
ew

fl
avor-v

iolatin
g

con
trib

u
tion

s,
arisin

g
from

h
igh

er-
d
im

en
sion

al
op

erators
m

ad
e

of
S
M

ferm
ion

s.
W

e
can

estim
ate

th
ese

e↵
ects

u
sin

g
p
ow

er-cou
n
tin

g
argu

m
en

ts,
sin

ce
n
o

fl
avor

sy
m

m
etries

are
assu

m
ed

in
ou

r
scen

arios.
T

h
e

m
ost

im
p
ortan

t
h
igh

er-
d
im

en
sion

al
op

erators
are

4-q
u
ark

op
erators,

th
at

con
trib

u
te

to
�

F
=

2
tran

sition
s,

2-q
u
ark

-2-
H

iggs
op

erators
th

at
gen

erate
�

F
=

1
e↵

ects,
an

d
d
ip

ole
op

erators
con

trib
u
tin

g
to

p
ro

cesses
su

ch
as

µ
!

e�
or

E
D

M
s.

W
e

collect
th

e
m

ost
im

p
ortan

t
ex

p
erim

en
tal

b
ou

n
d
s

in
T
ab

le
1.

3
.1

�
F

=
2
tra

n
sitio

n
s

W
e

start
con

sid
erin

g
4-q

u
ark

op
erators

arisin
g

at
th

e
low

est
scale

⇤
t ⇠

⇤
I
R

.
T

h
ese

are
op

erators
con

tain
in

g
on

ly
top

com
p
on

en
ts,

Q
L
3

an
d

tR
,
n
am

ely
4

Y
2

t
x
2t

⇤
2I
R

(Q
L
3 �

µQ
L
3 )

2

,
Y

2

t

⇤
2I
R

(Q
L
3 tR

)(tR
Q

L
3 )

,
Y

2

t
/x

2t

⇤
2I
R

(tR
�
µtR

)
2

,
(3.1)

w
h
ere

w
e

d
efi

n
ed

x
t
=

✏
(
3
)

t
L

/✏
(
3
)

t
R

.
L
et

u
s
fi
rst

lo
ok

at
th

e
im

p
lication

s
in

th
e

d
ow

n
sector,

w
h
ose

fl
avor

con
strain

ts
are

th
e

stron
gest.

T
h
ese

are
on

ly
com

in
g

from
th

e
fi
rst

op
erator

of
E

q
.
(3.1)

th
at,

after
rotatin

g
to

th
e

p
h
y
sical

b
asis

4T
h
ese

estim
ates

are
valid

even
if

⇤
t
>

⇤
IR

an
d
th
e
top

p
artn

ers
are

h
eav

ier
th
an

⇤
IR
.
N
everth

eless,
for

top
p
artn

ers
ligh

ter
th
an

⇤
IR
,
as

cou
ld

b
e
n
eed

ed
in

th
ese

scen
arios

to
ob

tain
a
v
iab

le
H
iggs

m
ass

an
d

m
in
im

ize
th
e

am
ou

n
t
of

tu
n
in
g
[21,22],

th
e
4-ferm

ion
op

erators
get

en
h
an

ced
.
F
or

a
d
iscu

ssion
see

R
ef.

[8].
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D
ifferent effects at different scales:

⇤
u

⇤
d

⇤
s

⇤
c

⇤
t ⇠

⇤
IR ⇤
b

physical basis

correlated prediction for K→
μμ

, ϵ’/ϵ, B→
X

ll, Z→
bb

rotation ~
 V

C
K

M

all close to the experim
ental value for Λ

IR ~4-5 TeV
 

w
h
ich

gives

c
be
d
m

'
g
2

⇤
16⇡

2

m
b

⇤

2b

.
(3.17)

T
h
is

is
m

u
ch

sm
aller

th
an

p
resent

b
ou

n
d
s

u
n
less

⇤

b ⇠
⇤

I
R

.

3
.3

�
F

=
1
tra

n
sitio

n
s

S
im

ilarly
to

E
D

M
s,

con
trib

u
tion

s
to

fl
avor

d
ip

ole
tran

sition
s

can
also

b
e

p
resent,

th
e

m
ost

relevant
on

es
b
ein

g
s
R
,L

�
µ
⌫eF

µ
⌫ b

L
,R

th
at

contrib
u
tes

to
b
!

s�
,

an
d

s
R
,L

�
µ
⌫g

s G
µ
⌫ d

L
,R

th
at

contrib
u
tes

to
✏ 0/✏.

T
h
e

estim
ates

of
th

ese
e
↵
ects

are
sim

ilar
to

th
e

on
es

for
th

e
n
eu

tron
E

D
M

in
E

q
.
(3.16),

lead
in

g
to

sm
all

contrib
u
tion

s
to

th
ese

ob
servab

les.
T

h
ere

are
also

n
on

-d
ip

ole
contrib

u
tion

s
to

�
F

=
1

tran
sition

s
arisin

g
from

op
erators

like

s̄
L
�
µd

L
H

†  !D
µ H

th
at

on
th

e
E

W
S
B

vacu
u
m

give
fl
avor-ch

an
gin

g
Z

-cou
p
lin

gs,
w

h
ich

are
severely

con
strain

ed
by

K
L
!

µ
+

µ
�

an
d

✏ 0/✏,
or

eq
u
ivalent

op
erators

w
ith

th
e

b
ottom

,
s̄
L
�
µ b

L
H

†  !D
µ H

,
w

h
ich

give
contrib

u
tion

s
to

th
e

p
ro

cesses
B
!

`
+

` �
,X

`
+

` �
.

T
h
e

largest
contrib

u
tion

arises
from

top
op

erators
in

d
u
ced

at
⇤

I
R

th
at

give

(g⇤ ✏
(
3
)

t
L

)
2

⇤

2I
R

Q̄
L
3 �

µQ
L
3 iH

†  !D
µ H
'

g⇤ Y
t x

t

⇤

2I
R

⇣
(V

†C
K
M

)
3
3

b̄
L

+
(V

†C
K
M

)
2
3

s̄
L

+
(V

†C
K
M

)
1
3

d̄
L ⌘

�
µ

⇥
⇣
(V

C
K
M

)
3
3

b
L

+
(V

C
K
M

)
3
2

s
L

+
(V

C
K
M

)
3
1

d
L ⌘

iH
†  !D

µ H
,

(3.18)

sim
ilarly

to
th

e
an

arch
ic

case.
Interestin

gly,
E

q
.
(3.18)

sh
ow

s
th

at
th

e
contrib

u
tion

s
to

K
L
!

µ
+

µ
�

(an
d

✏ 0/✏),
B
!

(X
)``

an
d

correction
s

to
Z

b̄
L
b
L

are
correlated

an
d

all
are

close
to

th
e

ex
p
erim

ental
b
ou

n
d
s;

w
e

ob
tain

resp
ectively

th
e

con
strain

ts

⇤

I
R

&
4 p

g⇤ x
t
T
eV

,
⇤

I
R

&
3 p

g⇤ x
t
T
eV

,
⇤

I
R

&
5 p

g⇤ x
t
T
eV

.
(3.19)

W
e

m
u
st

p
oint

ou
t

h
ow

ever
th

at
th

ere
is

an
oth

er
d
im

en
sion

-six
op

erator
contrib

u
tin

g
to

th
ese

ob
servab

les,
Q̄

L
3 �

a�
µQ

L
3 H

†�
a  !D

µ H
,
th

at
in

th
e

case
of

a
cu

sto
d
ial

P
L
R

sy
m

m
etry

in
th

e
stron

g
sector

can
cels

th
e

con
trib

u
tion

from
E

q
.
(3.18)

[31].
T

h
is

sy
m

m
etry

is
p
resent

in
sim

p
le

m
o
d
els

of
com

p
osite

H
iggs

an
d

for
th

is
reason

th
ese

e
↵
ects

cou
ld

b
e

fu
rth

er
su

p
p
ressed

.
F
in

ally,
th

ere
can

b
e

also
con

trib
u
tion

s
to

op
erators

like
s̄
L
�
µ d

L
D

⌫ F
µ
⌫

Z
,
w

h
ere

F
µ
⌫

Z
is

th
e

fi
eld

-
stren

gth
of

th
e

Z
.

T
h
ese

op
erators,

h
ow

ever,
are

su
p
p
ressed

by
a

factor
g
2/g

2

⇤
w

ith
resp

ect
to

th
ose

in
E

q
.
(3.18).

3
.4

E
le
c
tro

n
E
D
M

,
µ

!
e
�

a
n
d
⌧
!

µ
�

A
ssu

m
in

g
th

at
th

e
origin

of
th

e
lep

ton
m

asses
is

th
e

sam
e

on
e

as
for

th
e

d
ow

n
-ty

p
e

q
u
ark

m
asses

d
escrib

ed
ab

ove,
w

e
ex

p
ectY

l
e
p
t
o
n

an
d

th
e

rotation
m

atrices
to

h
ave

th
e

sam
e

stru
ctu

re
as

E
q
.
(2.8)

an
d

E
q
.
(2.13)

resp
ectively,

w
ith

th
e

obv
iou

s
rep

lacem
ent

d,s,b!
e,µ

,⌧
.

T
h
e

corresp
on

d
in

g
↵
L
,R

for
th

e
lep

ton
sector

are
free

p
aram

eters,
th

at
w

e
w

ill
take

to
b
e

ord
er

on
e

for
ou

r
estim

ates.
T

h
e

m
ain

ex
p
erim

ental
con

strain
ts

on
p
ossib

le
e
↵
ective

op
erators

in
d
u
ced

at
th

e
scales

⇤

e,µ
,⌧

are
th

e
electron

E
D

M
,
µ
!

e�
an

d
⌧
!

µ
�
,
th

at
com

e
from

sim
ilar

d
ip

ole
stru

ctu
res:

c
ee
d
m

e
L
�
µ
⌫eF

µ
⌫ e

R
,

c
m
e
g

e
L
�
µ
⌫eF

µ
⌫ µ

R
,

c
t
m
g

µ
L
�
µ
⌫eF

µ
⌫ ⌧

R
,

(3.20)

13

w
h
ich

gives

c
be
d
m

'
g
2

⇤
16⇡

2

m
b

⇤
2b

.
(3.17)

T
h
is

is
m

u
ch

sm
aller

th
an

p
resent

b
ou

n
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ts,

as
w

e
d
iscu

ss
b
elow

.

3
Im

p
lic

a
tio

n
s
in

fl
a
v
o
r
a
n
d

C
P
-v
io
la
tio

n
p
h
y
sic

s

A
t

each
scale

⇤
f

w
e

h
ave

p
oten

tially
n
ew

fl
avor-v

iolatin
g

con
trib

u
tion

s,
arisin

g
from

h
igh

er-
d
im

en
sion

al
op

erators
m

ad
e

of
S
M

ferm
ion

s.
W

e
can

estim
ate

th
ese

e↵
ects

u
sin

g
p
ow

er-cou
n
tin

g
argu

m
en

ts,
sin

ce
n
o

fl
avor

sy
m

m
etries

are
assu

m
ed

in
ou

r
scen

arios.
T

h
e

m
ost

im
p
ortan

t
h
igh

er-
d
im

en
sion

al
op

erators
are

4-q
u
ark

op
erators,

th
at

con
trib

u
te

to
�

F
=

2
tran

sition
s,

2-q
u
ark

-2-
H

iggs
op

erators
th

at
gen

erate
�

F
=

1
e↵

ects,
an

d
d
ip

ole
op

erators
con

trib
u
tin

g
to

p
ro

cesses
su

ch
as

µ
!

e�
or

E
D

M
s.

W
e

collect
th

e
m

ost
im

p
ortan

t
ex

p
erim

en
tal

b
ou

n
d
s

in
T
ab

le
1.

3
.1

�
F

=
2
tra

n
sitio

n
s

W
e

start
con

sid
erin

g
4-q

u
ark

op
erators

arisin
g

at
th

e
low

est
scale

⇤
t ⇠

⇤
I
R

.
T

h
ese

are
op

erators
con

tain
in

g
on

ly
top

com
p
on

en
ts,

Q
L
3

an
d

tR
,
n
am

ely
4

Y
2

t
x
2t

⇤
2I
R

(Q
L
3 �

µQ
L
3 )

2

,
Y

2

t

⇤
2I
R

(Q
L
3 tR

)(tR
Q

L
3 )

,
Y

2

t
/x

2t

⇤
2I
R

(tR
�
µtR

)
2

,
(3.1)

w
h
ere

w
e

d
efi

n
ed

x
t
=

✏
(
3
)

t
L

/✏
(
3
)

t
R

.
L
et

u
s
fi
rst

lo
ok

at
th

e
im

p
lication

s
in

th
e

d
ow

n
sector,

w
h
ose

fl
avor

con
strain

ts
are

th
e

stron
gest.

T
h
ese

are
on

ly
com

in
g

from
th

e
fi
rst

op
erator

of
E

q
.
(3.1)

th
at,

after
rotatin

g
to

th
e

p
h
y
sical

b
asis

4T
h
ese

estim
ates

are
valid

even
if

⇤
t
>

⇤
IR

an
d
th
e
top

p
artn

ers
are

h
eav

ier
th
an

⇤
IR
.
N
everth

eless,
for

top
p
artn

ers
ligh

ter
th
an

⇤
IR
,
as

cou
ld

b
e
n
eed

ed
in

th
ese

scen
arios

to
ob

tain
a
v
iab

le
H
iggs

m
ass

an
d

m
in
im

ize
th
e

am
ou

n
t
of

tu
n
in
g
[21,22],

th
e
4-ferm

ion
op

erators
get

en
h
an

ced
.
F
or

a
d
iscu

ssion
see

R
ef.

[8].

8

u
sin

g
E

q
.
(2.17),

5

gives
a

con
trib

u
tion

to
th

e
op

erators
Q

sd1

,Q
bd1

an
d

Q
bs1

,
as

d
efi

n
ed

in
T
ab

le
1,

w
ith

a
co

e�
cien

t

C
(Q

sd1

)'
Y

2

t
x
2t

⇤
2I
R

h(V
†C
K
M

)
2
3 (V

C
K
M

)
3
1 i

2'
10 �

7

x
2t

⇤
2I
R

e
i✓

C
K
M

,
(3.2)

w
h
ere

✓
C
K
M

d
en

otes
th

e
com

p
lex

p
h
ase

ap
p
earin

g
in

th
e

p
ro

d
u
ct

of
th

e
C

K
M

elem
en

ts,
an

d

C
(Q

bd1

)

[(V
†C
K
M

)
3
3 (V

C
K
M

)
3
1 ]
2

=
C

(Q
bs1

)

[(V
†C
K
M

)
3
3 (V

C
K
M

)
3
2 ]
2

=
C

(Q
sd1

)

[(V
†C
K
M

)
2
3 (V

C
K
M

)
3
1 ]
2

.
(3.3)

E
q
.
(3.3)

lead
s

to
in

terestin
g

con
seq

u
en

ces.
It

p
red

icts
n
o

n
ew

p
h
ases

in
K

�
K̄

an
d

B
�

B̄
m

ix
in

g
b
eyon

d
th

e
S
M

on
e.

F
u
rth

erm
ore,

it
im

p
lies

th
at

th
e

con
trib

u
tion

s
to

th
e

th
ree

ob
servab

les
✏
K

,
�

M
B

d
an

d
�

M
B

s
are

all
of

th
e

ord
er

of
th

e
p
resen

t
ex

p
erim

en
tal

sen
sitiv

ity.
In

d
eed

,
b
y

lo
ok

in
g

at
th

e
con

strain
ts

on
�

F
=

2
op

erators
rep

orted
in

T
ab

le
1,

w
e

fi
n
d

th
at

th
e

th
ree

ob
servab

les
✏
K

,
�

M
B

d
an

d
�

M
B

s
give

rou
gh

ly
th

e
sam

e
b
ou

n
d
.

T
h
e

correlation
E

q
.
(3.3)

also
arises

in
M

F
V

scen
arios,

an
d

a
b
ou

n
d

h
as

b
een

d
erived

on
th

e
size

of
th

ese
e↵

ects
(see

T
ab

le
1)

th
at

lead
s

in
ou

r
case

to
⇤
I
R

&
5x

t T
eV

.
(3.4)

F
or

x
t

⇠
1/2

w
e

can
accom

m
o
d
ate

E
q
.

(3.4)
for

valu
es

of
⇤
I
R

as
low

as
th

ose
n
eed

ed
to

p
ass

E
W

P
T

,
⇤
I
R

&
3

T
eV

[8,27].
T

h
e

correlation
s

in
E

q
.
(3.3)

are
an

in
terestin

g
sm

ok
in

g
gu

n
for

th
ese

scen
arios

of
fl
avor,

th
at

cou
ld

b
e

tested
in

th
e

fu
tu

re
w

ith
a

b
etter

d
eterm

in
ation

of
th

e
ob

servab
les.

In
p
articu

lar,
w

e
m

u
st

ob
serve

a
d
i↵

eren
t

valu
e

of
�

M
B

d
,s

from
th

e
S
M

on
e,

w
ith

th
e

ratio
fi
x
ed

:

�
M

B
d

�
M

B
s

'
�

M
B

d

�
M

B
s ����

S
M

.
(3.5)

T
h
e

im
p
act

in
th

e
u
p

sector
is

n
egligib

le,
sin

ce
th

e
m

ix
in

g
an

gles
(/

Y
u
,c /

Y
t )

are
m

u
ch

sm
aller

th
an

in
th

e
d
ow

n
sector.

T
h
e

largest
e↵

ect
com

es
from

th
e

th
ird

op
erator

in
E

q
.
(3.1),

w
h
ich

gives
a

con
trib

u
tionC

(Q
cu4

)'
Y

2

t

⇤
2I
R

(V
u
p

R
) ⇤3

2 (V
u
p

L
)
3
1 (V

u
p

L
) ⇤3

2 (V
u
p

R
)
3
1 ⇠

Y
2

u
Y

2

c
/
Y

2

t

⇤
2I
R

'
10 �

1
5

1

⇤
2I
R

,
(3.6)

w
h
ere

w
e

h
ave

taken
↵
L
,R

⇠
1.

T
h
is

is
m

an
y

ord
ers

of
m

agn
itu

d
e

b
elow

th
e

ex
p
erim

en
tal

b
ou

n
d

for
⇤
I
R

⇠
T
eV

.
L
et

u
s

n
ow

m
ove

to
th

e
e↵

ects
at

th
e

scales
⇤
f

�
⇤
I
R

.
It

is
clear

th
at

con
trib

u
tion

s
at

⇤
b

are
sm

aller
th

an
th

ose
of

E
q
.
(3.1),

as
th

ey
are

su
p
p
ressed

b
y

a
larger

scale
⇤
b �

⇤
I
R

.
C

on
trib

u
tion

s
from

⇤
c

an
d

⇤
s

can
h
ow

ever
b
e

sizab
le

as
th

ey
in

volve
secon

d
fam

ily
q
u
ark

s.
T

h
e

m
ost

relevan
t

con
trib

u
tion

s
are

6

g
2

⇤ ✏
(
2
)
4

c
L

⇤
2c

(Q
L
2 �

µQ
L
2 )

2

,
g
2

⇤ ✏
(
2
)
3

c
L

✏
(
2
)

t
L

⇤
2c

(Q
L
2 �

µQ
L
3 )(Q

L
2 �

µ Q
L
2 )

,
g
2

⇤ (✏
(
2
)

s
L

✏
(
2
)

s
R

)
2

⇤
2s

(Q
L
2 s

R
)(s

R
Q

L
2 )

.
(3.7)

5In
an

ab
u
se

of
n
otation

w
e
w
ill

b
e
u
sin

g
th
e
sam

e
n
otation

for
th
e
q
u
ark

s
in

th
e
p
h
y
sical

an
d
in
teraction

b
asis.

6N
otice

th
at

con
trib

u
tion

s
to

th
eQ

2
an

d
eQ
2
op

erators
req

u
ire

tw
o
H
iggs

in
sertion

s
an

d
are

th
u
s
h
igh

ly
su
p
p
ressed

.
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⇠
g
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⇤
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F
igu

re
2:

U
p
per

bo
u
n
d
o
n
th
e
sca

le
⇤
f
(fo

r
f

=
e,u

,d,s,µ
,c,⌧,b,t

fro
m

to
p
to

d
o
w
n
)
a
t
w
h
ich

th
e
ferm

io
n
Y
u
ka
w
a
s
ca
n
o
rigin

a
te

fro
m

a
bilin

ea
r
term

(E
q.

(2
.9
)
w
ith

✏
(i
)

f
L
i,R

i ⇠
1
,

g⇤
⇠

4⇡
a
n
d

fo
r

⇤
I
R

=
3
T
eV

)
a
s
a
fu
n
ctio

n
o
f

d
H
,
th
e
d
im

en
sio

n
o
f
th
e
H
iggs

co
m
po
site

o
pera

to
r

O
H
.

T
o

d
erive

th
e
n
u
m
erica

l
resu

lts
w
e
id
en

tifi
ed

th
e
ferm

io
n
m
a
sses

w
ith

th
e
ru
n
n
in
g
m
a
sses

a
t
1
T
eV

[4
],

n
eglectin

g
th
e
e↵

ect
o
f
ru
n
n
in
g

m
f
fro

m
T
eV

to
⇤
f .

W
e

m
u
st

p
oint

ou
t

h
ow

ever
th

at
th

ere
can

b
e

extra
contrib

u
tion

s
com

in
g

from
⇤
d
,s,b .

T
h
e

m
ost

im
p
ortant

on
es

com
e

from
⇤
d

w
h
ere

it
is

p
ossib

le
to

gen
erate

�
L
(
1
)

b
i
l

=
1

⇤
d
H
�
1

d

✏
(
1
)

d
L
Q̄

L
1 Õ

H
(✏̃

(
1
)

t
R

tR
+

✏̃
(
1
)

c
R

c
R
)
,

(2.15)

th
at

lead
s

to
contrib

u
tion

s
to

th
e

entries
(Y

u
p )

1
3

⇠
(Y

u
p )

1
2

⇠
Y
d

th
at

can
b
e

slightly
larger

th
an

th
ose

in
E

q.
(2.14)

sin
ce

Y
d

>
Y
u .

W
e

ab
sorb

th
ese

contrib
u
tion

s
in

E
q.

(2.14)
by

a
red

efi
n
ition

of
↵
u
c,u

t
R

.
S
im

ilarly,Y
d
o
w
n

can
receive

extra
contrib

u
tion

s
from

⇤
u
,c,t .

T
h
e

largest
exp

ected
on

e
is

from
⇤
c

w
h
ere

w
e

can
h
ave

1

⇤
d
H
�
1

c

Q̄
L
2 O

H
b
R

,
(2.16)

th
at

lead
s
to

(Y
d
o
w
n )

2
3 ⇠

Y
c
th

at
is

p
aram

etrically
a

factor
Y
c /

Y
s ⇠

10
larger

th
an

th
e

corresp
on

d
in

g
entry

in
E

q.
(2.8).

A
gain

,
w

e
ab

sorb
th

is
contrib

u
tion

in
a

red
efi

n
ition

of
↵
sbR

.
W

e
m

u
st

ad
d

h
ow

ever
th

at
if

th
e

stron
g

sector
h
ad

an
S

U
(3)

fl
avor

sym
m

etry,
th

e
contrib

u
tion

s
in

E
q.

(2.15)
an

d
E

q.
(2.16)

w
ou

ld
b
e

zero,
as

th
ey

origin
ate

from
th

e
o↵

-d
iagon

al
interaction

s
in

th
e

stron
g

sector,O
Q

L
1 Õ

H
O

t
R
,c

R
an

d
O

Q
L
2 O

H
O

b
R

resp
ectively.

S
in

ce
th

e
m

ass
h
ierarch

ies
in

th
e

u
p

sector
are

larger
th

an
in

th
e

d
ow

n
sector,

w
e

h
ave

th
at

th
e

C
K

M
m

atrix
V
C
K
M

is
m

ain
ly

d
om

in
ated

by
th

e
d
ow

n
rotation

:

V
C
K
M

⇠
(V

d
o
w
n

L
) †

,
(2.17)
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s
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l
o
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d
i
a
g
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a
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S
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�S
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3
F
IG

.
1:

D
iagram

s
gen

eratin
g
th
e
con

trib
u
tion

to
th
e
W
ein

-
b
erg

op
erator

at
th
e
top

th
resh

old
.

T
h
e
grey

b
lob

d
en

otes
th
e
in
sertion

of
th
e
ch
rom

o-electric
d
ip
ole

op
erator

[9–11].

at
a
tim

e.
C
on

sequ
ently,

th
e
d
erived

con
straints

w
ill

ap
-

p
ly

in
ab

sen
ce

of
can

cellation
s
am

on
g
several

con
sp
irin

g
op

erator
contrib

u
tion

s.

In
d
ire

c
t
c
o
n
stra

in
ts

W
e
fi
rst

con
sid

er
th
e
p
resent

in
d
irect

con
straints

on
th
e

top
C
E
D
M

d̃
t .

T
h
e

op
erators

in
E
q.

(2)
ru
n

an
d

m
ix

u
n
d
er

Q
C
D

ren
orm

alization
grou

p
(R

G
)
evo-

lu
tion

.
A
t
p
resent,

th
ese

e↵
ects

are
kn

ow
n
to

N
L
L
accu

-
racy

[8].
In

p
articu

lar
th
e
W
einb

erg
op

erator
m
ixes

into
th
e
(C

)E
D
M
s
of

qu
arks,

b
u
t
n
ot

vice
versa.

N
everth

eless,
it
h
as

b
een

kn
ow

n
for

som
e
tim

e
[9,

10]
th
at

th
e
C
E
D
M
s

in
d
u
ce

a
fi
n
ite

th
resh

old
correction

to
th
e
W
einb

erg
op

-
erator

w
h
en

a
h
eavy

qu
ark

is
integrated

ou
t,
as

sh
ow

n
in

F
ig.

1,

�w
(q

)
=

g
3s

32⇡
2

d̃
q

m
q
,

(3)

w
h
ere

g
s
an

d
m

q
are

evalu
ated

at
th
e
h
eavy

qu
ark

th
resh

-
old

scale.
In

th
e
case

of
th
e
top

qu
ark,

th
e
com

b
in
ed

e↵
ects

of
th
e
fi
n
ite

sh
ift

in
w

an
d

th
e
su
b
sequ

ent
R
G

evolu
tion

to
th
e
h
ad

ron
ic

scale
w
ill

in
d
u
ce

n
on

-zero
con

-
trib

u
tion

s
also

for
th
e
(C

)E
D
M
s
of

th
e
light

qu
arks.

P
erform

in
g
th
e
Q
C
D

evolu
tion

of
th
e
W
einb

erg
op

-
erator

at
N
L
L

accu
racy

d
ow

n
to

th
e

h
ad

ron
ic

scale
µ
H

⇠
1
G
eV

,
takin

g
into

accou
nt

th
e
relevant

m
b
an

d
m

c
th
resh

old
s,

w
e
thu

s
ob

tain
d
u
,d (µ

H
),

d̃
u
,d (µ

H
)
an

d
w
(µ

H
)
in

term
s
of

d̃
t (m

t )

d
u
=

�
3.1·10

�
9
e
d̃
t
,

d
d
=

3.5·10
�
9
e
d̃
t
,

d̃
u
=

8.9·10
�
9
d̃
t
,

d̃
d
=

2.0·10
�
8
d̃
t
,

w
=

1.0·10
�
5
G
eV

�
1
d̃
t
,

(4)

w
h
ere

w
e

h
ave

u
sed

m
t

=
173.3

G
eV

[12],

m
M

S
d

(2
G
eV

)
=

(4.7
±

0.1)
M
eV

,
m

M
S

u
(2

G
eV

)
=

(2.1±
0.1)

M
eV

[13]
an

d
↵
M

S
s

(m
Z
)
=

0.1184
[14].

P
resently,

th
e

m
ost

sen
sitive

ob
servab

les
are

th
e

atom
ic

E
D
M
s
of

m
ercu

ry
(d

H
g
<

3.1
·
10

�
2
9
e
cm

at
90%

C
.L
.
[15])

an
d
of

th
e
n
eu
tron

(d
n
<

2.9·10
�
2
6
e
cm

at
90%

C
.L
.[16]).

F
ollow

in
g
[17],w

e
evalu

ate
th
e
relevant

contrib
u
tion

s
as

d
H

g
=

�
1.8·10

�
4
G
eV

�
1
e
ḡ
(1

)
⇡
N

N
,

(5a)

d
n
=
(1±

0.5)
[1.1

e
(d̃

d
+
0.5

d̃
u )

+
1.4

(d
d �

0.25
d
u )]

+
(22±

10)·10
�
3
G
eV

e
w
,

(5b
)

w
h
ere

g
(1

)
⇡
N

N
=

4
+
8

�
2
(d̃

u �
d̃
d )

G
eV

.
A
llqu

antities
are

eval-
u
ated

at
th
e
scale

µ
H

⇠
1
G
eV

.
T
h
e
valu

es
an

d
u
n
cer-

tainty
estim

ates
for

th
e
relevant

m
atrix

elem
ents,

p
artic-

u
larly

for
th
e
W
einb

erg
op

erator
contrib

u
tion

to
d
n
,
h
ave

b
een

evalu
ated

u
sin

g
Q
C
D

su
m

ru
le

tech
n
iqu

es
[18].

In
sertin

g
(4)

into
th
e
ab

ove
exp

ression
s
an

d
treatin

g
all

th
e
relevant

th
eoretical

u
n
certainties

as
fl
at

d
istrib

u
tion

s
w
ith

in
th
e
stated

errors,
w
e
fi
n
d
th
at

th
e
n
eu
tron

E
D
M

con
strain

s
th
e
top

C
E
D
M

to
b
e

|d̃
t |
<

2.1·10
�
1
9
cm

(90%
C
.L
.)
,

(6)

i.e.|d̃
t
m

t |
<

1.9·10
�
3.

T
h
e
con

straint
from

th
e
n
eu
tron

E
D
M

is
d
om

in
ated

by
th
e
contrib

u
tion

to
th
e
W
einb

erg
op

erator,
w
h
ich

am
ou

nts
to

rou
gh

ly
85%

of
th
e
total

ef-
fect

of
d̃
t
in

d
n
,
even

th
ou

gh
th
e
light

qu
ark

(C
)E

D
M

contrib
u
tion

s
are

n
ot

totally
n
egligib

le.
F
u
rth

erm
ore,

th
e

con
straint

from
d
H

g
p
rovid

es
a
(tw

o
ord

ers
of

m
agn

itu
d
e)

w
eaker

b
ou

n
d
on

d̃
t ,
sin

ce
it
is
n
ot

sen
sitive

to
th
e
W
ein

-
b
erg

op
erator

an
d
also

com
p
aratively

w
eaker

th
an

d
n
for

th
e
light

qu
ark

C
E
D
M
s.

W
e
n
ote

in
p
assin

g
th
e
a
sim

i-
lar

con
straint

on
th
e
E
D
M

of
th
e
b
qu

ark
h
as

p
reviou

sly
b
een

ob
tain

ed
[10].

T
h
e
in
d
irect

con
straints

on
th
e
oth

er
top

d
ip
ole

m
o-

m
ents

in
E
q.

(2)
are

con
sid

erab
ly

w
eaker.

T
h
e
E
D
M

of
th
e
top

,
d
t ,

in
d
u
ces

light
qu

ark
E
D
M
s
on

ly
th
rou

gh
w
eak

interaction
s
an

d
is
su
p
p
ressed

by
fl
avor

m
ixin

g
fac-

tors
[19]

resu
ltin

g
in

d
d

=
2.4

⇥
10

�
1
2
d
t ,

an
d

con
se-

qu
ently

w
e
fi
n
d
a
w
eak

b
ou

n
d
of

|d
t |
<

1.7⇥
10

�
1
4
e
cm

(90%
C
.L
.)
.

(7)

A
stron

ger
lim

it
com

es
from

b
!

s�
an

d
b
!

s`
+
` �

p
rocesses,

sin
ce

th
e
lead

in
g
S
M

contrib
u
tion

carries
th
e

sam
e
loop

an
d

fl
avor

su
p
p
ression

s.
F
ollow

in
g
[20],

w
e

ob
tain�

C
7
� (m

W
)
=

6.5·10
�
2
(µ

t �
2.65i

d
t )
m

t /e
,

(8)

w
h
ere

w
e
h
ave

in
clu

d
ed

th
e
e↵

ects
of

th
e
top

M
D
M

w
h
ich

is
also

con
strain

ed
.

�
C

7
�
is

th
e
n
ew

contrib
u
-

tion
to

th
e
W

ilson
coe�

cient
of

th
e
m
agn

etic
op

erator
m
ed
iatin

g
th
e
b
!

s
tran

sition
.
U
sin

g
th
e
resu

lts
of

a
glob

alfi
t
to

rad
iative

an
d
rare

sem
ilep

ton
ic
B

d
ecays

[21],
w
e
ob

tain
th
e
allow

ed
region

in
th
e
(µ

t ,d
t )

p
lan

e
in

F
ig.2.

T
h
e
m
ost

sen
sitive

ob
servab

les
are

B
r(B

!
X

s �
),

hA
F
B i(B

!
K

⇤`
+
` �

)[1
G
eV

2
<

q
2

<
6
G
eV

2]
an

d
hF

L i(B
!

K
⇤`

+
` �

)[1
G
eV

2
<

q
2
<

6
G
eV

2]
(all

d
efi
n
ed

in
R
ef.

[21]).
M
argin

alizin
g
over

on
e
of

th
e
m
om

ents,
w
e

W
einberg operator

d
N

top

�

�
h

e
e

tL
hhi

F
igu

re
3:

A
rep

resen
ta
tive

tw
o
-loo

p
co
n
tribu

tio
n
to

th
e
electro

n
E
D
M
.
T
h
e
d
o
u
ble-lin

e
rep

resen
ts

a
reso

n
a
n
ce

fro
m

th
e
stro

n
g
secto

r.

an
d

an
alogou

s
on

es
ob

tain
ed

interch
an

gin
g

th
e

ch
iralities,

L
$

R
.

In
th

e
an

arch
ic

case
th

e
fi
rst

tw
o

op
erators

in
E

q.
(3.20)

p
u
t
th

e
m

ost
severe

con
straints

(see
T
ab

le
3).

In
ou

r
scen

arios,
h
ow

ever,
w

e
fi
n
d

th
at

th
ese

contrib
u
tion

s
are

very
sm

all
for

th
e

sam
e

reason
as

for
th

e
n
eu

tron
E

D
M

.
T

h
e

largest
contrib

u
tion

arises
at

⇤
⌧ ,

an
d

give
for

d
H

=
2

c
ee
d
m

'
⇣

g⇤
4⇡

⌘
2

(V
l
e
p
t
o
n

L
) ⇤3

1 (V
l
e
p
t
o
n

R
)
3
1

g⇤ v⇤
I
R

⇤
3⌧

⇠
⇣

g⇤
4⇡

⌘
2

Y
e Y

⌧

g
2

⇤

m
e

⇤
2I
R

,
(3.21)

w
h
ich

is
extrem

ely
sm

all.
S
im

ilarly,
for

µ
!

e�
an

d
⌧

!
µ
�
,
w

e
get

at
⇤
⌧ :

c
m
e
g

'
⇣

g⇤
4⇡

⌘
2

(V
l
e
p
t
o
n

L
) ⇤3

2 (V
l
e
p
t
o
n

R
)
3
1

g⇤ v⇤
I
R

⇤
3⌧

⇠
⇣

g⇤
4⇡

⌘
2

Y
e Y

⌧

g
2

⇤

m
µ

⇤
2I
R

,
(3.22)

c
t
m
g

'
⇣

g⇤
4⇡

⌘
2

(V
l
e
p
t
o
n

L
) ⇤3

2

g⇤ v⇤
I
R

⇤
3⌧

⇠
⇣

g⇤
4⇡

⌘
2

Y
µ Y

⌧

g
2

⇤

m
⌧

⇤
2I
R

,
(3.23)

th
at

are
several

ord
ers

of
m

agn
itu

d
e

b
elow

th
e

exp
erim

ental
b
ou

n
d
.

A
d
d
ition

alcontrib
u
tion

s
to

th
e

electron
E

D
M

can
com

e
from

B
arr–Z

ee-typ
e

2-loop
d
iagram

s
[17]

as
sh

ow
n

in
F
ig.

3.
T

h
ese

involve
C

P
-violatin

g
on

e-loop
in

d
u
ced

vertices
su

ch
as

H
†D

2

⇢ H
F̃
µ
⌫ F

µ
⌫

arisin
g

from
th

e
stron

g
sector,

m
ain

ly
from

a
loop

of
top

reson
an

ces.
8

T
h
e

estim
ate

of
th

e
size

of
th

ese
cou

p
lin

gs
are

very
m

od
el

d
ep

en
d
ent.

In
th

e
p
articu

lar
m

otivated
case

of
a

p
seu

d
o-N

am
b
u
–

G
old

ston
e

b
oson

(P
N

G
B

)
H

iggs
th

ese
cou

p
lin

gs
can

n
ot

b
e

gen
erated

from
th

e
stron

g
sector

alon
e,

as
th

ey
are

p
rotected

by
th

e
glob

al
sym

m
etry

u
n
d
er

w
h
ich

th
e

G
old

ston
e

H
iggs

tran
sform

s.
T

h
ere-

fore
w

e
n
eed

a
S
M

p
article

to
b
e

involved
in

th
e

loop
.

W
e

can
take

as
an

estim
ate

th
e

con
-

trib
u
tion

involvin
g

th
e

tL
(see

F
ig.

3)
th

at
in

d
u
ces

th
e

vertex
H

†D
2

⇢ H
F̃
µ
⌫ F

µ
⌫

w
ith

a
coe�

cient
⇠

e
2x

t Y
t g⇤ /(16⇡

2)
(om

ittin
g

p
ow

ers
of

⇤
I
R

).
U

sin
g

th
e

resu
lts

of
R

ef.
[32],

in
w

h
ich

th
e

B
arr–Z

ee
contrib

u
tion

to
th

e
electron

E
D

M
is

com
p
u
ted

in
th

e
p
resen

ce
of

C
P

-violatin
g

H
iggs

interaction
s

to
th

e
top

,�
ie

t Y
t (t�

5 t)h
/ p

2,
an

d
fou

n
d

|e
t |

<
0.01,

w
e

h
ave,

after
th

e
p
rop

er
rescalin

g
for

ou
r

case,
x
t Y

t g⇤
⇤
2I
R

.
0.01

Y
2

t

m
2t

,
(3.24)

8T
h
ere

is
also

th
e
p
ossib

ility
to

h
ave

a
vertex

in
volv

in
g
a
Z
,
b
u
t
th
is

con
trib

u
tion

to
th
e
E
D
M

is
su
p
p
ressed

as
a
con

seq
u
en

ce
of

C
in
varian

ce
th
at

m
akes

on
ly

th
e
(very

sm
all)

vector
p
art

of
th
e
Z

cou
p
lin

g
to

th
e
electron

to
con

trib
u
te

[17].
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IR
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A
lw

ays ED
M

!

top

�
F

=
2

t
p
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p
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s
p
artly

-com
p
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b
ilin

.
m
ix
in
g
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d
fam
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b
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.
m
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in
g
(1st

fam
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A
n
arch

ic

Q
s
d

1
⇤

IR
&

5
x

t
⇤

IR
&

4
x

t
⇤

IR
&

1
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x
c p

↵
c
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IR
&

0
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x
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IR
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4
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Q
s
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·
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⇤
IR

&
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eQ
s
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0
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g
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d
s

L
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·
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g
⇤

Q
s
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4
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⇤
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↵

d
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L
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&
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↵

d
s

L
⇤

IR
&
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↵

d
s

L
⇤

IR
&

1
0

Q
b
d

1
⇤

IR
&

5
x

t
⇤

IR
&

6
x

t
·

·
⇤

IR
&

6
x

t

eQ
b
d

2
–

⇤
IR

&
0
.3 p

g
⇤ ↵

d
s

L
·

·
⇤

IR
&

0
.6 p

g
⇤

Q
b
d

4
–

⇤
IR

&
0
.4 p

↵
s
d

L
⇤

IR
&

0
.3 p

↵
d
b

L
·

⇤
IR

&
0
.8

Q
b
s

1
⇤

IR
&

5
x

t
⇤

IR
&

7
x

t
⇤

IR
&

0
.6
↵
c
b

R
x
c

·
⇤

IR
&

7
x

t

eQ
b
s

2
–

⇤
IR

&
0
.4 p

g
⇤

·
·

⇤
IR

&
0
.4 p

g
⇤

Q
b
s

4
–

⇤
IR

&
1

⇤
IR

&
0
.1 p

↵
s
b

L
·

⇤
IR

&
1

Q
c
u

1
·

·
·

·
⇤

IR
&

1
x
t

Q
c
u

2
·

·
·

·
⇤

IR
&

0
.7 p

g
⇤

Q
c
u

4
·

·
·

·
⇤

IR
&

1
.1

T
ab

le
2:

B
o
u
n
d
s
o
n

⇤
I
R

fo
r
th
e
d
i↵
eren

t
scen

a
rio

s
co
n
sid

ered
in

th
e
text.

T
h
e
e↵

ects
a
re

sepa
ra
ted

a
cco

rd
in
g
to

th
eir

o
rigin

:
fro

m
th
e
to
p
(o
r
stra

n
ge)

pa
rtia

l
co
m
po
siten

ess
a
t

⇤
I
R

,
o
r
fro

m
th
e
U
V

sca
le

⇤
f
a
t
w
h
ich

th
e
seco

n
d
a
n
d
fi
rst

fa
m
ilies

get
bilin

ea
r
m
ixin

gs
to

th
e
H
iggs.

T
h
e
resu

lts
a
re

given
in

T
eV

.
E
n
tries

w
ith

a
”·”

co
rrespo

n
d
to

n
egligible

bo
u
n
d
s,

w
h
ile

”
–
”
m
ea
n
s
th
a
t
th
e
co
rrespo

n
d
in
g

o
pera

to
r
is

n
o
t
gen

era
ted

.
T
h
e
m
o
st

releva
n
t
co
n
stra

in
ts

a
re

h
igh

ligh
ted

in
bo
ld
fa
ce.

or
an

alogou
s

op
erators

in
volv

in
g

th
e

p
h
oton

fi
eld

-stren
gth

(see
T
ab

le
1).

In
th

e
an

arch
ic

case
th

e
cu

rren
t

m
easu

rem
en

ts
lead

to
very

severe
b
ou

n
d
s,

⇤
I
R

&
48

(g⇤ /4⇡
)

T
eV

from
th

e
d
ow

n
-q

u
ark

E
D

M
,

an
d

⇤
I
R

&
18

(g⇤ /4⇡
)

T
eV

from
th

e
u
p
-q

u
ark

E
D

M
.

T
h
ese

b
ou

n
d
s

w
ere

calcu
lated

u
n
d
er

th
e

assu
m

p
tion

th
at

d
ip

ole
op

erators
are

in
d
u
ced

at
th

e
on

e-lo
op

level
an

d
th

erefore
m

u
st

carry
a

factor
g
2

⇤ /16⇡
2

[4],
as

it
o
ccu

rs
in

h
olograp

h
ic

d
escrip

tion
s

of
th

e
m

o
d
el

[3].
O

b
v
iou

sly,
for

m
ax

im
al

cou
p
lin

g
g⇤ ⇠

4⇡
th

is
lo

op
factor

is
of

ord
er

on
e,

n
ot

in
tro

d
u
cin

g
an

y
ex

tra
su

p
p
ression

.
H

ereafter
w

e
w

ill
also

follow
th

is
assu

m
p
tion

for
ou

r
estim

ates.
In

ou
r

scen
arios

for
fl
avor

th
e

con
trib

u
tion

s
to

c
u
,d

e
d
m

are
all

very
sm

all,
d
u
e

to
eith

er
sm

all
m

ix
in

gs
or

a
large

scale
⇤
f

su
p
p
ressin

g
th

e
p
rocesses.

In
fact,

th
e

m
ain

con
trib

u
tion

to
th

e
n
eu

tron
E

D
M

com
es

from
a

top
E

D
M

th
at

can
b
e

in
d
u
ced

at
⇤
I
R

w
ith

a
size

c
te
d
m

'
g
2

⇤
16⇡

2

m
t

⇤
2I
R

.
(3.15)

A
ccord

in
g

to
th

e
b
ou

n
d

in
T
ab

le
1,

w
e

ob
tain

⇤
I
R

&
3(g⇤ /4⇡

)
T
eV

,
im

p
ly

in
g

th
at

w
e

ex
p
ect

in
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m
asses

an
d

to
th

e
stru

ctu
re

of
th

e
C

K
M

m
atrix.

T
h
e

on
ly

fi
eld

th
at

d
oes

n
ot

follow
th

is
con

stru
ction

is
th

e
top

qu
ark,

w
h
ose

large
Y

u
kaw

a
cou

p
lin

g
p
oints

tow
ard

s
a

p
artial-com

p
ositen

ess
origin

at
⇤
I
R

⇠
T
eV

,
th

e
scale

at
w

h
ich

th
e

H
iggs

em
erges

as
a

com
p
osite

state.
T

h
e

left-h
an

d
ed

an
d

right-h
an

d
ed

top
com

p
on

ents
are

thu
s

lin
early

m
ixed

w
ith

su
itab

le
com

p
osite

op
erators,

✏
f
i f̄

i O
f
i ,

follow
in

g
th

e
u
su

al
an

arch
ic

fl
avor

stru
ctu

re.
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M
ajorana:

D
irac:

1

⇤
d
H
�
1

⌫

O
H
L̄
⌫
R

for d
H ~

2, 
dim

ension-5 operator as in the SM

for d
H ~

2, 
dim

ension-7 operator
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w
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⇤
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n
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e
va
rio
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rio
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u
n
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n
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⇤
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ird

a
n
d
seco

n
d
fa
m
ily

respectively,
w
h
ile

th
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rio
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set
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n
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b
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p
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b
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n
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m
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for
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im
p
rovem
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th
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n
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W
e

th
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k
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ej
K
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A

n
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W
u
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for
u
sefu

l
d
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ssion
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an
d
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R
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o
R
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g

of
ou
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ap
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T

h
is
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ork
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b
een

p
artly

su
p
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C
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A
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d
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p
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b
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h
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A
d
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d
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ce,
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th
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fl
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con
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ab

ove.
A

s
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exam
p
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w
e

con
sid
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a

m
od

el
for

th
e

d
ow

n
-typ

e
qu
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an
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H
iggs
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e
S
M

.
T

h
is

is
sh

ow
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in
F
ig.

5.
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d
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w
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ed
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d
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w
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3
b
ran
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d
i↵

erent
p
osition

s
an

d
th

erefore
associated

w
ith

3
d
i↵

erent
en

ergy
scales

⇤
d
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W
e
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m

e
th

at
on
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on

e
left-h

an
d
ed

an
d

right-h
an

d
ed

qu
ark

can
p
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u
p

to
th

e
b
ran

e
at

⇤
b ,

w
h
at

w
e

call
th

e
b
ottom

qu
ark,

w
h
ile

tw
o

can
p
rop

agate
u
p

to
th

e
b
ran

e
at

⇤
s .

O
n

th
e

oth
er

h
an

d
,
th

e
th

ree
qu

arks
can

b
e
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th

e
b
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e
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⇤
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T
h
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w
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extra

d
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exten
d
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u
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e
b
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e
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Sum
m

ary

m
any observables around the corner!

●  Flavor sym
m

etries m
ust be an em

ergent phenom
ena

●  A
 w

orking exam
ple:  Flavor from

 m
ixing to the BSM

 
         at different dynam

ical scales (different branes)
●  C

onsistent w
ith all experim

ents for TeV
 new

-physics scale:

T
h
e

n
ew

fram
ew

ork
lead

s
to

a
sign

ifi
cant

im
p
rovem

ent
of

th
e

com
p
atib

ility
of

th
e

com
p
osite

H
iggs

m
od

els
w

ith
th

e
fl
avor

con
straints.

T
h
e

m
ost

rem
arkab

le
d
i↵

eren
ce

w
ith

resp
ect

to
th

e
an

arch
ic

scen
arios

is
th

e
su

p
p
ression

of
n
ew

-p
hysics

e↵
ects

in
d
ip

ole
op

erators.
T

h
e

m
ost

severe
b
ou

n
d
s

of
th

e
an

arch
ic

scen
ario,

n
am

ely
th

e
on

es
com

in
g

from
th

e
n
eu

tron
an

d
electron

E
D

M
s

an
d

from
µ

!
e�

,
are

ab
sent

in
th

e
n
ew

fram
ew

ork
(see

T
ab

le
3).

T
h
e

m
ost

im
p
ortant

contrib
u
tion

s
in

ou
r

scen
ario

com
e

from
tw

o
fl
avor-violatin

g
op

erators
arisin

g
from

th
e

top
p
artial

com
p
ositen

ess.
U

p
to

an
u
n
kn

ow
n

coe�
cient

exp
ected

to
b
e

of
ord

er
on

e,
th

ese
are

given
by

1

⇤
2I
R

�g
ij

d̄
L
i �

µd
L
j �

2

,
g⇤ v

2

⇤
2I
R

g
ij �d̄

L
i �

µd
L
j �

gZ
µ

cos
✓
W

,
(7.1)

w
h
ere

g
ij ⌘

Y
t x

t (V
†C
K
M

)
i
3 (V

C
K
M

)
3
j
,

(7.2)

an
d

d
L
i

d
en

otes
th

e
left-h

an
d
ed

d
ow

n
-typ

e
qu

ark
com

p
on

ent
in

th
e

i-th
fam

ily.
A

rem
arkab

le
featu

re
of

th
ese

correction
s

is
th

e
fact

th
at

th
ey
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tom

atically
follow

a
M

F
V

stru
ctu

re.
T

h
e

fi
rst

op
erator

contrib
u
tes

to
�

F
=

2
tran

sition
s

an
d

gen
erates

correlated
e↵

ects
in

th
e

✏
K

,
�

M
B

d
an

d
�

M
B

s
ob

servab
les,

w
h
ich

are
of

th
e

ord
er

of
th

e
p
resent

exp
erim

ental
sen

sitivity
if

w
e

take
⇤
I
R

⇠
T
eV

an
d

w
e

allow
for

a
slight

red
u
ction

of
th

e
left-h

an
d
ed

top
com

p
ositen

ess,
x
t
<

1.
T

h
e

secon
d

op
erator

of
E

q.
(7.1)

gives
fl
avor-ch

an
gin

g
Z

-cou
p
lin

gs.
A

t
p
resent

it
on

ly
p
u
sh

es
th

e
⇤
I
R

scale
in

th
e

f
ew

T
eV

ran
ge.

In
th

e
fu

tu
re

it
can

b
e

seen
eith

er
in

d
eviation

s
in

th
e

d
ecays

K
!

µ
µ

or
B

!
(X

)``.
T

h
is

contrib
u
tion

can
h
ow

ever
b
e

sign
ifi

cantly
sm

aller
if

th
e

stron
g

sector
is

invariant
u
n
d
er

a
cu

stod
ialP

L
R

sym
m

etry,
w

h
ich

p
rotects

th
e

d
ow

n
-typ

e
qu

ark
cou

p
lin

gs
to

th
e

Z
b
oson

[31].
A

d
d
ition

al
contrib

u
tion

s
to

�
F

=
2

op
erators

can
also

b
e

gen
erated

at
th

e
scales

⇤
c,s,d

at
w

h
ich

th
e

secon
d

an
d

fi
rst

fam
ily

qu
arks

get
th

eir
m

asses.
T

h
ese

correction
s

h
ow

ever
on

ly
give

a
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le
e↵

ect
on

✏
K

for
⇤
I
R

b
elow

th
e

m
u
lti-T

eV
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m
u
ch
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aller

contrib
u
tion

th
an

th
e

an
arch

ic
on

e.
It

m
u
st

h
ow

ever
b
e

stressed
th

at
th

ese
b
ou

n
d
s

d
ep

en
d

on
th

e
coe�

cients
of

th
e

e↵
ective

op
erators

w
h
ich

are
a↵

ected
by

som
e

d
egree

of
u
n
certainty.

T
h
ese

contrib
u
tion

s
to

✏
K

severely
con

strain
th

e
m

axim
al

d
im

en
sion

of
th

e
O

H
op

erator,
requ

irin
g

d
H

.
2.

W
e

also
con

sid
ered

p
ossib

le
variation

s
of

th
e

fram
ew

ork
d
escrib

ed
ab

ove.
F
or

exam
p
le,

a
m

ore
econ

om
ical

scen
ario

h
as

b
een

p
rop

osed
in

w
h
ich

each
fam

ily
is

associated
to

a
sin

gle
fl
avor

scale
at

w
h
ich

th
e

b
ilin

ear
m

ass
op

erators
are

gen
erated

.
A

few
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d
ition

al
n
ew

-p
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fl
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e↵
ects

are
gen

erated
in

th
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case,
w

h
ich

are
of

th
e

sam
e

ord
er

of
th

e
exp

erim
ental

b
ou

n
d
s.

In
p
articu
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assu

m
in

g
⌧

p
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p
ositen

ess
at

⇤
I
R
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th

e
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an
d

b
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)
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s
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s
to

th
e
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E

D
M

an
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to
th

e
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ton
-nu

m
b
er

violatin
g

p
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µ
!
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an

d
⌧

!
µ
�

w
h
ich

cou
ld

b
e
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in
forth

com
in

g
exp

erim
ents.

O
n

th
e

oth
er

h
an

d
,
red

u
cin

g
d
ow

n
to

⇤
I
R

th
e

scale
at

w
h
ich

th
e

Y
u
kaw

a
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s
are
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for
th

e
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d
fam

ily
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s
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sin
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lead
s

to
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s

to
th

e
n
eu

tron
an

d
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E
D

M
s

as
w
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to
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!
e�

.
F
in

ally,
w

e
h
ave

also
p
resented

th
e

size
of

d
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s
in

H
iggs

cou
p
lin

gs,
E

q.
(5.1),

p
red

iction
s

for
h

!
⌧
µ
,
an

d
d
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ssed
th

e
p
ossib

le
origin

of
th

e
n
eu

trin
o

m
asses.

A
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arison

of
th

e
b
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n
d
s

in
th

e
variou

s
scen

arios
w

e
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ered

in
ou

r
an

alysis
is

sh
ow

n
in

F
ig.

4
for

a
typ

ical
ch

oice
of

p
aram

eters.
W

e
h
ave

also
in

clu
d
ed

for
com

p
arison

th
e

con
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for
th

e
an

arch
ic

fl
avor

scen
ario.

F
ig.

4
sh

ow
s

th
e

m
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p
oint

of
th

e
article:

th
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are
n
atu

ral
scen

arios
w

h
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th
e

origin
of

fl
avor

an
d
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eak

scale
can

b
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d
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d
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an
d

w
h
ere,

w
ith

ou
t
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n
in

g
or
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p
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g
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m
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u
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s
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fl
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an
d

C
P

-violatin
g

ob
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