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N
ot

“D
econ

stru
ction

-
N

ew
ap

p
roach

es
to

E
lectrow

eak
sy

m
m

etry
b
reak

in
g”

“E
lectrow

eak
sy

m
m

etry
b
reak

in
g”

m
ean

s

“little
h
iggs”

m
o
d
els

-
d
iscovered

in
th

e

con
tex

t
of

d
econ

stru
ction

,
b
u
t

logically

u
n
related

T
w

o
sep

arate
th

read
s

th
at

cam
e

togeth
er

b
riefl

y



I’m
goin

g
to

talk
ab

ou
t

th
e

little
h
iggs.

If
I

h
ave

tim
e

at
th

e
en

d
,
I

m
ay

say
a

few
w

ord
s

ab
ou

t
d
econ

stru
ction

-
b
u
t

I
d
on

’t
ex

p
ect

th
is

to
h
ap

p
en

.

I’ve
learn

ed
ab

ou
t

little
h
iggs

from
m

an
y

-

m
ostly

m
y

form
er

stu
d
en

ts
an

d
th

eir

stu
d
en

ts
-

N
im

a
A

rkan
i-H

am
ed

an
d

A
n
d
y

C
oh

en
,
A

n
n

N
elson

,
D

av
id

K
ap

lan
,
L
isa

R
an

d
all,

M
artin

S
ch

m
altz

(IC
H

E
P

2002)



B
asic

m
otivation

for
little

h
iggs

m
o
d
els

-

p
retty

stron
g

circu
m

stan
tial

ev
id

en
ce

from

th
e

su
ccess

of
th

e
stan

d
ard

m
o
d
el

at
th

e

level
of

rad
iative

correction
s

th
at

th
e

H
iggs

b
oson

ex
ists

w
ith

a
m

ass
sm

all
com

p
ared

to

1
T
eV

.

1
-

W
h
at

is
it?

2
-

W
h
y

is
it

so
ligh

t?



In
m

ore
d
etail:

1
-

Is
th

e
H

iggs
a

n
ew

fu
n
d
am

en
tal

scalar
or

is
it

b
u
ilt

ou
t

of
oth

er
th

in
gs,

an
d

if
so,

w
h
at?

T
h
is

p
rob

lem
w

e
h
ave

faced
for

years

w
ith

th
e

lon
gitu

d
in

al
com

p
on

en
ts

of
th

e
W

an
d

Z
-

or
eq

u
ivalen

tly
(b

y
th

e
eq

u
ivalen

ce

th
eorem

)
th

e
G

old
ston

e
b
oson

of

sp
on

tan
eou

sly
b
roken

E
W

sy
m

m
etry

eaten

b
y

th
e

H
iggs

m
ech

an
ism

.



In
d
eed

,
an

oth
er

w
ay

of
say

in
g

w
h
y

w
e

th
in

k

th
e

H
iggs

really
ex

ists
is

th
at

n
ow

w
e

are

reason
ab

ly
con

fi
d
en

t
th

at
th

e
lon

gitu
d
in

al

W
an

d
Z

at
least

“lo
ok

”
ap

p
rox

im
ately

fu
n
d
am

en
tal

u
p

to
en

ergies
of

th
e

ord
er

of

1
T
eV

an
d

th
e

electrow
eak

sy
m

m
etry

th
en

req
u
ires

th
at

th
ey

b
e

p
art

of
a

m
u
ltip

let

w
ith

a
H

iggs
b
oson

.



2
-

W
h
y

is
it

so
ligh

t?
T

h
e

h
igh

er
w

e
p
u
sh

th
e

scale
u
p

to
w

h
ich

th
e

H
iggs

lo
ok

s

fu
n
d
am

en
tal,

th
e

m
ore

trou
b
le

w
e

h
ave

w
ith

q
u
ad

ratic
sen

sitiv
ity

of
its

m
ass

to
p
h
y
sics

at
th

e
h
igh

er
scale.

T
h
is

d
o
es

n
ot

m
ean

th
e

G
U

T
scale.

W
e

alread
y

h
ave

p
rob

lem
s

asso
ciated

w
ith

scales
ab

ou
t

w
h
ich

w
e

h
ave

m
u
ch

m
ore

in
d
irect

ev
id

en
ce.



T
h
e

su
p
p
ression

of
F
lavor

C
h
an

gin
g

N
eu

tral

C
u
rren

t
p
ro

cesses
stron

gly
su

ggests
th

at
th

e

H
iggs

lo
ok

s
fu

n
d
am

en
tal

w
ell

ab
ove

1
T
eV

.

W
h
at

is
it

th
at

can
cels

th
e

q
u
ad

ratic

d
ivergen

ces
in

th
e

H
iggs

m
ass

in
rad

iative

correction
s

th
at

w
e

see
if

w
e

on
ly

in
clu

d
e

th
e

p
articles

of
th

e
stan

d
ard

m
o
d
el?



W
e

w
an

t
“n

atu
ral”

can
cellation

of
q
u
ad

ratic

d
ivergen

ces
-

n
ot

fi
n
e

tu
n
in

g!
T

h
u
s

th
e

cou
p
lin

gs
m

u
st

b
e

related
in

d
iagram

s
th

at

can
cel.

O
n
e

p
ossib

ility
is

S
U

S
Y

-
d
iagram

s
w

ith

su
p
er

p
artn

ers.

If
w

e
d
on

’t
h
ave

S
U

S
Y

,
n
atu

raln
ess

b
ecom

es

a
m

u
ch

stron
ger

con
strain

t
b
ecau

se
th

e

H
iggs

h
as

th
ree

d
iff

eren
t

k
in

d
s

of
cou

p
lin

gs.



It
h
as

to
h
ave

a
λ
h

4
in

teraction
,
w

h
ich

gives

rise
to

a
q
u
ad

ratically
d
ivergen

t

con
trib

u
tion

from
scalar

lo
op

s.
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It
h
as

to
cou

p
le

to
th

e
W

an
d

Z
,
w

h
ich

gives
rise

to
a

q
u
ad
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d
ivergen

t
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u
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gau

ge
b
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lo
op

s.
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It
h
as

to
cou

p
le

to
th

e
t,

w
h
ich

gives
rise

to

a
q
u
ad

ratically
d
ivergen

t
con

trib
u
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lo
op
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T
h
u
s

w
e

w
ou

ld
ex

p
ect

a
m

o
d
el

th
at

ad
d
resses

th
ese

p
rob

lem
to

h
ave

ad
d
ition

al

p
articles

of
all

th
ese

ty
p
es

at
as

scale
of

n
ot

m
u
ch

m
ore

th
an

1
T
eV

—
n
ew

scalars,
n
ew

gau
ge

b
oson

,
an

d
n
ew

ferm
ion

s.
T

h
is

sou
n
d
s

like
fu

n
!



T
h
e

id
ea

of
little

h
iggs

m
o
d
els

is
th

at
th

ese

issu
es

can
b
e

ad
d
ressed

in
a

n
atu

ral
w

ay
if

th
e

H
iggs

is
a

p
seu

d
o-G

old
ston

e
b
oson

.

T
h
is

is
an

old
id

ea.
I

h
ave

b
een

lo
ok

in
g

for

su
ch

m
o
d
els

for
n
early

30
years,

w
ith

very

lim
ited

su
ccess.

S
o

w
h
at

is
th

e
n
ew

id
ea?



S
in

ce
w

e
n
eed

n
ew

gau
ge

b
oson

s
an

d
n
ew

ferm
ion

s
an

y
w

ay,
w

e
w

ill
try

to
arran

ge

th
eir

in
teraction

s
to

h
ave

sy
m

m
etries

th
at

com
p
letely

elim
in

ate
th

e
m

ass
of

th
e

H
iggs

at
th

e
on

e-lo
op

level.
T

h
is

can
b
e

arran
ged

if
th

e
n
ew

in
teraction

s
b
reak

u
p

in
to

sep
arate

sets,
each

of
w

h
ich

treats
th

e
H

iggs

as
a

G
old

ston
e

b
oson

.



T
h
en

on
ly

w
h
en

b
oth

sets
of

in
teraction

s

are
in

volved
w

ill
on

e
get

a
q
u
ad

ratically

d
ivergen

t
con

trib
u
tion

to
th

e
m

ass.
T

h
is

m
ay

allow
to

p
u
sh

th
e

scale
at

w
h
ich

th
e

H
iggs

lo
ok

s
fu

n
d
am

en
tal

u
p

to
th

e
ord

er
of

10
T
eV

w
ith

ou
t

fi
n
e

tu
n
in

g.



S
ou

n
d
s

easy
w

h
en

ex
p
lain

ed
th

is
w

ay
!

B
u
t

I

h
ave

alw
ay

s
fou

n
d

th
is

ex
p
lan

ation
sligh

tly

facile
an

d
con

fu
sin

g.
S
o

to
d
ay,

I
am

goin
g

to
d
o

som
eth

in
g

th
at

on
e

sh
ou

ld
n
ever

d
o

in

a
talk

.
I

am
goin

g
to

try
to

sh
ow

you
h
ow

th
is

w
ork

s
in

d
etail.

T
h
is

w
ill

m
ake

for
a

talk
th

at
is

h
ard

to
follow

in
sp

ots.
I

h
op

e

th
at

at
th

e
en

d
you

w
ill

feel
th

at
th

is
h
ard

w
ork

is
w

orth
it.



T
h
e

S
U

(5)/S
O

(5)
m

o
d
el

-
A

C
K

N

-
(A

rkan
i-H

am
ed

,
C

oh
en

,
K

atz
an

d
N

elson
)

O
n
e

of
th

e
sim

p
lest

an
d

m
ost

b
eau

tifu
l
little

h
iggs

m
o
d
els

-
I’m

goin
g

to
d
escrib

e
it

in

som
e

d
etail

b
ecau

se
I

am
so

im
p
ressed

b
y

it.



T
h
ou

gh
it

is
n
ot

really
p
art

of
th

e
m

o
d
el,

let

m
e

sh
ow

you
h
ow

th
e

h
iggs

stru
ctu

re
m

igh
t

em
erge

from
sp

ecifi
c

h
igh

en
ergy

d
y
n
am

ics.

T
h
is

w
ill

even
tu

ally
h
elp

m
e

ex
p
lain

w
h
at

I

th
in

k
is

go
o
d

an
d

w
h
at

is
p
rob

lem
atic.



Im
agin

e
a

h
igh

en
ergy

th
eory

w
ith

an

asy
m

p
totically

free
S
O

(N
)

gau
ge

grou
p

th
at

b
ecom

es
stron

gly
in

teractin
g

th
eory

at

a
scale

of
ord

er
10

T
eV

an
d

th
at

in
clu

d
es,

am
on

g
oth

er
th

in
gs,

5
L
H

ferm
ion

s

tran
sform

in
g

like
N

s
u
n
d
er

th
e

S
O

(N
).



In
ad

d
ition

th
ere

is
a

m
u
ch

w
eaker

S
U

(2)1 ×
U

(1)1 ×
S
U

(2)2 ×
U

(1)2
gau

ge

grou
p

from
w

h
ich

w
ill

em
erge

th
e

electrow
eak

S
U

(2)×
U

(1)
low

en
ergy

gau
ge

sy
m

m
etry

.



T
h
e

5
N

s
tran

sform
like

(2,1)
+

(1,2)
+

(1,1)
(in

term
s

of
isosp

in
s

(1/2,0)
+

(0,1/2)
+

(0,0))
u
n
d
er

th
e

tw
o

S
U

(2)s,
an

d
it

is
con

ven
ien

t
to

talk
ab

ou
t

th
is

stru
ctu

re
in

a
n
otation

w
ith

vectors

b
lo

cked
as

follow
s

ψ
=



212


=



(2,1)

(1,1)

(1,2) 



In
th

is
n
otation

,
m

atrices
lo

ok
like



2×
2

2×
1

2×
2

1×
2

1×
1

1×
2

2×
2

2×
1

2×
2



In
th

is
n
otation

,
th

e
w

eak
gau

ge
gen

erators

lo
ok

like
th

is:



Q
a1

=



σ
a2

0
0

0
0

0

0
0

0 
Q

′1
=


q
1
+

12
0

0

0
−

q
1

0

0
0

−
q
1 

Q
a2

=


0

0
0

0
0

0

0
0

−
σ ∗a2


Q

′2
=


−

q
2

0
0

0
−

q
2

0

0
0

q
2 −

12 

T
h
e

U
(1)s

h
ave

S
O

(N
)

an
om

alies
b
u
t

w
h
o

k
n
ow

s
w

h
at

else
is

h
ap

p
en

in
g

in
th

e
h
igh

en
ergy

th
eory

-
so

th
is

m
ay

b
e

O
K

-



set
q
1

=
q
2

=
0

-
keep

s
th

e
algeb

ra
sim

p
le

Q
a1

=



σ
a2

0
0

0
0

0

0
0

0 
Q

′1
=



12
0

0

0
0

0

0
0

0 

Q
a2

=


0

0
0

0
0

0

0
0

−
σ ∗a2


Q

′2
=


0

0
0

0
0

0

0
0

−
12 



C
on

d
en

sates
an

d
G

old
ston

e
b
oson

s

T
h
e

Q
C

D
an

alogy
-

fam
iliar

story

[ψ
L
γ

0ψ
R ]

lo
w

e
n
e
rg

y ∝
Σ

=
ex

p
(iΠ

/f
)

=
u
n
itary

m
atrix

th
e

vacu
u
m

“d
irection

”
of

Σ
is

d
eterm

in
ed

b
y

q
u
ark

m
ass

m
atrix

M
—

p
oten

tial
en

ergy

−
tr(M

Σ
)⇒



〈Σ〉
=

I
for

M
=



m
u

0
0

0
m

d
0

0
0

m
s 

⇔
G

ell-M
an

n
’s

S
U

(3)
ap

p
rox

im
ately

p
reserved

for
ligh

t
q
u
ark

s
or

S
U

(3)×
S
U

(3)→
S
U

(3)

O
r

-
each

fl
avor

d
o
es

its
ow

n
th

in
g

b
u
t

on
e

d
o
esn

’t
k
n
ow

ex
actly

w
h
at

th
e

fl
avors

are

u
n
til

th
e

sy
m

m
etry

is
ex

p
licitly

b
roken

.



O
th

er
“d

irection
s”

for
con

d
en

sate
are

ex
citation

s
of

th
e

G
old

ston
e

b
oson

fi
eld

s

Π
=



1√2 π
0−

1√6 η
π

+
K

+

π −
−

1√2 π
0−

1√6 η
K

0

K
−

K
0

√
23 η



H
erm

itian
m

atrix
b
ecau

se
con

d
en

sate
is

u
n
itary.



T
h
e

Π
G

old
ston

e
b
oson

s
are

q
u
ark

-an
tiq

u
ark

b
ou

n
d

states,
b
u
t

th
ey

are

m
assless

in
th

e
ab

sen
ce

of
ex

p
licit

sy
m

m
etry

b
reak

in
g

b
ecau

se
th

ey
are

b
ou

n
d

b
y

th
e

Q
C

D
in

teraction
s

ju
st

as
m

u
ch

as
th

e

vacu
u
m

state
itself.



In
Q

C
D

th
is

is
very

fam
iliar

Π
∝



u
u

u
d

u
s

d
u

d
d

d
s

su
sd

ss



an
d

sim
p
le

ex
cep

t
for

som
e

fu
n
n
y

b
u
sin

ess

for
th

e
π

0
an

d
η

d
u
e

to
th

e
an

om
aly.



A
w

ord
ab

ou
t

scales!
f

in

Σ
=

ex
p
(iΠ

/f
)

is
f

π
-

th
e

am
p
litu

d
e

for
a

ch
iral

cu
rren

t
to

create
a

G
old

ston
e

b
oson

ou
t

th
e

vacu
u
m

.

It
is

m
u
ch

sm
aller

th
an

th
e

ty
p
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m
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a

n
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-G
old

ston
e

m
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state
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th
e

ρ
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th
e

a
1
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w

h
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1
G
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.



T
h
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1
G
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)
Λ

-

th
e
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iral
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m

m
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b
reak
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g
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-

n
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to

b
e
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w
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Λ

Q
C

D
.

T
h
e
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Λ
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p
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e
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k
in

g
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little
h
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W
e

b
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p
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t
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d
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p
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t
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h
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g
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o

w
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e

n
u
m

b
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of
colors
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d
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p
h
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ord
er

4π
≈
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T

h
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e
d
iff
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b
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1
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.
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O
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)
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con
d
en
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s
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lo
w

e
n
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Σ
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m
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n
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b
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d
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b
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T
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Σ
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p
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b
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D
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m
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b
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t
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b
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b
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U
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b
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=
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Σ
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=
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=
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=
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h
e
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s
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m
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e

b
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Π
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p
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u
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b
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etail
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U
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u
t

th
e

com
b
in

ation
of

th
e

tw
o

is
left

u
n
b
roken

.



M
ore

Q
C

D
an

alog
-

th
e

K
+
-K

0
an

d
π

+
-π

0

m
ass

d
iff

eren
ces

-
K

+
is

h
eav

ier
th

an
th

e

K
0

even
th

ou
gh

th
e

u
q
u
ark

is
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b
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b
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e
p
h
oton

ex
ch

an
ge

p
oten

tial
is

x
e
2f

2π |Q
Σ
−

Σ
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=
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0
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con
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p
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b
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w
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.
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0
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0
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+
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+
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0
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0
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0
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w
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e
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