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ŜUV ⇡ m2
W

m2
⇢

⇤ ⇡ m⇢
v2

f2
. 0.1� 0.2 f > 600� 800GeV

Grojean, Matsedonskyi, Panico 1306.4655

Barbieri, B.B., Rychkov Varagnolo 0706.0432



Higgs Couplings: loop



Higgs Couplings: loop

LEFT =
m4

⇤
g2⇤

⇥ bL
✓
g⇤�

m⇤
,
g⇤ 

m3/2
⇤

,
@

m⇤
,
gAµ

m⇤
,
� 

m3/2
⇤

◆
power-counting: 
1mass-1coupling



Higgs Couplings: loop

LEFT =
m4

⇤
g2⇤

⇥ bL
✓
g⇤�

m⇤
,
g⇤ 

m3/2
⇤

,
@

m⇤
,
gAµ

m⇤
,
� 

m3/2
⇤

◆
power-counting: 
1mass-1coupling

g JµA
µ + � ̄Opartial compositeness

✓
�L�R
g⇤

◆
 ̄L RHe.g. Yukawas:



Higgs Couplings: loop

LEFT =
m4

⇤
g2⇤

⇥ bL
✓
g⇤�

m⇤
,
g⇤ 

m3/2
⇤

,
@

m⇤
,
gAµ

m⇤
,
� 

m3/2
⇤

◆
power-counting: 
1mass-1coupling

hJµJ⌫iAµ

h h

A⌫

g JµA
µ + � ̄Opartial compositeness

top-partners are charged under SM

✓
�L�R
g⇤

◆
 ̄L RHe.g. Yukawas:



Higgs Couplings: loop

LEFT =
m4

⇤
g2⇤

⇥ bL
✓
g⇤�

m⇤
,
g⇤ 

m3/2
⇤

,
@

m⇤
,
gAµ

m⇤
,
� 

m3/2
⇤

◆
power-counting: 
1mass-1coupling

hJµJ⌫iAµ

h h

A⌫

c� ⇥
✓

e2

m2
⇤

◆
|H|2F 2

µ⌫

c� ⇠ O(1) ?

g JµA
µ + � ̄Opartial compositeness

top-partners are charged under SM

✓
�L�R
g⇤

◆
 ̄L RHe.g. Yukawas:



Higgs Couplings: loop

LEFT =
m4

⇤
g2⇤

⇥ bL
✓
g⇤�

m⇤
,
g⇤ 

m3/2
⇤

,
@

m⇤
,
gAµ

m⇤
,
� 

m3/2
⇤

◆
power-counting: 
1mass-1coupling

hJµJ⌫iAµ

h h

A⌫

c� ⇥
✓

e2

m2
⇤

◆
|H|2F 2

µ⌫

c� ⇠ O(1) ? NO!

g JµA
µ + � ̄Opartial compositeness

top-partners are charged under SM

✓
�L�R
g⇤

◆
 ̄L RHe.g. Yukawas:



Higgs Couplings: loop

LEFT =
m4

⇤
g2⇤

⇥ bL
✓
g⇤�

m⇤
,
g⇤ 

m3/2
⇤

,
@

m⇤
,
gAµ

m⇤
,
� 

m3/2
⇤

◆
power-counting: 
1mass-1coupling

hJµJ⌫iAµ

h h

A⌫

Q = T 3
L + T 3

R +X

[Q,Th] = 0
GB’s protection!

c� ⇥
✓

e2

m2
⇤

◆
|H|2F 2

µ⌫

c� ⇠ O(1) ? NO!

g JµA
µ + � ̄Opartial compositeness

top-partners are charged under SM

c� ⇠ �2
t

16⇡2
spurion of shift-sym

✓
�L�R
g⇤

◆
 ̄L RHe.g. Yukawas:



Higgs Couplings: loop

LEFT =
m4

⇤
g2⇤

⇥ bL
✓
g⇤�

m⇤
,
g⇤ 

m3/2
⇤

,
@

m⇤
,
gAµ

m⇤
,
� 

m3/2
⇤

◆
power-counting: 
1mass-1coupling

hJµJ⌫iAµ

h h

A⌫

Q = T 3
L + T 3

R +X

[Q,Th] = 0
GB’s protection!

no protection for h-> Z+gamma

c� ⇥
✓

e2

m2
⇤

◆
|H|2F 2

µ⌫

c� ⇠ O(1) ? NO!

g JµA
µ + � ̄Opartial compositeness

top-partners are charged under SM

c� ⇠ �2
t

16⇡2
spurion of shift-sym

✓
�L�R
g⇤

◆
 ̄L RHe.g. Yukawas:



Higgs Couplings: loop

LEFT =
m4

⇤
g2⇤

⇥ bL
✓
g⇤�

m⇤
,
g⇤ 

m3/2
⇤

,
@

m⇤
,
gAµ

m⇤
,
� 

m3/2
⇤

◆
power-counting: 
1mass-1coupling

hJµJ⌫iAµ

h h

A⌫

Q = T 3
L + T 3

R +X

[Q,Th] = 0
GB’s protection!

no protection for h-> Z+gamma

c� ⇥
✓

e2

m2
⇤

◆
|H|2F 2

µ⌫

c� ⇠ O(1) ? NO!

g JµA
µ + � ̄Opartial compositeness

top-partners are charged under SM

c� ⇠ �2
t

16⇡2
spurion of shift-sym

✓
�L�R
g⇤

◆
 ̄L RHe.g. Yukawas:

Azatov, Contino, Iura, Galloway 1308.2676



Higgs potential

V = �µ2|H|2 + �|H|4 µ2

exp

= (89GeV)2 �
exp

= 0.13



Higgs potential

V = �µ2|H|2 + �|H|4 µ2

exp

= (89GeV)2 �
exp

= 0.13

LEFT =
m4

⇤
g2⇤

⇥ bL
✓
g⇤�

m⇤
,
g⇤ 

m3/2
⇤

,
@

m⇤
,
gAµ

m⇤
,
� 

m3/2
⇤

◆
SILH power-counting



Higgs potential

V =
g2SM

16⇡2
⇥
�
am2

⇤|H|2 + b g2⇤|H|4
�

V = �µ2|H|2 + �|H|4 µ2

exp

= (89GeV)2 �
exp

= 0.13

LEFT =
m4

⇤
g2⇤

⇥ bL
✓
g⇤�

m⇤
,
g⇤ 

m3/2
⇤

,
@

m⇤
,
gAµ

m⇤
,
� 

m3/2
⇤

◆
SILH power-counting

h



Higgs potential

V =
g2SM

16⇡2
⇥
�
am2

⇤|H|2 + b g2⇤|H|4
�

V = �µ2|H|2 + �|H|4 µ2

exp

= (89GeV)2 �
exp

= 0.13

v2 =
m2

⇤
g2⇤

a

b
= f2 a

b

g2
SM

16⇡2
⇥ g2⇤ = 0.17⇥

⇣g⇤
3

⌘2
✓

g2
SM

N
c

y2
top

◆

LEFT =
m4

⇤
g2⇤

⇥ bL
✓
g⇤�

m⇤
,
g⇤ 

m3/2
⇤

,
@

m⇤
,
gAµ

m⇤
,
� 

m3/2
⇤

◆
SILH power-counting



Higgs potential

V =
g2SM

16⇡2
⇥
�
am2

⇤|H|2 + b g2⇤|H|4
�

V = �µ2|H|2 + �|H|4 µ2

exp

= (89GeV)2 �
exp

= 0.13

v2 =
m2

⇤
g2⇤

a

b
= f2 a

b

g2
SM

16⇡2
⇥ g2⇤ = 0.17⇥

⇣g⇤
3

⌘2
✓

g2
SM

N
c

y2
top

◆

Light Higgs= Light top partners

LEFT =
m4

⇤
g2⇤

⇥ bL
✓
g⇤�

m⇤
,
g⇤ 

m3/2
⇤

,
@

m⇤
,
gAµ

m⇤
,
� 

m3/2
⇤

◆
SILH power-counting



Higgs potential

V =
g2SM

16⇡2
⇥
�
am2

⇤|H|2 + b g2⇤|H|4
�

V = �µ2|H|2 + �|H|4 µ2

exp

= (89GeV)2 �
exp

= 0.13

v2 =
m2

⇤
g2⇤

a

b
= f2 a

b

g2
SM

16⇡2
⇥ g2⇤ = 0.17⇥

⇣g⇤
3

⌘2
✓

g2
SM

N
c

y2
top

◆

Light Higgs= Light top partners

LEFT =
m4

⇤
g2⇤

⇥ bL
✓
g⇤�

m⇤
,
g⇤ 

m3/2
⇤

,
@

m⇤
,
gAµ

m⇤
,
� 

m3/2
⇤

◆
SILH power-counting

Matsedonskyi Panico Wulzer 1204.6333



Higgs potential

V =
g2SM

16⇡2
⇥
�
am2

⇤|H|2 + b g2⇤|H|4
�

V = �µ2|H|2 + �|H|4 µ2

exp

= (89GeV)2 �
exp

= 0.13

v2 =
m2

⇤
g2⇤

a

b
= f2 a

b

g2
SM

16⇡2
⇥ g2⇤ = 0.17⇥

⇣g⇤
3

⌘2
✓

g2
SM

N
c

y2
top

◆

Light Higgs= Light top partners

LEFT =
m4

⇤
g2⇤

⇥ bL
✓
g⇤�

m⇤
,
g⇤ 

m3/2
⇤

,
@

m⇤
,
gAµ

m⇤
,
� 

m3/2
⇤

◆
SILH power-counting

Matsedonskyi Panico Wulzer 1204.6333

irreducible fine-tuning

�v2 =
�v2

v2
exp

=
f2

v2
⇥

⇣a
b

⌘
& (10%)�1 �m2

H
=

g2SM

8⇡2

✓
m⇤
mh

◆2

=
⇣m⇤
500

⌘2



Higgs potential

V =
g2SM

16⇡2
⇥
�
am2

⇤|H|2 + b g2⇤|H|4
�

g2
SM

= N
c

y2
top

�µ2 =
�µ2

µ2

exp

' a⇥
⇣ m⇤
TeV

⌘
2

g2SM

�� =
��

�
exp

' b⇥
⇣g⇤
4

⌘
2

g2SM



Higgs potential

V =
g2SM

16⇡2
⇥
�
am2

⇤|H|2 + b g2⇤|H|4
�

g2
SM

= N
c

y2
top

� = �µ2 ⇥��g⇤a b

�µ2 =
�µ2

µ2

exp

' a⇥
⇣ m⇤
TeV

⌘
2

g2SM

�� =
��

�
exp

' b⇥
⇣g⇤
4

⌘
2

g2SM



Higgs potential

V =
g2SM

16⇡2
⇥
�
am2

⇤|H|2 + b g2⇤|H|4
�

g2
SM

= N
c

y2
top

“Bona fide” Higgs 0.01%O(1) O(1) ⇡ 4⇡

� = �µ2 ⇥��g⇤a b

�µ2 =
�µ2

µ2

exp

' a⇥
⇣ m⇤
TeV

⌘
2

g2SM

�� =
��

�
exp

' b⇥
⇣g⇤
4

⌘
2

g2SM



Higgs potential

V =
g2SM

16⇡2
⇥
�
am2

⇤|H|2 + b g2⇤|H|4
�

g2
SM

= N
c

y2
top

“Bona fide” Higgs 0.01%O(1) O(1) ⇡ 4⇡

Little Higgs 0.4� 1%O(1) 16⇡2/g2⇤ ⇡ gSM

� = �µ2 ⇥��g⇤a b

�µ2 =
�µ2

µ2

exp

' a⇥
⇣ m⇤
TeV

⌘
2

g2SM

�� =
��

�
exp

' b⇥
⇣g⇤
4

⌘
2

g2SM



Higgs potential

V =
g2SM

16⇡2
⇥
�
am2

⇤|H|2 + b g2⇤|H|4
�

g2
SM

= N
c

y2
top

“Bona fide” Higgs 0.01%O(1) O(1) ⇡ 4⇡

Little Higgs 0.4� 1%O(1) 16⇡2/g2⇤ ⇡ gSM

� = �µ2 ⇥��g⇤a b

“Holographic” Higgs O(1) O(1) 5� 10%1� 4

�µ2 =
�µ2

µ2

exp

' a⇥
⇣ m⇤
TeV

⌘
2

g2SM

�� =
��

�
exp

' b⇥
⇣g⇤
4

⌘
2

g2SM



Higgs potential

V =
g2SM

16⇡2
⇥
�
am2

⇤|H|2 + b g2⇤|H|4
�

g2
SM

= N
c

y2
top

“Bona fide” Higgs 0.01%O(1) O(1) ⇡ 4⇡

Little Higgs 0.4� 1%O(1) 16⇡2/g2⇤ ⇡ gSM

� = �µ2 ⇥��g⇤a b

“Holographic” Higgs O(1) O(1) 5� 10%1� 4

�µ2 =
�µ2

µ2

exp

' a⇥
⇣ m⇤
TeV

⌘
2

g2SM

�� =
��

�
exp

' b⇥
⇣g⇤
4

⌘
2

g2SM

Twin Higgs 5� 10%1� 4⇡g2SM/g2⇤ g2SM/g2⇤



Higgs potential

V =
g2SM

16⇡2
⇥
�
am2

⇤|H|2 + b g2⇤|H|4
�

g2
SM

= N
c

y2
top

“Bona fide” Higgs 0.01%O(1) O(1) ⇡ 4⇡

Little Higgs 0.4� 1%O(1) 16⇡2/g2⇤ ⇡ gSM

� = �µ2 ⇥��g⇤a b

“Holographic” Higgs O(1) O(1) 5� 10%1� 4

�µ2 =
�µ2

µ2

exp

' a⇥
⇣ m⇤
TeV

⌘
2

g2SM

�� =
��

�
exp

' b⇥
⇣g⇤
4

⌘
2

g2SM

Twin Higgs 5� 10%1� 4⇡g2SM/g2⇤ g2SM/g2⇤

�m2
H =

g2SM

g2⇤
⇥ g2SM

16⇡2
m2

⇤ ⇠ g4SMf2

16⇡2
tuning unrelated to colored resonances!extra spurion of Z2-breaking:



spin-1/2 resonances

De Simone, Matsedonskyi, Rattazzi, Wulzer 1211.5663



spin-1/2 resonances

De Simone, Matsedonskyi, Rattazzi, Wulzer 1211.5663

 Wb)→BR(T 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 H
t)

→
BR

(T
 

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

O
bs

er
ve

d 
95

%
 C

L 
m

as
s 

lim
it 

[G
eV

]

500

550

600

650

700

750

800

850

900

950
ATLAS Preliminary

-1 = 8 TeV, 20.3 fbs

St
at

us
: M

ar
ch

 2
01

5

Summary results:
Same-Sign ll

Preliminary

Zb/t + X
JHEP11(2014)104

Ht+X,Wb+X comb.
ATLAS-CONF-2015-012

750

800

850

900

arxiv:1311.7667



spin-1/2 resonances

De Simone, Matsedonskyi, Rattazzi, Wulzer 1211.5663

 Wb)→BR(T 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 H
t)

→
BR

(T
 

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

O
bs

er
ve

d 
95

%
 C

L 
m

as
s 

lim
it 

[G
eV

]

500

550

600

650

700

750

800

850

900

950
ATLAS Preliminary

-1 = 8 TeV, 20.3 fbs

St
at

us
: M

ar
ch

 2
01

5

Summary results:
Same-Sign ll

Preliminary

Zb/t + X
JHEP11(2014)104

Ht+X,Wb+X comb.
ATLAS-CONF-2015-012

750

800

850

900

arxiv:1311.7667

mT & 800GeV



spin-1resonances

h0|Jµ|⇢i = ✏µf⇢g JµA
µ + � ̄O

g

g⇢

mixing

⇢W



spin-1resonances

h0|Jµ|⇢i = ✏µf⇢g JµA
µ + � ̄O

g

g⇢

mixing

g2

g⇢

g2

g⇢

 

 

⇢W



spin-1resonances

h0|Jµ|⇢i = ✏µf⇢g JµA
µ + � ̄O

g

g⇢

mixing

g2

g⇢

g2

g⇢

 

 

⇢W



spin-1resonances

h0|Jµ|⇢i = ✏µf⇢g JµA
µ + � ̄O

g

g⇢

mixing

h

g2

g⇢

g2

g⇢

 

 

⇢W



spin-1resonances

h0|Jµ|⇢i = ✏µf⇢g JµA
µ + � ̄O

g

g⇢

mixing

h

g2

g⇢

g2

g⇢

 

 

⇢W



spin-1resonances

h0|Jµ|⇢i = ✏µf⇢g JµA
µ + � ̄O

g

g⇢

mixing

h

g2

g⇢

g2

g⇢

 

 

⇢W



spin-1resonances

h0|Jµ|⇢i = ✏µf⇢g JµA
µ + � ̄O

g

g⇢

mixing

h

g2

g⇢

g2

g⇢

 

 

⇢W

g⇢ ⇡ 3 can fit ATLAS excess at m⇢ ⇡ 2TeV

see e.g.Thamm, Torre, Wulzer, 1506.08688



conclusions

PNGB-Higgs can naturally be light and narrow 
!
Decoupling limit v/f —> infty where SM is recovered  

Fine-tuning worsens with larger f and g*  

Predictions and largest effects: 

strong double H production  

10% corrections to tree-level Higgs couplings  

small h—> gluons and photons but (possibly large) h—> Z gamma  

light vector-like coloured partners expected below 1.5 TeV



Thank you!
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