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Indirect approach:

� look for deviations from SM predictions
at low energy
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A crucial, urgent question!

Direct approach:
� kinematical studies: WW scattering

� collider searches (SUSY particles,
heavy fermionic resonances)



Indirect approach:

model-independent parameterization via an
Effective Lagrangian
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Higgs

�

non-linear
(dynamical) EWSB

�

non-linear (chiral)
effective Lagrangian

Focus:

� first order in the operator expansion

� bosonic sector (gauge & gauge-Higgs), CP even

Idea:

� they give different predictions! Ñ distinctive signatures

� is the LHC sensitive enough?
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The linear effective Lagrangian

standard Higgs doublet Φ Ñ Expansion in canonical dimensions

Llinear � LSM �

1

Λ2

°

i ciOi

pd � 4q LSM ��

1

4
W a

µνW
aµν

�

1

4
BµνB

µν
�

1

4
GA
µνG

Aµν
�

� pDµΦq
:

pDµΦq�

� i ψ̄ {Dψ �

�

ψ̄LΦYψR � h.c.
�

pd � 6q basis tOiu

ù see talk by J. Gonzalez-Fraile
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Linear basis d � 6

Bosonic sector, CP even
(HISZ basis)

Buchmüller, Wyler (1986)
Hagiwara,Ishihara,Szalapski,Zeppenfeld (1993)

ù see talk by J. Gonzalez-Fraile

OGG � �

g2
s

4 Φ
:ΦGµνG

µν OWW � �

g2

4 Φ
:WµνW

µνΦ

OBB � �

g 12

4 Φ:BµνB
µνΦ OBW � �

gg 1

4 Φ:BµνW
µνΦ

OW �

ig
2 pDµΦq

:W µν
pDνΦq OB �

ig 1

2 pDµΦq
:Bµν

pDνΦq

OΦ1 � pDµΦq
: Φ Φ: pDµΦq OΦ2 �

1
2B

µ
�

Φ:Φ
�

Bµ

�

Φ:Φ
�

OΦ3 �

1
3

�

Φ:Φ
�3

OΦ4 � pDµΦq
:

pDµΦq
�

Φ:Φ
�

O
�Φ � pDµD

µΦq: pDνD
νΦq Grzadkowski,Iskrzynski,Misiak,Rosiek (2010)
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Example: OB

OB �
ig 1

2
pDµΦq

:Bµν
pDνΦq

�

eg 2

8
AµνW

�µW�ν
pv � hq2 �

ie2g

4cθ
ZµνW

�µW�ν
pv � hq2�

�

ge

4cθ
AµνZ

µ
B

νhpv � hq �
e2

4c2θ
ZµνZ

µ
B

νhpv � hq

same coefficient with fixed relative weights!
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h
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The chiral formalism

ù see talk by S. Rigolin
Appelquist,Carazzone (1980)
Longhitano (1980,1981)

Goldstone bosons: in a bidoublet of SUp2qL � Up1qY

Upxq � e iπ
a
pxqσa

{f , Upxq ÞÑ LUpxqR: .

Higgs boson: generically a gauge singlet hpxq .
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Goldstone bosons: in a bidoublet of SUp2qL � Up1qY

Upxq � e iπ
a
pxqσa

{f , Upxq ÞÑ LUpxqR: .

Higgs boson: generically a gauge singlet hpxq .

U adimensional ➔ insertions of GB fields do not
add suppression factors

h singlet ➔ more possible invariants
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The chiral formalism

ù see talk by S. Rigolin
Appelquist,Carazzone (1980)
Longhitano (1980,1981)

Goldstone bosons: in a bidoublet of SUp2qL � Up1qY

Upxq � e iπ
a
pxqσa

{f , Upxq ÞÑ LUpxqR: .

Higgs boson: generically a gauge singlet hpxq .

Building blocks for the Lagrangian:

GBs Vµ � DµUU: , Vµ ÞÑ LVµL
:

T � Uσ3U: , T ÞÑ LTL: Ñ

✭
✭
✭
✭
✭
✭
✭

Custodial sym.

Higgs Fphq BµFphq
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The non-linear effective Lagrangian

U is adimensional Ñ expansion in derivatives

In a phenomenological approach: ù see talk by S. Rigolin

Lchiral � LSM �

°

i ciPi

Alonso,Gavela,Merlo,Rigolin,Yepes (2013)
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The non-linear effective Lagrangian

U is adimensional Ñ expansion in derivatives

In a phenomenological approach: ù see talk by S. Rigolin

Lchiral � LSM �

°

i ciPi

LSM ��

1

4
W a

µνW
aµν

�

1

4
BµνB

µν
�

1

4
GA
µνG

Aµν
� i ψ̄ {Dψ�

�

1

2
BµhB

µh � V phq �
pv � hq2

4
TrrVµV

µ
s �

GB kinetic terms
gauge bosons’ masses

�

v � h
?

2

�

ψ̄LUYψR � h.c.
�

Yukawas

tPiu operators with up to 4 derivatives

Alonso,Gavela,Merlo,Rigolin,Yepes (2013)
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The non-linear basis

PW ��

g2

4
W a

µνW
aµν

FW phq P11�pTrpVµVνqq
2
F11phq

PB ��

g12

4
BµνB

µν
FBphq P12� g2 TrpTWµνqq

2
F12phq

PG ��

g2s
4
G

A
µνG

Aµν
FG phq P13� ig TrpTWµνqTrpTrV

µ
,Vν

sqF13phq

PH �
1
2
BµhB

µhFHphq P14� gεµνρλ TrpTVµqTrpVνWρλqF14phq

PC ��

v2

4
TrpVµVµqFC phq P15�TrpTDµV

µ
qTrpTDνV

ν
qF15phq

PT �
v2

4
TrpTVµqTrpTV

µ
qFT phq P16�TrprT,Vν sDµV

µ
qTrpTVν

qF16phq

P1� gg 1Bµν TrpTW
µν
qF1phq P17� ig TrpTWµνqTrpTV

µ
qB

ν
F17phq

P2� ig 1Bµν TrpTrV
µ
,Vν

sqF2phq P18�TrpTrVµ,VνsqTrpTV
µ
qB

ν
F18phq

P3� ig TrpWµνrV
µ
,Vν

sqF3phq P19�TrpTDµV
µ
qTrpTVνqB

ν
F19phq

P4� ig 1Bµν TrpTV
µ
qB

ν
F4phq P20�TrpVµV

µ
qBνF20phqB

ν
F

1

20phq

P5� ig TrpWµνV
µ
qB

ν
F5phq P21�pTrpTVµqq

2
BνF21phqB

ν
F

1

21phq

P6�pTrpVµV
µ
qq

2
F6phq P22�TrpTVµqTrpTVνqB

µ
F22phqB

µ
F
1

22phq

P7�TrpVµV
µ
qBνB

ν
F7phq P23�TrpVµV

µ
qpTrpTVνqq

2
F23phq

P8�TrpVµVνqB
µ
F8phqB

ν
F

1

8phq P24�TrpVµVνqTrpTV
µ
qTrpTVν

qF24phq

P9�TrppDµV
µ
q

2
qF9phq P25�pTrpTVµqq

2
BνB

ν
F25phq

P10�TrpVνDµV
µ
qB

ν
F10phq P26�pTrpTVµqTrpTVνqq

2
F26phq 8 / 17
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Best bounds on the chiral coefficients

-0.5 0.5-0.1 0.10
cH
cT
cW
cB
c1
c2
c3
c4
c5
c6
c11
c14
c23
c24
c26

90% CL

From:

red TGV+HVV

blue QGV

green S, T par.
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Example: P2 ,P4 vs. OB

Expanding in unitary gauge: OB Ñ

P2

16
�

P4

8

OB �
eg 2

8
AµνW

�µW�ν
pv � hq2 �

ie2g

4cθ
ZµνW

�µW�ν
pv � hq2�

�

ge

4cθ
AµνZ

µ
B

νhpv � hq �
e2

4c2θ
ZµνZ

µ
B

νhpv � hq

�

P2� eg 2AµνW
�µW�νF2phq � 2

ie2g

cθ
ZµνW

�µW�νF2phq

P4��

ge

cθ
AµνZ

µ
B

νF4phq �
e2

c2θ
ZµνZ

µ
B

νF4phq
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Example: P2 ,P4 vs. OB

Expanding in unitary gauge: OB Ñ

P2

16
�

P4

8

P2 � eg 2AµνW
�µW�ν F2phq � 2

ie2g

cθ
ZµνW

�µW�ν F2phq

P4 ��

ge

cθ
AµνZ

µ
B

νF4phq �

e2

c2θ
ZµνZ

µ
B

νF4phq

Different coefficients!

A

W�

W�

A

h

W�

W�

Z

W�

W�

Z

h

W�

W�

h

Z

A

h

h

Z

A

h

Z

Z

h

h

Z

Z
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Expanding in unitary gauge: OB Ñ

P2

16
�

P4

8

P2 � eg 2AµνW
�µW�ν F2phq � 2

ie2g

cθ
ZµνW

�µW�ν F2phq

P4 ��

ge

cθ
AµνZ

µ
B

νF4phq �

e2

c2θ
ZµνZ

µ
B

νF4phq

Different coefficients and unrelated weights!

A

W�

W�

A

h

W�

W�

Z

W�

W�

Z

h

W�

W�

h

Z

A

h

h

Z

A

h

Z

Z

h

h

Z

Z
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Example: P2 ,P4 vs. OB

Expanding in unitary gauge: OB Ñ

P2

16
�

P4

8

P2 � eg 2AµνW
�µW�ν F2phq � 2

ie2g

cθ
ZµνW

�µW�ν F2phq

P4 ��

ge

cθ
AµνZ

µ
B

νF4phq �

e2

c2θ
ZµνZ

µ
B

νF4phq

The same couplings also receive a contribution from OW :

OW �

ig

2
pDµΦq

:W µν
pDνΦq �

P3 � ig TrpWµν rV
µ,Vν

sqF3phq

P5 � ig TrpWµνV
µ
qB

νF5phq

OW Ñ

P3

8
�

P5

4
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Correlation / decorrelation effects

4 in L chiral in L linear 2

Aρ

W�

ν

W�

µ

AµνW
�µW�ν

�

ieg2

8 p16 c2 � 8 c3 q �

ieg2

8
v2

Λ2 p cB � cW q

Zρ

W�

ν

W�

µ

ZµνW
�µW�ν

�

g3

8cθ
p�16s2θ c2 � 8c2θ c3 q �

g3

8cθ
v2

Λ2 p�s2θ cB � c2θ cW q

h

Zν

Aµ

AµνZ
µ
B

νh �

eg
4cθv

p8 a4 � 4 a5 q �

eg
4cθv

v2

Λ2 p cB � cW q

h

Zν

Zµ

ZµνZ
µ
B

νh �

g2

4vcθ
p8sθ a4 � 4cθ a5 q �

g2

4vcθ
v2

Λ2 psθ cB � cθ cW q
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Correlation / decorrelation effects

Decorrelated! Correlated!

Aρ

W�

ν

W�

µ

AµνW
�µW�ν

�

ieg2

8 p16 c2 � 8 c3 q �

ieg2

8
v2

Λ2 p cB � cW q

Zρ

W�

ν

W�

µ

ZµνW
�µW�ν

�

g3

8cθ
p�16s2θ c2 � 8c2θ c3 q �

g3

8cθ
v2

Λ2 p�s2θ cB � c2θ cW q

h

Zν

Aµ

AµνZ
µ
B

νh �

eg
4cθv

p8 a4 � 4 a5 q �

eg
4cθv

v2

Λ2 p cB � cW q

h

Zν

Zµ

ZµνZ
µ
B

νh �

g2

4vcθ
p8sθ a4 � 4cθ a5 q �

g2

4vcθ
v2

Λ2 psθ cB � cθ cW q
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From TGV + Higgs data

A BSM sensor

ΣB � 4p2c2 � a4q

ΣW � 2p2c3 � a5q

ΣB

Σ
W

SM

A linear vs non-linear discriminator

∆B � 4p2c2 � a4q

∆W � 2p2c3 � a5q

∆B

∆
W

linearity

χ2 dependence after marginalizing over the other chiral parameters

Datasets: TGV (LEP) and HVV couplings (D0+CDF+LHC7+LHC8).

Colored areas: 68, 90, 95, 99% CL
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Generalizing: linear - chiral correspondence

Two towers of operators:

d � 6
d � 8
d � 10
d � 12

. . .

4B

6B

. . .

Linear Non-linear

tOiu tPiu

m
or
e
su
p
p
re
ss
ed

Correspondence Oi Ñ Pj

Replace in Oi : Φ Ñ

v � h
?

2
U

�

0

1
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Characteristic signatures of a dynamical EWSB

d � 6
d � 8
d � 10
d � 12

. . .

4B

6B

. . .

Linear Non-linear

Effects that are expected to be
� leading-order corrections in the non-linear expansion
� higher-order corrections in the linear series
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Characteristic signatures of a dynamical EWSB

d � 6
d � 8
d � 10
d � 12

. . .

4B

6B

. . .

Linear Non-linear

Effects that are expected to be
� leading-order corrections in the non-linear expansion
� higher-order corrections in the linear series

εµνρλ
�

Φ:
Ø

DρΦ
	�

Φ:σi
Ø

DλΦ
	

W i
µν d � 8

�

P14 � gεµνρλ TrpTVµqTrpVνWρλqF14phq
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Characteristic signatures of a dynamical EWSB

d � 6
d � 8
d � 10
d � 12

. . .

4B

6B

. . .

Linear Non-linear

Effects that are expected to be
� leading-order corrections in the non-linear expansion
� higher-order corrections in the linear series

P14 ➔ Zρ

W�

ν

W�

µ

�

g3c14

2cθ
εµνρλBµW

�

ν W�

ρ Zλ� h.c.
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Expected LHC sensitivity

gZ
5 � g 2c14{2c

2
θ

pZ
T

(GeV)

E
ve
n
ts
/
b
in

WZ SM

background

Signal for gZ
5 � 0.1

Current best bound at 95% CL

gZ
5 P r�0.08, 0.04s

Dawson,Valencia (1994)

Simulation analysis

� WZ pair production
pp Ñ W�Z Ñ ℓ1�ℓ�ℓ�Emiss

T

� binned analysis of pZT distribution

� dataset: 7+8+14 TeV
(4.64+19.6+300 fb�1)

� Result (95% CL)

gZ
5 P r�0.033, 0.028s
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Conclusions

� New physics effects at low-energy can be properly described
by an Effective Lagrangian

� linear if the Higgs is elementary
� chiral if the Higgs is composite

� The two descriptions give significantly different predictions!
� correlation/decorrelation effects
� distinct characterizing signals

� The next LHC run may already have something to say about
the nature of the Higgs boson!
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Triple gauge vertices

LWWV �� igWWV

!

gV
1

�

W�

µνW
�µV ν

�W�

µ VνW
�µν

	

� κVW
�

µ W�

ν Vµν

� igV
5 εµνρσ

�

W�

µ BρW
�

ν �W�

ν BρW
�

µ

�

Vσ �

� gV
6

�

BµW
�µW�ν

� BµW
�µW�ν

�
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HVV vertices

LHVV �gHgg G a
µνG

aµνh � gHγγ AµνA
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HVV vertices

Coeff. Chiral Linear
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Quartic gauge vertices
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P2 ,P4 in explicit CH models

Defining
Alonso,IB,Gavela,Merlo,Rigolin
to appear very soon!

A2 � ig 1Bµν Tr pTrV
µ,Vν

sq , A4 � ig 1Bµν Tr pTV
µ
q B

νh{v

L � c2F2phqA2 � c4F4phqA4

model c2F2phq c4F4phq

linear
cB

Λ2

1

16
pv � hq

2 cB

Λ2

1

4
v pv � hq

SUp5q{SOp5q
c̃2
?

2 sin2
ϕ

2f
c̃2
?

2ξ sin
ϕ

fSOp5q{SOp4q

SUp3q{SUp2q � Up1q
c̃2

2
sin2

ϕ

f
c̃2
?

ξ sin
2ϕ

f

ϕ � xϕy � h ξ � v2
{f 2 P r0, 1s
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P2 ,P4 in explicit CH models

In SUp5q{SOp5q:
Alonso,IB,Gavela,Merlo,Rigolin
to appear very soon!

model c2F2phq c4F4phq

linear
cB

Λ2

1

16
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1� ξ{2
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1� ξ{4
� . . .

�
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Correspondence between first orders

Linear

d � 6

Non-linear

4B

10 linear operators of d � 6

correspond to

17 chiral operators with 4B

IB,Éboli,Gavela,Gonzalez-Garcia,Merlo,
Rigolin (2014) [hep-ph/1405.5412]

P2 ,P4 Ñ OB and P3 ,P5 Ñ OW

An interesting effect also is seen in

O
�Φ Ñ P

�h �
P6

8
�

P7

4
� P8 �

P9

4
�

P10

2

O
�Φ � pDµD

µΦq: pDνD
νΦq

P
�h �

1

2
pBµB

µhqpBνB
νhq

� Lee-Wick partner for the Higgs
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O
�Φ vs. P

�h

In the linear basis: O
�Φ � pDµD

µΦq: pDνD
νΦq

In the chiral basis: P
�h �

1

2
pBµB

µhqpBνB
νhq

IB,Éboli,Gavela,Gonzalez-Garcia,Merlo,
Rigolin (2014) [hep-ph/1405.5412]

Applying the EOMs:

O
�Φ �

P
�h �
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Basic idea for a composite Higgs

v

f

Λ

energy
Georgi,Kaplan (1984)
Dimopoulos,Georgi,Kaplan (1984)
Galison,Georgi,Kaplan (1984)
Banks (1984)
Dugan,Georgi,Kaplan (1985)
Agashe,Contino,Pomarol (2005)
Gripaios,Pomarol,Riva,Serra (2009)
. . .

strong resonances (technicolor)

global symmetry G

Goldstone bosons characteristic scale 4πf ¥ Λ
condensates � tπ

a
, hu

G spontaneously broken in H � SUp2q � Up1q

electroweak scale

SUp2qL � Up1qY Ñ Up1qem breaking
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