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Motivation 
What  is the dynamical generation of  EWSB?

Effective Theories for EWSB

Vector Boson Scattering @ the LHC

Describe dynamical generation of EWSB

Model independent

New Pheno in EWSB sector            New Pheno in EW boson interactions

Vector Boson Scattering (VBS) very sensitive to New Physics

Searches for VBS planned @ the LHC!

(1

Strong Dynamics?

Resonances predicted!
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The Electroweak Chiral Lagrangian 
Symmetries:  Gauge                                  and EW ChiralSU(2)L ⇥ U(1)Y SU(2)L ⇥ SU(2)R

EChL copy of ChPT in QCD

(2Claudia García-García (IFT, Madrid)              

[A. C. Longhitano, 1980;  T. Appelquist et al., 1980 ]
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Dµ, Wµ⌫, Bµ⌫

The Electroweak Chiral Lagrangian 
Symmetries:  Gauge                                  and EW ChiralSU(2)L ⇥ U(1)Y SU(2)L ⇥ SU(2)R

EChL copy of ChPT in QCD

Light d.o.f. : 
EW GB’s             introduced non-linearly

EW gauge bosons               described by                     &

Higgs singlet under Chiral symmetry            

Equivalence Theorem!
w±, z , W±

L , ZLU(w±, z) = e
iwa⌧a

v

F(h) = 1 + 2a
h

v
+ b

 
h

v
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w±, z

W±, Z
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[A. C. Longhitano, 1980;  T. Appelquist et al., 1980 ]
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Relevant terms & chiral parameters for VBS LEChL = L2 + L4

(2
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Relevant terms & chiral parameters for VBS LEChL = L2 + L4
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Relevant Chiral Parameters 
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W,Z

W,Z

H
W,Z

W,Z

W,Z

W,Z

Most relevant: Remain present for g = g0 = 0

Buchalla et al , 68 % CL
ATLAS , 95 % CL H 2014 L

CMS , 95 % CL

LEP , S - variable , 68 % CL

LEP , 95 % CL

LEP , 95 % CL

LEP , 90 % CL
ATLAS , 95 % CL H 2014 L

LEP , 90 % CL
ATLAS , 95 % CL H 2014 L

ATLAS , 95 % CL H 2017 L

ATLAS , 95 % CL H 2017 L

- 0.3 - 0.2 - 0.1 0 0.1 0.2 0.3 0.4 0.5

a -1

a1 ◊ 102

a2

a3

a4

a5

SM

Constraints

(3

Considered intervals

a 2 [0.9, 1]

a4, a5 2 [10�3, 10�4]

Resonance mass
in TeV range

a4, a5 2 [10�3, 10�4]
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W+Z resonant scattering @ the LHC 

(1Claudia García-García (IFT, Madrid)              (4

Study resonant behavior in W+Z scattering @ the LHC

No use of Equivalence Theorem

Requirement of unitarity

W+

Z

q1

q2

q3

q4

W+

Z

V V

VV

VMediated only by
No severe QCD backgrounds

Implementation following: [D. Espriu et al., Phys. Rev. D90, 015035 (2014)]
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Expansion in powers of p Violation of Unitarity
typically

Energy at which occurs depends on

,

Dynamical Generation of Resonances: the IAM 
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Unitarization via the
Inverse Amplitude Method (IAM) generates resonances dynamically

good results in QCD
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Unitarization via the
Inverse Amplitude Method (IAM) generates resonances dynamically

good results in QCD

Unitarized Partial Waves
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Unitarization via the
Inverse Amplitude Method (IAM) generates resonances dynamically
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Unitarized Partial Waves
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Unitarization via the
Inverse Amplitude Method (IAM) generates resonances dynamically

good results in QCD

Unitarized Partial Waves

Poles scalar, vector…
Resonances
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We select vector 
scenarios
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Unitarization via the
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Unitarized 
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The tool to introduce the resonances 

LV = �1

4
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 EW gauge & Chiral invariant

[G. Ecker, et al., Phys. Lett. B223, 425 (1989)]

MadGraph5 Works with FR

Used to mimic IAM vector resonances

(6

Prediction for resonant observables in W+Z
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The tool to introduce the resonances 

Computed from IAM pole

Couples     mainly to WT,ZT
W,Z

W,Z

V

Controls unphysical mixing between     and         
W,Z
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 EW gauge & Chiral invariant(also      )±0.5�V

[G. Ecker, et al., Phys. Lett. B223, 425 (1989)]

Couples     mainly to
W,Z

W,Z

V WL,ZL

MadGraph5 Prediction for resonant observables in W+Z Works with FR

Used to mimic IAM vector resonances

(6Planck 2018 May 22nd, 2018



Claudia García-García (IFT, Madrid)              

The tool to introduce the resonances 

Computed from IAM pole

Couples     mainly to WT,ZT
W,Z

W,Z

V

Controls unphysical mixing between     and         
W,Z

W,Z

V W,Z

LV = �1

4
Tr(V̂µ⌫V̂

µ⌫) +
1

2
M2

V Tr(V̂µV̂
µ) +

fV
2
p
2
Tr(V̂µ⌫f

µ⌫
+ ) +

igV
2
p
2
Tr(V̂µ⌫ [u

µ, u⌫])

fV = 0

 EW gauge & Chiral invariant

LV = �1

4

⇣
2V +

µ⌫V
�µ⌫ + V 0

µ⌫V
0µ⌫

⌘
+
1

2
M2

V

⇣
2V +

µ V �µ + V 0
µV

0µ
⌘

+
i2gV
v2


m2

WV 0 µ⌫W+
µ W�

⌫ +mW mZ V + µ⌫W�
µ Z⌫ +mW mZ V � µ⌫ZµW

+
⌫

�

Unitary gauge
Rotation to mass basis

(also      )±0.5�V

[G. Ecker, et al., Phys. Lett. B223, 425 (1989)]

Couples     mainly to
W,Z

W,Z

V WL,ZL

MadGraph5 Works with FR

Used to mimic IAM vector resonances

(6

Prediction for resonant observables in W+Z

Planck 2018 May 22nd, 2018



Claudia García-García (IFT, Madrid)              

Proca Lagrangian with constant
violates unitarity
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(7

Our model: IAM-MC for resonant WZ scattering 
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Proca Lagrangian with constant
violates unitarity
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promoted to form factorgV

gV

Our model: IAM-MC for resonant WZ scattering 

LIAM�MC = L2 + LV
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Vector Resonances in the W+Z channel @ LHC 
We study charged vector resonances,     , from a triplet,V V ±, V 0

W+Z channel very promising   
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MG effective vertex
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Key to VBS selection

MG effective vertex
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VBS Event Selection 
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VBS Event Selection 
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Results for W+Zjj: invariant mass distributions 

(10Claudia García-García (IFT, Madrid)              

Very clear resonant peaks
 on top of SM background
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Results for W+Zjj: statistical significance  
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Results for                  jj : distributions `+`�`0+⌫
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Clean and controlled

Requires High Luminosity

Results for                  jj : significance `+`�`0+⌫

Poor sensitivity for 

L = 3000 fb�1

Events summed over optimized intervals
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Estimates for other channels: JJjj

More dedicated study on demand

Very high significances!ESTIMATES L = 300 fb�1

Estimates obtained by: NIAM�MC
hadronic = NIAM�MC

WZ ⇥ BR(W ! hadrons)⇥ BR(Z ! hadrons)⇥ ✏W ⇥ ✏Z

Very promising channel
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More dedicated study on demand

Very high significances!ESTIMATES L = 300 fb�1

Estimates obtained by: NIAM�MC
hadronic = NIAM�MC

WZ ⇥ BR(W ! hadrons)⇥ BR(Z ! hadrons)⇥ ✏W ⇥ ✏Z

Very promising channel
for L = 3000 fb�1

Estimates for other channels: JJjj
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Very high significances!ESTIMATES L = 300 fb�1

Estimates obtained by: NIAM�MC
hadronic = NIAM�MC

WZ ⇥ BR(W ! hadrons)⇥ BR(Z ! hadrons)⇥ ✏W ⇥ ✏Z

Very promising channel

depends on reconstruction efficiency*

More dedicated study on demand
for L = 3000 fb�1

* CMS & ATLAS [JHEP 08, 173 (2014); Tech. Rep. ATL-PHYS-PUB-2015-033; JHEP 12, 055 (2015)]

Estimates for other channels: JJjj
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Conclusions 

(15Claudia García-García (IFT, Madrid)              

VBS optimal place to test deviations introduced by the EChL 

Improving selection cuts + study other distributions might improve the results

Dynamically generated vector resonances from unitarized EChL
 can be seen @ LHC

Very high statistical significance in WZ final state

Promising results in leptonic channel for some scenarios and HL-LHC

High sensitivity in final states with fat jets

Study Resonances of 1.5 - 2.5 TeV     broad sensitivity to EChL params

Depending on:
final state

luminosity

Planck 2018 May 22nd, 2018
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Energy at which occurs 

At tree level, for the values considered      a 2 [0.9, 1], a4, a5 2 [10�3, 10�4]

unitarity violation happens at the few TeV scale

Claudia García-García (IFT, Madrid)              

very sensitive to ,

Unitarity Violation (1) 
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Unitarity Violation (2) 

Might depend on

Claudia García-García (IFT, Madrid)              
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Claudia García-García (IFT, Madrid)              

Top loop contribution decreases with energy

Properties of resonances: top contribution 

EChLtree!2"

EChLloop
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top loops
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Negligible with respect to Goldstone boson loops above 1 TeV

Subleading effects on resonance properties

[S. Dawson, G. Valencia,  Phys. Lett. B 246 (1990) 156]

(Effects of renormalization  not taken into account)
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Claudia García-García (IFT, Madrid)              

Indirect constraints:

Relaxing condition            does not modify properties of resonances
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b = a2

b 2 [0, 2] [R.L. Delgado,  A. Dobado et al., Phys. Rev. Lett. 114 (2015) 221803]

Properties of resonances: the    parameterb
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Claudia García-García (IFT, Madrid)              

The IAM-MC gV

g2V (z) = g2V (M
2
V )

M2
V
z

for s < M2
V

g2V (z) = g2V (M
2
V )

M4
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z2
for s > M2

V

IAM-MC Form Factor
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respects Froissart bound

recovers IAM resonance behavior

Other choices of                 unphysical/unitarity violatinggV

IAM-MC Form Factor

IAM

IAM!MC

EChLtree
!2"

EChLloop
!2"4"

MV # 1479 GeV

$V # 42 GeV

gV!MV"# 0.058

a # 0.9

a4 # 9.5% 10!4

a5 # !6.5% 10!4

500 1000 1500 2000 2500 3000
0

0.2

0.4

0.6

0.8

1

s !GeV"

a
1

1

assumes no other resonances appear
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Claudia García-García (IFT, Madrid)              

g2V (z) = ✓(M2
V � z)g2V (M

2
V )

M2
V
z

+ ✓(z �M2
V )g

2
V (M

2
V )

M4
V

z2Crossing-symmetric form factor:

Other choices of  gV

Non IAM-MC choices of                 unphysical/unitarity violating resultsgV

Examples:

Violates unitarity!
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Integrate out to relate

Claudia García-García (IFT, Madrid)              

Comparison with the linear case 

Weakly interacting dynamics            No dyn. generated resonances

In linear Lagrangian:

M, �Introduce resonances directly

Different counting Different weighting of operators

Scale suppression For a4,5 ⇠ 10�4 FS,[0,1] ⇠ 10�12 GeV�4
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