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I briefly review the construction of the effective field theory of a nonlinearly realized electroweak

symmetry breaking and apply it to the study of gauge boson pair production. I will considerWW,

ZZ andγZ production at linear colliders as reference illustrative examples. I will show that in

all cases a consistent effective field theory treatment allows to encode the dominant new physics

effects entirely as gauge-fermion vertex corrections. From naive dimensional analysis one expects

these corrections to be at the per mille level. However, theygrow with energy, such that at TeV

colliders (LHC and futures linear collider facilities) these new physics effects can easily amount

to 20% corrections to the production cross sections.
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1. Introduction

Gauge boson pair production is one of the simplest processes to test the triple-gauge structure
predicted by the standard model. Based on gauge and Lorentz invariance, general corrections to
the vertices can be cast in terms of 7 kinematic invariants for the charge diboson production [1]:

ΓWWV
µνλ (p1, p2;q) = f1Qλ gµν + f2(p1νgµλ − p2µgνλ )+ i f3(p1νgµλ + p2µgνλ )+ f4p1ν p2µQλ

+ i f5εµνλρQρ + f6εµνλρqρ + f7Qλ εµναρ p1α p2ρ (1.1)

while for the neutral case, gauge invariance and Bose symmetry further reduce the number of
parameters to

ΓZZV
µνλ (p1, p2;q) = iµV

1 (p1νgµλ + p2µgνλ )+ iµV
2 εµνλρQρ (1.2)

and

ΓZγV
µνλ (p1, p2;q) = iβV

1

(

p2λ gµν − p2µgνλ
)

+ iβV
2 εµνλρ p2ρ

+ i
βV

3

Λ2 p2µ(p1 · p2gνλ − p1ν p2λ )+ i
βV

4

Λ2 Qλ εµναβ pα
1 pβ

2 (1.3)

Most of the existing analyses on gauge diboson production rely on the assumption that triple-
gauge corrections are the dominant source of new physics effects. However, from the global LEP
electroweak fit there is no evidence that other new physics contributions,namely gauge-boson
corrections, be suppressed [2]. Actually, at least for the charged diboson production, gauge-fermion
corrections are a priori expected to compete with triple-gauge ones. In order to improve and extend
the scope of the analysis to cover all possible new physics sources, an effective field theory (EFT)
seems the only consistent tool. An EFT selects the relevant physics at a given scale while retaining
field theory symmetries. This implies that, as opposed to traditional form-factor analyses, in an EFT
approach the triple-gauge parameters above will automatically comply with the standard model
symmetries.

Here I will work under the assumption that the dynamics underlying electroweak symmetry
breaking (EWSB) are of strongly-coupled nature at the TeV scale. Themost general EWSB pattern
with the minimal particle content isSU(2)L ×SU(2)R → SU(2)V , which generates 3 Goldstone
bosons (the longitudinal modes of the W and Z) collected in the nonlinear matrixU → gLUg†

R. In
this scenario, a light scalar field can be added as a singlet [3].

Over the years, there have been several EFT-inspired analysis of gauge boson pair production.
However, a full-fledged EFT analysis was lacking, mostly because the systematics of the associated
power-couting were unclear. These issues were clarified in [4] and thefull characterization of
NLO operators was given. Subsequent applications of the formalism were given for charged [5]
and neutral [6] gauge boson pair production. In the following I will briefly review the content of
those three papers. I will show that the interplay of EFT techniques and thehigh-energy window
accessible at LHC and linear colliders provides a rather simple picture for the new physics searches
in WW, ZZ andγZ production.
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2. EWSB from strongly-coupled dynamics

When EWSB is originated from strongly-coupled interactions, the standardmodel Lagrangian
can be seen as a nonlinearly-realized effective theory, valid up to a dynamically-generated new
physics scaleΛ ∼ 4πv∼ 3 TeV, whose leading-order term is

LLO = −1
2
〈WµνWµν〉− 1

4
BµνBµν + i ∑

j

f̄ j 6D f j +
v2

4
〈DµUDµU†〉+LYukawa(U, f̄ , f ) (2.1)

One can show that the degree of divergence∆ of each diagram generated fromLLO is given by [4]

∆ = v2(yv)ν f (gv)νg
pd

Λ2L

(

Ψ
v

)F (

Xµν

v

)G
(ϕ

v

)B
(2.2)

whered = 2L + 2−F/2−G−ν f −νg (see [4] for details). Sinced is bounded from above, this
leads to a consistent power-counting,i.e. the number of counterterms at any order is finite. With
U,ψ ,X as shorthand notations for Goldstone, fermion and gauge fields, one canshow that at NLO
there are 6 classes of operators, denoted asUD4, XUD2, X2U , ψ2UD, ψ2UD2 andψ4U , while at
NNLO one findsUD6, UXD4, X2UD2, ψ2UD3, X3U , ψ2UX andψ2UXD.

3. New physics in gauge diboson production

As an application, one can consider the new physics effects inf̄ f → WW,γZ,ZZ. In the
unitary gauge, the leading new physics inWW production can be described diagrammatically as
corrections to thes, t-channel standard model (SM) tree level contributions. For the neutralcase,
instead, corrections affect thet,u-channel SM diagrams, but also generates-channel and contact
term contributions (see Fig 1). Thesedirect contributions to gauge-fermion and triple-gauge ver-
tices however do not exhaust new physics effects, which also shift thegauge boson kinetic terms
and the fundamental standard model parametersmZ,αem,GF . At NLO, the relevant subset of op-
erators for the direct and indirect contributions comes from the classesX2U , ψ2UD andψ4U . It
reads

LNLO =
6

∑
j

λ jOX j +∑
j

η jOV j +βOβ +η4 f O4 f (3.1)

whereOβ = v2〈τLLµ〉2 and

OX1 = g′gBµν〈WµντL〉 OX4 = g′gεµνλρ〈τLWµν〉Bλρ

OX2 = g2〈WµντL〉2
OX5 = g2εµνλρ〈τLWµν〉〈τLWλρ〉

OX3 = gεµνλρ〈WµνLλ 〉〈τLLρ〉 OX6 = g〈WµνLµ〉〈τLLν〉 (3.2)

are oblique and triple-gauge corrections,

OV1 = −q̄γµq 〈LµτL〉; OV7 = −l̄γµ l 〈LµτL〉
OV2 = −q̄γµτLq 〈LµτL〉; OV8 = −l̄γµτLl 〈LµτL〉
OV4 = −ūγµu 〈LµτL〉; OV9 = −l̄γµτ12l 〈Lµτ21〉
OV5 = −d̄γµd 〈LµτL〉; OV10 = −ēγµe 〈LµτL〉 (3.3)
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Figure 1: Different topologies contributing to neutral gauge boson production. Dotted vertices start at
leading order, while crossed ones appear at NNLO.

are gauge-fermion new physics contributions and

O4 f =
1
2
(OLL5−4OLL15) = (ēLγρ µL)(ν̄µγρνe) (3.4)

Above,Lµ = iUDµU†, τL = UT3U
†, τ12 = T1+ iT2 andτ21 = T1− iT2 have been used as shorthand

notation.OX1,2, Oβ , OV9 andO4 j are indirect contributions: the first two shift the kinetic terms, the
third renormalizesmZ and the remaining two renormalizeGF . OV1−5,9 are the 5 direct contributions
to gauge-fermion vertices inpp collisions (correcting ¯udW, ūuZ andd̄dZ vertices), whileOV9,10

and the combination12OV7−OV8 correct the ¯eeZandν̄eW vertices.
The best strategy is to eliminate the indirect contributions by field and parameterredefini-

tions [7]. By canonically normalizing gauge kinetic and SM parameters, the net effect is a shift in
the gauge-fermion vertices

L f = ef̄ γµAµ f +e ∑
j=L,R

[

ζ (0)
j +δζ j

]

f̄ jγµZµ f j −
g√
2

[

1+δφL

]

ν̄LγµW+
µ fL +h.c. (3.5)

whereζ (0)
L = t−1

2W andζ (0)
R = −tW are the standard model tree level values and

δζL =
2e2λ1−c2WηL + β̂

s2Wc2W
; δζR =

2e2λ1−c2WηR+2s2
Wβ̂

s2Wc2W
(3.6)

ηL,R collect the full left and right-handed contributions toZ gauge-fermion corrections. A similar
expression holds forδφL [5].

For WW production,OX1−6 appear as direct contributions to the triple-gauge vertices. In
contrast, forZZ andγZ production, there is no triple-vertex contribution at NLO and instead one
has to go to NNLO. There are 8 operators inψ2UXD that contribute to neutral triple-gauge vertices
(J(L,R)

µ = ( f̄ γµ f )L,R) [6]:

LnTGV = ∑
j=L,R

{

c jW

Λ2 J( j)
µ 〈WµνLν〉+

c jB

Λ2 J( j)
µ Bµν〈τLLν〉+

c̃ jW

Λ2 J( j)
µ 〈W̃µνLν〉+

c̃ jB

Λ2 J( j)
µ B̃µν〈τLLν〉

}

(3.7)

4. Signatures at LHC and linear colliders

The existence of a large energy gap between the electroweak and new physics scales is pre-
cisely the motivation to adopt an EFT viewpoint. In this work we are aiming at the energy window
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Figure 2: Different contributions to e+e− → ϕ+ϕ−. From left to right: (i) Standard Model piece; new
physics contribution in terms of (ii) gauge-fermion operators and (iii) triple-gauge operators.

√
s∼ (0.6−1) TeV, which can be easily achieved at the LHC and linear colliders. In this regime

v2 ≪ s≪ Λ2 and consequently (i) an expansion of the cross sections in powers ofv2/s is allowed;
and (ii) good convergence of the EFT expansion (ins/Λ2) is expected.

In this fiducial regime, the interference between the Standard Model and the new physics
contribution inWW production can be easily computed and results in [5]

dσR
WW

dcosθ
=

πα2sin2 θ
8s2

Wc2
W

1

m2
W

ηR;
dσL

WW

dcosθ
=

πα2sin2 θ
16c2

Ws4
W

1

m2
W

ηL (4.1)

which can be entirely cast in terms of gauge-fermion new physics operators. Working out the
different final-state polarizations, one actually learns that the previous results come entirely from
theWLWL production. The result can be best understood by looking at Goldstone boson production
in Landau gauge (see Fig. 2). New physics contributions come from the contact terms (central
diagram), which are generated by the gauge-fermion operators.

A key observation to obtain Eq. (4.1) is that commonly used triple-gauge operators:

OX7 = ig′Bµν〈τL[L
µ ,Lν ]〉; OX8 = ig〈Wµν [Lµ ,Lν ]〉; OX9 = ig〈WµντL〉〈τL[L

µ ,Lν ]〉 (4.2)

are actually redundant and can be expressed in terms of oblique parameters and gauge-fermion op-
erators. These redundancies have been known for a while [8], but never used in phenomenological
studies. In the large-s limit, the oblique operators are ’projected out’ and the role of the rightmost
OX7−9-induced diagram in Fig. 2 is equivalent to the central gauge-fermion-induced contact terms.

For neutral gauge boson pair production, the first thing to notice is that theoperators we listed
at NNLO are not in the form of triple-gauge corrections. However, using the equations of motion
for the gauge fields one can rewrite them as

LnTGV =
λZZ

Λ2 ∂λ Zλ µZνZµν +
λγγ

Λ2 ∂λ Fλ µZνFµν +
λZγ

Λ2 ∂λ Zλ µZνFµν +
λγZ

Λ2 ∂λ Fλ µZνZµν

+
λ̃ZZ

Λ2 ∂λ Zλ µZν Z̃µν +
λ̃γγ

Λ2 ∂λ Fλ µZν F̃µν +
λ̃Zγ

Λ2 ∂λ Zλ µZν F̃µν +
λ̃γZ

Λ2 ∂λ Fλ µZν Z̃µν (4.3)

This means that thes-channel diagram in Fig. 1 is redundant: fermionic contact terms already cap-
ture the relevant new physics in neutral triple-gauge vertices. However, as emphasized before, these
operators are NNLO and their detection thus becomes rather challenging. Fortunately, final-state
polarizations can be used to disentangle these suppressed new physics effects from the dominant
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standard model prediction. One actually finds

dσ j
Z±

T Z∓
T

dcosθ
=

2πα2

s
1±cosθ
1∓cosθ

ζ 4
j ;

dσ j
ZLZ±

T

dcosθ
= −

πα2(1∓cosθ)ζ 2
j

Λ2

cWc̃ jW −sWc̃ jB

es2W

dσ j
γ∓Z±

T

dcosθ
=

2πα2

s
1±cosθ
1∓cosθ

ζ 2
j ;

dσ j
γ±ZL

dcosθ
= −πα2(1∓cosθ)ζ j

Λ2

sWc̃ jW +cWc̃ jB

es2W
(4.4)

which shows that, although suppressed, the LT channel turns out to be aremarkably clean probe of
anomalous neutral triple-gauge vertices.

5. Conclusions

The systematics of the EFT description of a strongly-coupled EWSB have been reviewed and
applied to both charged and neutral boson pair production. I have shown that a full-fledged EFT
analysis in the regimev2 ≪ s≪Λ2 allows general new physics effects (including anomalous triple-
gauge vertices) to be entirely encoded in gauge-fermion corrections. This applies to both charged
and neutral pair production as a consequence of straightforward application of the equations of
motion. However, their phenomenological signatures are rather distinct: inWW production, new
physics effects ares-enhanced with respect to the standard model cross section through the LL
final-state polarizations. In contrast, forZZandγZ production, new physics operators are extremely
suppressed in the unpolarized cross section but neatly dominate the LT final-state polarizations. In
both cases, the effects can easily reach the 20% corrections in the unpolarized and LT-polarized
cross sections, respectively, for energies in the range

√
s∼ (0.6−1) TeV.
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