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1. Introduction

The structure of the Standard Model in the absence of masses is extremely simple. Local sym-
metry under the gauge groupSU(3)C×SU(2)L ×U(1)Y of the three families of fermions straight-
forwardly leads to

LSM =−1
2
〈GµνGµν〉− 1

2
〈WµνWµν〉− 1

4
BµνBµν + i ∑

j

f̄ j 6D f j +LM (1.1)

The explicit terms above are completely determined by gaugeinvariance, which is exact for mass-
less fields. However, fermions and gauge bosons are (with theexception of the photon) massive.
Mass terms are generated through the so-called Higgs mechanism, which spontaneously breaks the
electroweak gauge invariance. However, it is not clear how the Higgs mechanism is realized in
nature. A possibility is Higgs’ proposal, namely a linear sigma model with a scalarSU(2)L doublet
satisfying

LM(Φ, ...) = DµΦ†DµΦ−V(Φ†Φ)+LYukawa(Φ), Φ =

(

φ+

φ0

)

(1.2)

With the most general renormalizable potential: (i)Φ can acquire a nontrivial VEV; (ii) the theory
is renormalizable; and (iii) as a bonus one gets an accidental global SU(2)L ×SU(2)R custodial
symmetry. Given the present status of experiments at the LHC[1], little deviation from this frame-
work seems to be allowed (at least in the gauge boson sector).However, even tiny departures
from it would have dramatic effects,e.g. in the unitarization of scattering amplitudes. In order to
confirm or disprove the Higgs scenario, it is convenient to adopt a framework where a more flex-
ible implementation of a light scalar (fundamental or not) is possible. This can be achieved if the
EWSB is nonlinearly realized. In its minimal version, one assumes the symmetry breaking pattern
SU(2)L ×SU(2)R → SU(2)V . The resulting 3 Goldstone modes can be collected in aSU(2) ma-
trix U , transforming asU → gLUg†

R, gL,R ∈ SU(2)L,R, whose dynamics is given by the Lagrangian

(Lµ = iUDµU†, τL =U
τ3

2
U†):

LM(U, ...) =
v2

4
〈LµLµ〉+β1v2〈τLLµ〉2+LYukawa(U)+∑

i

ci
v6−di

Λ2 Oi , U = exp(iϕaτa/v)

In this general framework the theory is still renormalizable, but only order by order in thev/Λ
expansion, which is a consequence of the nondecoupling nature of the new strong sector (Λ ≃ 4πv).
Furthermore, custodial symmetry is not built-in, and it is actually broken already at leading order
by the second operator above. Due to phenomenological constraints, one typically fine-tunesβ1 to
vanish at tree level. Contributions toβ1 are then generated by quantum corrections at the one-loop
level, which makes〈τLLµ〉2 a NLO operator.

Both the linear and nonlinear realization of EWSB implementthe Higgs mechanism and thus
provide the gauge bosons with masses. The structure of quantum corrections is however different
in both scenarios. In order to study their quantum features,one needs a consistent enumeration
of operators based on some expansion criteria or power-counting. For the linear case, the power-
counting is trivial: operators are simply organized as inverse powers of a cutoff scale. In the
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nonlinear case, the nondecoupling nature of the interactions makes things a bit more involved and
due care has to be exercised. My discussion in this paper willconcentrate exclusively on scalar-
independent operators in strongly-coupled scenarios, following Ref. [2]. A light scalar can always
be reinstated in the theory by dressing the effective operators with scalar functions and derivatives
thereof,e.g.,

O j(U,ψ ,W)→ O j(U,ψ ,W) f j(φ), f j(φ) = 1+a(1)j φ +a(2)j φ2+ · · ·= ∑
k

a(k)j φk (1.3)

This general recipe has been used for instance in [3], thoughthe full systematics of it has not been
fully worked out.

2. Power-counting and Effective Lagrangian to NLO

Any EFT requires an organizational principle to classify the operators in terms of the pa-
rameter(s) of the series expansion. For strongly-coupled dynamics behind EWSB, the expansion
parameter isv2/Λ2 = 1/16π2. In order to find a consistent power-counting we will only require
that the leading-order Lagrangian

LSM= LKin +
v2

4
〈LµLµ〉+LYukawa(U) (2.1)

be homogeneous. Higher order operators will act as counterterms, and accordingly will be loop-
generated by the previous Lagrangian. The degree of divergenceD of each diagram that one can
construct is then given by the master formula [2]

D ∼ (yv)ν (gv)ξ

vFL+FR−2

pd

Λ2L

[

ψ̄F1
L

L ψF2
L

L ψ̄F1
R

R ψF2
R

R

](

Xµν

v

)V
(ϕ

v

)B
(2.2)

where

d ≡ 2L+2−ν − FL +FR

2
−V −ξ (2.3)

The precise definition ofν andξ is given in [2]. For my purposes here it will suffice to note that d is
bounded from above, which makes the power-counting consistent, i.e., the number of counterterms
finite. By repeatedly acting with Eq. (2.2) on all the independent operators one can construct with
the building blocks (gauge bosons, leptons, U field and theirderivatives) one concludes [2] that at
NLO there are only 6 classes of operators, to be denoted asUD4, XUD2, X2U , ψ2UD, ψ2UD2

andψ4U . Concerning theψ4U class, there are (5+11)̄LLL̄L operators, (7+0)̄RRR̄R, (9+9) L̄LR̄R,
(4+8) L̄RL̄R with global null hypercharge and (0+11)̄LRL̄R with global hypercharge 1, where the
terms in parenthesis count the operators without and withU fields, respectively. The classesψ2UD
and ψ2UD2 comprise fermionic single-current operators (vectorial,scalar and tensorial). Their
total number is{OV ;OS;OT}= {10;9;6}, a sample of which is

O
(1)
V = i l̄γµUP22U

†l 〈τLLµ〉, O
(2)
V = i l̄γµUP12U†l 〈LµP21〉, O

(3)
V = iēγµe〈τLLµ〉 (2.4)

O
(1)
S = l̄UP22η 〈LµLµ〉, O

(2)
S = l̄UP22η 〈τLLµ〉2, O

(3)
S = l̄UP12η 〈LµP21〉 〈τLLµ〉 (2.5)
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O
(1)
T = l̄σ µνUP12η 〈LµP21〉〈τLLν〉, O

(2)
T = l̄σ µνUP22η 〈LµP12〉〈LνP21〉 (2.6)

where P(11;22) =
1
2(1± τ3) and P(12;21) =

1
2(τ1 ± iτ2). Finally, the operators without fermions

(classesUD4, XUD2 andX2U ) are given by [4]

O
(1)
D = 〈LµLµ〉〈LνLν〉, O

(2)
D = 〈LµLν〉 〈LµLν〉, O

(3)
D = 〈τLLµ〉2〈τLLν〉2

O
(4)
D = 〈τLLµ〉〈τLLµ〉〈LνLν〉, O

(5)
D = 〈τLLµ〉〈τLLν〉〈LµLν〉 (2.7)

and [5]

O
(1)
XU = g′gBµν〈WµντL〉 O

(4)
XU = g′gεµνλρ〈τLW

µν〉Bλρ

O
(2)
XU = g2〈WµντL〉2

O
(5)
XU = g2εµνλρ〈τLWµν〉〈τLW

λρ〉
O

(3)
XU = gε µνλρ〈WµνLλ 〉〈τLLρ〉 O

(6)
XU = g〈WµνLµ〉〈τLLν〉

O
(7)
XU = ig′Bµν〈τL[L

µ ,Lν ]〉 O
(10)
XU = ig′εµνλρBµν〈τL[L

λ ,Lρ ]〉
O

(8)
XU = ig〈Wµν [L

µ ,Lν ]〉 O
(11)
XU = igεµνλρ〈Wµν [Lλ ,Lρ ]〉

O
(9)
XU = ig〈Wµν τL〉〈τL[L

µ ,Lν ]〉 O
(12)
XU = igεµνλρ〈WµντL〉〈τL[L

λ ,Lρ ]〉 (2.8)

Form a phenomenological viewpoint, the operators in Eq. (2.7) correspond to anomalous quartic
gauge couplings. In the unitary gauge they take the form

OD ∼
{

ZµZµZνZν ; W+
µ W+µW−

ν W−ν ; W+
µ W−µW+

ν W−ν ; ZµZµW+
ν W−ν ; ZµZνW+

ν W−
µ

}

(2.9)

which indeed exhausts all the possible quartic contractions of gauge bosons. Eq. (2.8) instead
collects the CP-even (left column) and CP-odd (right column) operators responsible for oblique and
triple gauge corrections. As a matter of fact, only half the operators in Eq. (2.8) are independent.
By using the equations of motion for the gauge fields

∂ µBµν = g′
[

Yj f̄ jγν f j +
v2

2
〈τLLν〉

]

; DµWa
µν =

g
2

[

f̄ jLγν τa f jL −
v2

2
〈τaLν〉

]

(2.10)

and the identities

DµτL =−i[τL,Lµ ]; D[µLν ] = gWµν −g′BµντL + i[Lµ ,Lν ] (2.11)

one can show that

O
(7)
XU = f7(O

(1)
XU,O

( j)
V ,Oβ ); O

(8)
XU = f8(O

(1)
XU,O

( j)
V ); O

(9)
XU = f9(O

(2)
XU,O

( j)
V ,Oβ )

O
(10)
XU =−O

(4)
XU; O

(11)
XU =−O

(4)
XU; O

(12)
XU =−1

2O
(5)
XU (2.12)

These relations were noticed before [6] but their role in phenomenology was never exploited. Yet
they are of importance, as I will show below forW+W− production.

The 6 classes of operators outlined above constitute the most general description of leading
new physics effects at low energies. Bits of it were worked out for the last 30 years [7]. However,
a full systematic treatment,i.e., providing (i) a well-defined power-counting; (ii) a complete basis
of operators; and (iii) free from redundancies, was absent in the literature. These ingredients are
essential to perform consistent analyses of electroweak data.
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3. W+W− production at linear and hadron colliders

As an illustrative example of the potential applications ofthe EFT developed in the previous
Section I will considerW+W− production, which has been one of the benchmark processes inthe
study of anomalous triple gauge vertices (TGVs). For simplicity I will discussW+W− production
at linear colliders, which already captures the main qualitative features I want to illustrate. In what
follows I will stick rather closely to the analysis of Ref. [8]. Comments onW+W− at hadron
colliders will be given at the end of the Section. For a discussion of ZZ andγZ production, the
reader is referred to Ref. [9].

e+e− → W+W− in the Standard Model can proceed throughe+e− annihilation ore+e− ex-
change, whose contributions can be extracted from Eq. (2.1). New physics corrections to these
results are parametrized in full generality by the following subset of NLO operators:1

LNLO =
6

∑
j=1

λ jOXU j +
3

∑
j=1

η jO
( j)
V +β1Oβ +aWOW + ãWÕW (3.1)

which correct the SM gauge-fermion vertices (e+e−Z andνee±W∓) and the triple gauge vertices
(W+W−Z andW+W−γ), but also shift the photon andZ propagators (through the obliqueOXU1,2)
and the electroweak parameter triad(α ,mZ,GF). It is convenient to reabsorb the shifts in propaga-
tors and EW parameters by the 2-step procedure described in [10]:

(1) Canonical normalization of the kinetic terms through the following field redefinitions:

Zµ → (1+e2∆Z) Z′
µ , Aµ → (1+e2∆A) A′

µ +e2∆AZ Z′
µ (3.2)

where

∆Z =−λ1+
λ2

2t2
W

; ∆A = λ1+
λ2

2
; ∆AZ =

2λ1

t2W
+

λ2

tW
(3.3)

(2) Renormalization of the Standard Model parameters (α , mZ, GF ) through

e→ (1−e2∆A) e′; mZ → (1−e2∆Z+β ) m′
Z; sW → (1−ξ ) s′W; cW → (1+ t2

Wξ ) c′W
(3.4)

where

ξ =
c2

W

c2
W −s2

W

(e2∆A−e2∆Z+β1−2η2) (3.5)

Once this is done, the new physics corrections affect only the gauge-fermion and triple gauge
vertices, which can be parametrized in full generality by

L f = ef̄ γµAµ f +e ∑
j=L,R

ζ j f̄ jγµZµ f j −
g√
2

φLν̄LγµW+
µ fL +h.c.

1
e
LTGV = iκVW+

µ W−
ν Vµν + ig1V(W

+
µνWµ−−W−

µνWµ+)Vν + i
λV

Λ2W+ν
µ W−

νλVλ µ

+g4V(W
+
µνWµ−+W−

µνWµ+)Vν −g5V(W̃
+
µνWµ−+W̃−

µνWµ+)Vν

+ iκ̃VW+
µ W−

ν Ṽµν + i
λ̃V

Λ2W+ν
µ W−

νλṼλ µ (3.6)

1OW = g3εabcWaν
µ Wbρ

ν Wcµ
ρ andÕW = g3εabcW̃aν

µ Wbρ
ν Wcµ

ρ can be actually shown to be NNLO in both the linear
and nonlinear realization of EWSB. However, it will prove instructive to keep them all through our analysis.
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The triple-gauge and gauge-fermion coefficients above can be generically expressed asρiV = ρ (0)
iV +

e2δρiV , where the first piece collects the SM contribution, which isnonvanishing for

ζ (0)
L = t−1

2W; κ (0)
Z = g(0)1Z =−t−1

W ; φL = 1;

ζ (0)
R =−tW; κ (0)

A = g(0)1A =−1 (3.7)

while δρiV contains the new physics corrections. In the EFT language wewant to adopt here,
δρiV = fiV (λ j ,η j ,β1,aW, ãW). For the time being, however, we will keep their dependence implicit.

The Feynman rule for the gauge-fermion vertex is trivial, while for the triple-gauge vertex one
finds [11]:

1
e

ΓVW+W−
µλν (q, p+,p−) =−i(κV +λV +gV

1 )[qλ gµν −qνgµλ ]− i

(

gV
1 +

λV

2
s

Λ2

)

[(p+− p−)µgνλ ]

+ i
λV

Λ2

[

(p+− p−)µqνqλ
]

−gV
4 [qλ gµν +qνgµλ ]−gV

5 (p
+− p−)ρεµνρλ

+ i(κ̃V + λ̃V)εµνρλ qρ + i
λ̃V

Λ2

[

1
2
(p+− p−)µενλρσ qρ(p+− p−)σ

]

(3.8)

In previous analyses ofW+W− production it has been common to neglect the gauge-fermion vertex
corrections and work with the triple vertex corrections alone, assuming that they satisfy a dipole
structure. Such a strategy has some fundamental deficiencies. First, since gauge-fermion and
triple-gauge operators are related by the equations of motion, neglecting gauge-fermion operators
altogether violates fundamental field theoretical relations. Second, the different triple-gauge coef-
ficients are not independent but correlated by the underlying SU(2)L ×U(1)Y symmetry, to which
the dipole parametrization is blind. Since the dipole approximation does not respect gauge symme-
try it can generate fake violations of unitarity that have nothing to do with new physics. In order to
illustrate these drawbacks, let us consider the leading effects in the cross sections for unpolarized
WW pairs,i.e., linear corrections in the new physics parameters in the large-s limit:

dσ(e−Re+L →W−W+)

dcosθ
=

s2
θ e4

64πm2
ZsWc5

W

[

−c2
WδζR+e2sW(cWδκA−sWδκZ)

]

dσ(e−L e+R →W−W+)

dcosθ
=

s2
θ e4

256πm2
Zs4

Wc5
W

[

2cW(δφL −sWcWδζL)+e2sW(s2WδκA−c2WδκZ)

]

(3.9)

First of all, notice that theλV coefficients are absent, even though they seem to appears-enhanced
in Eq. (3.8). This is precisely because ofSU(2)×U(1)-induced cancellations, which are com-
pletely obliterated by a naive dipole ansatz. Second, the presence of gauge-fermion operators is
fundamental. Actually, without them the expressions abovewould vanish. This can be explicitly
checked by substitutingδκA,δκZ,δζL,δζR,δφL in terms of the EFT coefficients. However, it is
more enlightening to rederive the results in the Landau gauge with the help of the equivalence
theorem. This states that the most divergent contributionsto WW production should come from
longitudinally-polarizedW’s, i.e., from e+e− → ϕ+ϕ−.

The calculation in that case turns out to be very simple [8]. The SM only contributes to the
s-channel, with the(γ ,Z)ϕ+ϕ− vertices coming from the Goldstone kinetic term. New physics
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ϕ+

ϕ−

γ, Z

e+

e−

e+

e− ϕ+

ϕ−
CV

ϕ+

ϕ−

γ, Z

e+

e−

CXU

Figure 1: 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.

contributions can instead be shown to be purely local, coming entirely from the gauge-fermion
operators. The interference between the Standard Model andthe new physics contribution can be
easily computed and results in

dσ(e−Re+L →W−W+)

dcosθ
=

πα2sin2 θ
8s2

Wc2
W

1

m2
W

η3

dσ(e−L e+R →W−W+)

dcosθ
=

πα2sin2 θ
16c2

Ws4
W

1

m2
W

(η1+2η2) (3.10)

Direct substitution in Eqs. (3.9) would have delivered the same result, but through intricate cancel-
lations that would have obscured the physics. Gauge-fermion operators are the leading contribution
because they are the only NLO operators that contribute toe+e− → ϕ+ϕ−.

It is instructive at this point to unfold the relations between gauge-fermion, oblique and triple-
gauge operators of Eqs. (2.12) and express the previous results in terms of triple-gauge operators.
The results then take the form

dσ(e−Re+L →W−W+)

dcosθ
=−π2α3sin2 θ

s2
Wc4

W

1

m2
W

λ7

dσ(e−L e+R →W−W+)

dcosθ
=−π2α3sin2 θ

4c4
Ws6

W

1

m2
W

(

s2
Wλ7+c2

W

(

λ8+
1
2

λ9

))

(3.11)

Comparing Eqs. (3.10) and (3.11) above, the change of basis is effected by

λ7 =− c2
W

8πα
η3; λ8 =

s2
W

4πα

(

η1−
1
2

η3

)

; λ9 =− s2
W

πα

(

η1+η2−
1
2

η3

)

(3.12)

At first sight, it might seem that these relations are at odds with Eqs. (2.12). Note however that
Eqs. (2.12) hold for any value of the energy. What we have found above instead is their large-s
limit, which simplifies them notably: in the high-energy limit Eqs. (2.12) ’project out’ to

O
(7)
XU

(s→∞)
= f7(O

(1)
V ,O

(3)
V ); O

(8)
XU

(s→∞)
= f8(O

(1)
V ,O

(2)
V ); O

(9)
XU

(s→∞)
= f9(O

(2)
V ) (3.13)

So far I have been discussingW+W− production at linear colliders. At hadron colliders the calcu-
lations are more involved due to hadronization, but the qualitative picture remains. At the partonic
level, the number of gauge-fermion operators gets doubled and, following the arguments above,
one can conclude that 5 of them will provide the leading new physics effects inpp→W+W−. In
order to be quantitative, their coefficients would have to beweighted by PDF’s. Work in this direc-
tion is currently underway and should provide a consistent framework for new physics searches in
W+W− production at the LHC.
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4. Conclusions

The main conclusions one can extract from our analysis ofW pair production can be summa-
rized in the following points:

• A form factor analysis with a dipole ansatz for the triple gauge vertices (TGVs) is in general
inconsistent with gauge symmetry and can thus fake violations of unitarity. The only way
to guarantee field-theoretical consistency is to work with afull-fledged EFT, which is the
most general field theory at a given scale. In particular, an EFT analysis shows that the TGV
parametersλZ,γ , which naively would bes-enhanced, are actually strongly suppressed due to
SU(2)L ×U(1)Y-induced cancellations.

• W+W− production is, strictly speaking, not a probe of anomalous TGVs, as commonly
stated. Gauge-fermion vertices are equally important and cannot be neglected. Actually,
for e+e− → W+W− one can describe the leading new physics effects entirely interms of
gauge-vertex operators or gauge-fermion ones. Both descriptions happen to be dual. There-
fore, in a phenomenological fit one does not need to neglect gauge-fermion operators: they
can be eliminated from the picture altogether.

• e+e− → W+W− has the peculiarity that one can trade the 3 gauge-fermion operators for
triple-gauge operators and vice versa but inpp→W+W−, for instance, this is no longer the
case. Therefore, given that the number of gauge-fermion operators at NLO is much bigger
than that of triple-gauge operators, it seems more natural to eliminate the latter, especially in
view of fits involving multiple processes.
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