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The Linear SM Effective Field Theory
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See that the interference of the ZZ term with the local interaction, as well as the quadratic

terms in the contact terms and local interactions, are not suppressed by the kinematics.

I think the only way to consistently neglect those is to assume an EFT power counting,
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, and therefore to neglect the quadratic

terms.
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Scale of New Physics is high

Leading deformations of the SM
+ L and B conservation

59 independent dim-6 operators if flavour universality.
2499 parameters for a generic flavour structure.

[Buchmuller and Wyler ’86, Grzadkowski et al. 1008.4884, Alonso et al. 1312.2014]
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1 Introduction

Cubic and quartic self-interactions of the electroweak gauge bosons are present in the Stan-

dard Model (SM) due to the underlying non-abelian gauge symmetry, and are completely

fixed by the gauge couplings, namely, the electromagnetic coupling constant e and the

weak mixing angle s✓ ⌘ sin ✓W . This, however, is not the case in a general Beyond the

Standard Model (BSM) scenario. Therefore, processes that are sensitive to gauge boson

self-interactions are important tools used to search for nonstandard e↵ects.

In this work we focus on general BSM contributions to the cubic electroweak gauge

bosons interactions, employing the linear E↵ective Field Theory (EFT) framework, also

known as the Standard Model E↵ective Field Theory (SMEFT). In this model-independent

approach, the SM (with the Higgs embedded in an SU(2)L doublet) is extended by non-

renormalizable gauge-invariant operators with canonical dimensions D > 4 which encode

the e↵ects of some new physics with a mass scale ⇤ much larger than the electroweak scale.

The BSM e↵ects are thus organized as an expansion in 1/⇤, and the leading lepton-number-

conserving terms are O(⇤�2) generated by D = 6 operators in the SMEFT Lagrangian:

Le↵ = L
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+
X

i

c(6)i

⇤2

O(6)

i +
X

j

c(8)j

⇤4

O(8)

j + . . . . (1.1)
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Assumptions

See talk by Sacha Davidson

Low energy theory specified by particle content  +  symmetries
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Interference
(dim-6)*(SM)

quadratic
|dim-6|2

Interference
(dim-8)*(SM)

O(E2/Λ2)

We are interested in diboson production at the LHC, which in general is sensitive to

many (linear combinations of) e↵ective operators. They can a↵ect the process through

their modifications of the couplings of gauge bosons to fermions, the gauge boson propa-

gators or the cubic interactions of the gauge bosons. However, once we take into account

LEP1 constraints [1, 2], CP-conserving observables in diboson production are e↵ectively

controlled by 3 combinations of EFT parameters at O(⇤�2) in the SMEFT, which we can

choose to be the 3 anomalous Triple Gauge Couplings (aTGC), {�g
1,z, �� ,�z}, defined as

follows [3, 4]:
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q
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1,z � s2✓
c2✓
�� . These aTGC can be computed in function of

Wilson coe�cients of D = 6 operators in Eq. (1.1), and they are formally of order
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W

⇤2
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so that in the SM limit all three aTGC vanish. Let us stress that in deriving this matching

one should be careful to redefine fields and input parameters in a way which satisfies the

property that after imposing LEP-1 bounds the aTGC are the only three unconstrained

parameters relevant to diboson production (see e.g. Refs. [1, 5–7]). The dictionary between

the aTGCs and Wilson coe�cients of D = 6 operators in various bases can also be found

in Appendix B (from Ref. [5]).

Any experimental observable (such as di↵erential cross section, number of signal events

in a bin, etc.) obtained from the e↵ective Lagrangian in Eq. (1.1) takes the following form

� = �SM+
X
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(1.4)

It is important to notice that the D = 6 squared terms are of the same order in the EFT

expansion parameter ⇤ as the (neglected) interference of the D = 8 with the SM.

Precision constraints on aTGCs can be derived from W+W� production in LEP-

2 [8], see e.g. [1, 9] for EFT interpretations. Meanwhile, it has been pointed out that

the LHC Higgs data can also lead to meaningful indirect constraints on the aTGC in the

context of SMEFT [7, 10–14]. Recently, Ref. [15] reported a global fit in the SMEFT to

LEP-2 WW and LHC Higgs signal-strength data, by working consistently at O(⇤�2). In

particular, the analysis considered only D = 6 operator interference with the SM, under

the Minimal Flavor Violation (MFV) assumption, in which case the full set of relevant

linear combinations of D = 6 operator a↵ecting that analysis is limited to ten. The result

– 2 –

O(E4/Λ4)

Observables and the SM EFT
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Quadratic |dim-6|2  terms are formally of higher order.

If the fit is mostly sensitive to them,  validity of the EFT expansion is 
under question:  dim-8 could have similar importance.
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In some models it could still be OK, e.g. for:
See talk on friday - Florian Goertz and D.M.
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By using field redefinitions (or SM e.o.m.) it is possible 
to remove certain operators in favor of others
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3!gϵabcW

a ν
µ W b

νρW
c ρµ

O3G = 1
3!gsfABCGA ν

µ GB
νρG

C ρµ

Table 1. The 14 CP-even operators made of SM bosons. The operators have been grouped in two
different categories corresponding to operators of the form (SM current)× (SM current) (left box)
and operators which are not products of SM currents (right box).

instead to the Higgs self-coupling which however is still not directly measured. For this

reason we did not include this observable in our list and did not compute its RG scaling.

The conventions in table 1 and in the rest of the text are as follows. We define

DρW a
µν = ∂ρW a

µν + gϵabcW b
ρW c

µν , H†
↔
DµH ≡ H†DµH − (DµH)†H, with DµH = ∂µH −

igτaW a
µH − ig′YHBµH. We have taken the hypercharge of the Higgs YH = 1/2 and

τa = σa/2 are the SU(2)L generators in the fundamental representation.

Note that the four precision parameters Ŝ, T̂ , W and Y , generated in our basis by four

bosonic dim-6 operators [22, 26], as we show in section 4.2, are sufficient to describe all pos-

sible dim-6 contributions to the e+e− → f+f− observables at LEP 1 and 2, only in the limit

of universal new physics. To be completely general about possible new physics scenarios

it would be necessary to include two more operators that contribute to the e+e− → f+f−

experiment [12, 18],

OL = (iH†↔DµH)(L̄Lγ
µLL) , O1,2

LL = (L̄1
Lσ

aγµL1
L)(L̄

2
Lσ

aγµL2
L) , (2.1)

where the former affects the SM coupling of the Z boson to the left-handed leptons, and

the latter affects the measurement of GF (recall that the super-indices denote the fermion

family). There are enough measurements to simultaneously constrain all six operators at

the per mille level [27]. The RG contributions of {OL,O1,2
LL} to the other operators have

been already computed and can be found in ref. [12]. We have not studied possible RG-

contributions of the operators of table 1 to {OL,O1,2
LL}, such RG-contributions could be used

to impose some bounds on the weakly constrained operators of table 1, since {OL,O1,2
LL},

are constrained at the permil level [18]. Such an analysis would require computing many

more elements of the full anomalous dimension matrix as well as enlarging the list of ob-

servables under consideration; this analysis would be interesting but beyond the scope of

the present project.

– 4 –

SILH Warsaw
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Physical observables
are independent on such choices

(up to dim-8 effects),
but

all operators should be considered.
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Basis choice
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We demand that the dimension-6 operators O(6)
i in Eq. (2.1) form a complete, non-redundant

set - a so-called basis. Complete means that any dimension-6 operator is either a part of the
basis or can be obtained from a combination of operators in the basis using equations of motion,
integration by parts, field redefinitions, and Fierz transformations. Non-redundant means it
is a minimal such set. Any complete basis leads to the same physical predictions concerning
possible new physics e↵ects. Several bases have been proposed in the literature, and they may
be convenient for specific applications. Historically, a complete and non-redundant set of D=6
operators was first identified in Ref. [15], and is usually referred to as the Warsaw basis. This
basis is described in detail in another document [21], and the relevant formulas are summarized
in Appendix A. Below, we work with another basis choice commonly used in the literature: the
so-called SILH basis [22]. Later, in Section. 4, we propose a new basis choice that is particularly
convenient for leading-order LHC Higgs analyses in the EFT framework.

Bosonic CP-even
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Table 1: Bosonic D=6 operators in the SILH basis.

The full set of operators in the SILH basis is given in Tables 1, 2, and 3. We use the
normalization and conventions of Ref. [22].3

3In Ref. [22] it was assumed that the flavor indices of fermionic D=6 operators are proportional to the unit
matrix. Generalizing this to an arbitrary flavor structure, one needs to specify flavor indices of the operators [OH`],
[O0

H`], [O``] and [O0
uu] which are absent in the SILH basis to avoid redundancy. Here, for concreteness, we made a

particular though somewhat arbitrary choice of these indices.
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v2 ēi�µējH† !DµH

[OHq]ij
i
v2 q̄i�µqjH† !DµH

[O0
Hq]ij

i
v2 q̄i�k�µqjH†�k !DµH

[OHu]ij
i
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Table 2: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the
Warsaw basis, except that the operators [OH`]11, [O0

H`]11 are absent by definition. We define
�µ⌫ = i[�µ, �⌫ ]/2. In this table, e, u, d are always right-handed fermions, while ` and q are
left-handed. For complex operators the complex conjugate operator is implicit.

3 E↵ective Lagrangian of mass eigenstates

In Section. 2 we introduced an EFT with the SM supplemented by D=6 operators, using a
manifestly SU(2) ⇥ U(1) invariant notation. At that point, the connection between the new
operators and phenomenology is not obvious. To relate to high-energy collider observables, it is
more transparent to work with the degrees of freedom that are mass eigenstates after electroweak
symmetry breaking (Higgs boson, W , Z, photon, etc.). In the e↵ective Lagrangian written in
terms of the mass eigenstates only the SU(3)c ⇥ U(1)em symmetry is manifest, while the full
SU(2)⇥ U(1) symmetry is implicit, as it is encoded in the relations between di↵erent couplings
in the Lagrangian. In this section we relate the Wilson coe�cients of dimension-6 operators in the
SILH basis to the parameters of the tree-level e↵ective Lagrangian describing the interactions of
the mass eigenstates. The analogous relations can be derived for any other basis; see Appendix A
for the map from the Warsaw basis.

The form of the mass eigenstate Lagrangian obtained directly by inserting the Higgs VEV
and eigenstates into Eq. (2.1) is not convenient for practical applications. However, at this point
one is free to make the following redefinitions of fields and couplings in the Lagrangian:
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v ! v(1 + �v), gs ! gs(1 + �gs), g ! g(1 + �g), g0 ! g0(1 + �g0),

� ! �(1 + ��), h! (1 + �1)h+ �2h
2/v + �3h

3/v2, (3.1)

where the free parameters �i are O(⇤�2) in the EFT expansion. Note that the non-linear trans-
formation of the Higgs boson field does not generate any new interaction terms at O(⇤�2) in
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Table 2: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the
Warsaw basis, except that the operators [OH`]11, [O0

H`]11 are absent by definition. We define
�µ⌫ = i[�µ, �⌫ ]/2. In this table, e, u, d are always right-handed fermions, while ` and q are
left-handed. For complex operators the complex conjugate operator is implicit.

3 E↵ective Lagrangian of mass eigenstates

In Section. 2 we introduced an EFT with the SM supplemented by D=6 operators, using a
manifestly SU(2) ⇥ U(1) invariant notation. At that point, the connection between the new
operators and phenomenology is not obvious. To relate to high-energy collider observables, it is
more transparent to work with the degrees of freedom that are mass eigenstates after electroweak
symmetry breaking (Higgs boson, W , Z, photon, etc.). In the e↵ective Lagrangian written in
terms of the mass eigenstates only the SU(3)c ⇥ U(1)em symmetry is manifest, while the full
SU(2)⇥ U(1) symmetry is implicit, as it is encoded in the relations between di↵erent couplings
in the Lagrangian. In this section we relate the Wilson coe�cients of dimension-6 operators in the
SILH basis to the parameters of the tree-level e↵ective Lagrangian describing the interactions of
the mass eigenstates. The analogous relations can be derived for any other basis; see Appendix A
for the map from the Warsaw basis.

The form of the mass eigenstate Lagrangian obtained directly by inserting the Higgs VEV
and eigenstates into Eq. (2.1) is not convenient for practical applications. However, at this point
one is free to make the following redefinitions of fields and couplings in the Lagrangian:

Ga
µ ! (1 + �G)G

a
µ, W±

µ ! (1 + �W )W±
µ , Zµ ! (1 + �Z)Zµ, Aµ ! (1 + �A)Aµ + �AZZµ,

v ! v(1 + �v), gs ! gs(1 + �gs), g ! g(1 + �g), g0 ! g0(1 + �g0),

� ! �(1 + ��), h! (1 + �1)h+ �2h
2/v + �3h

3/v2, (3.1)

where the free parameters �i are O(⇤�2) in the EFT expansion. Note that the non-linear trans-
formation of the Higgs boson field does not generate any new interaction terms at O(⇤�2) in

4

Except
(substituted in favor of OW, OB)

e.g.  SILH basis  — Giudice et al. [hep-ph/0703164],  see HXSWG YR4 - EFT chapter
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We demand that the dimension-6 operators O(6)
i in Eq. (2.1) form a complete, non-redundant

set - a so-called basis. Complete means that any dimension-6 operator is either a part of the
basis or can be obtained from a combination of operators in the basis using equations of motion,
integration by parts, field redefinitions, and Fierz transformations. Non-redundant means it
is a minimal such set. Any complete basis leads to the same physical predictions concerning
possible new physics e↵ects. Several bases have been proposed in the literature, and they may
be convenient for specific applications. Historically, a complete and non-redundant set of D=6
operators was first identified in Ref. [15], and is usually referred to as the Warsaw basis. This
basis is described in detail in another document [21], and the relevant formulas are summarized
in Appendix A. Below, we work with another basis choice commonly used in the literature: the
so-called SILH basis [22]. Later, in Section. 4, we propose a new basis choice that is particularly
convenient for leading-order LHC Higgs analyses in the EFT framework.
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Table 1: Bosonic D=6 operators in the SILH basis.

The full set of operators in the SILH basis is given in Tables 1, 2, and 3. We use the
normalization and conventions of Ref. [22].3

3In Ref. [22] it was assumed that the flavor indices of fermionic D=6 operators are proportional to the unit
matrix. Generalizing this to an arbitrary flavor structure, one needs to specify flavor indices of the operators [OH`],
[O0

H`], [O``] and [O0
uu] which are absent in the SILH basis to avoid redundancy. Here, for concreteness, we made a

particular though somewhat arbitrary choice of these indices.
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v2 ūi�µujH† !DµH

[OHd]ij
i
v2 d̄i�µdjH† !DµH

[OHud]ij
i
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Table 2: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the
Warsaw basis, except that the operators [OH`]11, [O0

H`]11 are absent by definition. We define
�µ⌫ = i[�µ, �⌫ ]/2. In this table, e, u, d are always right-handed fermions, while ` and q are
left-handed. For complex operators the complex conjugate operator is implicit.

3 E↵ective Lagrangian of mass eigenstates

In Section. 2 we introduced an EFT with the SM supplemented by D=6 operators, using a
manifestly SU(2) ⇥ U(1) invariant notation. At that point, the connection between the new
operators and phenomenology is not obvious. To relate to high-energy collider observables, it is
more transparent to work with the degrees of freedom that are mass eigenstates after electroweak
symmetry breaking (Higgs boson, W , Z, photon, etc.). In the e↵ective Lagrangian written in
terms of the mass eigenstates only the SU(3)c ⇥ U(1)em symmetry is manifest, while the full
SU(2)⇥ U(1) symmetry is implicit, as it is encoded in the relations between di↵erent couplings
in the Lagrangian. In this section we relate the Wilson coe�cients of dimension-6 operators in the
SILH basis to the parameters of the tree-level e↵ective Lagrangian describing the interactions of
the mass eigenstates. The analogous relations can be derived for any other basis; see Appendix A
for the map from the Warsaw basis.

The form of the mass eigenstate Lagrangian obtained directly by inserting the Higgs VEV
and eigenstates into Eq. (2.1) is not convenient for practical applications. However, at this point
one is free to make the following redefinitions of fields and couplings in the Lagrangian:

Ga
µ ! (1 + �G)G

a
µ, W±

µ ! (1 + �W )W±
µ , Zµ ! (1 + �Z)Zµ, Aµ ! (1 + �A)Aµ + �AZZµ,

v ! v(1 + �v), gs ! gs(1 + �gs), g ! g(1 + �g), g0 ! g0(1 + �g0),

� ! �(1 + ��), h! (1 + �1)h+ �2h
2/v + �3h

3/v2, (3.1)

where the free parameters �i are O(⇤�2) in the EFT expansion. Note that the non-linear trans-
formation of the Higgs boson field does not generate any new interaction terms at O(⇤�2) in
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v2 ūi�µujH† !DµH

[OHd]ij
i
v2 d̄i�µdjH† !DµH

[OHud]ij
i
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Table 2: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the
Warsaw basis, except that the operators [OH`]11, [O0

H`]11 are absent by definition. We define
�µ⌫ = i[�µ, �⌫ ]/2. In this table, e, u, d are always right-handed fermions, while ` and q are
left-handed. For complex operators the complex conjugate operator is implicit.

3 E↵ective Lagrangian of mass eigenstates

In Section. 2 we introduced an EFT with the SM supplemented by D=6 operators, using a
manifestly SU(2) ⇥ U(1) invariant notation. At that point, the connection between the new
operators and phenomenology is not obvious. To relate to high-energy collider observables, it is
more transparent to work with the degrees of freedom that are mass eigenstates after electroweak
symmetry breaking (Higgs boson, W , Z, photon, etc.). In the e↵ective Lagrangian written in
terms of the mass eigenstates only the SU(3)c ⇥ U(1)em symmetry is manifest, while the full
SU(2)⇥ U(1) symmetry is implicit, as it is encoded in the relations between di↵erent couplings
in the Lagrangian. In this section we relate the Wilson coe�cients of dimension-6 operators in the
SILH basis to the parameters of the tree-level e↵ective Lagrangian describing the interactions of
the mass eigenstates. The analogous relations can be derived for any other basis; see Appendix A
for the map from the Warsaw basis.

The form of the mass eigenstate Lagrangian obtained directly by inserting the Higgs VEV
and eigenstates into Eq. (2.1) is not convenient for practical applications. However, at this point
one is free to make the following redefinitions of fields and couplings in the Lagrangian:

Ga
µ ! (1 + �G)G

a
µ, W±

µ ! (1 + �W )W±
µ , Zµ ! (1 + �Z)Zµ, Aµ ! (1 + �A)Aµ + �AZZµ,

v ! v(1 + �v), gs ! gs(1 + �gs), g ! g(1 + �g), g0 ! g0(1 + �g0),

� ! �(1 + ��), h! (1 + �1)h+ �2h
2/v + �3h

3/v2, (3.1)

where the free parameters �i are O(⇤�2) in the EFT expansion. Note that the non-linear trans-
formation of the Higgs boson field does not generate any new interaction terms at O(⇤�2) in

4

Except
(substituted in favor of OW, OB)

e.g.  SILH basis  — Giudice et al. [hep-ph/0703164],  see HXSWG YR4 - EFT chapter

ĉi  ~ O(mW2 / Λ2)
Operators normalized so that:

S or TGC are normalized in similar way.
Useful in order to deal with adimensional 
coefficients.
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We demand that the dimension-6 operators O(6)
i in Eq. (2.1) form a complete, non-redundant

set - a so-called basis. Complete means that any dimension-6 operator is either a part of the
basis or can be obtained from a combination of operators in the basis using equations of motion,
integration by parts, field redefinitions, and Fierz transformations. Non-redundant means it
is a minimal such set. Any complete basis leads to the same physical predictions concerning
possible new physics e↵ects. Several bases have been proposed in the literature, and they may
be convenient for specific applications. Historically, a complete and non-redundant set of D=6
operators was first identified in Ref. [15], and is usually referred to as the Warsaw basis. This
basis is described in detail in another document [21], and the relevant formulas are summarized
in Appendix A. Below, we work with another basis choice commonly used in the literature: the
so-called SILH basis [22]. Later, in Section. 4, we propose a new basis choice that is particularly
convenient for leading-order LHC Higgs analyses in the EFT framework.
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Table 1: Bosonic D=6 operators in the SILH basis.

The full set of operators in the SILH basis is given in Tables 1, 2, and 3. We use the
normalization and conventions of Ref. [22].3

3In Ref. [22] it was assumed that the flavor indices of fermionic D=6 operators are proportional to the unit
matrix. Generalizing this to an arbitrary flavor structure, one needs to specify flavor indices of the operators [OH`],
[O0

H`], [O``] and [O0
uu] which are absent in the SILH basis to avoid redundancy. Here, for concreteness, we made a

particular though somewhat arbitrary choice of these indices.

3

Vertex

[OH`]ij
i
v2

¯̀
i�µ`jH† !DµH

[O0
H`]ij

i
v2

¯̀
i�k�µ`jH†�k !DµH

[OHe]ij
i
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Table 2: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the
Warsaw basis, except that the operators [OH`]11, [O0

H`]11 are absent by definition. We define
�µ⌫ = i[�µ, �⌫ ]/2. In this table, e, u, d are always right-handed fermions, while ` and q are
left-handed. For complex operators the complex conjugate operator is implicit.

3 E↵ective Lagrangian of mass eigenstates

In Section. 2 we introduced an EFT with the SM supplemented by D=6 operators, using a
manifestly SU(2) ⇥ U(1) invariant notation. At that point, the connection between the new
operators and phenomenology is not obvious. To relate to high-energy collider observables, it is
more transparent to work with the degrees of freedom that are mass eigenstates after electroweak
symmetry breaking (Higgs boson, W , Z, photon, etc.). In the e↵ective Lagrangian written in
terms of the mass eigenstates only the SU(3)c ⇥ U(1)em symmetry is manifest, while the full
SU(2)⇥ U(1) symmetry is implicit, as it is encoded in the relations between di↵erent couplings
in the Lagrangian. In this section we relate the Wilson coe�cients of dimension-6 operators in the
SILH basis to the parameters of the tree-level e↵ective Lagrangian describing the interactions of
the mass eigenstates. The analogous relations can be derived for any other basis; see Appendix A
for the map from the Warsaw basis.

The form of the mass eigenstate Lagrangian obtained directly by inserting the Higgs VEV
and eigenstates into Eq. (2.1) is not convenient for practical applications. However, at this point
one is free to make the following redefinitions of fields and couplings in the Lagrangian:
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2/v + �3h

3/v2, (3.1)

where the free parameters �i are O(⇤�2) in the EFT expansion. Note that the non-linear trans-
formation of the Higgs boson field does not generate any new interaction terms at O(⇤�2) in
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v2 ēi�µējH† !DµH

[OHq]ij
i
v2 q̄i�µqjH† !DµH

[O0
Hq]ij

i
v2 q̄i�k�µqjH†�k !DµH

[OHu]ij
i
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Table 2: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the
Warsaw basis, except that the operators [OH`]11, [O0

H`]11 are absent by definition. We define
�µ⌫ = i[�µ, �⌫ ]/2. In this table, e, u, d are always right-handed fermions, while ` and q are
left-handed. For complex operators the complex conjugate operator is implicit.

3 E↵ective Lagrangian of mass eigenstates

In Section. 2 we introduced an EFT with the SM supplemented by D=6 operators, using a
manifestly SU(2) ⇥ U(1) invariant notation. At that point, the connection between the new
operators and phenomenology is not obvious. To relate to high-energy collider observables, it is
more transparent to work with the degrees of freedom that are mass eigenstates after electroweak
symmetry breaking (Higgs boson, W , Z, photon, etc.). In the e↵ective Lagrangian written in
terms of the mass eigenstates only the SU(3)c ⇥ U(1)em symmetry is manifest, while the full
SU(2)⇥ U(1) symmetry is implicit, as it is encoded in the relations between di↵erent couplings
in the Lagrangian. In this section we relate the Wilson coe�cients of dimension-6 operators in the
SILH basis to the parameters of the tree-level e↵ective Lagrangian describing the interactions of
the mass eigenstates. The analogous relations can be derived for any other basis; see Appendix A
for the map from the Warsaw basis.

The form of the mass eigenstate Lagrangian obtained directly by inserting the Higgs VEV
and eigenstates into Eq. (2.1) is not convenient for practical applications. However, at this point
one is free to make the following redefinitions of fields and couplings in the Lagrangian:

Ga
µ ! (1 + �G)G

a
µ, W±

µ ! (1 + �W )W±
µ , Zµ ! (1 + �Z)Zµ, Aµ ! (1 + �A)Aµ + �AZZµ,

v ! v(1 + �v), gs ! gs(1 + �gs), g ! g(1 + �g), g0 ! g0(1 + �g0),

� ! �(1 + ��), h! (1 + �1)h+ �2h
2/v + �3h

3/v2, (3.1)

where the free parameters �i are O(⇤�2) in the EFT expansion. Note that the non-linear trans-
formation of the Higgs boson field does not generate any new interaction terms at O(⇤�2) in

4

Except
(substituted in favor of OW, OB)

e.g.  SILH basis  — Giudice et al. [hep-ph/0703164],  see HXSWG YR4 - EFT chapter

ĉi  ~ O(mW2 / Λ2)
Operators normalized so that:

S or TGC are normalized in similar way.
Useful in order to deal with adimensional 
coefficients.

However, never forget:
EFT is based on a high mass scale Λ.

ĉ ≲ 10% Λ ≳ 3 mW ~ 250 GeV
For O(1) couplings
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(6)

i (13)

�g
1,z = �iĉ
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Selection of relevant processes
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production and decay
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f W
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V

Diboson production
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High energy
 f f̅  production
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On-shell Higgs
production and decay
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Low-energy 
measurements
GF and Flavour
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M. González-Alonso /10EFT analyses of  NP

Pseudo-observables in Higgs decays (linear EFT)

Exampl
e:

What’s the room for NP in 
Higgs decays taking into 

account LEP results?

Z

[MGA, Greljo, Isidori & Marzocca, arXiv:1504.xxxx]

8

Higgs decay & 
production

Z couplings  δgZf

The same operator can contribute to different processes.

For example: OHf = i(H† $
DµH)f̄�µf = �1

2

p
g2 + g02Zµ(v + h)2f̄�µf (1)

To eq.(8) I added a (flavour universal) local interaction

F ff 0

1 � �ff 0

m4
Z

(2)

and keep also quadratic terms (the diagonal ones only, just for an example)

�e+e�µ+µ�

�SM
e+e�µ+µ�

= 2ZZ + ZZ (�2.5✏ZeR + 2.9✏ZeL � 2.5✏ZµR + 2.9✏ZµL + 1.5�`L`L � 2.7�`L`R + 1.1�`R`R)+

+ 6.4
�
✏2ZeR + ✏2ZeL + ✏2ZµL

+ ✏2ZµR

�
+ 8.4(�2`L`L + 2�2`L`R + �2`R`R)+

+ all the mixed terms

(3)

See that the interference of the ZZ term with the local interaction, as well as the quadratic

terms in the contact terms and local interactions, are not suppressed by the kinematics.

I think the only way to consistently neglect those is to assume an EFT power counting,

where ZZ � 1, ✏X ⇠ m2
Z/⇤

2
and �X ⇠ m4

Z/⇤
4
, and therefore to neglect the quadratic

terms.

h ! eReLµLµR / yeyµ (4)

O(x) = h(x) ē(x)�µe(x) µ̄(x)�
µµ(x) (5)

e = eL, eR, µ = µL, µR (6)

A =i
2m2
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vF
(ē�↵e)(µ̄��µ)⇥
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µ
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1

Combine different datasets (e.g. LEP-2 + Higgs data)
to derive stronger constraints for the EFT.

h

V

V

G0

V

V

or

Triple Gauge Couplings
δκz,  δg1,z

&

The power of the SMEFT: 
relating different observables
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EFT analysis of EW data
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Figure 1.12: Average over measurements of the hadronic cross-sections (top) and of the muon
forward-backward asymmetry (bottom) by the four experiments, as a function of centre-of-mass
energy. The full line represents the results of model-independent fits to the measurements, as
outlined in Section 1.5. Correcting for QED photonic effects yields the dashed curves, which
define the Z parameters described in the text.

33

from ∆rw implicitly through sin2 θW, as can be seen in Equation 1.26. Here the implicit
correction is of opposite sign, and in fact dominates the direct correction, so that the mt and
mH dependences of sin2 θlept

eff are opposite in sign from the dependences of ∆κse described in
Equation 1.20.

The discussion of radiative corrections given here is leading order only. The actual calcu-
lations used in fits (e.g., Chapters 7 and 8) are performed to higher order, using the programs
TOPAZ0 [30] and ZFITTER [31]. The interested reader is encouraged to consult the authori-
tative discussion in Reference 32.

1.5 The Process e+e− → ff

The differential cross-sections for fermion pair production (see Figure 1.1) around the Z res-
onance can be cast into a Born-type structure using the complex-valued effective coupling
constants given in the previous section. Effects from photon vacuum polarisation are taken
into account by the running electromagnetic coupling constant (Equation 1.30), which also ac-
quires a small imaginary piece. Neglecting initial and final state photon radiation, final state
gluon radiation and fermion masses, the electroweak kernel cross-section for unpolarised beams
can thus be written as the sum of three contributions, from s-channel γ and Z exchange and
from their interference [32],

2s

π

1

N f
c

dσew

dcos θ
(e+e− → ff) =

|α(s)Qf |2 (1 + cos2 θ)
︸ ︷︷ ︸

σγ

−8ℜ
{

α∗(s)Qfχ(s)
[

GVeGVf(1 + cos2 θ) + 2GAeGAfcos θ
]}

︸ ︷︷ ︸

γ–Z interference

+16|χ(s)|2 [(|GVe|2 + |GAe|2)(|GVf |2 + |GAf |2)(1 + cos2 θ)
+8ℜ {GVeGAe

∗}ℜ {GVfGAf
∗} cos θ]

︸ ︷︷ ︸

σZ

(1.34)

with:

χ(s) =
GFm2

Z

8π
√

2

s

s − m2
Z + isΓZ/mZ

, (1.35)

where θ is the scattering angle of the out-going fermion with respect to the direction of the e−.
The colour factor N f

c is one for leptons (f=νe, νµ, ντ , e, µ, τ) and three for quarks (f=d, u, s,
c, b), and χ(s) is the propagator term with a Breit-Wigner denominator with an s-dependent
width.

If the couplings are left free to depart from their SM values, the above expression allows
the resonance properties of the Z to be parametrised in a very model-independent manner.
Essentially the only assumptions imposed by Equation 1.34 are that the Z possesses vector
and axial-vector couplings to fermions, has spin 1, and interferes with the photon. Certain SM
assumptions are nevertheless employed when extracting and interpreting the couplings; these
are discussed in Sections 1.5.4 and 2.5.3.
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3 Pseudo-Observables

There remains to be investigated the systematic errors arising from theory and
possible ambiguities in the definition of the MI fit parameters, the POs.

3.1 Definition of Pseudo-Observables

Independent of the particular realization of the effective couplings they are
complex-valued functions, due to the imaginary parts of the diagrams. In the
past this fact had some relevance only for realistic observables while for pseudo-
observables they were conventionally defined to include only real parts. This
convention has changed lately with the introduction of next-to-leading correc-
tions: imaginary parts, although not next-to-leading in a strict sense, are size-
able two-loop effects. These are enhanced by factors π2 and sometimes also
by a factor Nf , with Nf being the total number of fermions (flavour⊗ colour)
in the SM. Once we include the best of the two-loop terms then imaginary
parts should also come in. The latest versions of TOPAZ0 and ZFITTER therefore
include imaginary parts of the Z-resonance form factors.

The explicit formulae for the Zff vertex are always written starting from a
Born-like form of a pre-factor × fermionic current, where the Born parameters
are promoted to effective, scale-dependent parameters,

ρf
Z
γµ

[(

I(3)
f + i aL

)

γ+ − 2 Qfκf
Z
s2 + i aQ

]

= γµ

(

Gf
V

+ Gf
A

γ5

)

, (6)

where γ+ = 1 + γ5 and aQ,L are the SM imaginary parts. Note that imaginary
parts are always factorized in ZFITTER and added linearly in TOPAZ0.

By definition, the total and partial widths of the Z boson include all cor-
rections, also QED and QCD corrections. The partial decay width is therefore
described by the following expression:

Γf ≡ Γ
(

Z → ff
)

= 4 cf Γ0

(

|Gf
V
|2 Rf

V + |Gf
A
|2 Rf

A

)

+ ∆
EW/QCD

, (7)

where cf = 1 or 3 for leptons or quarks (f = l, q), and the radiator factors

Rf
V and Rf

A describe the final state QED and QCD corrections and take into
account the fermion mass mf .

There is a large body of contributions to the radiator factors in particular for
the decay Z → qq; both TOPAZ0 and ZFITTER implement the results that have
been either derived or, in few cases, confirmed in some more general setting by
the Karlsruhe group, see for instance [15]. The splitting between radiators and
effective couplings follows well defined recipes that can be found and referred to
in [4, 16]. In particular our choice has been that top-mass dependent QCD cor-
rections are to be considered as QCD corrections and included in the radiators
and not in the effective quark couplings.

The last term,

∆
EW/QCD

= Γ(2)
EW/QCD

−
αS

π
Γ(1)

EW
, (8)
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[MGA, Greljo, Isidori & Marzocca, arXiv:1504.xxxx]

accounts for the non-factorizable corrections. The standard partial width, Γ0,
is

Γ0 =
GF M3

Z

24
√

2 π
= 82.945(7) MeV. (9)

The hadronic and leptonic pole cross-sections are defined by

σ0
h = 12π

ΓeΓh

M2
Z
Γ2

Z

σ0
ℓ = 12π

ΓeΓl

M2
Z
Γ2

Z

, (10)

where ΓZ is the total decay width of the Z boson, i.e, the sum of all partial
decay widths. Note that the mass and total width of the Z boson are defined
based on a propagator term χ with an s-dependent width:

χ−1(s) = s − M2
Z

+ isΓZ /MZ . (11)

The effective electroweak mixing angles (effective sinuses) are always defined by

4 |Qf | sin2 θf
eff = 1 −

Re Gf
V

Re Gf
A

= 1 −
gf

V

gf
A

, (12)

where we define
gf

V
= Re Gf

V
, gf

A
= Re Gf

A
. (13)

The forward-backward asymmetry A
FB

is defined via

A
FB

=
σ

F
− σ

B

σ
F

+ σ
B

, σ
T

= σ
F

+ σ
B

, (14)

where σ
F

and σ
B

are the cross sections for forward and backward scattering,
respectively. Before analysing the forward-backward asymmetries we have to
describe the inclusion of imaginary parts. A

FB
is calculated as

A
FB

=
3

4

σ
VA

σ
T

, (15)

where

σ
VA

=
GF M2

Z√
2

√
ρeρf QeQfRe

[

α∗(M2
Z
)Ge

V
Gf

A
χ(s)

]

+
G2

F M4
Z

8 π
ρeρfRe

[

Ge
V

(

Ge
A

)∗
]

Re
[

Gf
V

(

Gf
A

)∗
]

s |χ(s)|2. (16)

In case of quark-pair production, an additional radiator factor multiplies σ
VA

,
see also Eq.(53).

This result is valid in the realization where ρf is a real quantity, i.e., the
imaginary parts are not re-summed in ρf . In this case

Gf
V

= Re
(

Gf
V

)

+ i Im
(

Gf
V

)

= gf
V

+ i Im
(

Gf
V

)

, Gf
A

= I(3)
f + i Im

(

Gf
A

)

. (17)
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Z-pole
Observable Experimental value Ref. SM prediction Definition

ΓZ [GeV] 2.4952± 0.0023 [43] 2.4950
∑

f Γ(Z → f f̄)

σhad [nb] 41.541± 0.037 [43] 41.484 12π
m2

Z

Γ(Z→e+e−)Γ(Z→qq̄)
Γ2
Z

Re 20.804± 0.050 [43] 20.743
∑

q Γ(Z→qq̄)

Γ(Z→e+e−)

Rµ 20.785± 0.033 [43] 20.743
∑

q Γ(Z→qq̄)

Γ(Z→µ+µ−)

Rτ 20.764± 0.045 [43] 20.743
∑

q Γ(Z→qq̄)

Γ(Z→τ+τ−)

A0,e
FB 0.0145± 0.0025 [43] 0.0163 3

4A
2
e

A0,µ
FB 0.0169± 0.0013 [43] 0.0163 3

4AeAµ

A0,τ
FB 0.0188± 0.0017 [43] 0.0163 3

4AeAτ

Rb 0.21629± 0.00066 [43] 0.21578 Γ(Z→bb̄)∑
q Γ(Z→qq̄)

Rc 0.1721± 0.0030 [43] 0.17226 Γ(Z→cc̄)∑
q Γ(Z→qq̄)

AFB
b 0.0992± 0.0016 [43] 0.1032 3

4AeAb

AFB
c 0.0707± 0.0035 [43] 0.0738 3

4AeAc

Ae 0.1516± 0.0021 [43] 0.1472
Γ(Z→e+Le−L )−Γ(Z→e+Re−R)

Γ(Z→e+e−)

Aµ 0.142± 0.015 [43] 0.1472
Γ(Z→µ+

Lµ−

L )−Γ(Z→µ+
Rµ−

R)

Γ(Z→µ+µ−)

Aτ 0.136± 0.015 [43] 0.1472
Γ(Z→τ+L τ−L )−Γ(Z→τ+R τ−R )

Γ(Z→τ+τ−)

Ae 0.1498± 0.0049 [43] 0.1472
Γ(Z→e+Le−L )−Γ(Z→e+Re−R)

Γ(Z→τ+τ−)

Aτ 0.1439± 0.0043 [43] 0.1472
Γ(Z→τ+L τ−L )−Γ(Z→τ+R τ−R )

Γ(Z→τ+τ−)

Ab 0.923± 0.020 [43] 0.935 Γ(Z→bLb̄L)−Γ(Z→bRb̄R)
Γ(Z→bb̄)

Ac 0.670± 0.027 [43] 0.668 Γ(Z→cLc̄L)−Γ(Z→cRc̄R)
Γ(Z→cc̄)

As 0.895± 0.091 [44] 0.935 Γ(Z→sLs̄L)−Γ(Z→sRs̄R)
Γ(Z→ss̄)

Ruc 0.166± 0.009 [41] 0.1724 Γ(Z→uū)+Γ(Z→cc̄)
2
∑

q Γ(Z→qq̄)

Table 1: Z boson pole observables. The experimental errors of the observables between the
double lines are correlated, which is taken into account in the fit. Ae and Aτ are listed twice:
the first number comes from the combination of leptonic polarization and left-right asymmetry
measurements at the SLC collider, while the second from the tau polarization measurements at
LEP-1. We also include the model-independent measurement of on-shell Z boson couplings to light
quarks in D0 [45]. For the theoretical predictions we use the best fit SM values from GFitter [40].
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Bounds on a set of PO

Very strong constraints on
Lepton Flavor Universality and
Zf f̅ vertex corrections
See e.g.  Falkowski et al. 1503.07872

To simplify:
assume Flavor Universality

combinations of vertex operators can be traded for the operators OW and OB. The latter do not
contribute to fermion couplings to W and Z, and they contribute to oblique corrections in the same
way as OWB. Therefore, these two combinations of vertex operators cannot be probed by the pole
observables [12, 33].

We now move to deriving constraints on the dimension-6 Lagrangian from a global fit to the
pole observables. We construct a χ2 function from the observables listed in Table 1. Using Eq. (16),
we compute corrections to the observables in terms of the relevant combinations of the parameters
in the dimension-6 Lagrangian. We take into account the correlations between the observables
given in [27]. Then we minimize the χ2 function with respect to ĉHF and cll. With this procedure,
we obtain the following constraints:

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

ĉ′HL

ĉHL

ĉHE

ĉ′HQ

ĉHQ

ĉHU

ĉHD

ĉll

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

=

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

−1.9± 1.1
1.1± 0.7
0.1± 0.6
−4.7± 1.9
0.2± 2.0
7.0± 6.9
−31.3± 10.3
−4.7± 3.5

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

·10−3, ρ =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

1 −0.49 0.31 0.17 −0.05 −0.03 −0.04 0.89
· 1 0.42 0.08 0.00 0.06 −0.12 −0.76
· · 1 −0.04 −0.09 0.09 −0.32 0.03
· · · 1 −0.39 −0.73 0.59 0.01
· · · · 1 0.43 0.22 −0.04
· · · · · 1 −0.15 −0.01
· · · · · · 1 −0.06
· · · · · · · 1

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

(18)
Using these central values ĉ0, the 1-sigma errors δĉ and the correlation matrix ρ one can reconstruct
the χ2 function for the pole observables as a function of the coefficients of dimension-6 operators:
χ2
pole =

∑

ij(ĉi − ĉ0i )σ
−2
ij (ĉj − ĉ0j ), where σ−2

ij = [δĉiρijδĉj]−1. If only a subset of the operators
is generated in a particular model, the χ2 function can be minimized with a smaller number of
parameters, and new limits valid in this restricted case can be obtained. Thus, Eq. (18) and
Eq. (12) allow one to quickly derive the constraints from the pole observables on any model with
new heavy particles.

Clearly, the combinations of dimension-6 parameters defined in Eq. (12) are tightly constrained
by the pole observables. In particular, the combinations involving leptonic vertex corrections are
constrained at the level O(10−3), while those involving right-handed quark are constrained at the
level of O(10−2−10−3).4 In any basis, the coefficients of dimension-6 operators must either be very
small, or tightly correlated so as to satisfy the constraints ĉHF ≈ 0. Larger new physics corrections
are allowed only on the hyper-surface in the operator space where these constraints are satisfied.
We refer to this hyper-surface as the flat directions of the pole observables.

Eq. (16) shows the possibility to parametrize the effects of the dimension-6 Lagrangian, using
only the modifications of the Z-couplings to fermions. Indeed, it is possible, using field redefinitions
proportional to the equations of motions and by taking appropriate linear combinations of the
dimension-6 operators, to obtain a non-redundant operator basis in which all propagator corrections
vanish, δΠV V = 0, and there are only vertex corrections δgfZ [12] (modifications to theW couplings
are related to the Z couplings by an accidental custodial symmetry at the level of the dimension-6
Lagrangian, δglL,W = δgνL,Z−δgeL,Z , δgqL,Z = δguL,Z−δgdL,Z). Such parametrization is particularly
useful to compare with experiments, and we will further discuss it in Appendix A.3.

4The preference for a non-zero value of ĉHD is driven by the well-known 2.5σ anomaly in the forward-backward
asymmetry of b-quark production at LEP-1.
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~ 10-3   precision

SM contributions, while we ignore the interference of the NP corrections with loop-level SM
contributions. This is the largest source of uncertainty on the central values and standard
deviations of δg and δm that we quote below. From the change of the limits under variation
of the input electromagnetic coupling between the scale mZ/2 and 2mZ we estimate this
uncertainty to be of order 30%.

• All the observables we consider are measured for Z or W bosons close to the mass shell.
Thanks to that, we can ignore the contribution of 4-fermion operators, which is suppressed
by ΓZ/mZ or ΓW/mW [3, 17]. The only exception is the Vtb measurement extracted from
the single t-channel top production at the LHC; in this case, the experimental cuts suppress
possible contributions of 4-fermion operators to this observable.

• We neglect CKM-suppressed corrections. As a result, the pole observables depend only on
the diagonal elements of δg. Furthermore, corrections proportional to δgWq

R do not interfere
with the SM amplitudes; therefore they enter only quadratically and are neglected.

All in all, at the tree level, the pole observables depend linearly on 3×7−1 = 20 diagonal elements
of δgZe

L , δgZe
R , δgW ℓ

L , δgZu
L , δgZu

R , δgZd
L , δgZd

R and on δm (they do not depend on the Z coupling to
right-handed top quarks). All these couplings are simultaneously constrained by the observables
Oi listed in Table 1 and Table 2. Moreover, 4 combinations of the Z off-diagonal couplings are
constrained by the limits listed in Table 3.

To construct a global χ2 function, we write the observables as

Oi,th = ONNLO
i,SM + δ⃗g · O⃗LO

i,BSM (3.2)

The state-of-art SM predictions ONNLO
i,SM are provided in the literature, while the tree-level NP

corrections δ⃗g · O⃗LO
i,BSM linear in δg are computed analytically. Then χ2 function is constructed as

χ2 =
∑

ij

[Oi,exp − Oi,th]σ
−2
ij [Oj,exp − Oj,th] , (3.3)

where σ−2
ij = [δOiρij,expδOj]−1 is calculated from the known experimental errors δOi and their

correlations ρij,exp (whenever quoted).

4 Results

4.1 Generic Scenario

First, from the measurement of the W boson mass we derive the constraint

δm = (2.6± 1.9)× 10−4 . (4.4)

The correlation between this result and the constraints on δg’s is small and will be neglected in
the following.

6

Match the PO to EFT coefficients (e.g. at LO)
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LEP-2  f f̅  data

Z / γ

e+

e- f̅

f e+

e- f̅

f

+

The Z (or γ) is off-shell

This bounds 4-fermion operators

J
H
E
P
0
5
(
2
0
1
4
)
0
1
9

OH = 1
2(∂

µ|H|2)2

OT = 1
2

(
H†

↔
DµH

)2

O6 = λ|H|6

OW = ig

(
H†τa

↔
DµH

)
DνW a

µν

OB = ig′YH

(
H†

↔
DµH

)
∂νBµν

O2W = −1
2(D

µW a
µν)

2

O2B = −1
2(∂

µBµν)2

O2G = −1
2(D

µGA
µν)

2

OBB = g′2|H|2BµνBµν

OWB = gg′H†σaHW a
µνB

µν

OWW = g2|H|2W a
µνW

aµν

OGG = g2s |H|2GA
µνG

Aµν

O3W = 1
3!gϵabcW

a ν
µ W b

νρW
c ρµ

O3G = 1
3!gsfABCGA ν

µ GB
νρG

C ρµ

Table 1. The 14 CP-even operators made of SM bosons. The operators have been grouped in two
different categories corresponding to operators of the form (SM current)× (SM current) (left box)
and operators which are not products of SM currents (right box).

instead to the Higgs self-coupling which however is still not directly measured. For this

reason we did not include this observable in our list and did not compute its RG scaling.

The conventions in table 1 and in the rest of the text are as follows. We define

DρW a
µν = ∂ρW a

µν + gϵabcW b
ρW c

µν , H†
↔
DµH ≡ H†DµH − (DµH)†H, with DµH = ∂µH −

igτaW a
µH − ig′YHBµH. We have taken the hypercharge of the Higgs YH = 1/2 and

τa = σa/2 are the SU(2)L generators in the fundamental representation.

Note that the four precision parameters Ŝ, T̂ , W and Y , generated in our basis by four

bosonic dim-6 operators [22, 26], as we show in section 4.2, are sufficient to describe all pos-

sible dim-6 contributions to the e+e− → f+f− observables at LEP 1 and 2, only in the limit

of universal new physics. To be completely general about possible new physics scenarios

it would be necessary to include two more operators that contribute to the e+e− → f+f−

experiment [12, 18],

OL = (iH†↔DµH)(L̄Lγ
µLL) , O1,2

LL = (L̄1
Lσ

aγµL1
L)(L̄

2
Lσ

aγµL2
L) , (2.1)

where the former affects the SM coupling of the Z boson to the left-handed leptons, and

the latter affects the measurement of GF (recall that the super-indices denote the fermion

family). There are enough measurements to simultaneously constrain all six operators at

the per mille level [27]. The RG contributions of {OL,O1,2
LL} to the other operators have

been already computed and can be found in ref. [12]. We have not studied possible RG-

contributions of the operators of table 1 to {OL,O1,2
LL}, such RG-contributions could be used

to impose some bounds on the weakly constrained operators of table 1, since {OL,O1,2
LL},

are constrained at the permil level [18]. Such an analysis would require computing many

more elements of the full anomalous dimension matrix as well as enlarging the list of ob-

servables under consideration; this analysis would be interesting but beyond the scope of

the present project.

– 4 –

W and Y parameters of 
[Barbieri et al. hep-ph/0405040]

~ 10-3   precision

as well as the bosonic operators

See [Falkowski et al. 1511.07434] for
global fit of leptonic 4-fermion operators
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Universal Scenario
Assuming that New Physics is “universal"  —

1 Introduction and statement of the problem

The physical mechanism underlying Electroweak Symmetry Breaking (EWSB) remains unknown. Its
description in the Standard Model (SM) is not fully satisfactory, with reasons that motivate a modifica-
tion of the SM at energies close to the Fermi scale. Examples of recent theoretical attempts along these
directions include little Higgs models [1] and models in 5D with or without a Higgs [2, 3].

While waiting for the LHC to provide a thorough experimental exploration of the energy scales
relevant to EWSB, we find it useful to reconsider the problem of describing the phenomenology of EWSB
in a rather model independent way. There is one main reason for doing this. In the analysis of some
models, as we are going to see, the traditional use of 3 parameters, S, T and U [4, 5, 6] is determined more
by the limited information provided by the measurements around the Z-pole rather than by a satisfactory
theoretical background. It is therefore important that this information can now be complemented by the
one available from LEP2, which requires a suitable extension of the standard analysis. The comparison
of the models mentioned above with current experimental constraints, where the use of the traditional
parameters may also be a source of conceptual confusion, provides clear examples for the usefulness of
this extension.

As physically motivated and customary, we shall consider “universal” theories, where the deviations
from the SM reside only in the self-energies of the vector bosons. Moreover we want to focus on the
case in which these deviations are associated with new physics at an energy scale sensibly higher than
the LEP2 energy. Then it is useful to split the exact vacuum polarizations as the sum of two pieces.
The first is a local tree level term, while the second is purely due to SM loops (this second term is also
non-analytic due to the presence of light fermions). In an effective Lagrangian approach, the effects of
new physics can then be fully parametrized by the first term, corresponding to the tree level transverse
vacuum polarization amplitudes ΠV (q2) where V = {W+W−,W3W3, BB,W3B}. These amplitudes,
according to our assumptions, can be expanded in q2

ΠV (q2) ≃ ΠV (0) + q2Π′
V (0) +

(q2)2

2!
Π′′

V (0) + · · · . (1)

It is important to realize that the category of “universal” models is broader than often thought. In
particular it includes the possibility that new heavy vector states exist, as long as they are coupled to
the SM fermions via the usual SU(2)L⊗U(1)Y currents. This just means than the only gauge interaction
of the light fermions (apart from QCD) is

Lint = Ψ̄γµ
(
T aW̄ a

µ + Y B̄µ

)
Ψ , (2)

though W̄ a and B̄ do not coincide in general with the “light” vector bosons of the SM. Instead they
are a mixture of the light with new heavy vector bosons. The self-energies we refer to in eq. (1) are
therefore the self-energies of these interpolating fields, as they are defined by the very eq. (2) including
their normalization. This will be further illustrated in section 5.

As we shall explain below, in a wide class of models satisfying some reasonable requirements, it is
necessary and sufficient, for a consistent analysis of the electroweak data, to consider the expansion in
eq. (1) up to O(q4). At this order, given the four self-energies, there is naively a total of 12 coefficients.
Three of them, however, are absorbed in the definition of

1

g2
= Π′

W+W−(0),
1

g′2
= Π′

BB(0), v2 = −2ΠW+W−(0) ≈ (174GeV)2 . (3)

(notice that we find convenient to choose a non canonical normalization of the vector bosons). Further-
more, requiring the masslessness of the photon, coupled to Q = T3 + Y , implies two relations among the

1

D⌫W a
⌫µ = � ig

2
(H†�a

$
DµH)� g

2

 
X

i

Q̄i�µ�
aQi + L̄i�µ�

aLi

!
+O(1/⇤2) (1)

Ja
µ (2)

ig(H†�a
$
DµH)Ja

µ (3)

�g1,z, �� , �z (4)

hVµ(�q)V 0
⌫(q)i / ⇧V V 0(q2) (5)

1

Adimensional form factors operators custodial SU(2)L
g−2Ŝ = Π′

W3B(0) OWB = (H†τaH)W a
µνBµν/gg′ + −

g−2M2
W T̂ = ΠW3W3

(0) − ΠW+W−(0) OH = |H†DµH|2 − −
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Table 1: The first column defines the adimensional form factors. The second column defines the SU(2)L-
invariant universal dimension-6 operators, which contribute to the form-factors on the same row. We
use non canonically normalized fields and Π, see eq. (3). The Ŝ, T̂ , Û are related to the usual S, T,U
parameters [5] as: S = 4s2

WŜ/α ≈ 119 Ŝ, T = T̂ /α ≈ 129 T̂ , U = −4s2
WÛ/α. The last row defines one

additional form-factor in the QCD sector.

zeroth order coefficients ΠV (0). Altogether this leaves 7 undetermined parameters, Ŝ, T̂ , Û , V,X, Y,W ,
defined in Table 1. The notation for the 3 residual coefficients up to order q2 makes clear reference
to the traditional ones, S, T,U [5]: the actual relation is S = 4s2

WŜ/α ≈ 119 Ŝ, T = T̂ /α ≈ 129 T̂ ,
U = −4s2

WÛ/α. As a natural extension of this formalism, Table 1 also includes an additional form
factor in the QCD sector, which is not related to EWSB and which we will henceforth neglect.

As we shall now explain, the subset Ŝ, T̂ , Y,W represents the most general parametrization of new
physics effects in Electroweak Precision Tests (EWPT). Notice that we can group the various form factors
in 3 different classes according to their symmetry properties. The first class is given by T̂ , Û and V as
they have the same custodial and weak isospin breaking quantum numbers. The second class is given
by Ŝ and X, which are custodially symmetric but weak isospin breaking (and odd under the spurionic
symmetry which reverses the sign of Bµ and of the hypercharges of matter fields). Finally W and Y ,
which preserve both custodial and weak isospin, make up the third class. By going to O(q6) and higher
there would arise no new class but only higher derivative terms in each of the above 3 classes. It is
reasonable to expect that coefficients with the same symmetry properties will be related to each other
up to trivial factors associated to the number of derivatives: in a model where the new physics comes
in at a scale Λ we expect Û ∼ (MW /Λ)2T̂ , V ∼ (MW /Λ)4T̂ . Similarly we expect X ∼ (MW /Λ)2Ŝ.
On the other hand, W and Y are the lowest in their class.1 As soon as the gap between MW and Λ
is big enough, it should be reasonable to retain only the lowest derivative term in each class: Ŝ, T̂ ,
W and Y . Neglecting Û , V,X when they are parametrically suppressed also makes sense because the
experimental sensitivity on them is not higher than for the other four. Of course one can imagine fine-
tuned situations where this reasoning fails. On the contrary, although Ŝ, T̂ and W , Y have a different
number of derivatives there is no deep physical reason, in general, to expect T̂ to be bigger than Ŝ and
in turn Ŝ to be bigger than W,Y . Indeed there are several explicit models where these 4 quantities
give comparable effects. Basically we can associate Ŝ and T̂ to new physics in the electroweak breaking
sector (both effects break weak isospin), which is the case of technicolor. On the other hand W and
Y are associated to new structure in the vector channels, like for instance vector compositeness or new
gauge bosons. To conclude, we stress, as is made evident from our discussion, that no additional relevant

1The leading term in their class is truly represented by the SM gauge kinetic coefficients 1/g2 and 1/g′2.
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parameters [5] as: S = 4s2
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by Ŝ and X, which are custodially symmetric but weak isospin breaking (and odd under the spurionic
symmetry which reverses the sign of Bµ and of the hypercharges of matter fields). Finally W and Y ,
which preserve both custodial and weak isospin, make up the third class. By going to O(q6) and higher
there would arise no new class but only higher derivative terms in each of the above 3 classes. It is
reasonable to expect that coefficients with the same symmetry properties will be related to each other
up to trivial factors associated to the number of derivatives: in a model where the new physics comes
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Figure 2: Cartoon of QCD with part of its chiral symmetry gauged by the weak interactions.
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Gµ⌫(q) =
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q2 � g2⇧(q2)/2
(PT )µ⌫ , (PT )µ⌫ ⌘ ⌘µ⌫ � qµq⌫

q2
, (19)

where

i⇧µ⌫(q) = �
Z

d4x e�iq·xh0|T �
J+
µ (x)J�

⌫ (0)
� |0i

⇧µ⌫(q) =

✓
⌘µ⌫ � qµq⌫

q2

◆
⇧(q2) .

(20)

Then, a mass for the W arises if ⇧µ⌫(q2) has a pole at q2 = 0. The pole in fact exists
as a result of the symmetry breaking, due to the exchange of the pion:

h0|J+
µ |⇡�(p)i = i

f⇡p
2
pµ (21)

=) ⇧(q2) =
f 2
⇡

2
.

This implies that the W acquires a mass

mW =
gf⇡
2

' 29 MeV .

Although this number is far from the experimental value, the above discussion shows
that QCD is, at the qualitative level, a good example of electroweak symmetry breaking
sector. This is even more true considering that the unbroken SU(2)V isospin invariance
acts as a custodial symmetry so that ⇢ = 1 at tree level in the QCD vacuum.
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Assumptions:   CP conservation, no vertex corrections, no oblique corrections

In [Hagiwara et al ’87] this description for e+ e- →W+ W- is based on
an on-shell amplitude decomposition in terms of form factors and pseudo-observables.

[Hagiwara et al '87]

We are interested in diboson production at the LHC, which in general is sensitive to

many (linear combinations of) e↵ective operators. They can a↵ect the process through

their modifications of the couplings of gauge bosons to fermions, the gauge boson propa-

gators or the cubic interactions of the gauge bosons. However, once we take into account

LEP1 constraints [1, 2], CP-conserving observables in diboson production are e↵ectively

controlled by 3 combinations of EFT parameters at O(⇤�2) in the SMEFT, which we can

choose to be the 3 anomalous Triple Gauge Couplings (aTGC), {�g
1,z, �� ,�z}, defined as

follows [3, 4]:

L
tgc

= ie
�
W+

µ⌫W
�
µ �W�

µ⌫W
+

µ

�
A⌫ + ie

c✓
s✓

(1 + �g
1,z)

�
W+

µ⌫W
�
µ �W�

µ⌫W
+

µ

�
Z⌫

+ ie(1 + ��)Aµ⌫ W
+

µ W�
⌫ + ie

c✓
s✓

(1 + �z)Zµ⌫ W
+

µ W�
⌫

+ i
�ze

m2

W


W+

µ⌫W
�
⌫⇢A⇢µ +

c✓
s✓

W+

µ⌫W
�
⌫⇢Z⇢µ

�
, (1.2)

where c✓ =
q
1� s2✓ , �z = �g

1,z � s2✓
c2✓
�� . These aTGC can be computed in function of

Wilson coe�cients of D = 6 operators in Eq. (1.1), and they are formally of order

�g
1,z, �� , �z ⇠ c(6)

m2

W

⇤2

, (1.3)

so that in the SM limit all three aTGC vanish. Let us stress that in deriving this matching

one should be careful to redefine fields and input parameters in a way which satisfies the

property that after imposing LEP-1 bounds the aTGC are the only three unconstrained

parameters relevant to diboson production (see e.g. Refs. [1, 5–7]). The dictionary between

the aTGCs and Wilson coe�cients of D = 6 operators in various bases can also be found

in Appendix B (from Ref. [5]).

Any experimental observable (such as di↵erential cross section, number of signal events

in a bin, etc.) obtained from the e↵ective Lagrangian in Eq. (1.1) takes the following form

� = �SM+
X

i

 
c(6)i

⇤2

�(6⇥SM)

i + h.c.

!
+
X

ij

c(6)i c(6)⇤j

⇤4

�(6⇥6)

ij +
X

j

 
c(8)j

⇤4

�(8⇥SM)

j + h.c.

!
+ . . . .

(1.4)

It is important to notice that the D = 6 squared terms are of the same order in the EFT

expansion parameter ⇤ as the (neglected) interference of the D = 8 with the SM.

Precision constraints on aTGCs can be derived from W+W� production in LEP-

2 [8], see e.g. [1, 9] for EFT interpretations. Meanwhile, it has been pointed out that

the LHC Higgs data can also lead to meaningful indirect constraints on the aTGC in the

context of SMEFT [7, 10–14]. Recently, Ref. [15] reported a global fit in the SMEFT to

LEP-2 WW and LHC Higgs signal-strength data, by working consistently at O(⇤�2). In

particular, the analysis considered only D = 6 operator interference with the SM, under

the Minimal Flavor Violation (MFV) assumption, in which case the full set of relevant

linear combinations of D = 6 operator a↵ecting that analysis is limited to ten. The result

– 2 –
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�uū!±0

⇠ g4
SM

s

⇣m2

W

s
+
X

i

�i c
i
LT +

s

m2

W

X

ij

�ij c
i
LT c

j
LT

⌘
,
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(B.4)

where ↵,�, �,’s are numerical O(1) coe�cients (in general depending on s✓) whose exact

values are not relevant for this discussion, and the vectors of Wilson coe�cients are defined

as

cLL = (c̄(3)Hq, c̄
(1)

Hq) ,

cLT = (c̄(3)Hq, c̄
(1)

Hq, c̄HWB, c̄3W ) ,

cTT = (c̄(3)Hq, c̄
(1)

Hq, c̄HWB, c̄
(3)

H`, c̄HD, [c̄``]1221) .

(B.5)

In a similar way we can find how the SILH basis [32] operators a↵ect which helicity am-

plitude by using the map

�g
1z = �g2L + g2Y

g2L � g2Y


g2L � g2Y

g2L
c̄HW + c̄W + c̄

2W +
g2Y
g2L

c̄B +
g2Y
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c̄
2B � 1

2
c̄T

�
,

�� = �c̄HW � c̄HB , �z = �6g2Lc̄3W ,

(B.6)

where we use the notation and normalizations of Ref. [42]. In the SILH basis the helicity

cross sections take the same form as in Eq. (B.4) with c
3W ! g

SM

c
3W and

cLL = (c̄0Hq, c̄Hq, c̄2B, c̄2W , c̄W , c̄B, c̄HB, c̄HW ) ,

cLT = (c̄0Hq, c̄Hq, c̄2B, c̄2W , c̄W , c̄B, c̄HB, c̄HW , c̄
3W ) ,

cTT = (c̄0Hq, c̄Hq, c̄2B, c̄2W , c̄W , c̄B, c̄T ) .

(B.7)
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plitude by using the map

�g
1z = �g2L + g2Y

g2L � g2Y


g2L � g2Y

g2L
c̄HW + c̄W + c̄

2W +
g2Y
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c̄B +
g2Y
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c̄
2B � 1

2
c̄T

�
,

�� = �c̄HW � c̄HB , �z = �6g2Lc̄3W ,

(B.6)

where we use the notation and normalizations of Ref. [42]. In the SILH basis the helicity

cross sections take the same form as in Eq. (B.4) with c
3W ! g

SM

c
3W and

cLL = (c̄0Hq, c̄Hq, c̄2B, c̄2W , c̄W , c̄B, c̄HB, c̄HW ) ,

cLT = (c̄0Hq, c̄Hq, c̄2B, c̄2W , c̄W , c̄B, c̄HB, c̄HW , c̄
3W ) ,

cTT = (c̄0Hq, c̄Hq, c̄2B, c̄2W , c̄W , c̄B, c̄T ) .

(B.7)
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- 3 parameters
- only linear terms O(1/Λ²)

WW production at the LHC, with δgℓW ;eff , δgℓZ;eff replaced by the effective W and Z couplings to
quarks.

Thus, the WW production provides qualitatively new information about higher-dimensional
operators in the effective Lagrangian that cannot be extracted from the pole observables alone.
We now discuss, at the quantitative level, the constraints on dimension-6 operators from the
e−e+ → W+W− production data collected by the LEP-2 experiment. We take into account the
total and differential production cross section at different center-of-mass energies, as reported in
Ref. [31]. In principle, the e−e+ →W+W− process probes 6 combinations of dimension-6 operators:
δĝ1,Z , δκ̂γ, and λZ in Eq. (23), as well as δgℓW ;eff , δgℓZ,L;eff, and δgℓZ,R;eff in Eq. (16). Using the
e−e+ →W+W− data we could constrain these 6 combinations, and then combine these constrains
with the ones obtained from the pole observables. In practice, however, a simpler procedure is
adequate. The constraints from the pole observables imply δgW,ℓ;eff ≈ δgZ,ℓ;eff ! O(10−3), while the
accuracy of the LEP-2 WW measurements is worse, roughly O(10−2). Therefore, for the sake of
fitting the WW data, it is a very good approximation to assume ĉ′HL = ĉHL = ĉHE = ĉll = 0, which
implies δgW,ℓ;eff = δgZ,ℓ;eff = 0. Then one can focus only on the deformations of the SM along the
EFT directions defined by δĝ1,Z , δκ̂γ, and λZ , which are unconstrained by the pole observables.
This simplified procedure is equivalent to fitting the three anomalous TGCs δg1,Z , δκγ , and λZ

in Eq. (10), assuming vanishing oblique and vertex correction. From that 3-dimensional fit, using
Eq. (23), one can read off constraint on the coefficients of dimension-6 operators in any basis.
Results of the fits in some particular bases are given in Appendix A; below, we only give the
results in the language of the anomalous TGCs. Our formalism of effective couplings that are
directly connected to observable quantities addresses the concerns raised in Ref. [34]. As a cross-
check, we also performed a complete fit where the full non-redundant set of operators contributing
to the pole observables and WW production was allowed to vary freely. Numerically, the results
of that fit are very close to the results of the simplified 3-dimensional TGC fit quoted below, thus
validating our procedure.

To perform the fit, we computed the relevant WW cross sections analytically as a function of
δg1,Z , δκγ , and λZ . We also included the constraints on the closely related process of single on-shell
W boson production in association with a forward electron and a neutrino [31]. In this case, the
corrections due to anomalous TGCs are determined numerically using aMC@NLO [35]. For the SM
predictions we take the numbers quoted in [31]. At the linear level in dimension-6 operators, we
find the constraints

δg1,Z = −0.83± 0.34, δκγ = 0.14± 0.05, λZ = 0.86± 0.38, ρ =

⎛

⎝

1 −0.71 −0.997
· 1 0.69
· · 1

⎞

⎠ . (25)

The constraints are weaker than expected given the LEP-2 precision, with O(1) TGCs allowed
by Eq. (25). This is related to the approximately blind direction of the LEP-2 WW data along
λZ ≈ −δg1.Z that was pointed out in Ref. [36].6 Notice that this blind direction appears to be
a complete accident that occurs for the energy range and the observables explored by LEP-2. In
particular, for s≫ (200GeV)2, the linear level differential cross-section is sensitive separately to λZ

and δg1.Z . Furthermore, the blind direction appears only after summing over the polarizations of
e± and W±, whereas including polarization information would remove the blind direction. Single

6Indeed, along the direction δκ± ≡ (λZ ±δg1.Z)/
√
2, one finds that δκ+ = 0.005±0.055 while δκ− = 1.11±0.57.
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In the SM EFT these are given by
3 combinations of Wilson coefficients.
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Higgs data

h

Jf

Jf'

h

Jq

Jq'

h
Jq

V/Jf

f̅, γ, Z, g

f, γ, γ, g
h

As done for Z boson at LEP-1  (but more complex processes)

1 - Unfold soft QED/QCD (and relevant EW) radiation

2 - Extract a set of pseudo-observables from total rates and differential distributions

3 - Match to SM EFT and extract bounds / combine with EW data
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Higgs pseudo-observables

M. González-Alonso /10EFT analyses of  NP

What was done in run 1? Kappa framework

Application to Higgs physics

Virtues: Clean SM limit (k→1), well-def. exp & th, quite general.

Limitations: 

What about NP affecting mainly diff. distr?  
(easy to conceive, e.g. CPV) 

What about hVff terms? (diff. in production & decay)

At Run-1 the PO used were the kappas:
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2.2 Pseudo-observables in h ! ff̄ decays

In analogy to the e↵ective couplings of Z and W bosons to fermions, for each fermion
species we can introduce two real e↵ective couplings (yfS,P ) defined by

A(h ! ff̄) = � ip
2

h
(yfS + iyfP )f̄LfR + (yfS � iyfP )f̄RfL

i
. (5)

The “dressing” of this amplitude with soft QED and QCD radiation is straightforward.
The measurement of �(h ! ff̄) determines the combination |yfS|2+ |yfP |2, while the yfP/yfS
ratio can be determined only if the lepton polarization is experimentally accessible. If CP
is conserved only one of the two e↵ective couplings is allowed: if h is a CP-even state,
then only yfS is allowed.

Within the SM, at the tree-level, one finds

yf,SMS =

p
2mf

vF
, yf,SMP = 0 , (6)

where vF = (
p
2GF )�1/2, and GF is the Fermi constant extracted from the muon decay.

The e↵ective couplings yfS,P provide an explicit breaking of the U(1)fL ⇥ U(1)fR flavor
symmetry, which is not assumed to hold in the case of third generation fermions.

3 Higgs decays mediated by electroweak gauge bosons

In this section we provide a unified decomposition of the Higgs decay amplitudes into four
fermions (h ! 4f), a fermion-anti fermion pair and one hard photon (h ! ff̄�), and two
photons (h ! ��). The h ! 4f amplitudes are particularly interesting since they allow us
to investigate the e↵ective hW+W� and hZZ interaction terms, which cannot be probed
on-shell. However, in order to extract such information in a model-independent way, it is
necessary to take into account also the possible additional contributions to h ! 4f due
to contact terms and the e↵ective couplings of the Higgs to photons.

The purpose of our approach is to characterise, as precisely as possible, the three point
function of the Higgs boson and two fermion currents,

h0|T �
Jµ
f (x), J

⌫
f 0(y), h(0)

 |0i , (7)

where all the states are on-shell. This correlation-function is probed by the experiments
in h ! 4f decays, but also in Higgs associated production (pp ! h + W,Z) and in
Higgs production via vector-boson fusion. Extracting the kinematical structure of Eq. (7)
from data will allow us both to determine the e↵ective coupling of h to all the SM gauge
bosons, and also to investigate possible couplings of h to new massive states. The former
are associated to a well-defined double-pole structure in Eq. (7), while the latter can lead
to local interactions with one or no poles.

7

Start from on-shell correlation function, e.g. h → 4 :
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OHf = i(H† $
DµH)f̄�µf = �1

2

p
g2 + g02Zµ(v + h)2f̄�µf (1)

To eq.(8) I added a (flavour universal) local interaction

F ff 0

1 � �ff 0

m4
Z

(2)

and keep also quadratic terms (the diagonal ones only, just for an example)

�e+e�µ+µ�

�SM
e+e�µ+µ�

= 2ZZ + ZZ (�2.5✏ZeR + 2.9✏ZeL � 2.5✏ZµR + 2.9✏ZµL + 1.5�`L`L � 2.7�`L`R + 1.1�`R`R)+

+ 6.4
�
✏2ZeR + ✏2ZeL + ✏2ZµL

+ ✏2ZµR

�
+ 8.4(�2`L`L + 2�2`L`R + �2`R`R)+

+ all the mixed terms

(3)

See that the interference of the ZZ term with the local interaction, as well as the quadratic

terms in the contact terms and local interactions, are not suppressed by the kinematics.

I think the only way to consistently neglect those is to assume an EFT power counting,

where ZZ � 1, ✏X ⇠ m2
Z/⇤

2
and �X ⇠ m4

Z/⇤
4
, and therefore to neglect the quadratic

terms.
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(ē�↵e)(µ̄��µ)⇥

✓
ZZ

geZg
µ
Z

PZ(q21)PZ(q22)
+

✏Ze

m2
Z

gµZ
PZ(q22)

+
✏Zµ

m2
Z

geZ
PZ(q21)

◆
g↵�+

+

✓
✏ZZ

geZg
µ
Z

PZ(q21)PZ(q22)
+ Z�✏

SM-1L
Z�

✓
eQµgeZ

q22PZ(q21)
+

eQeg
µ
Z

q21PZ(q22)

◆
+ ��✏

SM-1L
��

e2QeQµ

q21q
2
2

◆
⇥ q1 · q2 g↵� � q2↵q1�

m2
Z

+

+

✓
✏CP
ZZ

geZg
µ
Z

PZ(q21)PZ(q22)
+ ✏CP

Z�

✓
eQµgeZ

q22PZ(q21)
+

eQeg
µ
Z

q21PZ(q22)

◆
+ ✏CP

��
e2QeQµ

q21q
2
2

◆
"↵�⇢�q2⇢q1�

m2
Z

�

(8)

1

Lorentz structures decomposition
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Momentum expansion around physical poles PO are the residues
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Fit to Higgs data
Assuming Minimal Flavor Violation:
After imposing EWPT bounds, at dim-6 in the SM EFT, Higgs data 
is affected by 9 independent linear combinations of coefficients.
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4

[Falkowski, Gonzalez-Alonso, Greljo, D.M. 1508.00581]

[Corbett et al. 2013; J. Elias-Miro et al. 2013; Pomarol Riva 2013; Gupta et al 2014; Falkowski 2015]

Let us call these combinations as: ‘Higgs basis’   [LHCHXSWG 2016]
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[Falkowski, Gonzalez-Alonso, Greljo, D.M. 1508.00581]

[Corbett et al. 2013; J. Elias-Miro et al. 2013; Pomarol Riva 2013; Gupta et al 2014; Falkowski 2015]

Let us call these combinations as: ‘Higgs basis’   [LHCHXSWG 2016]

Some aTGC also contribute to Higgs 
processes: VH and VBF production.

h

V

V

G0

V

V

TGC
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LEP II (WW)
Higgs
LEP II + Higgs
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∆g1,z

∆ΚΓ

Writing the bounds in terms of aTGC:

LEP II data alone suffers from a 
flat direction in the TGC fit.

Higgs data (mainly via VH and VBF production) 
is sensitive to a different direction.

+

=

Together they provide strong and robust
constraints on the TGC.

[Falkowski 1505.00046]

The other 8 coefficients have been marginalised.

Global fits

(linear fit ≃ quadratic fit)
Falkowski, Gonzalez-Alonso, Greljo, D.M.

PRL 116, 011801 (2016) [1508.00581]

[Contino et al. 1405.1617]
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The role of LHC WW/WZ data

LEP-2+Higgs

-0.2-0.1 0.0 0.1 0.2 0.3 0.4
-1.0

-0.5

0.0

0.5

δg1,z

δκ
γ

CMS WW (8 TeV, 19.4 fb-1 )

Figure 4: Recast of the CMS analysis of W+W� ! l⌫l⌫ process at
p
s = 8 TeV and

19.4 fb�1 [17]. Bounds on the anomalous triple gauge couplings obtained expressing the

signal strengths in each bin up to quadratic (red-filled) and linear (red-dashed) order in

aTGC, respectively. No cuts on truth mWW are applied.

the dependence of the limits on the EFT cut is small up to mmax

WW ' 1 TeV and becomes

important only for lower cuto↵s. This implies that the bounds on aTGC obtained from

the 8 TeV WW searches without any cuto↵ o↵er approximately valid constraints for new

physics scenarios with mass scales above ⇠ 1 TeV, as long as dim-8 contributions can be

neglected. Interestingly enough, even for a relatively small mmax

WW , the obtained limits are

rather competitive with respect to those from the combined fit to Higgs and LEP2 data [15].

Finally, it is worth mentioning that the aTGC bounds that we obtain without any mWW

cut are in a good agreement with the limits quoted by the experimental collaboration [17]

and by Ref. [23].

In Fig. 4 we compare the sensitivities obtained from recasting the CMS 8 TeV WW

analysis by including (red-filled) or excluding (red-dashed) quadratic terms in dim-6 oper-

ators. We observe that the limits are much weakened when only linear terms are included,

in agreement with the discussion of Sec. 2.1. Therefore, in BSM scenarios where quadratic

dim-6 and linear dim-8 terms are of the same size (following the general EFT counting),

the latter are expected to generate similar changes in the aTGC bounds. This implies

that the aTGC bounds derived by including quadratic dim-6 terms largely overestimate

the constraints for such BSM scenarios. Let us also note that non-included QCD NLO

corrections might change qualitatively the interference terms, since the LO terms happen

to be suppressed [40]. Therefore, the result of the linear fit in Fig. 4 should be taken with

caution, but the main message (large sensitivity to quadratic corrections) is not a↵ected

by this caveat.

This is unlike the limits from Higgs+LEP2 combined dataset [15] where the linearized

fit (shown in blue) leads to similar results as the one including quadratic corrections. In fact,

the observables of this analysis (Higgs signal strengths and e+e� ! W+W� di↵erential

– 12 –

Quadratic

Linear

We are interested in diboson production at the LHC, which in general is sensitive to

many (linear combinations of) e↵ective operators. They can a↵ect the process through

their modifications of the couplings of gauge bosons to fermions, the gauge boson propa-

gators or the cubic interactions of the gauge bosons. However, once we take into account

LEP1 constraints [1, 2], CP-conserving observables in diboson production are e↵ectively

controlled by 3 combinations of EFT parameters at O(⇤�2) in the SMEFT, which we can

choose to be the 3 anomalous Triple Gauge Couplings (aTGC), {�g
1,z, �� ,�z}, defined as

follows [3, 4]:

L
tgc

= ie
�
W+

µ⌫W
�
µ �W�

µ⌫W
+

µ

�
A⌫ + ie

c✓
s✓

(1 + �g
1,z)

�
W+

µ⌫W
�
µ �W�

µ⌫W
+

µ

�
Z⌫

+ ie(1 + ��)Aµ⌫ W
+

µ W�
⌫ + ie

c✓
s✓

(1 + �z)Zµ⌫ W
+

µ W�
⌫

+ i
�ze

m2

W


W+

µ⌫W
�
⌫⇢A⇢µ +

c✓
s✓

W+

µ⌫W
�
⌫⇢Z⇢µ

�
, (1.2)

where c✓ =
q
1� s2✓ , �z = �g

1,z � s2✓
c2✓
�� . These aTGC can be computed in function of

Wilson coe�cients of D = 6 operators in Eq. (1.1), and they are formally of order

�g
1,z, �� , �z ⇠ c(6)

m2

W

⇤2

, (1.3)

so that in the SM limit all three aTGC vanish. Let us stress that in deriving this matching

one should be careful to redefine fields and input parameters in a way which satisfies the

property that after imposing LEP-1 bounds the aTGC are the only three unconstrained

parameters relevant to diboson production (see e.g. Refs. [1, 5–7]). The dictionary between

the aTGCs and Wilson coe�cients of D = 6 operators in various bases can also be found

in Appendix B (from Ref. [5]).

Any experimental observable (such as di↵erential cross section, number of signal events

in a bin, etc.) obtained from the e↵ective Lagrangian in Eq. (1.1) takes the following form

� = �SM+
X

i

 
c(6)i

⇤2

�(6⇥SM)

i + h.c.

!
+
X

ij

c(6)i c(6)⇤j

⇤4

�(6⇥6)

ij +
X

j

 
c(8)j

⇤4

�(8⇥SM)

j + h.c.

!
+ . . . .

(1.4)

It is important to notice that the D = 6 squared terms are of the same order in the EFT

expansion parameter ⇤ as the (neglected) interference of the D = 8 with the SM.

Precision constraints on aTGCs can be derived from W+W� production in LEP-

2 [8], see e.g. [1, 9] for EFT interpretations. Meanwhile, it has been pointed out that

the LHC Higgs data can also lead to meaningful indirect constraints on the aTGC in the

context of SMEFT [7, 10–14]. Recently, Ref. [15] reported a global fit in the SMEFT to

LEP-2 WW and LHC Higgs signal-strength data, by working consistently at O(⇤�2). In

particular, the analysis considered only D = 6 operator interference with the SM, under

the Minimal Flavor Violation (MFV) assumption, in which case the full set of relevant

linear combinations of D = 6 operator a↵ecting that analysis is limited to ten. The result

– 2 –

Due to SM vs. BSM helicity structure and
large E, the (dim-6)2 terms dominate.
Expected large sensitivity to dim-8 terms
in general EFT approach.

The validity of the EFT (aTGC) analysis is not obvious
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Figure 1: We show the dependence of the �(pp ! WW ) (left) and �(pp ! WZ) (middle)

on the anomalous triple gauge couplings, �z (black), �g
1,z (blue), and �� (red). One

parameter is varied at a time while the other two are set to zero. In the left and center

panels the solid (dashed) lines correspond to the cases with mV V (⌘
p
ŝ) < 1 (600 GeV).

In the right panel, instead, only high energy events (mV V > 600 GeV) are shown, using

solid (dotted) lines for pp ! WZ(WW ).

will be rather weakly constrained. We also observe that the WZ channel seems to be more

sensitive than the WW one, at least concerning �z and �g
1,z.

The solid lines, which represent the total cross-sections without any cut, show clearly

that the quadratic terms in Eq. (2.1) are not negligible at all. Taking into account that

the typical experimental precision in this observable is in the few per-cent ballpark, one

can see that the extracted aTGC bounds will be completely dominated by these quadratic

e↵ects. As briefly discussed in the Introduction, this is somewhat expected given the high

energy scales probed by these processes. In the case of �z it is striking to notice that the

interference term is almost vanishing. This can be understood by studying the relevant

SM and BSM helicity amplitudes, and is discussed in Section 2.3.

In order to analyze the e↵ect of removing the events in the high energy tail, the dashed

lines in the left and center panels of Fig. 1 show the weakened sensitivity when the cross

sections are obtained using only the events with
p
ŝ < 600 GeV. Although the e↵ect of

the cut is clearly visible, the quadratic e↵ects still remain very important. We have also

checked that this is still true for a cut as low as 300 GeV. For completeness, in the right

panel we show with solid (dotted) lines the WZ (WW ) cross section for high-energy events

(
p
ŝ > 600 GeV) only. It is clear that in this region the quadratic terms largely dominate

over the linear ones, as expected. The situation is further complicated by the fact that

imposing this type of cut on the real data is by no means easy, as we discuss in the next

section.

2.2 Limiting the physical scale of the process

As already mentioned, the relevant energy scale of diboson production processes is the V V

invariant mass,
p
ŝ (⌘ mV V ). The di↵erential cross section, d�/dmV V , is therefore a very

sensitive probe to new physics e↵ects, and has the potential to disentangle the di↵erent

– 5 –

Falkowski, Gonzalez-Alonso, Greljo, D.M., Son  [1609.06312]

See talk on friday - Florian Goertz and D.M.
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Figure 5: 68% CL region from 8 TeV ATLAS pp ! W±Z searches for di↵erent mWZ

cuts.

Figure 6: 68% CL region from 13 TeV ATLAS pp ! W±Z searches for di↵erent mWZ

cuts.
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Figure 7: Combined 68% CL region from CMSWW (8 TeV) and ATLASWZ (8+13 TeV)

searches for di↵erent mV V cuts.

(strong) aTGC limits are mainly due to large quadratic terms (C(bin)

ab ) in Eq. (3.2), and

thus assume implicitly negligible contributions from linear dim-8 terms.
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Set a cut for the high-mass region**

We fit a selection of 8 TeV (20fb-1) +13 TeV (3.2fb-1)
ATLAS and CMS  WW and WZ data, including quadratic terms.

The role of LHC WW/WZ data
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Perform different fits for different cut values.

Falkowski, Gonzalez-Alonso, Greljo, D.M., Son  [1609.06312]
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TLEP / TeraZ  [TLEP design study group 1308.6176] ≲ 10-4   precision
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aTGC
ILC  [ILC TDR 1306.6352]

~ few×10-4   precisionChapter 4. W and Z Boson Physics

Table 4.3
Accuracies, quoted as 1 ‡ errors, from single parameter fits
for the di�erent triple gauge couplings,

Ô
s = 500 GeV with

L = 500 fb

≠1 and for
Ô

s = 800GeV with L = 1000 fb

≠1.
For both energies, P

e

≠ = 80% and P
e

+ = 60% has been
used.

coupling error ◊10

≠4

Ô
s = 500 GeV

Ô
s = 800 GeV

C,P-conserving, SU(2) ◊ U(1) relations:
�gZ

1

2.8 1.8
�Ÿ“ 3.1 1.9
⁄“ 4.3 2.6

C,P-conserving, no relations:
�gZ

1

15.5 12.6
�Ÿ“ 3.3 1.9
⁄“ 5.9 3.3

�Ÿ
Z

3.2 1.9
⁄

Z

6.7 3.0
not C or P conserving:

gZ
5

16.5 14.4
gZ

4

45.9 18.3
Ÿ̃

Z

39.0 14.3
˜⁄

Z

7.5 3.0

the corresponding C- or P-conserving ones. As one example to illustrate how this works, note that
imaginary parts of o�-diagonal elements of the spin-density matrix are only populated if there are
nonzero CP-violating couplings. It has been shown that there are only negligible correlations between
the di�erent sets of couplings, hence, the fits can be done separately. These single parameter fits are
quite useful to test models beyond the SM, though in principle a multi-variate analysis allows one
to determine all five di�erent C- and P-conserving couplings separately with the data from di�erent
beam polarization settings. Usually, one assumes full electroweak SU(2) ◊ U(1) gauge invariance
among the parameters, which leads to the following relations among the di�erent parameters:

�Ÿ“ = ≠ cot2 ◊W (�ŸZ ≠ gZ
1

)

⁄“ = ⁄Z . (4.13)

Table 4.3 shows the results from [5] for the sensitivity of the WW measurement on the di�erent
anomalous triple gauge couplings, using integrated luminosities of 0.5 ab≠1 for 500 GeV CM energy
and 1 ab≠1 for 800 GeV. This analysis assumed 80% polarization of the electron beam and 60%
polarization for the positron beam. This corresponds to an e�ective polarization Peff = 95%, while
Peff = 89% is more appropriate for the current ILC design; the change has only a minor e�ect on
the final results. For the case of 800 GeV center of mass energy, the parameter fits which exhibit the
largest correlations are illustrated in Fig. 4.5.

Note that these measurements are very precise and do not su�er from any significant systematic
uncertainties, since detector e�ects, backgrounds, and smearing from beamstrahlung are almost
negligible. The beam polarization can be determined in situ using the so-called Blondel scheme [25,26].
Consequently, one can neglect additional systematic uncertainties from beam polarization. If there is
no positron polarization at all, the statistical errors grow by about 50%. However, uncertainties are still
completely under control. The forward peak is exclusively given by neutrino t-channel exchange, which
only couples to left-handed electrons. Then the e�ective polarization Peff can still be determined
from data alone [26].

To match the experimental precision, the theoretical errors need to be smaller than 0.5-1.0%.
This is achieved in the predictions from the dedicated NLO programs RacoonWW and YFSWW3 [12].
In fact, the measurement at the ILC is so precise that it is smaller than the size of SM loop
corrections. The errors are also smaller than some of the BSM loop corrections, for example, those
from supersymmetry, as computed, for example, in [27]. With such precision it is possible to
overconstrain the SM, and also to use the ILC measurements to search for deviations from the SM in
virtual e�ects by new heavy particles. While the sensitivity to the dipole moment-like couplings �⁄“

are of the same order for the LHC and the ILC, estimates for the precision for di�erent colliders for
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no positron polarization at all, the statistical errors grow by about 50%. However, uncertainties are still
completely under control. The forward peak is exclusively given by neutrino t-channel exchange, which
only couples to left-handed electrons. Then the e�ective polarization Peff can still be determined
from data alone [26].

To match the experimental precision, the theoretical errors need to be smaller than 0.5-1.0%.
This is achieved in the predictions from the dedicated NLO programs RacoonWW and YFSWW3 [12].
In fact, the measurement at the ILC is so precise that it is smaller than the size of SM loop
corrections. The errors are also smaller than some of the BSM loop corrections, for example, those
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For both energies, P

e

≠ = 80% and P
e

+ = 60% has been
used.

coupling error ◊10

≠4

Ô
s = 500 GeV

Ô
s = 800 GeV

C,P-conserving, SU(2) ◊ U(1) relations:
�gZ

1

2.8 1.8
�Ÿ“ 3.1 1.9
⁄“ 4.3 2.6

C,P-conserving, no relations:
�gZ

1

15.5 12.6
�Ÿ“ 3.3 1.9
⁄“ 5.9 3.3

�Ÿ
Z

3.2 1.9
⁄

Z

6.7 3.0
not C or P conserving:

gZ
5

16.5 14.4
gZ

4

45.9 18.3
Ÿ̃

Z

39.0 14.3
˜⁄

Z

7.5 3.0

the corresponding C- or P-conserving ones. As one example to illustrate how this works, note that
imaginary parts of o�-diagonal elements of the spin-density matrix are only populated if there are
nonzero CP-violating couplings. It has been shown that there are only negligible correlations between
the di�erent sets of couplings, hence, the fits can be done separately. These single parameter fits are
quite useful to test models beyond the SM, though in principle a multi-variate analysis allows one
to determine all five di�erent C- and P-conserving couplings separately with the data from di�erent
beam polarization settings. Usually, one assumes full electroweak SU(2) ◊ U(1) gauge invariance
among the parameters, which leads to the following relations among the di�erent parameters:

�Ÿ“ = ≠ cot2 ◊W (�ŸZ ≠ gZ
1

)

⁄“ = ⁄Z . (4.13)

Table 4.3 shows the results from [5] for the sensitivity of the WW measurement on the di�erent
anomalous triple gauge couplings, using integrated luminosities of 0.5 ab≠1 for 500 GeV CM energy
and 1 ab≠1 for 800 GeV. This analysis assumed 80% polarization of the electron beam and 60%
polarization for the positron beam. This corresponds to an e�ective polarization Peff = 95%, while
Peff = 89% is more appropriate for the current ILC design; the change has only a minor e�ect on
the final results. For the case of 800 GeV center of mass energy, the parameter fits which exhibit the
largest correlations are illustrated in Fig. 4.5.

Note that these measurements are very precise and do not su�er from any significant systematic
uncertainties, since detector e�ects, backgrounds, and smearing from beamstrahlung are almost
negligible. The beam polarization can be determined in situ using the so-called Blondel scheme [25,26].
Consequently, one can neglect additional systematic uncertainties from beam polarization. If there is
no positron polarization at all, the statistical errors grow by about 50%. However, uncertainties are still
completely under control. The forward peak is exclusively given by neutrino t-channel exchange, which
only couples to left-handed electrons. Then the e�ective polarization Peff can still be determined
from data alone [26].

To match the experimental precision, the theoretical errors need to be smaller than 0.5-1.0%.
This is achieved in the predictions from the dedicated NLO programs RacoonWW and YFSWW3 [12].
In fact, the measurement at the ILC is so precise that it is smaller than the size of SM loop
corrections. The errors are also smaller than some of the BSM loop corrections, for example, those
from supersymmetry, as computed, for example, in [27]. With such precision it is possible to
overconstrain the SM, and also to use the ILC measurements to search for deviations from the SM in
virtual e�ects by new heavy particles. While the sensitivity to the dipole moment-like couplings �⁄“

are of the same order for the LHC and the ILC, estimates for the precision for di�erent colliders for
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Table 4: Expected 95% C.L. constraints on Triple Gauge Couplings in ATLAS for various luminosity/energy scenarios
(Λ =10 TeV). Only one coupling is allowed to vary at the time, while the others are fixed at their SM values. The last col-
umn shows the expectation for a Linear Collider with

√
s=500 GeV and 500 fb−1 [10].

Coupling 14 TeV 14 TeV 28 TeV 28 TeV LC
100 fb−1 1000 fb−1 100 fb−1 1000 fb−1 500 fb−1, 500 GeV

λγ 0.0014 0.0006 0.0008 0.0002 0.0014
λZ 0.0028 0.0018 0.0023 0.009 0.0013

∆κγ 0.034 0.020 0.027 0.013 0.0010
∆κZ 0.040 0.034 0.036 0.013 0.0016
gZ
1 0.0038 0.0024 0.0023 0.0007 0.0050

parameters, which do not exhibit a strong energy dependence and which are optimally constrained by
angular measurements in the clean environment of an e+e− machine.

4.1.3 Quartic gauge boson couplings
Quartic boson couplings (QGC) are an essential component of the EW theory. Similarly to the TGCs,
they are required by gauge invariance and their values are uniquely determined within the SM by the
value of the EW gauge coupling. As in the case of TGC’s, possible deviations from the SM prediction
are parametrised in terms of effective terms in the Lagrangian.

The results presented here are based on the work of Ref. [12], where the following operators
leading to genuine quartic vertices are considered:

L4 = α4 [Tr (VµVν)]
2 , (3)

L5 = α5 [Tr (VµV µ)]2 , (4)
L6 = α6 Tr (VµVν)Tr (TV µ)Tr (TV ν) , (5)
L7 = α7 Tr (VµV µ) [Tr (TV ν)]2 , (6)

L10 =
α10

2
[Tr (TVµ) Tr (TVν)]

2 . (7)

In the unitary gauge, there are new anomalous contributions to the ZZZZ vertex coming from all five
operators, to the W+W−ZZ vertex from all operators except L10, and to the W+W−W+W− vertex
from L4 and L5. A possible way to probe these couplings is via the scattering of gauge bosons in
reactions like pp → qqV V → V V jj [13, 14, 15], with V = W± or Z .

Table 5 shows the limits on the couplings αi (i = 4, 5, 6, 7, 10) expected at the LHC, as a function
of integrated luminosity, compared to current indirect limits from Ref. [16]. Fully leptonic final states
were required and the cuts applied are those of Eq. (1). It can be seen that in few cases the improvement
obtained with the luminosity upgrade goes beyond the simple statistical scaling. This is due to the fact
that almost no events are expected in the ZZ final state at 1034 cm−2s−1. The interplay among the
various channels, and the correlations among different parameters αi, are shown in Figs. 4–6.

In addition to the vector boson scattering processes, an alternative probe of quartic couplings is
given by the production of three gauge bosons via the off-resonance production of a W or Z decaying into
a system of three gauge bosons (V ∗→V V V ). In this case, a different kinematical configuration is probed.
For vector boson scattering, two of the bosons are space-like, with virtualities of the order of MW ; for
triple gauge boson production, one is off-shell but is time-like and with large virtuality. The observation
of anomalies in the two channels would therefore provide complementary information, and would also
be sensitive to different combinations of the QGC parameters. For triple gauge boson production we
updated the studies presented in [9], assuming a total integrated luminosity of 6000 fb−1. Given the
number of events quoted in Table 3, and using just the ZZZ final state, the limit |α4 + α5| < 0.025 was
obtained at 95% C.L. for Λ = 2 TeV. This is to be compared with 0.09 with 100 fb−1.

9

Only 1 parameter varied at a time

EFT-validity under control
(like LEP-2)

Issues with EFT validity

4.2. Vector boson pair production

Figure 4.5
Two-dimensional sen-
sitivity contours at 1‡
and 95 % significance
for several combina-
tions of trilinear gauge
couplings at a c.m. en-
ergy of 800 GeV for
an integrated luminos-
ity of 1 ab≠1, with 80
% electron and 60 %
positron polarization.
For all other variables
the correlations are
small.
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the trilinear coupling �Ÿ“ show that a 500 GeV ILC will supersede the LHC by roughly a factor of 10,
increasing to a factor of 30 for 1 TeV running [5].

Some more details about measurements from the photon-induced channel as well as the precision
measurement of the W boson mass will be described in the following sections.

4.2.2 e+e≠ æ ZZ

This process is not used to do precision measurements at the ILC, since it is not sensitive the the
leading EFT corrections. The measurement of this process mainly serves as a data-driven estimate of
the background to the WW production process. Many algorithms and details about how to separate
the two processes can be found in [28].

4.2.3 ““ æ W +W ≠

Though there is the specific option to construct a high-energy photon-photon collider by means of
Compton backscattering, we do not discuss such measurements here. However, “-induced processes
also occur through photons from initial state radiation and beamstrahlung. These processes give
a severe background for many new-physics searches, as discussed, for example, in [29]. But, on
the other hand, they provide an opportunity to measure the “-induced pair production of W pairs,
which has a large cross section of about 80 pb at 500 GeV. The physics of this process is similar to
the single-W production in W“ fusion, whose cross section is roughly 30 pb at 500 GeV. The pair
production process has been studied with the focus on the determination of possible anomalous gauge
boson couplings, and its NLO corrections have been calculated in the double-pole approximation [30].

Using single W and W pair production from the photon substructure inside the electron beams
adds an event sample of roughly the same order of magnitude to the sample from the e+e≠ direct
production mode. There are no studies on these modes using high luminosity from the point of view
of anomalous coupling measurements. Low luminosity studies of the W modes have focused on the
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Allows interpretation of precision data in a well defined framework

Conclusions
SM Effective Theory

Large number of parameters but large number of observables 
allows to put strong constraints via global fits.

By construction, better suited for low energy experiments,
(Z pole, Higgs decays, e+ e- machine)
less for LHC high-pT processes
(dijet, dilepton, diboson production, etc..)

Progress in exploring NP by increasing luminosity is very slow.
Unlikely to discover NP via precision measurements,
rather a crucial path for understanding the structure of NP.



Thank you!
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Input parameters
The EW sector of the SM depends on 3 parameters:  g,  g’,  v

Extracted from inputs, usually: Gµ,  MZ,  α(0)

Effective operators also contribute to these inputs:
redefine SM parameters (and fields) to reabsorb this unphysical shift.

Express SM predictions (and EFT dependence) in terms of physical inputs.

e.g.
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PRL 116, 011801 (2016) [1508.00581]

Global fits

We performed a global fit of Higgs (8TeV) + LEP-2 (WW) 
using these 10 parameters (assuming MFV).

6

observables at the tree level. They are constrained as:
0

BBBBBBBBBBBBB@

cH = 0.11± 0.15
cT = 0.034± 0.021

cWB = 0.34± 0.20
cWW = 0.69± 0.43
cBB = 0.69± 0.42
cGG = �0.0052± 0.0027
ĉu = 0.65± 0.32
ĉd = �0.16± 0.23
ĉe = �0.03± 0.13

c3W = 0.63± 0.29

1

CCCCCCCCCCCCCA

, (A.5)

with the correlation matrix:

⇢ =

0

BBBBBBBBBBBB@

1 .51 .38 0.43 .34 �.11 .37 �.62 �.01 .16
· 1 .97 .94 .96 .00 .22 �.13 �.17 .79
· · 1 .97 .97 .03 .16 .01 �.16 .88
· · · 1 .89 .03 .18 �.01 �.16 .87
· · · · 1 .03 .14 .01 �.15 .84
· · · · · 1 �.87 .31 .11 .07
· · · · · · 1 �.19 .03 .07
· · · · · · · 1 .37 .18
· · · · · · · · 1 �.11
· · · · · · · · · 1

1

CCCCCCCCCCCCA

.

(A.6)

Translation to SILH’ basis

We move to a variant of the SILH basis [49] defined in
Ref. [3] and often referred to as SILH’. Again, for nor-
malization of operators and their Wilson coe�cients we
use Ref. [13], we assume MFV, and we rescale the Wilson

coe�cients of the Yukawa operators as sf !
p
2mf

v ŝf . In
this basis, the relations due to LEP-1 electroweak preci-
sion observables are simpler: sT = s`` = sHf = s0Hf = 0,
and sW + sB = 0. This implies that, after including also
LEP-1 data in a global analysis, the correlation matrix
becomes block-diagonal to a very good accuracy. The
remaining 10 parameters a↵ecting Higgs and WW ob-
servables are constrained as:

0

BBBBBBBBBBBBB@

sH = 0.02± 0.17
1
2 (sW � sB) = 0.37± 0.30

sHW = �0.69± 0.43
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sBB = 0.094± 0.015
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with the correlation matrix:
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BBBBBBBBBBBB@

1 .49 �.05 0.03 .76 �.15 .41 �.63 .19 �.22
· 1 �.85 .73 .65 �.06 .25 �.42 �.27 .59
· · 1 .89 �.38 �.03 �.07 .18 .39 �.87
· · · 1 �.28 �.04 �.03 .11 .36 �.85
· · · · 1 �.12 .33 �.68 �.14 .13
· · · · · 1 �.88 .30 .06 .07
· · · · · · 1 �.22 .10 �.06
· · · · · · · 1 .30 .01
· · · · · · · · 1 �.38
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Translation to HISZ basis

Finally, we translate our results into the language of
the HISZ operator set [2], following the conventions of
Ref. [50] with ⇤ = v. We obtain

0
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fH,2 = 0.03± 0.34
fW = 0.64± 0.46
fB = 2.11± 1.33

fWW = �0.37± 0.30
fBB = 0.36± 0.29
fGG = 0.41± 0.21
fu = �0.83± 0.46
fd = 0.32± 0.31
fe = 0.14± 0.20

f3W = �2.53± 1.14
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h ! 4` pseudo-observables

Here we report the bounds on the Higgs pseudo-
observables relevant to h ! 4` decays, obtained via a
tree-level matching with the D=6 operators in the Higgs
basis [31]. At this level, only five pseudo-observables are
independent and the constraints we find are:

0
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ZZ = 0.85 ± 0.17
✏Z`L

= �0.0001 ± 0.0078
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Appendix B: Single Z and W Drell-Yan production

Using Madgraph5 aMC@NLO [51] we compute the
leading order (LO) contribution of the D=6 operators
in the Higgs basis to the Z- and W -boson Drell-Yan pro-
duction cross-section at 8 TeV in the flavor-general EFT
finding:

�LO(pp ! Z)

�SM,LO(pp ! Z)
= 1 + 2.20 �gZu

L � 1.01 �gZu
R

� 1.89 �gZd
L + 0.34 �gZd

R ,

�LO(pp ! W )

�SM,LO(pp ! W )
= 1 + 1.73 (�gZu

L � �gZd
L ) ,

(B.1)

where �SM,LO(pp ! Z) ⇡ 23.9 nb and �SM,LO(pp !
W ) ⇡ 84.5 nb. From Ref. [25], we get the experimental

Pomarol, Riva [1308.2803]
Shown here in SILH’ basis (others in the paper)

We impose exact EWPO bounds:
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where �SM,LO(pp ! Z) ⇡ 23.9 nb and �SM,LO(pp !
W ) ⇡ 84.5 nb. From Ref. [25], we get the experimental

6

observables at the tree level. They are constrained as:
0

BBBBBBBBBBBBB@

cH = 0.11± 0.15
cT = 0.034± 0.021

cWB = 0.34± 0.20
cWW = 0.69± 0.43
cBB = 0.69± 0.42
cGG = �0.0052± 0.0027
ĉu = 0.65± 0.32
ĉd = �0.16± 0.23
ĉe = �0.03± 0.13

c3W = 0.63± 0.29

1

CCCCCCCCCCCCCA

, (A.5)

with the correlation matrix:

⇢ =

0

BBBBBBBBBBBB@

1 .51 .38 0.43 .34 �.11 .37 �.62 �.01 .16
· 1 .97 .94 .96 .00 .22 �.13 �.17 .79
· · 1 .97 .97 .03 .16 .01 �.16 .88
· · · 1 .89 .03 .18 �.01 �.16 .87
· · · · 1 .03 .14 .01 �.15 .84
· · · · · 1 �.87 .31 .11 .07
· · · · · · 1 �.19 .03 .07
· · · · · · · 1 .37 .18
· · · · · · · · 1 �.11
· · · · · · · · · 1

1

CCCCCCCCCCCCA

.

(A.6)

Translation to SILH’ basis

We move to a variant of the SILH basis [49] defined in
Ref. [3] and often referred to as SILH’. Again, for nor-
malization of operators and their Wilson coe�cients we
use Ref. [13], we assume MFV, and we rescale the Wilson

coe�cients of the Yukawa operators as sf !
p
2mf

v ŝf . In
this basis, the relations due to LEP-1 electroweak preci-
sion observables are simpler: sT = s`` = sHf = s0Hf = 0,
and sW + sB = 0. This implies that, after including also
LEP-1 data in a global analysis, the correlation matrix
becomes block-diagonal to a very good accuracy. The
remaining 10 parameters a↵ecting Higgs and WW ob-
servables are constrained as:

0

BBBBBBBBBBBBB@

sH = 0.02± 0.17
1
2 (sW � sB) = 0.37± 0.30

sHW = �0.69± 0.43
sHB = �0.68± 0.42
sBB = 0.094± 0.015
sGG = �0.0052± 0.0027
ŝu = 0.59± 0.33
ŝd = �0.23± 0.22
ŝe = �0.10± 0.15

s3W = 0.63± 0.29

1

CCCCCCCCCCCCCA

, (A.7)

with the correlation matrix:

⇢ =

0

BBBBBBBBBBBB@

1 .49 �.05 0.03 .76 �.15 .41 �.63 .19 �.22
· 1 �.85 .73 .65 �.06 .25 �.42 �.27 .59
· · 1 .89 �.38 �.03 �.07 .18 .39 �.87
· · · 1 �.28 �.04 �.03 .11 .36 �.85
· · · · 1 �.12 .33 �.68 �.14 .13
· · · · · 1 �.88 .30 .06 .07
· · · · · · 1 �.22 .10 �.06
· · · · · · · 1 .30 .01
· · · · · · · · 1 �.38
· · · · · · · · · 1

1

CCCCCCCCCCCCA

.

(A.8)

Translation to HISZ basis

Finally, we translate our results into the language of
the HISZ operator set [2], following the conventions of
Ref. [50] with ⇤ = v. We obtain

0

BBBBBBBBBBBBB@

fH,2 = 0.03± 0.34
fW = 0.64± 0.46
fB = 2.11± 1.33

fWW = �0.37± 0.30
fBB = 0.36± 0.29
fGG = 0.41± 0.21
fu = �0.83± 0.46
fd = 0.32± 0.31
fe = 0.14± 0.20

f3W = �2.53± 1.14

1

CCCCCCCCCCCCCA

, (A.9)

with the correlation matrix:

⇢ =

0

BBBBBBBBBBBB@

1 �.53 .20 �.49 .47 .15 �.41 .63 �.19 .22
· 1 .56 �.29 .31 �.13 .20 �.22 �.38 �.85
· · 1 �.91 .91 .00 �.13 .26 .35 �.79
· · · 1 �.999 �.06 .25 �.42 �.27 .59
· · · · 1 .06 �.24 .40 .27 �.06
· · · · · 1 �.88 .30 .06 .07
· · · · · · 1 �.22 .10 �.06
· · · · · · · 1 .30 .01
· · · · · · · · 1 �.38
· · · · · · · · · 1

1

CCCCCCCCCCCCA

.

(A.10)

h ! 4` pseudo-observables

Here we report the bounds on the Higgs pseudo-
observables relevant to h ! 4` decays, obtained via a
tree-level matching with the D=6 operators in the Higgs
basis [31]. At this level, only five pseudo-observables are
independent and the constraints we find are:

0

BBB@

ZZ = 0.85 ± 0.17
✏Z`L

= �0.0001 ± 0.0078
✏Z`R

= �0.025 ± 0.015
Z� = 0.96 ± 1.6
�� = 0.88 ± 0.19

1

CCCA
, ⇢ =

0

BBB@

1 .72 .60 .19 .83
· 1 .35 �.16 .62
· · 1 .02 .47
· · · 1 .20
· · · · 1

1

CCCA
.

(A.11)

Appendix B: Single Z and W Drell-Yan production

Using Madgraph5 aMC@NLO [51] we compute the
leading order (LO) contribution of the D=6 operators
in the Higgs basis to the Z- and W -boson Drell-Yan pro-
duction cross-section at 8 TeV in the flavor-general EFT
finding:

�LO(pp ! Z)

�SM,LO(pp ! Z)
= 1 + 2.20 �gZu

L � 1.01 �gZu
R

� 1.89 �gZd
L + 0.34 �gZd

R ,

�LO(pp ! W )

�SM,LO(pp ! W )
= 1 + 1.73 (�gZu

L � �gZd
L ) ,

(B.1)

where �SM,LO(pp ! Z) ⇡ 23.9 nb and �SM,LO(pp !
W ) ⇡ 84.5 nb. From Ref. [25], we get the experimental

(full correlation matrix in the paper)


