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Ŝ = ↵iĉ
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The SM Effective Field Theory

(Higgs is a SU(2)L doublet)

Leading deformations of the SM

+ L and B conservation
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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:
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1

particle content  +  symmetries
as in the SM

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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A step-by-step approach
i.e. how to successfully make sense of 2499 parameters

Any given on-shell process receives contributions 
from a limited number of operators  # ≲  O(10).

Hierarchy of precision. 
Some observables are much more precise than others. 
Impose these bounds before going on to less precise ones.
e.g. Corbett et al. [1211.4580], Pomarol and Riva [1308.2803], ecc..

Note: This process, when correctly done, is basis-independent.

Impose precise LEP-1 constraints 
BEFORE doing Higgs or diboson physics.



5

Why a combination?

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]

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)
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+ ✏2ZµR
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+ 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
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2
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4
, and therefore to neglect the quadratic
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Combine Z-pole, WW, and WZ data with Higgs data
to derive stronger constraints for the EFT.
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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 –

(also aQGC)
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After imposing Z(W)-pole limits, 3 unconstrained combinations
of SMEFT coefficients contribute to the diboson processes:

form,
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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
g2L

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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where we use the original operator normalization of Ref. [5] (and [7, 8]). See also Ref. [7]

for the relation between the vertex correction �gV q and the Wilson coe�cients. Plugging

in these formulas in the helicity amplitudes above, the helicity cross sections schematically

take the form,
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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
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In a similar way we can find how the SILH basis [6] operators a↵ect which helicity ampli-

tude by using the map [7, 8]
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(B.6)

where we use the notation and normalizations of Ref. [49]. 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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Warsaw 
basis:

SILH
basis:

aTGC in the SMEFT5
Channel µATLAS µCMS Production Ref.

�� 1.17+0.28
�0.26 1.12+0.25

�0.22 cats. [32, 33]

Z� 2.7+4.6
�4.5 �0.2+4.9

�4.9 total [34, 35]

ZZ⇤ 1.46+0.40
�0.34 1.00+0.29

�0.29 2D [36, 37]

WW ⇤ 1.18+0.24
�0.21 0.83+0.21

�0.21 2D [37, 38]

2.1+1.9
�1.6 - Wh [39]

5.1+4.3
�3.1 - Zh [39]

- 0.80+1.09
�0.93 Vh [37]

⌧⌧ 1.44+0.42
�0.37 0.91+0.28

�0.28 2D [37, 40]

- 0.87+1.00
�0.88 Vh [37]

bb 1.11+0.65
�0.61 - Wh [41]

0.05+0.52
�0.49 - Zh [41]

- 0.89+0.47
�0.44 Vh [37]

- 2.8+1.6
�1.4 VBF [42]

1.5+1.1
�1.1 1.2+1.6

�1.5 tth [43, 44]

µµ �0.7+3.7
�3.7 0.8+3.5

�3.4 total [34, 45]

multi-` 2.1+1.4
�1.2 3.8+1.4

�1.4 tth [46, 47]

TABLE I. The LHC Higgs results used in the fit. 2D
stands for the likelihood functions in the plane µggh+tth-
µVBF+Vh, whereas in the diphoton channel (cats.) we use the
five-dimensional likelihood function in the space spanned by
(µggh, µtth, µVBF, µWh, µZh). Notice that in these two cases
µ is quoted for illustration only, since more information is
included in the analysis. Correlations among di↵erent pro-
duction classes in this table are ignored. See Ref. [14] for a
more detailed discussion of our Higgs dataset.

Appendix A: Fit results

In the SM extended by D=6 operators, assuming
MFV, there are 9 combinations of Wilson coe�cients
that a↵ect the Higgs signal strength measured at the
LHC and are weakly constrained by electroweak preci-
sion tests. Furthermore, to describe electroweak gauge
bosons pair production, one more independent combina-
tion is needed. In the Higgs basis [13] these 10 param-
eters are listed in eq. (2). Their relation to the interac-
tion terms in the e↵ective Lagrangian can be found in
Ref. [13]. We constrain these parameters using the avail-
able LHC Higgs data and WW data, as described above
Eq. (3). In the Gaussian approximation near the best fit
point we find the following constraints:
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CCCCCCCCCCCCCA

=
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�0.02± 0.17
0.69± 0.42
�0.32± 0.19
0.009± 0.015
0.002± 0.098

�0.0052± 0.0027
0.57± 0.30
�0.24± 0.35
�0.12± 0.20
�0.162± 0.073
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, (A.1)

where the uncertainties correspond to 1�. The correla-
tion matrix is given by
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BBBBBBBBBBBB@

1 �.04 �.21 �.76 �.15 .15 .12 .88 .71 �.22
· 1 �.96 .37 .19 .03 .04 �.12 �.31 �.88
· · 1 �.17 �.10 �.07 �.06 �.10 .12 .93
· · · 1 .20 �.12 �.07 �.79 �.74 �.13
· · · · 1 �.01 �.01 �.15 �.18 �.10
· · · · · 1 �.87 .26 .17 �.07
· · · · · · 1 .13 .11 �.06
· · · · · · · 1 .81 �.11
· · · · · · · · 1 .09
· · · · · · · · · 1

1

CCCCCCCCCCCCA

.

(A.2)

To translate these results into constraints on aTGCs in
Eq. (3), one needs the relation between �� and �g1,z and
the Higgs basis parameters of Eq. (2) [13]:

�g1,z =
1

2(g2 � g02)

⇥�g2(g2 + g02)cz⇤ � g02(g2 + g02)czz+

+ e2g02c�� + g02(g2 � g02)cz�
⇤
,

�� = �g2

2

✓
c��

e2

g2 + g02
+ cz�

g2 � g02

g2 + g02
� czz

◆
. (A.3)

In the rest of the appendix we translate the results in
Eq. (A.1) to di↵erent bases of D=6 operators used in
the literature: the so-called Warsaw, SILH’, and HISZ
basis. In each case, we assume the Wilson coe�cients
respect MFV, and we restrict to the 10-dimensional sub-
space of the Wilson coe�cients that a↵ects Higgs and
WW observables, but in which the LEP-1 Z-pole observ-
ables, constrained at the permil level, are not a↵ected.
The relation map between the parameters in Eq. (2) and
the Wilson coe�cients in these bases can be found in
Ref. [13], while the directions in the parameter space af-
fecting electroweak precision observables are character-
ized in Ref. [16].

Translation to Warsaw basis

We consider the Warsaw basis of Ref. [48], up to small
modifications defined in Ref. [13]. As before, we assume
the Wilson coe�cients of D=6 operators respect MFV.
We use the normalization and notation of Ref. [13], ex-
cept that we rescale the Wilson coe�cients of the Yukawa

operators as cf !
p
2mf

v ĉf . LEP-1 electroweak precision
observables are not a↵ected if

c0H` = c0Hq = �g2cWB + g2

g02 cT ,

cH` =
1
2cHe = �3cHq = � 3

4cHu = 3
2cHd = cT .(A.4)

We impose these constraints in our fit. Out of the remain-
ing Wilson coe�cients, only 10 a↵ect Higgs and WW

Higgs
basis:
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Operator Coe�cient
LHC Constraints

Individual Marginalized

OW = ig
2

⇣
H†�a

$
DµH

⌘
D⌫W a

µ⌫ m2
W

⇤

2 (cW � cB) (�0.022, 0.004) (�0.035, 0.005)
OB = ig0

2

⇣
H† $

DµH
⌘
@⌫Bµ⌫

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫

m2
W

⇤

2 cHW (�0.042, 0.008) (�0.035, 0.015)

OHB = ig0(DµH)†(D⌫H)Bµ⌫
m2

W
⇤

2 cHB (�0.053, 0.044) (�0.045, 0.075)

O
3W = 1

3!

g✏abcW
a ⌫
µ W b

⌫⇢W
c ⇢µ m2

W
⇤

2 c
3W (�0.083, 0.045) (�0.083, 0.045)

Og = g2s |H|2GA
µ⌫G

Aµ⌫ m2
W

⇤

2 cg (0, 3.0) ⇥ 10�5 (�3.2, 1.1) ⇥ 10�4

O� = g02|H|2Bµ⌫B
µ⌫ m2

W
⇤

2 c� (�4.0, 2.3) ⇥ 10�4 (�11, 2.2) ⇥ 10�4

OH = 1

2

(@µ|H|2)2 v2

⇤

2 cH (�,�) (�,�)

Of = yf |H|2F̄LH
(c)fR + h.c. v2

⇤

2 cf (�,�) (�,�)

Table 2: List of operators in our basis entering in LHC Higgs (including D0 associated
production) and TGC physics, together with 95% CL bounds when individual coe�cients
are switched on one at a time, and marginalized in a simultaneous fit.

3.1 TGC Constraints on Dimension-6 Operator Coe�cients

The operators a↵ecting Higgs physics and TGCs in the basis we adopt are listed in Table 2,
with the Lagrangian given by

L
dim-6

� c̄W
m2

W

OW +
c̄B
m2

W

OB +
c̄HW

m2

W

OHW +
c̄HB

m2

W

OHB +
c̄�

m2

W

O� +
c̄g

m2

W

Og

+
c̄
3W

m2

W

O
3W +

X

f=t,b,⌧

c̄f
v2

Of +
c̄H
v2

OH +
c̄
6

v2
O

6

.

The constraint at the per-mille level on the combination c̄W +c̄B obtained in the previous Section
allows us to set c̄B = �c̄W (or equivalently to constrain the direction c̄W � c̄B). Ignoring the
unconstrained operator O

6

that a↵ects the Higgs self-couplings and (for simplicity) setting
c̄b = c̄⌧ ⌘ c̄d then reduces the number of independent coe�cients to nine. The coe�cients
c̄W , c̄HW , c̄HB and c̄

3W a↵ect TGCs, with c̄
3W being limited only by TGC measurements, since

it does not a↵ect Higgs physics.
We calculate the TGCs in the presence of dimension-6 operators using the FeynRules im-

plementation of [34] in MadGraph v2.1.2 [35], interfaced with Pythia [36] and Delphes [37]. In
the case of ATLAS, we implement the analysis given in [20]. This requires events that pass the
selection cuts to have exactly 2 opposite-sign leptons with no jets, pT > 25(20) GeV for leading
(sub-leading) leptons, mll > 15(10) GeV and Emiss

T > 45(15) GeV for same-flavour (di↵erent-
flavour) lepton pairs, as well as |mll � mZ | > 15 GeV for the same-flavour case. Similarly,
following [19], for the CMS cuts we require 2 opposite-sign leptons with pT > 20 GeV, total
lepton pT > 45 GeV and 75 GeV < mll < 105 GeV, Emiss

T > 37(20) GeV and mll > 20(12) GeV
for same-flavour (opposite-flavour) pairs, and no jets with |⌘| < 5, ET > 30 GeV.

7See also [30] for a recent discussion on the use of TGC observables as reported by LEP for constraining
dimension-6 operators in di↵erent bases.
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Pomarol, Riva 1308.2803 
Ellis, Sanz, You 1410.7703 
Falkowski et al.1508.00581 
Tilman et al. 1604.03105 
…

f=u,d,e

2

We derive constraints on the aTGCs from the com-
bined LHC Higgs data and LEP-2 WW data sets. In
our analysis, all D=6 operators a↵ecting Higgs couplings
to matter and gauge boson self-couplings are allowed to
be simultaneously present with arbitrary coe�cients, as-
suming minimal flavor violation (MFV) [12]. In the Higgs
basis [13] these parameters are [14]:

�cz, czz, cz⇤, c�� , cz� , cgg, �yu, �yd, �ye, �z. (2)

Note that the dependence of the EFT cuto↵ ⇤ is in-
cluded in the operator coe�cients. The relation of these
parameters to the interaction terms in the e↵ective La-
grangian, as well as the relation to the aTGCs, can be
found in Ref. [13]. Furthermore, we only take into ac-
count linear corrections in the Wilson coe�cients, thus
working consistently at the O(⇤�2) in the EFT expan-
sion. Note that, since di↵erent bases of D = 6 operators
in the literature di↵er by O(⇤�4) terms corresponding
to D > 6 operators, only results obtained consistently at
O(⇤�2) are basis-independent [15]. For the WW data, we
use the measured total and di↵erential e+e� ! W+W�

cross sections di↵erent center-of-mass energies listed in
Ref. [5]. These cross sections depend on a number of
EFT parameters in addition to the aTGCs, in particular
on the ones inducing corrections to Z and W propagators
and couplings to electrons. However, given the model-
independent electroweak precision constraints [16], these
measurements can e↵ectively constrain 3 linear combina-
tions of Wilson coe�cients of D=6 operators that corre-
spond to the aTGCs [7]. We use this dependence to con-
struct the 3D likelihood function �2

WW (�g1,z, �� , �z).
For the LHC Higgs data, we use the signal strength ob-
servables, that is, the ratio between the measured Higgs
yield and its SM prediction µ ⌘ (� ⇥ BR)/(� ⇥ BR)SM,
listed in Table I, separated according to the final state
and the production mode. The e↵ect of D=6 opera-
tors on µ was calculated for each channel and produc-
tion mode in Ref. [14] and independently cross-checked
here. After imposing electroweak precision constraints,
9 linear combinations of D=6 operators can a↵ect µ in
an observable way [3, 17]. The crucial point is that 2 of
these combinations correspond to the aTGCs �g1,z, �� .
Therefore, the likelihood function constructed from LHC
Higgs data, �2

h(�g1,z, �� , . . . ), may lead to additional
constraints on aTGCs. Indeed, combining the likelihoods
�2
comb. = �2

h + �2
WW we obtain strong constraints on the

aTGCs at the level of O(0.1). Namely, we obtain the
likelihood for the three variables only: �g1,z, �� and �z,
after minimizing at each point the combined likelihood
with respect to the remaining seven Wilson coe�cients.
We find the following central values, 1 � errors, and the

FIG. 1. Allowed 68% and 95% CL region in the �g1,z-��

plane after considering LEP-2 WW production data (TGC),
Higgs data, and the combination of both datasets.

correlation matrix for the aTGCs:
0

@
�g1,z
��

�z

1

A =

0

@
0.043± 0.031
0.142± 0.085
�0.162± 0.073

1

A ,

⇢ =

0

@
1 0.74 �0.85

0.74 1 �0.88
�0.85 �0.88 1

1

A .

(3)

These constraints hold in any new physics scenario pre-
dicting approximately flavor blind coe�cients of D=6
operators and in which D > 6 operators are sublead-
ing. Appendix A contains a technical description of our
fit and the constraints for all the 10 combinations of Wil-
son coe�cients entering the analysis. They are given in
di↵erent bases for reader’s convenience.
Let us discuss here qualitatively the most important

elements of our fit. Higgs data are sensitive to �g1,z and
�� primarily via their contribution to electroweak Higgs
production channels. However, only 1 combination of
these 2 aTGCs is strongly constrained, while the bound
on the direction �� ⇡ 3.8�g1,z is very weak. Analo-
gously, as already discussed, also LEP-2 bounds present
an approximate blind direction. This is illustrated in
Fig. 1, where the WW and Higgs constraints in the �g1,z–
�� plane are shown separately [18]. Since the flat direc-
tions are nearly orthogonal, combining LHC Higgs and
LEP-2 WW data leads to the non-trivial constraints on
aTGCs displayed in Eq. (3).

One could further strengthen the constraints on aT-
GCs by considering the process of single on-shell W bo-
son production in association with an electron and a neu-
trino (e+e� ! WW ⇤ ! We⌫) [5], as in Ref. [7]. That
process probes mostly �� but it also a↵ects limits on

In the Higgs basis:

In terms of aTGC:

PZ(q
2) = q

2 �m

2
Z + imZ�Z (15)

✏

CP
X = Im ✏W `L = 0 (16)

X ! 1, ✏X ! 0 (17)

hZµZ
µ
, hZ

µ
@

⌫
Vµ⌫ hVµ⌫V

µ⌫
h"

µ⌫⇢�
Vµ⌫V⇢� hZµf̄�

µ
f, hZ

µ
@

⌫
Vµ⌫ (18)

V = Z, � (19)

ZZ ,Z� ,�� , ✏ZZ ,

✏

CP
Z� , ✏

CP
�� , ✏

CP
ZZ ,

✏ZeL , ✏ZeR , ✏ZµL , ✏ZµR

(20)

WW , ✏WW , ✏

CP
WW ,

✏We, ✏Wµ, (complex)

(21)

✏

SM-1L
�� ' 3.8⇥ 10�3

,

✏

SM-1L
Z� ' 6.7⇥ 10�3

(22)

WW � ZZ = �2

g

⇣p
2✏WeL + 2cw✏ZeL

⌘
(23)

|yfS |2 + |yfP |2 (24)

|✏�� |2 + |✏CP
�� |2 (25)

�f ��� (26)

J

µ
f (x) = f̄(x)�µf(x) (27)

�cz, c�� , cz� , cgg, �yu, �yd, �ye, �g1,z, �� , �z. (28)

4

E.g:

SILH’
basis
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Channel µATLAS µCMS Production Ref.

�� 1.17+0.28
�0.26 1.12+0.25

�0.22 cats. [32, 33]

Z� 2.7+4.6
�4.5 �0.2+4.9

�4.9 total [34, 35]

ZZ⇤ 1.46+0.40
�0.34 1.00+0.29

�0.29 2D [36, 37]

WW ⇤ 1.18+0.24
�0.21 0.83+0.21

�0.21 2D [37, 38]

2.1+1.9
�1.6 - Wh [39]

5.1+4.3
�3.1 - Zh [39]

- 0.80+1.09
�0.93 Vh [37]

⌧⌧ 1.44+0.42
�0.37 0.91+0.28

�0.28 2D [37, 40]

- 0.87+1.00
�0.88 Vh [37]

bb 1.11+0.65
�0.61 - Wh [41]

0.05+0.52
�0.49 - Zh [41]

- 0.89+0.47
�0.44 Vh [37]

- 2.8+1.6
�1.4 VBF [42]

1.5+1.1
�1.1 1.2+1.6

�1.5 tth [43, 44]

µµ �0.7+3.7
�3.7 0.8+3.5

�3.4 total [34, 45]

multi-` 2.1+1.4
�1.2 3.8+1.4

�1.4 tth [46, 47]

TABLE I. The LHC Higgs results used in the fit. 2D
stands for the likelihood functions in the plane µggh+tth-
µVBF+Vh, whereas in the diphoton channel (cats.) we use the
five-dimensional likelihood function in the space spanned by
(µggh, µtth, µVBF, µWh, µZh). Notice that in these two cases
µ is quoted for illustration only, since more information is
included in the analysis. Correlations among di↵erent pro-
duction classes in this table are ignored. See Ref. [14] for a
more detailed discussion of our Higgs dataset.

Appendix A: Fit results

In the SM extended by D=6 operators, assuming
MFV, there are 9 combinations of Wilson coe�cients
that a↵ect the Higgs signal strength measured at the
LHC and are weakly constrained by electroweak preci-
sion tests. Furthermore, to describe electroweak gauge
bosons pair production, one more independent combina-
tion is needed. In the Higgs basis [13] these 10 param-
eters are listed in eq. (2). Their relation to the interac-
tion terms in the e↵ective Lagrangian can be found in
Ref. [13]. We constrain these parameters using the avail-
able LHC Higgs data and WW data, as described above
Eq. (3). In the Gaussian approximation near the best fit
point we find the following constraints:

0

BBBBBBBBBBBBB@

�cz
czz
cz⇤
c��
cz�
cgg
�yu
�yd
�ye
�z

1

CCCCCCCCCCCCCA

=

0

BBBBBBBBBBBBB@

�0.02± 0.17
0.69± 0.42
�0.32± 0.19
0.009± 0.015
0.002± 0.098

�0.0052± 0.0027
0.57± 0.30
�0.24± 0.35
�0.12± 0.20
�0.162± 0.073

1

CCCCCCCCCCCCCA

, (A.1)

where the uncertainties correspond to 1�. The correla-
tion matrix is given by

0

BBBBBBBBBBBB@

1 �.04 �.21 �.76 �.15 .15 .12 .88 .71 �.22
· 1 �.96 .37 .19 .03 .04 �.12 �.31 �.88
· · 1 �.17 �.10 �.07 �.06 �.10 .12 .93
· · · 1 .20 �.12 �.07 �.79 �.74 �.13
· · · · 1 �.01 �.01 �.15 �.18 �.10
· · · · · 1 �.87 .26 .17 �.07
· · · · · · 1 .13 .11 �.06
· · · · · · · 1 .81 �.11
· · · · · · · · 1 .09
· · · · · · · · · 1

1

CCCCCCCCCCCCA

.

(A.2)

To translate these results into constraints on aTGCs in
Eq. (3), one needs the relation between �� and �g1,z and
the Higgs basis parameters of Eq. (2) [13]:

�g1,z =
1

2(g2 � g02)

⇥�g2(g2 + g02)cz⇤ � g02(g2 + g02)czz+

+ e2g02c�� + g02(g2 � g02)cz�
⇤
,

�� = �g2

2

✓
c��

e2

g2 + g02
+ cz�

g2 � g02

g2 + g02
� czz

◆
. (A.3)

In the rest of the appendix we translate the results in
Eq. (A.1) to di↵erent bases of D=6 operators used in
the literature: the so-called Warsaw, SILH’, and HISZ
basis. In each case, we assume the Wilson coe�cients
respect MFV, and we restrict to the 10-dimensional sub-
space of the Wilson coe�cients that a↵ects Higgs and
WW observables, but in which the LEP-1 Z-pole observ-
ables, constrained at the permil level, are not a↵ected.
The relation map between the parameters in Eq. (2) and
the Wilson coe�cients in these bases can be found in
Ref. [13], while the directions in the parameter space af-
fecting electroweak precision observables are character-
ized in Ref. [16].

Translation to Warsaw basis

We consider the Warsaw basis of Ref. [48], up to small
modifications defined in Ref. [13]. As before, we assume
the Wilson coe�cients of D=6 operators respect MFV.
We use the normalization and notation of Ref. [13], ex-
cept that we rescale the Wilson coe�cients of the Yukawa

operators as cf !
p
2mf

v ĉf . LEP-1 electroweak precision
observables are not a↵ected if

c0H` = c0Hq = �g2cWB + g2

g02 cT ,

cH` =
1
2cHe = �3cHq = � 3

4cHu = 3
2cHd = cT .(A.4)

We impose these constraints in our fit. Out of the remain-
ing Wilson coe�cients, only 10 a↵ect Higgs and WW

5

Channel µATLAS µCMS Production Ref.

�� 1.17+0.28
�0.26 1.12+0.25

�0.22 cats. [32, 33]

Z� 2.7+4.6
�4.5 �0.2+4.9

�4.9 total [34, 35]

ZZ⇤ 1.46+0.40
�0.34 1.00+0.29

�0.29 2D [36, 37]

WW ⇤ 1.18+0.24
�0.21 0.83+0.21

�0.21 2D [37, 38]

2.1+1.9
�1.6 - Wh [39]

5.1+4.3
�3.1 - Zh [39]

- 0.80+1.09
�0.93 Vh [37]

⌧⌧ 1.44+0.42
�0.37 0.91+0.28

�0.28 2D [37, 40]

- 0.87+1.00
�0.88 Vh [37]

bb 1.11+0.65
�0.61 - Wh [41]

0.05+0.52
�0.49 - Zh [41]

- 0.89+0.47
�0.44 Vh [37]

- 2.8+1.6
�1.4 VBF [42]

1.5+1.1
�1.1 1.2+1.6

�1.5 tth [43, 44]

µµ �0.7+3.7
�3.7 0.8+3.5

�3.4 total [34, 45]

multi-` 2.1+1.4
�1.2 3.8+1.4

�1.4 tth [46, 47]

TABLE I. The LHC Higgs results used in the fit. 2D
stands for the likelihood functions in the plane µggh+tth-
µVBF+Vh, whereas in the diphoton channel (cats.) we use the
five-dimensional likelihood function in the space spanned by
(µggh, µtth, µVBF, µWh, µZh). Notice that in these two cases
µ is quoted for illustration only, since more information is
included in the analysis. Correlations among di↵erent pro-
duction classes in this table are ignored. See Ref. [14] for a
more detailed discussion of our Higgs dataset.

Appendix A: Fit results

In the SM extended by D=6 operators, assuming
MFV, there are 9 combinations of Wilson coe�cients
that a↵ect the Higgs signal strength measured at the
LHC and are weakly constrained by electroweak preci-
sion tests. Furthermore, to describe electroweak gauge
bosons pair production, one more independent combina-
tion is needed. In the Higgs basis [13] these 10 param-
eters are listed in eq. (2). Their relation to the interac-
tion terms in the e↵ective Lagrangian can be found in
Ref. [13]. We constrain these parameters using the avail-
able LHC Higgs data and WW data, as described above
Eq. (3). In the Gaussian approximation near the best fit
point we find the following constraints:

0

BBBBBBBBBBBBB@

�cz
czz
cz⇤
c��
cz�
cgg
�yu
�yd
�ye
�z

1

CCCCCCCCCCCCCA

=

0

BBBBBBBBBBBBB@

�0.02± 0.17
0.69± 0.42
�0.32± 0.19
0.009± 0.015
0.002± 0.098

�0.0052± 0.0027
0.57± 0.30
�0.24± 0.35
�0.12± 0.20
�0.162± 0.073

1

CCCCCCCCCCCCCA

, (A.1)

where the uncertainties correspond to 1�. The correla-
tion matrix is given by

0

BBBBBBBBBBBB@

1 �.04 �.21 �.76 �.15 .15 .12 .88 .71 �.22
· 1 �.96 .37 .19 .03 .04 �.12 �.31 �.88
· · 1 �.17 �.10 �.07 �.06 �.10 .12 .93
· · · 1 .20 �.12 �.07 �.79 �.74 �.13
· · · · 1 �.01 �.01 �.15 �.18 �.10
· · · · · 1 �.87 .26 .17 �.07
· · · · · · 1 .13 .11 �.06
· · · · · · · 1 .81 �.11
· · · · · · · · 1 .09
· · · · · · · · · 1

1

CCCCCCCCCCCCA

.

(A.2)

To translate these results into constraints on aTGCs in
Eq. (3), one needs the relation between �� and �g1,z and
the Higgs basis parameters of Eq. (2) [13]:

�g1,z =
1

2(g2 � g02)

⇥�g2(g2 + g02)cz⇤ � g02(g2 + g02)czz+

+ e2g02c�� + g02(g2 � g02)cz�
⇤
,

�� = �g2

2

✓
c��

e2

g2 + g02
+ cz�

g2 � g02

g2 + g02
� czz

◆
. (A.3)

In the rest of the appendix we translate the results in
Eq. (A.1) to di↵erent bases of D=6 operators used in
the literature: the so-called Warsaw, SILH’, and HISZ
basis. In each case, we assume the Wilson coe�cients
respect MFV, and we restrict to the 10-dimensional sub-
space of the Wilson coe�cients that a↵ects Higgs and
WW observables, but in which the LEP-1 Z-pole observ-
ables, constrained at the permil level, are not a↵ected.
The relation map between the parameters in Eq. (2) and
the Wilson coe�cients in these bases can be found in
Ref. [13], while the directions in the parameter space af-
fecting electroweak precision observables are character-
ized in Ref. [16].

Translation to Warsaw basis

We consider the Warsaw basis of Ref. [48], up to small
modifications defined in Ref. [13]. As before, we assume
the Wilson coe�cients of D=6 operators respect MFV.
We use the normalization and notation of Ref. [13], ex-
cept that we rescale the Wilson coe�cients of the Yukawa

operators as cf !
p
2mf

v ĉf . LEP-1 electroweak precision
observables are not a↵ected if

c0H` = c0Hq = �g2cWB + g2

g02 cT ,

cH` =
1
2cHe = �3cHq = � 3

4cHu = 3
2cHd = cT .(A.4)

We impose these constraints in our fit. Out of the remain-
ing Wilson coe�cients, only 10 a↵ect Higgs and WW

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
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ŝd = �0.23± 0.22
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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:
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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
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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
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Higgs basis

Warsaw SILH' HISZ

1008.4884 
(with a different notation)

hep-ph/0703164 + 1308.2803 Phys.Rev. D48 (1993) 2182–2203 

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

Such a fit can be rotated in any basis.

[YR4 LHCHXSWG 2016]

Example: LEP-2 + Higgs global fit
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LEP II (WW)
Higgs
LEP II + Higgs

!1.5 !1.0 !0.5 0.0
!1.0

!0.5

0.0

0.5

1.0

∆g1,z

∆ΚΓ

The other EFT coefficients have been marginalised.

LEP-2 + Higgs global fit

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

Combining Higgs and diboson data  provides much stronger constraints.
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observables and the TGV observables. This can be easily achieved in the SFitter framework described in Sec. III

and Ref. [3]. The systematic experimental uncertainties are assumed to be correlated for observables in ATLAS and

in CMS, but uncorrelated between the two experiments.

For all three panels the e↵ect of the TGV measurements is remarkable. The combination of Higgs and TGV results

clearly deliver stronger limits than either of the two analyses independently. The secondary solution in f
B

has vanished

altogether, the precision on f
W

has improved, negative values of f
BB

are excluded through correlations with f
B

, and

in the correlation of f
BB

and f
WW

we can clearly see two di↵erent regions corresponding to sign changes in the H��

coupling.

In Table II and Fig. 4 we show the limits on individual Wilson coe�cients for each of the dimension–six operators

included in the analysis, Eq. (2.3). In the upper panels of Fig. 4 and in the table we clearly see secondary solutions due

to sign flips in the individual Yukawa and Hgg couplings. In the lower panels of Fig. 4 we show only the solutions for

parameter space with SM signs of the Yukawa couplings, and focusing on the f
GG

containing the SM point, extending

our set of simplifications discussed in Sec. II. In both cases we see that the limits including di-boson channels are

significantly improved. This improvement is driven by the highest sensitivity we have derived on f
B

and f
W

, which

feeds through to the remaining operators because of the existing correlations. Including the di-boson data removes

all secondary solutions from non-trivial parameter correlations or strong non-Gaussian e↵ects. The additional Wilson

coe�cient f
WWW

is among the best-measured dimension–six modification in the gauge–Higgs sector studied here.

One caveat applies to these results the same way it applies to the Higgs analysis alone [3, 37]. If we consider the

Lagrangian of Eq. (2.3) to be the leading term in a systematic e↵ective field theory, we have to ensure that only data

]-2 [TeV2Λ
WWf

10− 5− 0 5 10 15 20

]
-2

 [T
eV

2
ΛBBf

20−

15−

10−

5−

0

5

10

]-2 [TeV2Λ
Wf

20− 15− 10− 5− 0 5 10 15 20

]
-2

 [T
eV

2
ΛBf

60−

40−

20−

0

20

]-2 [TeV2Λ
Bf

60− 40− 20− 0 20

]
-2

 [T
eV

2
ΛBBf

20−

15−

10−

5−

0

5

10

 (-
2 

lo
g 

L)
Δ

0

1

2

3

4

5

6

7

8

9

10

]-2 [TeV2Λ
WWf

10− 5− 0 5 10 15 20

]
-2

 [T
eV

2
ΛBBf

20−

15−

10−

5−

0

5

10

]-2 [TeV2Λ
Wf

20− 15− 10− 5− 0 5 10 15 20

]
-2

 [T
eV

2
ΛBf

60−

40−

20−

0

20

]-2 [TeV2Λ
Bf

60− 40− 20− 0 20

]
-2

 [T
eV

2
ΛBBf

20−

15−

10−

5−

0

5

10

 (-
2 

lo
g 

L)
Δ

0

1

2

3

4

5

6

7

8

9

10

Figure 3: Correlated profile likelihood for sets of two Wilson coe�cients. In the first row we include only LHC Run I Higgs

data, including kinematic distributions, as shown in Fig. 11 of Ref. [3]. In the second row we add the Run I di-boson results

probing anomalous TGV interactions (as well as the corresponding LEP results). The black points indicate �2 logL = 5.99.

The corresponding one-dimensional profile likelihoods can be found in Fig. 4. 10

WW/WZ production at LHC

[Tilman et al. 1604.03105]

LHC Run-1

Taken at face value, LHC already provides 
much stronger constraints than LEP.

(these operators generate two aTGC)

However, the validity of the EFT assumption is more delicate and 
has to be considered carefully, see discussion by Francesco.
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Important observables 
for the aTGC

- distributions in mVV, pT(V), mℓℓ, etc.. Diboson:

Higgs: - VH:    pT(V), mVV distr. 
- VBF:   pT(j1), pT(j2) distr. 
- h → 4ℓ:   mℓℓ distr.


