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Example: Muon Decay, 4-Fermi

e±

νµµ±

ν̄e

⇒ e±

νµ

µ±

ν̄e

Fermi theory of muon decay: the exchange of a W boson → dimension–six operator,

Ψ̄LΨL

(
1

p2−M2
W

)
Ψ̄LΨL → −Ψ̄LΨL

1
M2
W

(
1 + p2

M2
W

+ · · ·
)

Ψ̄LΨL

→ 1
M2
W

Ψ̄LΨLΨ̄LΨL

For p2 �M2
W this describes muon decay well,

Better precision can be obtained at the next order, dimension–eight or O( p2

M2
W

).

The analogue of this for Higgs physics is the SM EFT.

Tyler Corbett (Melbourne) May 4, 2016 1 / 24



Example: Muon Decay, 4-Fermi

e±

νµµ±

ν̄e

⇒ e±

νµ

µ±

ν̄e

Fermi theory of muon decay: the exchange of a W boson → dimension–six operator,

Ψ̄LΨL

(
1

p2−M2
W

)
Ψ̄LΨL → −Ψ̄LΨL

1
M2
W

(
1 + p2

M2
W

+ · · ·
)

Ψ̄LΨL

→ 1
M2
W

Ψ̄LΨLΨ̄LΨL

For p2 �M2
W this describes muon decay well,

Better precision can be obtained at the next order, dimension–eight or O( p2

M2
W

).

The analogue of this for Higgs physics is the SM EFT.

Tyler Corbett (Melbourne) May 4, 2016 1 / 24



Example: Low Energy QCD

For mu = md = 0 QCD has an SU(2)L × SU(2)R × U(1)V chiral symmetry.

A non-zero scalar quark condensate,
〈q̄q〉 6= 0

is then a sufficient condition for spontaneous breaking of the SU(2)A symmetry.

For goldstone bosons πa are then embedded into the matrix U(x) as:

U(x) = exp

[
i

fπ

(
π0

√
2π+

√
2π− −π0

)]

And the leading order (2 derivatives) EFT describing pion scattering is then:

L =
f2
π

4
Tr [(∂µU)(∂µU)]

This is treated as a series in ∂’s, the NLO L contains 4-derivatives operators.

The analogue of this for the SM is the nonlinear/chiral EFT (“HEFT”).
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Two Approaches to Higgs EFTs

Consider two approaches within the EFT framework to quantify BSM Higgs physics.

Linear Expansion Chiral Expansion
Higgs Type: Elementary Composite (e.g. pseudo GS boson)

Scale of NP: ΛNP, new mass scale ΛS, scale at which a new global
symmetry is exact

Applicability: e.g. Weakly interacting NP Composite Higgs Models

Symmetry: h part of SU(2)L doublet, Φ h not part of doublet, but singlet
U, would-be-goldstone bosons of SSB

Truncation: at Dimension 6 operators, 4 derivatives (a bit more complicated1)
i.e. 1/Λ2

NP

1See, e.g., arXiv:1601.07551, 1604.06801
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Higgs–Gauge Boson Operators
The relevant Higgs–gauge boson operators are:

OBB = Φ†B̂µνB̂µνΦ OBW = Φ†B̂µνŴµνΦ OWW = Φ†ŴµνŴµνΦ

OGG = Φ†ΦGaµνG
µν
a OB = (DµΦ)†B̂µν(DνΦ) OW = (DµΦ)†Ŵµν(DνΦ)

OΦ,1 = (DµΦ)†ΦΦ†(DµΦ) OΦ,2 = 1
2
∂µ(Φ†Φ)∂µ(Φ†Φ) OΦ,4 = (DµΦ)†(DµΦ)(Φ†Φ)

OWWW = Tr[Ŵ ν
µ Ŵ ρ

ν Ŵ µ
ρ ]
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∂µ(Φ†Φ)∂µ(Φ†Φ) OΦ,4 = (DµΦ)†(DµΦ)(Φ†Φ)

OWWW = Tr[Ŵ ν
µ Ŵ ρ

ν Ŵ µ
ρ ]

Unitary Gauge:

Φ→
1
√

2

(
0

v +H

)

Operators in blue contain derivatives of H → finite wavefunction renormalizations:

H = h

[
1 +

v2

2Λ2
(fφ,1 + 2fφ,2 + fφ,4)

]1/2

.

→ rescaling of all Higgs couplings.

→ correction to Z gauge–boson propagator (not W ):

Z Z → ∆T ∝ fΦ,1
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OGG = Φ†ΦGaµνG
µν
a OB = (DµΦ)†B̂µν(DνΦ) OW = (DµΦ)†Ŵµν(DνΦ)
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OWWW = Tr[Ŵ ν
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Green O ↔ loop effects for new particles charged under the SM gauge group:

g

H

g

γ

H

γ

γ

H

γ

OGG OBB OWW

Also OBW results in tree level mixing between Z and γ:

Z γ → ∆S ∝ fBW
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µ Ŵ ρ

ν Ŵ µ
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Red O → simultaneous shifts of HV V , V V V , and V V V V vertices:

DµΦ = (∂µ + i
1

2
g′Bµ + ig

τa

2
Wa
µ )Φ

H

W,Z

W,Z, γ

Z, γ

W

W

W

W

W,Z

W,Z, γ
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Higgs–Fermion Operators

The relevant Higgs–fermion operators are:

OeΦ,ij = (Φ†Φ)(L̄LiΦeRj ) O(1)
ΦL,ij

= Φ†(i
↔
DµΦ)(L̄Liγ

µLLj) O(3)
ΦL,ij

= Φ†(i
↔
DaµΦ)(L̄Liγ

µτaLLj)

OuΦ,ij = (Φ†Φ)(Q̄LiΦ̃uRj ) O(1)
ΦQ,ij

= Φ†(i
↔
DµΦ)(Q̄Liγ

µQLj) O(3)
ΦQ,ij

= Φ†(i
↔
DaµΦ)(Q̄Liγ

µτaQLj)

OdΦ,ij = (Φ†Φ)(Q̄LiΦdRj) O(1)
Φe,ij = Φ†(i

↔
DµΦ)(ēRiγ

µeRj )

O(1)
Φu,ij = Φ†(i

↔
DµΦ)(ūRiγ

µuRj )

O(1)
Φd,ij

= Φ†(i
↔
DµΦ)(d̄Riγ

µdRj )

O(1)
Φud,ij

= Φ̃†(i
↔
DµΦ)(ūRiγ

µdRj )
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H

f̄

f

Overall scaling of Yukawas → δmf

Independent rescaling of Hff couplings
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V

f̄

f

V

H

f

f̄

Contributes to V ff couplings
Strongly constrained by precision data
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Equations of Motion

Not all operators are independent
→ they may be related by the EOM (Politzer ‘80;Georgi ‘91;Artz ‘98;Simma ‘94):

2OΦ,2 + 2OΦ,4 =
∑
ij

(
yeij(OeΦ,ij)† + yuijOuΦ,ij + ydij(OdΦ,ij)† + h.c.

)
− 2(Φ†Φ)Φ† ∂V

∂Φ†

2OB +OBW +OBB + g′2
(
OΦ,1 − 1

2
OΦ,2

)
= − g

′2
2

∑
i

(
− 1

2
O(1)

ΦL,ii + 1
6
O(1)

ΦQ,ii

−O(1)
Φe,ii + 2

3
O(1)

Φu,ii −
1
3
O(1)

Φd,ii

)
2OW +OBW +OWW + g2

(
OΦ,4 − 1

2
OΦ,2

)
= − g

2

4

∑
i

(
O(3)

ΦL,ii +O(3)
ΦQ,ii

)

With this we may remove 3 operators from our basis.

In doing so we use a data driven approach:
Avoid theoretical prejudice – assumptions on tree vs. loop level of individual operators
Choose a basis which is more easily related to available data
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Most Constrained Operators:
We recall (constrained by electroweak precision data):

Z Z → ∆T ∝ fΦ,1 Z γ → ∆S ∝ fBW

Additionally some of our fermionic operators are strongly constrained (V ff):
(by Z–pole physics, atomic parity violation, etc)

O(1)
ΦL,ij = Φ†(i

↔
DµΦ)(L̄Liγ

µLLj) O(3)
ΦL,ij = Φ†(i

↔
DaµΦ)(L̄Liγ

µτaLLj)

O(1)
ΦQ,ij = Φ†(i

↔
DµΦ)(Q̄Liγ

µQLj) O(3)
ΦQ,ij = Φ†(i

↔
DaµΦ)(Q̄Liγ

µτaQLj)

O(1)
Φe,ij = Φ†(i

↔
DµΦ)(ēRiγ

µeRj )

O(1)
Φu,ij = Φ†(i

↔
DµΦ)(ūRiγ

µuRj )

O(1)
Φd,ij = Φ†(i

↔
DµΦ)(d̄Riγ

µdRj )

O(1)
Φud,ij = Φ̃†(i

↔
DµΦ)(ūRiγ

µdRj )

But EWPD does not constrain V ff and gauge–boson self–energies independently!
→“Blind Directions” (de Rujula Gavela, Masso, Hernandez, ‘94; Elias-Miro etal ‘13)

Then EWPD can independently constrain:

∆S ∝ fBW , ∆T ∝ fΦ,1, and all but 2 of O(1)
Φ,f , O

(3)
Φ,f
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µeRj )

O(1)
Φu,ij = Φ†(i

↔
DµΦ)(ūRiγ
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µdRj )

But EWPD does not constrain V ff and gauge–boson self–energies independently!
→“Blind Directions” (de Rujula Gavela, Masso, Hernandez, ‘94; Elias-Miro etal ‘13)

Then EWPD can independently constrain:

∆S ∝ fBW , ∆T ∝ fΦ,1, and all but 2 of O(1)
Φ,f , O

(3)
Φ,f

Tyler Corbett (Melbourne) May 4, 2016 7 / 24



Most Constrained Operators:

Constrained by EWPD: S & T :

Z Z → ∆T ∝ fΦ,1 Z γ → ∆S ∝ fBW

V ff constrained by EWPD: Z–pole physics, atomic parity violation, etc:
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µeRj )

O(1)
Φu,ij = Φ†(i

↔
DµΦ)(ūRiγ
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Φd,ij = Φ†(i

↔
DµΦ)(d̄Riγ

µdRj )

O(1)
Φud,ij = Φ̃†(i

↔
DµΦ)(ūRiγ

µdRj )

Then EWPD can independently constrain:

∆S, ∆T, and all but 2 of O(1)
Φ,f , O

(3)
Φ,f

Additionally, off diagonal elements of OeΦ,ij , OuΦ,ij , and OdΦ,ij constrained by FCNC.
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Reduction of Basis

Using the EOM we eliminate OΦ,4 and two fermionic operators,
→ remaining operator basis is then:

OGG, OBW , OWW , OBB , OW , OB , OΦ,1, OΦ,2, OWWW , OfΦ, O
(1)
Φf , O

(3)
Φf
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Final Basis

Leff = LSM − αsv
8π

fg
λ2OGG + fWW

Λ2 OWW + fBB
Λ2 OBB + fW

Λ2 OW + fB
Λ2OB +

fΦ,2
Λ2 OΦ,2

+ fWWW
Λ2 OWWW +

ftop

Λ2 OuΦ,33 + fbot
Λ2 OdΦ,33 + fτ

Λ2OeΦ,33

Operator effects on observables (correlations result from gauge invariance):

OGG OBB OWW OB OW OΦ,2 OWWW

hgg 8
hγγ 8 8
hγZ 8 8 8 8
hZZ 8 8 8 8 8
HW+W− 8 8 8
γW+W− 8 8 8
ZW+W− 8 8 8

+ shifts for top, bottom and τ Yukawa couplings
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Constraints on Linear Expansion
Constructing a χ2 fit to the data from Higgs LHC and TeVatron data for the operators,
(+ TGV LHC & LEP)

95% CL limits for each operator coefficient, marginalizing over other coefficients:
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Constraints on Linear Expansion, Kinematics
These fits include Higgs kinematic information (t: none, m: all, b: reduced):

15

As mentioned above, O�,2 a↵ects the Higgs couplings universally. In analogy to the Higgs-gluon coupling we scale the

fermionic fx by a factor m/v to reflect the chiral nature of the Higgs coupling operator [58]. For the Higgs couplings

to SM fermions this implies

LHff = gfHf̄LfR + h.c. with gf = �mf

v

✓
1 � v2

2⇤2
f�,2 �

v2

p
2⇤2

ff

◆
, (3.8)

where we define the physical masses and fermions in the mass basis (f = ⌧, b, t).

B. Rate-based analysis

As a first step we update the global analysis of dimension-6 operators based on the complete Run I data in the

SFitter framework. The main di↵erence to the analysis of Ref. [9] is the variable top–Yukawa operator, which can

now be constrained by tt̄H production as well as the Higgs production via gluon fusion.

The contributions of the dimension-6 operators to the production rates and decay widths are calculated using

MadGraph5 [59] and FeynRules [60]. We check our results with Comphep [61, 62] and VBFNLO [63]. We

approximately include higher-order corrections through K-factors computed for the Standard Model processes [52].

Similarly, for this rate-based analysis we assume that all detector e�ciencies are identical for both the SM Higgs

processes and the corresponding dimension-6 contributions. The results of this 9–parameter global analysis are shown

in Fig. 8 and Fig. 9, after performing a statistical analysis as described in Sec. I B. For the present case we show the

multiple degenerate solutions.

In Fig. 8 we depict a selection of interesting correlations between the dimension-6 operators. In addition to the

correlations discussed in the previous section, e.g. fGG vs ft shown in Fig. 3, the dimension-6 operators introduce a

rich structure of correlations related to the Higgs interactions with electroweak gauge bosons. As long as the analysis

is only based on rate measurements in the Higgs sector, these correlations are the main di↵erence compared to the

�-framework. The strongest of these correlations is due to the di-photon channel, as it is measured with the highest

precision. Therefore, the tree-level contributions from fWW and fBB to the Higgs coupling to photon pairs generate

the strong correlation in the left panel of Fig. 8; see Eq.(3.4). The two, slightly separated, allowed regions at 68% CL

are due to the interference between the dimension-6 amplitudes and the Standard Model ones. The fact that both

fWW and fBB receive their strongest constraints from the di-photon channel, reflects that their contribution in the

rate based analysis is very similar to the addition of �� in the previous section. While this strong correlation is

partially broken by their smaller contribution to the other channels in the analysis, we will see in the following section

that the addition of kinematic distributions will increase the sensitive to fWW and fBB stemming from VBF and

Higgs associate production channels.

In the central panel of Fig. 8 we show the correlation between fB and fW . The Wilson coe�cient fW is much more

strongly constrained than fB , because of the large contributions of the former to the HV V vertices (V = Z, W±)
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Figure 8: Correlations between di↵erent coe�cients fx/⇤2, measured in TeV�2. The 1-dimensional profile likelihoods corre-

sponding to these results are shown as the blue bars in Fig. 9.

20

fWW/Λ2 [TeV-2]

fBB/Λ2

[TeV-2]

-10 -5  0  5  10  15  20
-20

-15

-10

-5

 0

 5

 10

-10 -5  0  5  10  15  20
-20

-15

-10

-5

 0

 5

 10

fW/Λ2 [TeV-2]

fB/Λ2

[TeV-2]

-20 -10  0  10  20  30
-80

-60

-40

-20

 0

 20

 40

-20 -10  0  10  20  30
-80

-60

-40

-20

 0

 20

 40

fB/Λ2 [TeV-2]

fBB/Λ2

[TeV-2]

-80 -60 -40 -20  0  20  40
-20

-15

-10

-5

 0

 5

 10

-80 -60 -40 -20  0  20  40
-20

-15

-10

-5

 0

 5

 10

∆(-2 ln L)
 0

 2

 4

 6

 8

 10

 12

 14

 16

fWW/Λ2 [TeV-2]

fBB/Λ2

[TeV-2]

-10 -5  0  5  10  15  20
-20

-15

-10

-5

 0

 5

 10

-10 -5  0  5  10  15  20
-20

-15

-10

-5

 0

 5

 10

fW/Λ2 [TeV-2]

fB/Λ2

[TeV-2]

-20 -10  0  10  20  30
-80

-60

-40

-20

 0

 20

 40

-20 -10  0  10  20  30
-80

-60

-40

-20

 0

 20

 40

fB/Λ2 [TeV-2]

fBB/Λ2

[TeV-2]

-80 -60 -40 -20  0  20  40
-20

-15

-10

-5

 0

 5

 10

-80 -60 -40 -20  0  20  40
-20

-15

-10

-5

 0

 5

 10

fWW/Λ2 [TeV-2]

fBB/Λ2

[TeV-2]

-10 -5  0  5  10  15  20
-20

-15

-10

-5

 0

 5

 10

-10 -5  0  5  10  15  20
-20

-15

-10

-5

 0

 5

 10

fW/Λ2 [TeV-2]

fB/Λ2

[TeV-2]

-20 -10  0  10  20  30
-80

-60

-40

-20

 0

 20

 40

-20 -10  0  10  20  30
-80

-60

-40

-20

 0

 20

 40

fB/Λ2 [TeV-2]

fBB/Λ2

[TeV-2]

-80 -60 -40 -20  0  20  40
-20

-15

-10

-5

 0

 5

 10

-80 -60 -40 -20  0  20  40
-20

-15

-10

-5

 0

 5

 10

Figure 11: Correlations between di↵erent coe�cients fx/⇤2 (measured in TeV�2) after including kinematic distributions. In

the top row we add the ��jj distribution; in the second row we also include pV
T from V H production; in the bottom row we

then remove the highest bin associated with large momentum flow through the dimension-6 vertex. The 1-dimensional profile

likelihoods of the second row correspond to the results shown as the blue bars in Fig. 12.

2-dimensional correlations from this analysis. A comparison to the first row shows that almost the entire additional

information of the pV
T distribution is encoded in the last bin. In the remainder of the discussion we will not follow this

conservative approach, so it should be noted that the full SFitter analysis of the higher-dimensional operators has

to be taken with a grain of salt. On the other hand, the analysis including kinematic distributions is mostly meant

to be a proof of principle, and the consistency of the Higgs e↵ective theory will clearly improve with Run II data.

With this in mind we show the best fit points and the corresponding 1-dimensional 68% CL error bars including

kinematic distributions in Fig. 12. In contrast to Fig. 9 we do not show secondary solutions for the signs of the

Yukawa-like couplings and for OGG. We also limit ourselves to 68% CL contours. We see that OB and OW are the

operators most a↵ected by the addition of kinematic distributions, closely followed by OWW and OBB . Typical energy

scales probed by Run I data are 300 GeV to 500 GeV if order one Wilson coe�cients are assumed, with less significant

constraints in the fermion sector. All coe�cients are in agreement with zero, and the one to two sigma deviations

are hard to map onto individual measurements. Including all available kinematic information visibly stabilizes the

constraint on fB and moves every single best-fit point closer to the Standard Model prediction.

IV. FUTURE: OFF-SHELL MEASUREMENTS

ATLAS and CMS recently published a study on the contribution of Higgs exchange to ZZ production at invariant

masses well above the Higgs pole mZZ ⇠ mH [11, 35, 36]. Given the small Higgs width, such a measurement

(T.C., Éboli, Gonçalves, Gonzalez-Fraile, Plehn, Rauch, arXiv:1505.05516)
Also future: Off-Shell Higgs data...
Tyler Corbett (Melbourne) May 4, 2016 13 / 24
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sponding to these results are shown as the blue bars in Fig. 9.
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the top row we add the ��jj distribution; in the second row we also include pV
T from V H production; in the bottom row we

then remove the highest bin associated with large momentum flow through the dimension-6 vertex. The 1-dimensional profile

likelihoods of the second row correspond to the results shown as the blue bars in Fig. 12.

2-dimensional correlations from this analysis. A comparison to the first row shows that almost the entire additional

information of the pV
T distribution is encoded in the last bin. In the remainder of the discussion we will not follow this

conservative approach, so it should be noted that the full SFitter analysis of the higher-dimensional operators has

to be taken with a grain of salt. On the other hand, the analysis including kinematic distributions is mostly meant

to be a proof of principle, and the consistency of the Higgs e↵ective theory will clearly improve with Run II data.

With this in mind we show the best fit points and the corresponding 1-dimensional 68% CL error bars including

kinematic distributions in Fig. 12. In contrast to Fig. 9 we do not show secondary solutions for the signs of the

Yukawa-like couplings and for OGG. We also limit ourselves to 68% CL contours. We see that OB and OW are the

operators most a↵ected by the addition of kinematic distributions, closely followed by OWW and OBB . Typical energy

scales probed by Run I data are 300 GeV to 500 GeV if order one Wilson coe�cients are assumed, with less significant

constraints in the fermion sector. All coe�cients are in agreement with zero, and the one to two sigma deviations

are hard to map onto individual measurements. Including all available kinematic information visibly stabilizes the

constraint on fB and moves every single best-fit point closer to the Standard Model prediction.

IV. FUTURE: OFF-SHELL MEASUREMENTS

ATLAS and CMS recently published a study on the contribution of Higgs exchange to ZZ production at invariant

masses well above the Higgs pole mZZ ⇠ mH [11, 35, 36]. Given the small Higgs width, such a measurement

(T.C., Éboli, Gonçalves, Gonzalez-Fraile, Plehn, Rauch, arXiv:1505.05516)
Also future: Off-Shell Higgs data...
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Kinematic information,

further constrains parameter space
distinguishes between different kin. structures,
e.g. Φ†ΦBµνBµν vs (DµΦ)†Bµν(DνΦ)

and allows for control over E � ΛNP...



Constraints on Linear Expansion, Kinematics II
These fits include TGV kinematic information
(t: Higgs data, b: Higgs + TGV@LEP&LHC):
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Constraints on Linear Expansion, Kinematics II
These fits include TGV kinematic information
(t: Higgs data, b: Higgs + TGV@LEP&LHC):
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TGC Kinematic information,

breaks degeneracies, leads to much stronger
constraints
distinguishes between different kin. structures,
e.g. WµνWνρW

ρ
µ vs. (DµΦ)†Bµν(DνΦ)

No longer negligible for global fits



TGC’s at LEP, LHC, and combined

LWWV = −igWWV

{
g
V
1

(
W

+
µνW

−µ
V
ν −W+

µ VνW
−µν)

+ κVW
+
µ W

−
ν V

µν
+

λV

M2
W

W
+
µνW

−νρ
V
µ
ρ

}

∆gZ1 = gZ1 − 1 = g2v2

8c2
W

Λ2 fW ∆κγ = κγ − 1 = g2v2

8Λ2 (fW + fB)

∆κZ = κZ − 1 = g2v2

8c2
W

Λ2 (c2W fW − s2W fB) λγ = λZ =
3g2M2

W
2Λ2 fWWW
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Chiral Expansion
We form the Chiral expansion (similarly to that of Low E QCD) from the fields:

h, U = exp(iπa/v), Dµ, ∂µ,Wµν , Bµν

We define:
Lchiral = L0 + ∆L

Then the effective Chiral Lagrangian (up to 4 derivatives) can be written as:

∆L = ξ[cBPB(h) + cWPW(h) + cGPG(h) + cCPC(h) + cTPT(h) + cHPH(h) + c2P2(h)]

+ ξ
10∑
i=1

ciPi(h) + ξ2
25∑
i=11

ciPi + ξ4c26P26 + · · ·

Note: this expression should not be taken as a series in ξ ≡ (v/f)2

ξ is a useful variable for relating this expansion to the linear basis.

Where: v is the gauge boson mass scale,
f the characteristic goldstone boson scale.

Now w/ Fermionic operators!

(Brivio, Gonzalez-Fraile, Gonzalez-Garcia, Merlo, arXiv:1604.06801)
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Chiral Expansion II
Operators relevant to Higgs & Gauge boson processes at O(ξ):

∆L = ξ[cBPB(h) + cWPW(h) + cGPG(h) + cHPH(h) + cCPC(h) + cTPT(h)+
c1P1(h) + c2P2(h) + c3P3(h) + c4P4(h) + c5P5(h)]

The above operators take the form:

PB(h) = − 1
4
BµνBµνFB(h) PW(h) = − 1

4
Wa
µνW

aµνFW(h)

PG(h) = − 1
4
GaµνG

aµνFG(h) PH(h) = 1
2

(∂µh)(∂µh)FH(h)

PC(h) = − v
2

4
Tr(VµVµ)FC(h) PT(h) = v2

4
Tr(TVµ)Tr(TVµ)FT (h)

P1(h) = BµνTr(TWµν)F1(h) P2(h) = i
4π
BµνTr(T[Vµ,Vν ])F2(h)

P3(h) = i
4π

Tr(Wµν [Vµ,Vν ])F2(h) P4(h) = i
4π
BµνTr(TVµ)∂νF4(h)

P5(h) = i
4π

Tr(WµνVµ)∂νF5(h)

Where we have used:

Vµ ≡ (DµU)U† T ≡ Uσ3U† U(x)→ LU(x)R† U(x) = exp(iσaπa(x)/v)

For our phenomenological analysis we take:

ciFi(h) = ci + 2ai
h

v
+ bi

h2

v2
+ · · ·
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(Very) Brief Comparison of Expansions

Each operator contributes to particular Higgs-Gauge and Triple-Gauge vertices.
In particular2:

OBB OWW OB OW PB PW P2 P4 P3 P5

hγγ 8 8 8 8
hγZ 8 8 8 8 8 8 8 8
hZZ 8 8 8 8 8 8 8 8
HW+W− 8 8 8 8
γW+W− 8 8 8 8
ZW+W− 8 8 8 8

Notice that green illustrates the decorrelation of TGV from Higgs data for

OB =
v2

16
P2 +

v2

8
P4

And blue illustrates a similar decorrelation for

OW =
v2

8
P3 −

v2

4
P5

2Oφ4,φ2 (PH,T ) give shifts to all SM HV V & Hff vertices via finite wavefunction renormalizations
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Higgs Phenomenology in Chiral Realization

Performing a similar χ2 fit for the Chiral operators,
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4
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v

i
4π

Tr(TWµν)Tr(TVµ)∂νh

c2
i

4π
BµνTr(T[Vµ,Vν ])

c3
i

4π
Tr(Wµν [Vµ,Vν ])

cWWW
4π
Λ2W

aν
µ W bρ

ν W cµ
ρ

-3 -2 -1 0 1 2

10
2
a

G

10
 
a

W

10
 
a

B

a
4

a
5

∆a
C

a
17

c
2

c
3

10
 
c

WWW

Y
t
(1)/Y

t
(0)

Y
b

(1)/Y
b

(0)

Y
τ
(1)/Y

τ
(0)

Tyler Corbett (Melbourne) May 4, 2016 19 / 24



Higgs Phenomenology in Chiral Realization

Performing a similar χ2 fit for the Chiral operators,

− 2ag
v

1
4
hGaµνG

aµν

− 2aW
v

1
4
hWa

µνW
aµν

− 2aB
v

1
4
hBµνBµν

− 2a4
v

i
4π
BµνTr(TVµ)∂νh

− 2a5
v

i
4π

Tr(WµνVµ)∂νh

− 2∆aC
v

v2

4
hTr(VµVµ)

− 2a17
v

i
4π

Tr(TWµν)Tr(TVµ)∂νh

c2
i

4π
BµνTr(T[Vµ,Vν ])

c3
i

4π
Tr(Wµν [Vµ,Vν ])

cWWW
4π
Λ2W

aν
µ W bρ

ν W cµ
ρ

-3 -2 -1 0 1 2

10
2
a

G

10
 
a

W

10
 
a

B

a
4

a
5

∆a
C

a
17

c
2

c
3

10
 
c

WWW

Y
t
(1)/Y

t
(0)

Y
b

(1)/Y
b

(0)

Y
τ
(1)/Y

τ
(0)

Tyler Corbett (Melbourne) May 4, 2016 19 / 24

(Brivio, Gonzalez-Fraile, Gonzalez-Garcia, Merlo, ariXiv:1604.06801)
more operators → weaker constraints
TGCs don’t constrain Higgs ops. as the correlations don’t exist in chiral expansion
discussion of non-Higgs operators and constraints in paper, EWPD



Discriminating Linear from Chiral Realizations
Recalling the relation between OB and P2,P4 and OW and P3,P5:

OB = v2

16
P2 + v2

8
P4 OW = v2

8
P3 − v2

4
P5

We define the discriminating quantities (using a similar relation for OW and P3,P5):

ΣB ≡ 4(2c2 + a4) ΣW ≡ 2(2c3 − a5), ΣB(W) →
fB(W)v

2

Λ2

∆B ≡ 4(2c2 − a4) ∆W ≡ 2(2c3 + a5), ∆B = ∆W → 0
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Conclusions, HEFT @ LO

Considered EFTs in both Linear and Chiral realizations of EWSB.

Performed a global fit to all relevant data
→ obtain bounds on operator coefficients
→ now including kinematic data
→ crucial for controlling E � ΛNP

LHC TGC limits are more constraining than LEP
→ a Higgs-only data fit is no longer sufficient,

TGCs at LHC are important in constraining Higgs effective operators

In Linear expansion HVV ⇔ TGV
In Chiral expansion HVV & TGV decorrelated
Allowing for discrimination between these two expansions
→ insight into how SSB is realized

Tyler Corbett (Melbourne) May 4, 2016 21 / 24



EFTs at NLO

NLO in EFT expansion...

Is D8 (NLO) ever more important than D6 (LO)? D8
?
>D6

Effects occurring at D8 and not D6...

What’s D8 in Linear is not necessarily NLO in Chiral...

NLO in perturbative expansion...

Renormalization of EFTs, running of operator coefficients

is (D6)2 the same order as D8? (D6)2 ?∼D8
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(Contino, Falkowski, Goertz, Grojean, Riva, arXiv:1604.06444)
→ if no D6 operators generated by UV physics, of course!
→ NP may generate D6 operators, but not relevant to a process considered
→ Recommendation: focus on D6, and address special situations case-by-case.



EFTs at NLO

NLO in EFT expansion...

Is D8 (NLO) ever more important than D6 (LO)? D8
?
>D6

Effects occurring at D8 and not D6...

Tyler Corbett (Melbourne) May 4, 2016 22 / 24

→ Triple and Quartic gauge couplings correlated at D6 (Linear),
At D8 this correlation is broken by [(DµΦ)†(DµΦ)]2

→ No Triple neutral gauge couplings at D6, but exist at D8



EFTs at NLO

NLO in EFT expansion...

Is D8 (NLO) ever more important than D6 (LO)? D8
?
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Effects occurring at D8 and not D6...

What’s D8 in Linear is not necessarily NLO in Chiral...
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→ Triple and Quartic gauge couplings NOT correlated at four derivatives

→ at four derivatives in the expansion we have [(DµU)(DµU)]2,
analogue of D8 Linear operator



EFTs at NLO

NLO in EFT expansion...

Is D8 (NLO) ever more important than D6 (LO)? D8
?
>D6

Effects occurring at D8 and not D6...

What’s D8 in Linear is not necessarily NLO in Chiral...

NLO in perturbative expansion...

Renormalization of EFTs, running/mixing
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(Alonso, Jenkins, Mahonhar, Trott, arXiv:1312.2014 +3)
→ How much will couplings run between v and ΛNP?
→ Mixing: technically need to constrain all operator coefficients at v to run...
→ finite terms? Λ ∼ 1TeV ⇒ ln(Λ2/m2

H) ∼ 4
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(Contino, Falkowski, Goertz, Grojean, Riva, arXiv:1604.06444)
→ For a strongly interacting scenario, c8/c

2
6 ∼ g2

SM/g2
NP



Some Sources

Linear Expansion Fits,
TC, OJP Éboli, J Gonzalez-Fraile, MC Gonzalez-Garcia, arXiv:1207.1344
TC, OJP Éboli, J Gonzalez-Fraile, MC Gonzalez-Garcia, arXiv:1211.4580
TC, OJP Éboli, J Gonzalez-Fraile, MC Gonzalez-Garcia, arXiv:1304.1151
TC, OJP Éboli, D Gonçalves, J Gonzalez-Fraile, T Plehn, M Rauch, arXiv:1505.05516
A Butter, OJP Éboli, J Gonzalez-Fraile, MC Gonzalez-Garcia, T Plehn, arXiv:1604.03105

Chiral Expansion Fits,
I Brivio, TC, OJP Éboli, MB Gavela, J Gonzalez-Fraile, MC Gonzalez-Garcia, S Rigolin, arXiv:1311.1823
I Brivio, J Gonzalez-Fraile, MC Gonzalez-Fraile, L Merlo, arXiv:1604.06801

Validity of SM EFT, Power Counting, Renormalization
R Contino, A Falkowski, F Goertz, C Grojean, F Riva, arXiv:1604.06444
A Biekötter, J Brehmer, T Plehn, arXiv:1602.05202
J Brehmer, A Freitas, D Lopez-Val, T Plehn, arXiv:1510.03443
BM Gavela, EE Jenkins, AV Manohar, L Merlo, arXiv:1601.07551
R Alonso, HM Chang, E Jenkins, A Manohar, B Shotwell, arXiv:1405.0486
R Alonso, E Jenkins, A Manohar, M Trott, arXiv:1312.2014
E Jenkins, A Manohar, M Trott, arXiv:1310.4838
E Jenkins, A Manohar, M Trott, arXiv:1308.2627
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Conclusions

Considered EFTs in both Linear and Chiral realizations of EWSB.

Performed a global fit to all relevant data
→ obtain bounds on operator coefficients
→ now including kinematic data
→ crucial for controlling E � ΛNP

LHC TGC limits are more constraining than LEP
→ a Higgs-only data fit is no longer sufficient,

TGCs at LHC are important in constraining Higgs effective operators

In Linear expansion HVV ⇔ TGV
In Chiral expansion HVV & TGV decorrelated
Allowing for discrimination between these two expansions
→ insight into how SSB is realized

Lots of discussion on Higgs EFTs at NLO happening...
→ Renormalization in Linear Expansion done
→ Power Counting
→ When is D8 required?
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Blind Directions
Considering leptonic observables:


∆Γ``
∆Γinv
∆A`
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− gg
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4
fBW


v2

Λ2
,

Concha Gonzalez-Garcia

• EWPD do not constraint V ff plus GB self-energies independently
⇒ blind directions (de Rujula Gavela, Masso, Hernandez, 94; Elias-Miro etal 13)

For example in leptonic obs: (de Blas PhD thesis 2010; de Blas, del Aguila, 11)

0

B

B

B

B

B

B

B

@

δΓZ
""

δΓZ
inv

δA"

δMW

δΓW
"ν

1

C

C

C

C

C

C

C

A

= M

0

B

B

B

B

B

B

B

B

B

@

f
(1)
Φe

f
(1)
ΦL

f
(3)
ΦL

fΦ,1

− gg′
4

fBW

1

C

C

C

C

C

C

C

C

C

A

v2

Λ2

M =




− 4s2

1−4s2+8s4
2−4s2

1−4s2+8s4

4s2(4s2−1)
(c2−s2)(1−4s2+8s4) − 1−2s2−4s4

2(c2−s2)(1−4s2+8s4)
4cs(4s2−1)

(c2−s2)(1−4s2+8s4)

0 −2 0 − 1
2 0

2s2(s2−1/2)2

−s8+(s2−1/2)4 − 2s4(s2−1/2)
−s8+(s2−1/2)4 − s4

−s8+(s2−1/2)4 − c2s4

2(−s8+(s2−1/2)4) − cs3

−s8+(s2−1/2)4

0 0 − s2

c2−s2 − c2

4(c2−s2) − cs
c2−s2

0 0 − 3s2

c2−s2 − 3c2

4(c2−s2) − 3cs
c2−s2




⇒ 2 zero eigenvalues, ie 2 combinations cancel in the observables

fΦ,1 = −4f
(1)
ΦL = −2f

(1)
Φe = g′2fBW

f
(3)
ΦL = g2

4 fBW

⇒ EWPD can independently constrain:
∆S ∝ fBW ,∆T ∝ fΦ,1 and all but 2 of O(1)

Φ,f , O
(3)
Φ,f

→ 2 zero eigenvalues → two combinations cancel in the observables...

fΦ,1 = −4f
(1)
ΦL = −2f

(1)
Φe = g′2fBW and f

(3)
ΦL =

g2

4
fBW .

Then EWPD can independently constrain:

∆S ∝ fBW , ∆T ∝ fΦ,1, and all but 2 of O(1)
Φ,f , O

(3)
Φ,f

Tyler Corbett (Melbourne) May 4, 2016 25 / 24



Blind Directions
Considering leptonic observables:
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• EWPD do not constraint V ff plus GB self-energies independently
⇒ blind directions (de Rujula Gavela, Masso, Hernandez, 94; Elias-Miro etal 13)

For example in leptonic obs: (de Blas PhD thesis 2010; de Blas, del Aguila, 11)
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