
VBS & EFTs

Ilaria Brivio

Niels Bohr Institute, Copenhagen



The idea of Effective Field Theories

UV
Λ

v

Ilaria Brivio (NBI) VBS & EFTs 1/19



The idea of Effective Field Theories

UV
Λ

v

a clear separation

Λ ! v

Ilaria Brivio (NBI) VBS & EFTs 1/19



The idea of Effective Field Theories

UV
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a clear separation

Λ ! v

the effect of the UV in the
region are organized

in an expansion in
E „ v

Λ
! 1

Ù
ordered by canonical dimension
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The SMEFT

SMEFT = Effective Field Theory with SM fields + symmetries

LSMEFT “ LSM ` 1

Λ
L5 ` 1

Λ2
L6 ` 1

Λ3
L7 ` 1

Λ4
L8 ` . . .

Ln “ ř

i CiO
d“n
i Ci - free parameters ( Wilson coefficients )

Oi - GAUGE INVARIANT operators that

form a complete basis
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L7 ` 1

Λ4
L8 ` . . .

Ln “ ř

i CiO
d“n
i Ci - free parameters ( Wilson coefficients )

Oi - GAUGE INVARIANT operators that

form a complete basis

U any UV compatible with the SM in the low energy limit

can be matched onto the SMEFT

U a convenient phenomenological approach:

systematically classifies all the possible new physics signals

U allows to compute with NO REFERENCE to the UV
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The SMEFT: in practice

We consider B, L conservation and only first order deviations Ñ only L6

LSMEFT “ LSM ` 1

Λ2
L6 L6 “

ÿ

i

CiOi

there are 59 + hc = 76 operators = (parameters in the flavor blind limit)
With arbitrary flavor indices the parameters are 2499.
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match to the EFT

interpret bounds

the EFT language is very
general: the constraints
can be mapped later to

any model
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An important point: gauge invariance!

An example:
gauge invariance relates TGC and Vff corrections.

the Equations of Motion can transform TGC operators into Vff!

Non-gauge invariant parameterizations (e.g. κZ ,γ, g
Z ,γ

1 ) cannot deal with this.

Coefficients of an EFT basis always give EOM equivalent parameterizations

Ñ not a matter of anomalous TGC / Zff but anomalous amplitude!
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An important point: gauge invariance!

Ideally, for the constraints to be as model independent as possible it is necessary
to compute the whole observable in the EFT
Ñ „ 20 parameters in total (flavor blind)
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FAQ - EFT validity

§ the validity of the EFT in the tails of distributions is a big problem:
when doing the analysis Λ is unknown +
the actual energy scale of the process is not accessible.

§ direct searches are indicative but model dependent
(absence of discoveries ‰ EFT is valid)

§ at best: consistency checks a posteriori
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FAQ - EFT validity

Basic algorithm: set a kinematic cut {pmax
T

pmmax
T q [Example from 1701.05379]

extract a limit on Ci {Λ

for Ci “ 1, is

Λ ą 2{pmax
T

pmmax
T

q?
NO YES

do an extra check:remove the last bin

pT ,mT , {ET ď ?
s!

do a study to estimate the
impact of events with?

s ą {pmax
T

pmmax
T

q

The big challenge: determine what is the actual energy flowing in the process
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FAQ - Unitarization

some debate in the preliminary meeting!

Theorist’s view: naively the EFT is just not valid in the kinematic region that we
used to extract the value.

The unitarization procedure does not restore the EFT validity
Ñ not useful for the EFT interpretation
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FAQ - TGC vs QGC

It is always great to have new independent measurements,

regardless of the theoretical setup (EFT/model etc)

Ñ YES, it makes a lot of sense to look for aQGC
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FAQ - TGC vs QGC

The scenario at dimension 6 with the Warsaw basis:

TGC
´igWWV

”

gV
1

´

W`
µνW

´µV ν ´ W´
µνW

`µV ν
¯

` κVW
`
µ W´

ν Vµν
ı

´ iλVV
µνW

`ρ
ν W´

ρµ

g
γ
1 1 gZ

1 1 ´ v2

4c2θ

´

CHD ` 4C
p3q
Hl

´ 2Cll ` 4tθCHWB

¯

κγ 1 ` v2

tθ
CHWB κZ 1 ´ v2

4c2θ

´

CHD ` 4C
p3q
Hl

´ 2Cll ` 4s2θCHWB

¯

λγ 6CW sθ λZ 6CW cθ

QGC

g2{2
„

g
p1q
WW

´

pW`
µ W´

ν q2 ´ pW`
µ W´µq2

¯

`g
p1q
VV 1

ˆ

W`µW´ν VµV 1

ν`VνV
1

µ

2
´ W`

µ W´µVνV
1ν

˙ 

g
p1q
WW

1 ´ v2c2θ
2c2θ

´

CHD ` 4C
p3q
Hl

´ 2Cll ` 4tθCHWB

¯

g
p1q
γγ {s2

θ
1

g
p1q
Zγ

{s2θ 1 ´ v2

4c2θ

´

CHD ` 4C
p3q
Hl

´ 2Cll ` 4tθCHWB

¯

g
p1q
ZZ

{c2
θ

1 ´ v2

2c2θ

´

CHD ` 4C
p3q
Hl

´ 2Cll ` 4tθCHWB

¯

+ structures from CW ǫIJKW
I
µνW

JνρW
Kµ
ρ
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FAQ - TGC vs QGC

The scenario at dimension 6 with the Warsaw basis:

§ if all the TGCs are zero, the QGCs are also zero. (not very interesting)

Ñ the answer to 2.b is NO. in general: setting something to zero by hand is
a strong (potentially dangerous) assumption

§ all the QGC depend on the same combination of coefficients as δgZ
1

Ñ if we find deviations, it would be interesting to check their correlation

Ñ the answer to 7 is YES. A fit with both TGC and QGC would be ideal.
Even better: combine with LEP data

However the actual answer to 2.a is YES
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FAQ - TGC vs QGC

The dimension 6 SMEFT scenario is not the only possible one!

There are others that are very interesting and allow

decorrelated aTGC and aQGC

1. special theories in which d “ 8 operators dominate over d “ 6

Ñ e.g. “Remedios” ù F. Riva
Ñ at dimension 8 the structure of the QGC is much richer. e.g. 1604.03555

2. scenarios in which the right EFT is not the SMEFT but the HEFT

VBS is an important signature of the HEFT, so there’s a vast literature
about it that should be explored ù Dobado,Delgado,Herrero,Llanes-Estrada. . .
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HEFT = Non-linear EFT = EW chiral Lagrangian

Main idea: the Higgs does not need to be in a doublet

H “ v ` h?
2

U

ˆ

0

1

˙

h U “ e iπ
I
σ
I {v

independent
treated as a singlet
with arbitrary couplings

Fphq “ 1 ` 2a
h

b
` b

h2

v2
` . . .

adimensional

derivative expansion „ χPT

non-lin

linÑ a very general EFT contains the linear as a particular limit

Ñ matches composite Higgs models + other UVs with significant nonlinear
effects in the EWSB sector
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aQGC in the HEFT

L4X ” g2
!

g
p1q
ZZ

pZµZ
µq2 ` g

p1q
WW

W`
µ W`µW´

ν W´ν ´ g
p2q
WW

pW`
µ W´µq2

` g
p3q
VV 1

W`µW´ν
`

VµV
1
ν ` V 1

µVν

˘

´ g
p4q
VV 1

W`
ν W´νVµV 1

µ

` ig
p5q
VV 1

eµνρσW`
µ W´

ν VρV
1
σ

)

1311.1823

Coeff. Chiral Linear

ˆe2{4s2θ ˆv2

∆g
p1q
WW 1

s22θ
e2c2θ

cT `
8s2θ
c2θ

c1 ` 4c3 ` 2c11 ´ 16c12 ` 8c13
cW
2

`
s2θ
c2θ

cBW ´
s22θ

4c2θe
2 cΦ1

∆g
p2q
WW 1

s22θ
e2c2θ

cT `
8s2θ
c2θ

c1 ` 4c3 ´ 4c6 ´ v2

2
c˝h ´ 2c11 ´ 16c12 ` 8c13

cW
2

`
s2θ
c2θ

cBW ´
s22θ

4c2θe
2 cΦ1

∆g
p1q
ZZ

1
c4
θ

c6 ` v2

8
c˝h ` c11 ` 2c23 ` 2c24 ` 4c26 ´

∆g
p3q
ZZ

1
c2
θ

s22θc
2
θ

e2c2θ
cT `

2s22θ
c2θ

c1 ` 4c2θc3 ´ 2s4θc9 ` 2c11 ` 4s2θc16 ` 2c24
cW c2θ

2
`

s22θ
4c2θ

cBW ´
s22θc

2
θ

4e2c2θ
cΦ1

∆g
p4q
ZZ

1
c2
θ

2s22θc
2
θ

e2c2θ
cT `

4s22θ
c2θ

c1 ` 8c2θc3 ´ 4c6 ´ v2

2
c˝h ´ 4c23 cW c2θ ` 2

s22θ
4c2θ

cBW ´
s22θc

2
θ

2e2c2θ
cΦ1

∆g
p3q
γγ s2θ ´2c9 ´

∆g
p3q
γZ

sθ
cθ

s22θ
e2c2θ

cT `
8s2θ
c2θ

c1 ` 4c3 ` 4s2θc9 ´ 4c16
cW
2

`
s2θ
c2θ

cBW ´
s22θ

4c2θe
2 cΦ1

∆g
p4q
γZ

sθ
cθ

2s22θ
e2c2θ

cT `
16s2θ
c2θ

c1 ` 8c3 cW ` 2
s2θ
c2θ

cBW ´
s22θ

2c2θe
2 cΦ1

∆g
p5q
γZ

sθ
cθ

8c14 ´
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aTGC in the HEFT

LWWV “ ´ igWWV

!

gV
1

´

W`
µνW

´ µV ν ´ W`
µ VνW

´ µν
¯

` κVW
`
µ W´

ν Vµν

´ igV
5 εµνρσ

`

W`
µ BρW´

ν ´ W´
ν BρW`

µ

˘

Vσ `

` gV
6

`

BµW`µW´ν ´ BµW´µW`ν
˘

Vν

)

gWWZ “ g cos θ , gWWγ “ e
1311.1823

Coeff. Chiral Linear

ˆe2{s2
θ

ˆv2

∆κγ 1 ´2c1 ` 2c2 ` c3 ´ 4c12 ` 2c13
1
8

pcW ` cB ´ 2cBW q

∆g
γ
6 1 ´c9 ´

∆gZ
1

1
c2
θ

s22θ
4e2c2θ

cT ` 2s2θ
c2θ

c1 ` c3
1
8
cW ` s2θ

4c2θ
cBW ´ s22θ

16e2c2θ
cΦ,1

∆κZ 1
s2θ

e2c2θ
cT ` 4s2θ

c2θ
c1 ´ 2s2θ

ct2
c2 ` c3 ´ 4c12 ` 2c13

1
8
cW ´ s2θ

8ct2
cB ` s2θ

2c2θ
cBW ´ s2θ

4e2c2θ
cΦ,1

∆gZ
5

1
c2
θ

c14 ´

∆gZ
6

1
c2
θ

s2
θ
c9 ´ c16 ´

Ilaria Brivio (NBI) VBS & EFTs 15/19



FAQ - basis

No, as long as it’s a BASIS = a set of gauge invariant operators
(the kappas of the Zeppenfeld parameterization in the previous slide are not a
basis!)

A popular one is the Warsaw basis. This is advantageous for some technical
reasons related to removing derivative operators, and the only one for which the
complete RGE running is available
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FAQ - predictions

This question is not well posed in the EFT, as the EFT is model independent.

In the EFT the TGC and QGC are expressed as functions of the Wilson
coefficients Ci .

If you wonder about the numerical precision needed: À 10%
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FAQ - deviations

It means that one operator gives a non-zero contribution = we found new physics!

Which operator it is can give indications about what kind of UV may be
underlying, although I don’t think we’d need to go further than the EFT
interpretation
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Ideal plans for the future

1. Figure how to produce experimental constraints on EFT parameters

§ Determine a parameterization with d=6, trying to keep gauge
invariance and avoiding setting stuff to zero. How many are feasible?

§ UFO model with the complete SMEFT on the way!

§ SMEFT vs HEFT: extremely interesting!

§ Combination with other datasets?

2. Establish a way to report data in a flexible/model-independent way,

crosssections + distributions that may be used by theorists in the future
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