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

Qi - gauge invariant operators that

form a complete basis
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Λ
L5 ` 1

Λ2
L6 ` 1

Λ3
L7 ` 1

Λ4
L8 ` . . .

Ln “
ř

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

Qi - 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

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

Qi - gauge invariant operators that

form a complete basis

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

LSMEFT “ LSM ` 1

Λ2
L6 L6 “

ÿ

i

CiQi

there are 59 operators = 76 (2499) real parameters for 1 (3) generation(s)
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The Warsaw basis
Gzadkowski,Iskrzynski,Misiak,Rosiek 1008.4884
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Which operators are relevant for VBS?

1. Identify all the terms that can contribute

(a) corrections to SM diagrams : TGC / QGC, hVV, Vff, δΓZ ,W ,h, δmW ,

( gqq )

(b) BSM vertices that give new diagrams : VVff, Vhff, ffff . . .

2. Verify which are phenomenologically relevant. Depends on:
§ symmetries assumed on the Lagrangian (CP, flavor)
§ signal selection cuts
§ complementary constraints?
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Which operators are relevant for VBS?

1. Identify all the terms that can contribute
Æ

(a) corrections to SM diagrams : TGC / QGC, hVV, Vff, δΓZ ,W ,h, δmW ,

( gqq )

(b) BSM vertices that give new diagrams : VVff, Vhff, ffff . . .

2. Verify which are phenomenologically relevant. Depends on:
§ symmetries assumed on the Lagrangian (CP, flavor)
§ signal selection cuts
§ complementary constraints?
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VBS with the Warsaw basis - general case
Gzadkowski,Iskrzynski,Misiak,Rosiek 1008.4884corrections to SM diagrams

Ilaria Brivio (NBI) EFT for VBS 4/12



VBS with the Warsaw basis - general case
Gzadkowski,Iskrzynski,Misiak,Rosiek 1008.4884contributions to new diagrams

Ilaria Brivio (NBI) EFT for VBS 4/12



VBS with the Warsaw basis - general case
Gzadkowski,Iskrzynski,Misiak,Rosiek 1008.4884corrections to SM diagrams

Ilaria Brivio (NBI) EFT for VBS 4/12



VBS with the Warsaw basis - general case
Gzadkowski,Iskrzynski,Misiak,Rosiek 1008.4884contributions to new diagrams

Ilaria Brivio (NBI) EFT for VBS 4/12



Summary - most general case

Corrections to SM couplings/propagators

Vff (Ñ ΓW , ΓZ ) QHD QHWB Qll Q
3
Hl Q

1
Hl Q

3
Hq Q1

Hq QHe QHu QHd QHud

Vff (dipole) QeW QeB QuW QdB QdW QdB pQuG , QdG q
TGC/QGC QHD QHWB Qll Q

3
Hl QW QW̃ QHW̃B

hVV QHD QHWB Qll Q
3
Hl QHW QHW̃ QHB QHB̃ QHW̃B QH˝

mW QHD QHWB Q3
Hl Qll

Γh QHD Qll Q
3
Hl QeH QdH QuH QH˝

Couplings giving new diagrams

VVff QeW QeB QuW QdB QdW QdB Qll

Vhff Q3
Hl Q

1
Hl Q

3
Hq Q1

Hq QHe QHu QHd QHud

4-fermions . . .

28 (30) operators and 254 (290) parameters counting phases and flavor indices

+ four-fermion operators!
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Reducing the set – symmetries
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Reducing the set – symmetries
Assume CP conservation
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Reducing the set – symmetries
Assume CP conservation + approx. Up3q5 flavor sym
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Reducing the set – selection cuts

Cuts can help removing (new) diagrams.

Examples:

Ñ non-resonant fermion pair

Ñ kinematics ‰ VBS signal
could be removed

4-fermion operators (apart from Qll) and new diagrams
are likely to be negligible in resonant VBS

Simulation studies required to make solid statements
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Reducing the set – complementary constraints

Ideal statement: “the operator XX is very constrained from another
measurement, so it can be neglected”

it’s OK to use this argument to reduce the parameter set (for now)
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Reducing the set – complementary constraints

Ideal statement: “the operator XX is very constrained from another
measurement, so it can be neglected”

it’s OK to use this argument to reduce the parameter set (for now)

My skepticism: this statement is basis dependent as the EFT is not intuitive

suppose I have a theory that produces pDµW i
µνqpiΦ:

ÐÑ
D

iνΦq
ñ deviations in processes with TGC/QGC

In the Warsaw basis it corresponds to a combination of CH˝, C
p3q
Hq ,C

p3q
Hl ,CH + others

pDµW i
µνqpiΦ:

ÐÑ
D

iνΦq “ g

˜

2Φ:ΦpDµΦ
:DµΦq `

QH˝

2
`

Q
p3q
Hq ` Q

p3q
Hl

2

¸

Grzadkowski et al:

LEP measurements tell C
p3q
Hq ,C

p3q
Hl ! 1 Ñ I remove them from the fit

Ñ no parameter left to account for the deviation in processes with TGC/QGC!
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Reducing the set – complementary constraints

Ideal statement: “the operator XX is very constrained from another
measurement, so it can be neglected”

it’s OK to use this argument to reduce the parameter set (for now)

My skepticism: this statement is basis dependent as the EFT is not intuitive

What this means:

§ the operators in a basis don’t capture only new physics contributing directly
to them, but also to other invariants that were removed from the basis

§ their physical interpretation is not obvious! („ no control on the structures
that were removed)

§ to my knowledge it is not possible to select a basis that “minimizes” this

§ reducing the parameter set “intuitively” is ok as long as there is no deviation.
If anything appears it is necessary to include all to interpret it correctly
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Operators relevant for VBS - minimal set

imposing CP + Up3q5 flavor symmetry, neglecting contributions 9 yf , f ‰ b, t

and assuming non-standard diagrams give negligible impact

Corrections to SM couplings/propagators

QHD = pH:DµHq˚pH:DµHq Q
p1q
Hl = pH:i

Ø

Dµ Hqpl̄γµlq

QH˝ = pH:HqpH:
˝ Hq Q

p3q
Hl = pH:i

Ø

D
i

µ Hqpl̄σiγµlq

QW = εijkW
i
µνW

jνρW kµ
ρ Q

p1q
Hq = pH:i

Ø

Dµ Hqpq̄γµqq

QHB = pH:HqBµνB
µν Q

p3q
Hq = pH:i

Ø

D
i

µ Hqpq̄σiγµqq

QHW = pH:HqW i
µνW

iµν
QHe = pH:i

Ø

Dµ Hqpēγµeq

QHWB = pH:σiHqW i
µνB

µν
QHu = pH:i

Ø

Dµ Hqpūγµuq

Qll = pl̄γµlqpl̄γµlq QHd = pH:i
Ø

Dµ Hqpd̄γµdq

= Vff (ΓW ,Z ) = TGC/QGC = hVV (Γh) = mW

14 operators and 14 parameters
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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
IσI {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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HEFT operators for VBS - minimal set

restricting to CP + Up3q5 and neglecting 4-fermion interactions

PC “ TrpVµV
µqFC PT “ TrpTVµqTrpTVµqFT

PB “ BµνB
µνFB PW “ W a

µνW
aµνFW

P1 “ Bµν TrpTW µνqF1 P2 “ Bµν TrpTrVµ,VνsqF2

P3 “ TrpWµν rVµ,Vν sqF3 P4 “ Bµν TrpTVµqBνF4

P5 “ TrpWµνV
µqBνF5 P6 “ pTrpVµV

µqq2F6

P11 “ pTrpVµVνqq2F11 P12 “ pTrpTWµνqq2F12

P13 “ i TrpTWµν qTrpTrVµ,Vν sqF13 P14 “ εµνρλ TrpTVµqTrpVνWρλqF14

P17 “ TrpTWµνqTrpTVµqBνF17 P18 “ TrpTrVµ,VνsqTrpTVµqBνF18

P23 “ TrpVµV
µqpTrpTVνqq2F23 P24 “ TrpVµVνqTrpTVµqTrpTVνqF24

P26 “ pTrpTVµqTrpTVνqq2F26 PWWW “ εabc
Λ2 W

aν
µ W bρ

ν W cµ
ρ FWWW

NQ
1 “ i Q̄L γµV

µ QL F NQ
2 “ i Q̄R γµU

:VµUQR F

NQ
5 “ i Q̄L γµtVµ,TuQLF NQ

6 “ i Q̄R γµU
:tVµ,TuUQR F

NQ
7 “ i Q̄L γµTV

µTQLF NQ
8 “ i Q̄R γµU

:TVµTUQR F

N ℓ
2 “ i L̄R γµU

:tVµ,TuU LR F .

Rℓ
2 “ pL̄L γµ LL qpL̄L γµ LL qF Rℓ

5 “ pL̄L γµT LL qpL̄L γµT LL qF

T = Uσ3U:

Vµ = DµUU:

Quick dictionary:

TrpTVµq Ñ Zµ

TrpVµVνq Ñ ZµZν ` W`
µ W´

µ

Fi Ñ 1 ` h{v ` . . .

2
9
o
p
er
at
or
s

basis of 1604.06801
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2
9
o
p
er
at
or
s
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correspond to d ě 8
in the SMEFT

F

S,0

F

S,1

F

S,0 F

S,0

F

S,0
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Discussion points

Analysis @ d=6: we can restrict to a minimal set of 14 parameters

1. preliminary study: which diagrams are negligible?
can L/T polarizations be distinguished?
any sensitivity to CP violation?
which input scheme (tαem,mZ ,Gf u or tmW ,mZ ,Gf u)?

2. start with a feasible subset of parameters if 14 are too many.

3. tools: compare available codes for SMEFT predictions

4. including more parameters: possibility of combining / comparing with other
datasets

Later extensions:

1. switch to a HEFT analysis

2. including some d=8 operators

Ilaria Brivio (NBI) EFT for VBS 12/12



Extra slides



TGC vs QGC in the SMEFT

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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aTGC in the SMEFT - schemes

αem scheme mW scheme

δg
γ
1 0 v2

4

`

´ cHD
c2θ
s2
θ

´ 4c
p3q
Hℓ ` 2cll ´ 4cHWB

cθ
sθ

˘

δgZ
1 ´ v2

4c2θ

´

cHD ` 4cp3q
Hℓ ´ 2cll ` 4 sθ

cθ
cHWB

¯

v2

4

`

cHD ´ 4cp3q
Hℓ ` 2cll ` 4 sθ

cθ
cHWB

˘

δκγ v2 cθ
sθ
cHWB

v2

4

`

´ cHD
c2θ
s2
θ

´ 4c
p3q
Hℓ ` 2cll

˘

δκZ ´ v2

4c2θ

´

cHD ` 4c
p3q
Hℓ ´ 2cll ` 4s2θcHWB

¯

v2

4

`

cHD ´ 4c
p3q
Hℓ ` 2cll

˘

δλγ 6cW sθ 6cW sθ

δλZ 6cW cθ 6cW cθ
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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

ˆe2{s2
θ

∆κγ 1 ´2c1 ` 2c2 ` c3 ´ 4c12 ` 2c13

∆g
γ
6 1 ´c9

∆gZ
1

1
c2
θ

s22θ
4e2c2θ

cT `
2s2θ
c2θ

c1 ` c3

∆κZ 1
s2θ

e2c2θ
cT `

4s2θ
c2θ

c1 ´
2s2θ
ct2

c2 ` c3 ´ 4c12 ` 2c13

∆gZ
5

1
c2
θ

c14

∆gZ
6

1
c2
θ

s2
θ
c9 ´ c16
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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

ˆe2{4s2θ

∆g
p1q
WW 1

s22θ
e2c2θ

cT `
8s2θ
c2θ

c1 ` 4c3 ` 2c11 ´ 16c12 ` 8c13

∆g
p2q
WW 1

s22θ
e2c2θ

cT `
8s2θ
c2θ

c1 ` 4c3 ´ 4c6 ´ v2

2
c˝h ´ 2c11 ´ 16c12 ` 8c13

∆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

∆g
p4q
ZZ

1
c2
θ

2s22θc
2
θ

e2c2θ
cT `

4s22θ
c2θ

c1 ` 8c2θc3 ´ 4c6 ´ v2

2
c˝h ´ 4c23

∆g
p3q
γγ s2θ ´2c9

∆g
p3q
γZ

sθ
cθ

s22θ
e2c2θ

cT `
8s2θ
c2θ

c1 ` 4c3 ` 4s2θc9 ´ 4c16

∆g
p4q
γZ

sθ
cθ

2s22θ
e2c2θ

cT `
16s2θ
c2θ

c1 ` 8c3

∆g
p5q
γZ

sθ
cθ

8c14
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