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Università & INFN Bologna



Effective Field Theories for BSM physics

SM extensions that parameterize small deviations from SM predictions

Ñ “indirect searches” of New Physics
at LHC and precision exp.

a
d
a
p
te
d
fr
o
m

B
re
h
m
er

et
a
l
1
5
1
0
.0
3
4
4
3

pp Ñ qqH

A
T
L
-P

H
Y
S
-P

U
B
-2
0
1
9
-0
4
2

Plan of the talk

1. introducing SMEFT and HEFT

2. SMEFT vs HEFT: comparing truncated EFTs

3. SMEFT vs HEFT: comparing EFTs at all orders

4. alternative approaches: primaries, pseudo-observables. . .
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The Standard Model Effective Field Theory – SMEFT

promoting the Standard Model to an EFT Ñ add higher-dimensional terms made of SM fields
and respecting the SM symmetries

LSMEFT “ LSM ` 1

Λ
L5 ` 1

Λ2
L6 ` 1

Λ3
L7 ` 1

Λ4
L8 ` . . . Ld “

ÿ

i

CiO
pdq
i

Ci “ Wilson coefficients

O
pdq
i “ gauge-invariant operators forming a basis: a complete, non-redundant set

Buchmüller,Wyler 1986

§ matches BSM theories that live at Λ " v and that fall exactly onto SM in low-E limit

§ a complete catalogue of BSM effects compatible with SM symmetry structure

§ power counting: expected size of BSM effects „ operator dimension in first approx
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SMEFT at d “ 6: the Warsaw basis
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SMEFT at d “ 8: Murphy basis
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# parameters computed with Hilbert series
and automated Henning,Lu,Melia,Murayama 1512.03433

12

2

76

2499

948

22

348

895

36971
44874 13112

6632

209527
1666920

1511213

50468420

bases available up to dimension 12
d = 5 Weinberg PRL43(1979)1566

d = 6 Grzadkowski et al 1008.4884 . . .

d = 7 Lehman 1410.4193, Henning et al 1512.0343

d = 8 Li et al 2005.00008, Murphy 2005.00059

d = 9 Li et al 2007.07899, Liao,Ma 2007.08125

d = 10,11,12 Harlander,Kempksens,Schaaf 2305.06832
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The SMEFT program for the LHC

§ a vast campaign of measurements in Higgs, EW, top, Drell-Yan and other processes

§ most ambitious goal: large global analysis to measure as many Wilson coefficients as possible

§ a large research program with big efforts in theory and experiment

A
T
L
-P

H
Y
S
-P

U
B
-2
0
2
2
-0
3
7

Ilaria Brivio (UniBo & INFN) SMEFT vs HEFT for new physics searches at the LHC 5/23



The Higgs Effective Field Theory – HEFT

rather than H doublet:
singlet h + Goldstones U

Feruglio 9301281, Grinstein,Trott 0704.1505, Buchalla,Catà 1203.6510,
Alonso et al 1212.3305, IB et al 1311.1823,1604.06801,
Buchalla et al 1307.5017,1511.00988. . .

H ÞÑ
v ` h?

2
U , U “ exp

ˆ

i~σ ¨ ~π
v

˙

SMEFT expands around EW-symmetric point, HEFT expands around EW vacuum

h 

v 

h 

v 

φ0

φi φi πi

SMEFT HEFT
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HEFT notation basics

LSM “ ´ 1

4
xWµνW

µνy ´ 1

4
BµνB

µν ´ 1

4
G a
µν
G aµν ` 1

2
BµhBµh

´ v2

4
xVµV

µyFphq ´ Vphq

` i Q̄L {DQL ` i Q̄R {DQR ` i L̄L {DLL ` i L̄R {DLR

´ v?
2

“

Q̄LUYQphqQR ` h.c.
‰

´ v?
2

“

L̄LUYLphqLR ` h.c.
‰

Vµ “ pDµUqU: „ Wµ,Zµ QL,R “
ˆ

uL,R

dL,R

˙

, LL “
ˆ

νL

eL

˙

, LR “
ˆ

0

eR

˙

T “ Uσ3U: p✘✘✘cust. spurionq

Fiphq “ 1 ` ai
h

v
` bi

h2

v2
` . . . x ¨ y “ Tr

SUp2q
p ¨ q
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Main HEFT features

§ more general than SMEFT because implements weaker symmetry requirement
there are UV scenarios that can be matched to HEFT but not SMEFT (more later)

HEFT Ą SMEFT Ą SM

§ in general more convergent than SMEFT: takes fewer orders to reproduce well UV model
Ñ classic example: composite Higgs

§ more complicated power counting, mix of χPT and canonical dimensions
Gavela,Jenkins,Manohar,Merlo 1601.07551
Buchalla,Catà,(Celis),Krause 1312.5624,1603.03062

orders are defined as LHEFT “ L0 ` L1 ` L2 ` . . .

L1 = leading deviations from SM = “4 derivatives” = NLO

§ order-by-order, more operators than SMEFT for 3 flavors, L,B cons: L1: 6573, L2: 10
6`

Hilbert series counting is available Gráf,Henning,Lu,Melia,Murayama 2211.06725

complete bases available up to L2
Buchalla,Catà,Krause 1307.5017, IB et al 1604.06801
Sun,Xiao,Yu 2210.14939, Sun,Wang,Yu 2211.11598
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Example: HEFT bosonic basis in L1

39 operators (vs 15 in dim-6 Warsaw basis, 89 in dim-8 Murphy basis) Sun,Xiao,Yu 2206.07722

xVµV
µy2Fphq xVµVνy2Fphq BµBνFphqBµBν

Fphq

xTVµyxTVνyxVµVνyFphq xTVµy2xVνV
νyFphq xTVµy4Fphq

xTVµyxVνV
νyBµ

Fphq xTVµyxVµVνyBνFphq xTVµVνyxTVµyBν
Fphq

xTVµy2xTVνyBν
Fphq xTVµyxTVνyBµBν

Fphq xTVµy2BνFphqBν
Fphq

xVµVνyBµBν
Fphq xVµV

µyBν
FphqBνFphq xTVµyBνFphqBµBν

Fphq

xW̃µνV
µyxTVνyFphq xTrW̃µν ,V

νsyxTVµyFphq xWµνV
µyxTVνyFphq

xWµν rVµ
,VνsyFphq BµνxTrVµ

,VνsyFphq xWµνTyxTrVµ
,VνsyFphq

xW̃µν rVµ
,VνsyFphq B̃µνxTrVµ

,VνsyFphq xWµνTyxW̃ µνTyFphq

BµνxW µνTyFphq B̃µνxW µνTyFphq xWµνTy2Fphq

BµνB
µν

Fphq WµνW
µν

Fphq GµνG
µν

Fphq

Bµν B̃
µν

Fphq WµνW̃
µν

Fphq Gµν G̃
µν

Fphq

fabcG
a
µνG

bνρ
G

cν
ρ Fphq εijkW

i
µνW

jνρ
W

kν
ρ Fphq εijkBµνW

iνρ
W

jν
ρ Tk

Fphq

fabc G̃
a
µνG

bνρ
G

cν
ρ Fphq εijkW̃

i
µνW

jνρ
W

kν
ρ Fphq εijkB̃µνW

iνρ
W

jν
ρ Tk

Fphq
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order-by-order comparison



SMEFT L6 vs. HEFT L1

two main classes of differences:

§ interactions that are correlated in SMEFT and decorrelated in HEFT

§ interactions that appear at a lower order in HEFT compared to SMEFT
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SMEFT L6 vs. HEFT L1

two main classes of differences:

§ interactions that are correlated in SMEFT and decorrelated in HEFT

§ interactions that appear at a lower order in HEFT compared to SMEFT �

Example 1. h Ñ V f̄ f / f̄ f Ñ Vh Isidori,(Manohar),Trott 1305.0663,1307.4051

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

q
`2

dΣp

d q
`2

SM
SMEFT

HEFTA „ c1

˜

η
µν

´
qµqν

m2
V

¸

` c2

«˜

1 `
q2

m2
V

¸

η
µν

´
2qµqν

m2
V

ff

` . . .

SMEFT: c2 “ 0
HEFT: c2 ‰ 0
(+ others)
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SMEFT L6 vs. HEFT L1

two main classes of differences:

§ interactions that are correlated in SMEFT and decorrelated in HEFT �

§ interactions that appear at a lower order in HEFT compared to SMEFT

Example 2. VVV vs VVh interactions Éboli,Gonzalez-Garcia,Martines 2112.11468. also: IB et al 1311.1823,1604.06801

4 HEFT parameters:

ΣW ,B : SMEFT-like combinations
∆W ,B : orthogonal combinations

Z , γ

W`

W´

h

Z

Z , γ

SM

SMEFT
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SMEFT L6 vs. HEFT L1

two main classes of differences:

§ interactions that are correlated in SMEFT and decorrelated in HEFT �

§ interactions that appear at a lower order in HEFT compared to SMEFT �

Example 3. VLVL Ñ hn at large s Gomez-Ambrosio et al 2204.01763, Delgado et al 2311.04280

1 ` a1
h

v
` a2

h2

v2
` . . .

vs.

1`c1
pH:Hq

Λ2
`c2

pH:Hq2

Λ4
`. . .

ωω Ñ hh
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Are order-by-order considerations enough?

§ if SMEFT is valid, the replacement H Ñ h,U must be an unphysical field redefinition

§ if HEFT is more general, what UV scenarios does it capture that SMEFT doesn’t?

phenomenologically:

§ lately, a lot of interest in dimension 8 SMEFT
Hays et al 2808.00442, Boughezal et al 2108.05337
Degrande,Li 2303.10493, Ellis et al 2304.06663,
Dawson et al 2110.06929,2205.01561,2212.03258, 23058,2305.07689
Corbett et al 2102.02819,2107.07470,2110.03694,2304.03305 . . .

� relevant for poorly convergent SMEFT . HEFT known to work well in many of these cases
eg. low mass 2HDM, composite Higgs, singlet extensions. . .

� potentially relevant in fits : expands catalogue of BSM signals

, hard to manage in full, too many parameters

§ could HEFT represents amore practical alternative to dim 8 for phenomenology?

� seems more efficient in resumming pH:Hq powers also geoSMEFT: Helset,Martin),Trott 2001.01453

§ does HEFT point to phenomenological features that we would miss in a SMEFT analysis?

how can we make sure not to leave any stone unturned?
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all-orders comparison



SMEFT/HEFT geometrical interpretation

let us consider only the 4 scalar fields : they can be seen as coordinates on 4D manifold

Alonso,Jenkins,Manohar 1511.00724,1605.03602

SMEFT „ cartesian coord. HEFT „ polar coord.

pR4q ~φ “

¨

˚

˚

˝

φ1

φ2

φ3

φ4

˛

‹

‹

‚

~φ “ pv ` hq exp
„

2πi ti

v



¨

˚

˚

˝

0
0
0
1

˛

‹

‹

‚

pSUp2qq H “ 1?
2

ˆ

φ2 ` iφ1

φ4 ´ iφ3

˙

U “ exp

„

πiσi

v



§ accidental SUp2qL ˆ SUp2qR „ Op4q symmetry: H:H “ |~φ|2
2

§ field redefinition Ø change of coordinates

§ physics can be associated to geometry of the field space, independent of coordinates
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Physics – Geometry connection

The kinetic term corresponds to a metric in field space

L “ 1

2
BµφiBµφjgijpφq ` . . .

it captures all operators with 2 derivatives, up to arbitrary dimensions. e.g.

BµH:BµH pH:Hqn “ 1

2
Bµ~φ ¨ Bµ~φ

˜

~φ ¨ ~φ
2

¸n

Ñ gij “ δij

˜

~φ ¨ ~φ
2

¸n

H:H ˝ pH:Hq “ ´ p~φ ¨ Bµ~φq2 Ñ gij “ ´2φiφj

piH:BµH ´ iBµH:Hq2 “ 4pBµ~φ t3R ~φq2 Ñ gij “ 8pt3Rφqi pt3Rφqj

scattering amplitudes are proportional to the Riemann curvature invariants at the vacuum

Apφiφj Ñ φkφl q “ Rijklsik ` Rikjl sij

gauge sector and fermions can also be included in the formalism
Cheung,Helset,Parra-Martinez 2111.03045,2202.06972
Helset,Jenkins,Manohar 2210.08000
Assi,Helset,Manohar,Pagès,Shen 2307.03187
Cohen,Lu,Sutherland 2312.06748
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Scenarios requiring HEFT

Cohen et al 2008.0597, 2108.03240, Banta et al 2110.02967. figs by D. Sutherland

SMEFT expands around the Op4q symmetric point. HEFT expands around the vacuum.

there are cases where the SMEFT expansion cannot be constructed, or is not convergent at v

Ë SMEFT é HEFT only é HEFT only

“loryons” BSM EWSB
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what about operators with more than 2 derivatives?
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Fibre bundle picture

Alminawi,IB,Davighi 2308.00017 fibre bundle pE ,Σ, πq
E = total space
Σ “ base space = spacetime with coord xµ

π : E Ñ Σ projection map

locally: E “ Σ ˆ M

M “ fibre = field space with coord ui

φpxq : Σ Ñ E is a (local) section of the bundle

§ section ‰ coordinates on M : φ ‰ u

§ field redefinition = change of section. if non derivative: „ diffeomorphism f : E Ñ E

1. we define a metric g on E

2. we are more careful in the mapping from geometry Ñ Lagrangians
(function on E Ñ function on Σ)
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Scalar Lagrangian from Fibre bundle geometry

E metric : bundle has coordinates y I “ pxµ, ui q. Poincaré invariance Ñ g IJ independent of xµ

g “ gIJdy
I b dyJ “

`

dxµ dui
˘

ˆ

gµνpuq gµjpuq
gνipuq gijpuq

˙ ˆ

dxν

duj

˙

“ gµνdx
µdxν ` 2gµidx

µdui ` gijdu
iduj

pulling back to spacetime along the section φ Ñ Lagrangian

ui Ñ φi pxq “ pui ˝ φqpxq , dui Ñ Bρφi pxq

g Ñ L “ 1

2
ηρσxBρ b Bσ, φ˚pgqy “ ηρσ

„

1

2
gρσpφq ` gρi pφqBσφi ` 1

2
gijpφqBρφiBσφj



gij has the same interpretation as before. physics also requires

gρipφq ” 0 ηρσgρσpφq “ ´2V pφq

Ñ geometric description of the scalar potential!
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Jet bundles

Saunders 1989. see also Craig,Lee 2307.15742

j ixφ = r -jet of φ at x = equivalence class containing sections identical up to r -th derivative

J rE = r -jet bundle = tj rxφ|x P Σ, φ P Γxpπqu is a differentiable manifold. we use only J1E
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Scalar Lagrangian from 1-jet bundle geometry

J1E metric : 1-jet bundle has coordinates y I “ pxµ, ui , ui
µ

q

g p1q “ gIJdy
I b dyJ “

`

dxµ dui ui
µ

˘

¨

˝

gµν gµj gν

µj

gνi gij gν

ij

g
µ

νi g
µ

ij g
µν

ij

˛

‚

¨

˝

dxν

duj

dui
ν

˛

‚

“ gµνdx
µdxν ` 2gµidx

µdui ` 2gν

µjdx
µduj

ν
` gijdu

iduj ` 2gν

ij du
iduj

ν
` g

µν

ij dui
µ
duj

ν

pulling back to spacetime along the “prolongation” of the section j1φ Ñ Lagrangian

ui Ñ φi pxq , ui
µ

Ñ Bµφi pxq , dui Ñ Bρφi pxq , dui
µ

Ñ BρBµφi pxq

g p1q Ñ L “ 1

2
ηµνgµν ` gµiBµφi ` gν

µjBµBνφj ` 1

2
gijBµφiBµφj ` gν

ij BρφiBρBνφj ` 1

2
g
µν

ij BρBµφiBρBνφj

§ now all the metric entries are functions of uµ, u
i
µ

Ñ φi , Bµφi

§ a 1-jet bundle metric maps to a redundant basis of operators with up to 4 derivatives
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Scalar Lagrangian from 1-jet bundle metric: 1 scalar case

coordinates: pxµ, u, uµq.
Ñ we expand metric dependence on uµ and leave dependence on u in analytic functions A,B . . .

Ñ retain only terms leading to operators with up to 4 derivatives

gµν

Λ4
“ ´ηµν

2
V puq `

„

uµuν

Λ4
` ηµν

4

uρu
ρ

Λ4



Jpuq
2

`
„

uµuν

Λ4
` ηµν

4

uρu
ρ

Λ4



uσu
σ

Λ4

K puq
2

gµu

Λ2
“ uµ

Λ2
Gpuq ` uµuρu

ρ

Λ6
Hpuq

gν

µu “ δν
µ
E puq ` uνuµ

Λ4
F1puq ` δν

µ

uρu
ρ

Λ4
F2puq

guu “ C puq ` uρu
ρ

Λ4
Dpuq Λgµ

uu “ uµ

Λ
Bpuq Λ2gµν

uu “ ηµνApuq

pulls back to

L “ 1

2
BµφBµφ pC ` 2G ` Jq ´ Λp˝φqE ´ Λ4V

` BµBνφBµBνφ

Λ2

A

2
` BµBνφBµφBνφ

Λ3
pB ` F1q ` p˝φqpBµφBµφq

Λ3
F2 ` pBµφBµφq2

Λ4

D ` 2H ` K

2
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Scalar Lagrangian from 1-jet bundle metric: 1 scalar case

coordinates: pxµ, u, uµq.
Ñ we expand metric dependence on uµ and leave dependence on u in analytic functions A,B . . .

Ñ retain only terms leading to operators with up to 4 derivatives

gµν

Λ4
“ ´ηµν

2
V puq `

„

uµuν

Λ4
` ηµν

4

uρu
ρ

Λ4



Jpuq
2

`
„

uµuν

Λ4
` ηµν

4

uρu
ρ

Λ4



uσu
σ

Λ4

K puq
2

gµu

Λ2
“ uµ

Λ2
Gpuq ` uµuρu

ρ

Λ6
Hpuq

gν

µu “ δν
µ
E puq ` uνuµ

Λ4
F1puq ` δν

µ

uρu
ρ

Λ4
F2puq

guu “ C puq ` uρu
ρ

Λ4
Dpuq Λgµ

uu “ uµ

Λ
Bpuq Λ2gµν

uu “ ηµνApuq

pulls back to

L “ 1

2
BµφBµφ

`

C ` 2G ` J ´ 2E 1
˘

´ Λ4V blue = can be removed via EOM

` BµBνφBµBνφ

Λ2

A

2
` BµBνφBµφBνφ

Λ3
pB ` F1 ´ 2F2q ` pBµφBµφq2

Λ4

D ` 2H ` K ´ 2F 1
2

2
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Extension to higher derivatives

metric g prq of a r -jet bundle ÝÑ redundant basis of operators with up to 2pr ` 1q deriv.

r -jet bundle has coordinates y I “ pxµ, ui , ui
µ1
, ui

µ1µ2
, . . . , ui

µ1...µr
q

g prq “
`

dxµ dui dui
µ1

¨ ¨ ¨ dui
µ1...µr

˘

¨

˚

˚

˚

˚

˚

˝

gµν gµj gν1

µj ¨ ¨ ¨ gν1...νr

µj

gνi gij gν1

ij ¨ ¨ ¨ gν1...νr

ij

g
µ1

νi g
µ1

ij g
µ1ν1

ij ¨ ¨ ¨ g
µ1ν1...νr

ij

...
...

...
. . .

...
g
µ1...µr

νi g
µ1...µr

ij g
µ1...µrν1

ij ¨ ¨ ¨ g
µ1...µrν1...νr

ij

˛

‹

‹

‹

‹

‹

‚

¨

˚

˚

˚

˚

˝

dxν

duj

duj
ν1

¨ ¨ ¨
duj

ν1...νr

˛

‹

‹

‹

‹

‚

§ arbitrary internal symmetries (or absence thereof) can always be implemented

§ many redundancies! different metric entries mapping to same operators, IBP, EOM, diffeos. . .
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Alternative approaches

classification of independent on-shell amplitude structures, rather than EFT interactions

ˆ F ps, tq

a finite set of structures
compatible with Lorentz + QED + QCD

(“primaries”)
ˆ infinite series in kinematic invariants

(“descendants”, “stripped contact terms”)

pseudo-observables: Gonzalez-Alonso,Greljo,Isidori,Marzocca 1412.6038,1504.04018,1507.02555
BSM primaries: Chang,Chen,Liu,Luty 2212.06215,2304.06063,2312.03821
on-shell amplitudes: Shadmi et al 1909.10551,2008.09652,2112.09688,2301.11349

- maximally general parameterization of BSM effects. EW gauge-invariance relations fully broken.
, interpretation still requires matching to an EFT or model
? which UV scenarios require this approach? attainable experimentally?

Alminawi,IB,Cohen pheno exploration, in progress
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Wrapping up

§ SMEFT is a very popular theory for indirect new physics searches.
an ambitious program underway for LHC, interest in combining with other experiments

§ HEFT is an alternative to SMEFT, that adopts a different description of the scalar sector

§ order-by-order phenomenological comparisons highlight phenomenological differences.

differential geometry proved successful to address a deeper, all-orders comparison,

§ HEFT could have phenomenological relevance for not-very-decoupled theories

§ ongoing work on geometrical description using field space bundles and their higher jet bundles

- gives a geometric interpretation to scalar potential and higher-B terms
� significant degeneracy. relation to amplitudes less clear than in field space picture
� gauge and fermion fields not incorporated yet

§ alternative approaches are based on scattering amplitudes rather than Lagrangian formulations

� implications for phenomenology and interpretation still under development
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Backup slides



SMEFT/HEFT in the Fibre bundle picture

SMEFT/HEFT = a theory of 4 scalar fields, with a Op4q symmetry: ui , i “ 1, 2, 3, 4.

bundle metric entries

gµνpuq “ ´ηµνΛ
4

2
V

”u ¨ u
Λ2

ı

gµi puq “ 0

gijpuq “ δijA
”u ¨ u
Λ2

ı

` δikδjl
ukul

Λ2
B

”u ¨ u
Λ2

ı

gives

L “ 1

2
Bµ~φ ¨ Bµ~φ A

«

~φ ¨ ~φ
Λ2

ff

` 1

2Λ2
p~φ ¨ Bµ~φqp~φ ¨ Bµ~φq B

«

~φ ¨ ~φ
Λ2

ff

´ Λ4V

«

~φ ¨ ~φ
Λ2

ff

Ñ most general effective Lagrangian with up to 2 derivatives!
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Scalar Lagrangian from 1-jet bundle metric: SMEFT/HEFT case

similar procedure as above, requiring also appropriate Op4q transformations Ñ more structures!

now A,B,C . . . are analytic functions of pu ¨ u{Λ2q
gµν

Λ4
“ ´ηµν

2
V `

„

uµ ¨ uν
Λ4

` ηµν

4

uρ ¨ uρ
Λ4



J0

2
`

„

u ¨ uµ u ¨ uν
Λ6

` ηµν

4

pu ¨ uρq2
Λ4



J1

2

`
„

uµ ¨ uν
Λ4

` ηµν

4

uρ ¨ uρ
Λ2



uρ ¨ uρ
Λ4

K0

2
`

„

uρ ¨ uµ uρ ¨ uν
Λ6

` ηµν

4

puρ ¨ uσq2
Λ4



K1

2

gµj

Λ2
“ ujµ

Λ2
G0 ` uj u ¨ uµ

Λ4
G1 ` ujµ uρ ¨ uρ

Λ6
H0 ` ujρ uµ ¨ uρ

Λ6
H1 `

„

uj u ¨ uµ uρ ¨ uρ
Λ8

` ujµpu ¨ uρq2
Λ8



H2

2

`
„

uj uµ ¨ uρ u ¨ uρ
Λ8

` ujρ u ¨ uµ u ¨ uρ
Λ8



H3

2
` uj u ¨ uµpu ¨ uρq2

Λ10
H4

gν

µj “ δν
µ

uj

Λ
E ` uj u

ν ¨ uµ
Λ5

F10 `
uνj u ¨ uµ ` u ¨ uν ujµ

2Λ5
F11 ` uj u ¨ uν u ¨ uµ

Λ7
F12 ` δν

µ

uj uρ ¨ uρ
Λ5

F20 ` δν
µ

ujρ u ¨ uρ
Λ5

F21 ` δν
µ

ujpu ¨ uρq2
Λ7

F22

gij “ δijC0 ` uiuj

Λ2
C1 ` δij

uρ ¨ uρ
Λ4

D0 `
uiρu

ρ

j

Λ4
D1 `

„

δij
pu ¨ uρq2

Λ6
` uiuj uρ ¨ uρ

Λ6



D2

2
` puiujρ ` ujuiρq u ¨ uρ

Λ6

D3

2
` uiujpu ¨ uρq2

Λ8
D4

Λgµ

ij “ u
µ

i uj

Λ3
B0 `

uiu
µ

j

Λ3
B1 ` δij

u ¨ uµ
Λ3

B2 ` uiuj u ¨ uµ
Λ5

B3

Λ2g
µν

ij “ ηµνδijA0 ` ηµν
uiuj

Λ2
A1
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Scalar Lagrangian from 1-jet bundle metric: SMEFT/HEFT case

similar procedure as above, requiring also appropriate Op4q transformations Ñ more structures!

leading to

L “ 1

2
pBµφ ¨ Bµφq pC0 ` 2G0 ` J0q ` pBµφ ¨ φq2

Λ2

C1 ` 2G1 ` J1

2
` p˝φ ¨ φqE ´ Λ4V

` pBµBνφ ¨ BµBνφq
Λ2

A0

2
` pBµBνφ ¨ φqpBµBνφ ¨ φq

Λ4

A1

2

` pBµBνφ ¨ BµφqpBνφ ¨ φq
Λ4

B0 ` B1 ` 2B2 ` 2F11

2
` pBµBνφ ¨ φqpBµφ ¨ Bνφq

Λ4

B0 ` B1 ` 2F10

2

` p˝φ ¨ φqpBµφ ¨ Bµφq
Λ4

F20 ` p˝φ ¨ BµφqpBµφ ¨ φq
Λ4

F21 ` pBµφ ¨ Bµφq2
Λ4

D0 ` 2H0 ` K0

2
` pBµφ ¨ Bνφq2

Λ4

D1 ` 2H1 ` K1

2

` pBµBνφ ¨ φqpBµφ ¨ φqpBνφ ¨ φq
Λ6

pB3 ` F12q ` p˝φ ¨ φqpBµφ ¨ φq2
Λ6

F22

` pBµφ ¨ BµφqpBνφ ¨ φq2
Λ6

D2 ` 2H2 ` K2

2
` pBµφ ¨ BνφqpBµφ ¨ φqpBνφ ¨ φq

Λ6

D3 ` 2H3 ` K3

2

` pBµφ ¨ φq4
Λ8

D4 ` 2H4 ` K4

2
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Scalar Lagrangian from 1-jet bundle metric: SMEFT/HEFT case

similar procedure as above, requiring also appropriate Op4q transformations Ñ more structures!

leading to blue = can be removed via EOM

L “ 1

2
pBµφ ¨ BµφqpC0 ` 2G0 ` J0 ´ 2E q ` pBµφ ¨ φq2

Λ2

C1 ` 2G1 ` J1 ´ 4E 1

2
´ Λ4V

` pBµBνφ ¨ BµBνφq
Λ2

A0

2
` pBµBνφ ¨ φqpBµBνφ ¨ φq

Λ4

A1

2

` pBµBνφ ¨ BµφqpBνφ ¨ φq
Λ4

B0 ` B1 ` 2B2 ` 2F11 ´ 4F20 ´ 2F21

2

` pBµBνφ ¨ φqpBµφ ¨ Bνφq
Λ4

B0 ` B1 ` 2F10 ´ 2F21

2
` pBµφ ¨ Bµφq2

Λ4

D0 ` 2H0 ` K10 ´ 2F20

2

` pBµφ ¨ Bνφq2
Λ4

D1 ` 2H1 ` K1 ´ 2F21

2
` pBµBνφ ¨ φqpBµφ ¨ φqpBνφ ¨ φq

Λ6
pB3 ` F12 ´ 2F22q

` pBµφ ¨ BµφqpBνφ ¨ φq2
Λ6

D2 ` 2H2 ` K2 ´ 4F 1
20 ´ 2F22

2

` pBµφ ¨ BνφqpBµφ ¨ φqpBνφ ¨ φq
Λ6

D3 ` 2H3 ` K3 ´ 4F 1
21 ´ 4F22

2
` pBµφ ¨ φq4

Λ8

D4 ` 2H4 ` K4 ´ 4F 1
22

2
,
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geoSMEFT operators

Helset,Martin,Trott 2001.08001

pDµH
:DµHqpH:Hqn

pDµH
:σiDµHqpH:σiHqpH:Hqn

pBµνB
µνqpH:Hqn

pW i
µν
W iµνqpH:Hqn

pBµνW
iµνqpH:σiHqpH:Hqn

pW i
µν
W jµν qpH:σiHqpH:σjHqpH:Hqn
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